
Mn5O8 Nanoparticles as Efficient Water Oxidation Catalysts at
Neutral pH
Donghyuk Jeong,† Kyoungsuk Jin,† Sung Eun Jerng,† Hongmin Seo,† Donghun Kim,#

Seung Hoon Nahm,‡ Sun Hee Kim,# and Ki Tae Nam*,†

†Department of Materials Science and Engineering, Seoul National University, Seoul 151-744, South Korea
#Western Seoul Center, Korea Basic Science Institute, Seoul, 120-140, Korea
‡Korea Research Institute of Standards and Science, Daejeon 305-340, Korea

*S Supporting Information

ABSTRACT: Mn5O8 nanoparticles (NPs) were obtained via
the controlled oxidation of MnO NPs. The oxygen evolution
reaction (OER) properties of Mn5O8 NPs were evaluated
using cyclic voltammetry (CV). A current density of 5 mA/
cm2 was reached when 580 mV of overpotential was applied at
pH 7.8. Electron paramagnetic resonance (EPR) analysis was
conducted to investigate the origin of high OER activity of
Mn5O8 NPs. From the EPR analysis, Mn3+ was found to be
involved in the OER process of the Mn5O8 materials.
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Hydrogen energy has received substantial attention
because hydrogen gas is environmentally friendly and

has a high energy density. Currently, 96% of hydrogen energy is
produced from gas reforming, which produces environmentally
unfriendly byproducts, such as CO2, making water splitting an
attractive alternative method for hydrogen production.
However, the oxygen evolution reaction (OER) hinders the
water splitting reaction because its reaction kinetics are slower
than that of the hydrogen evolution reaction (HER).1

Therefore, a cost-effective and durable OER catalyst should
be developed. In this regard, cobalt-based materials have been
intensively studied as a water oxidation catalyst due to their
low-cost, durability, and high activity. Their high activity can
even be more enhanced through the combination with other
supporting materials, such as gold, polymer, silica scaffold, and
so forth.1d,2

On the other hand, many researchers have been investigating
manganese-based catalysts because manganese is the only redox
active component in the very efficient water oxidation complex
(WOC) of photosystem II.3 Thus, many researchers have
studied Mn-based catalysts for water oxidation. The Driess
group produced active MnOx nanoparticles from inactive MnO
nanoparticles using ceric ammonium nitrate (CAN) as the
oxidant, and they showed that active MnOx is more efficient
than Mn3O4 but less efficient than Mn2O3.

4 The Dau group
synthesized amorphous MnOx film via electrodeposition, which
is active under neutral conditions.5 Kuo et al. fabricated a
robust mesoporous Mn2O3 catalyst that has a high surface area
and Mn3+ content.6 Meng et al. showed that the crystallo-
graphic structure of catalyst affects its catalytic property by

studying various polymorphs of MnO2. They claimed that α-
MnO2 is the most efficient OER catalyst among the other
MnO2 phases due to its abundant di-μ-oxo bridges and the
mixed valences.7 The Nakamura group enhanced the OER
properties of MnO2 by stabilizing Mn3+ on the surface of
MnO2. As a result of this finding, Mn3+ is considered as an
important species for efficient water oxidation.8 Other
researchers also suggested that Mn3+ affects the OER efficiency
of the manganese oxide catalyst.6,9

Especially, the Rao group showed that Mn3+ is the water-
oxidizing species because Mn3+ has the eg

1 electron which is
expected to give moderate bonding strength between O2 and
the catalyst required for high OER activity.9b,10 In this context,
our group reported a new pyrophosphate-based manganese
catalyst, Li2MnP2O7, and we observed the effect of Mn3+ on
OER catalysis by tuning the Mn valence of the catalyst through
delithiation.9c As described above, many manganese oxide
electrocatalysts for OER have been reported. However, among
these manganese oxide catalysts for OER, Mn5O8 has never
been investigated.
Since Mn5O8 was first reported by W. Feitknecht in 1964,11

interesting features of Mn5O8 have been discovered. Mn5O8 has
a similar crystal structure to Cd2Mn3O8

12 and Ca2Mn3O8,
13

which is a highly asymmetric monoclinic structure. Also, it has
the chemical formula of Mn2+2Mn4+3O8, possessing a mixed Mn
valency.12a Finally, Mn5O8 has a layered structure composed of
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a [Mn3O8]
4− anionic layer with a MnO6 octahedron and a

Mn2+ cationic layer, which is shown in Figure 1a.12b

Interestingly, the features of Mn5O8 are expected to make
Mn5O8 catalytically active for the OER. Tian et al. reported that
the mixed valency of manganese oxide facilitates a redox
reaction, which makes manganese oxide an active catalyst for
the oxidation of alkanes.14 Because a redox reaction is also
involved in the water oxidation reaction, the mixed valency of
Mn5O8 can make Mn5O8 an active catalyst for the OER.
In addition, there are many recent reports on layered

materials, such as layered NiFeOx, NiFe layered double
hydroxide (LDH), ZnCo LDH, NiCo LDH, and CoMn
LDH, which have high OER activities because of their high
active area.15

Regarding asymmetric structure of Mn5O8, Jin et al. showed
the high OER property of Mn3(PO4)2-3H2O could be achieved
due to its asymmetric crystal structure, which may facilitate
Jahn−Teller distortion, thus stabilizing the Mn3+ species during
the OER.16 Therefore, we believe that Mn5O8 is a promising
candidate as an OER catalyst. We synthesized Mn5O8

nanoparticles to maximize the catalytic ability and compared
them with micron-sized Mn5O8.
In this study, we report the OER properties of Mn5O8 NPs

for the first time. In addition, we demonstrate from EPR
spectroscopic analysis that Mn3+ participates in the OER
process of the Mn5O8 catalysts. Additionally, we found that the
Mn3+ stability during the OER may affect the activity difference
between the Mn5O8 NPs and the micron-sized Mn5O8.

Figure 1. (a) Crystal structure of Mn5O8. (b) Synthesis conditions for various Mn-oxides (blue region: air atmosphere, red region: oxygen
atmosphere).

Figure 2. Characterization of Mn5O8. (a) SEM image of Mn5O8 NPs (scale bar: 100 nm). (b) TEM image of Mn5O8 NPs (scale bar: 50 nm, inset
scale bar: 10 nm). (c) SEM image of micron-sized Mn5O8 (scale bar: 600 nm). (d) PXRD data of Mn5O8 materials.
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For the synthesis of the Mn5O8 NPs, 13 nm-sized spherical
MnO NPs were first synthesized by a modified heat up method.
(See Supporting Information for experimental details.) The
phase and morphology of the MnO NPs were characterized
using powder X-ray diffraction (PXRD), scanning electron
microscopy (SEM), and transmission electron microscopy
(TEM) analysis (Figures S1 and S3).
Then, MnO NPs were converted to Mn5O8 NPs via

annealing under an oxygen atmosphere. To obtain Mn5O8
nanoparticles, we attempted various heat treatment conditions.
As a result, we identified the optimal synthesis conditions of
various Mn oxide phases starting from MnO NPs synthesized
from our method (Figure 1b, S1). From the PXRD, SEM, and
TEM analysis, it was shown that the obtained NPs were Mn5O8
(Figure 2b, inset; Figure 2d, black line), and there was no
observable change in morphology or size after the heat
treatment (Figure 2a,b). In contrast to other Mn oxides,
Mn2O3 was obtained with a sintered morphology, resulting in
sharp PXRD peaks.
Additionally, we synthesized micron-sized Mn5O8 as a

reference material. The γ-MnOOH precursor was prepared
using the hydrothermal method, and it was changed via a two-
step heat treatment.17 The phase and morphology of the
precursor materials are shown in Figures S2 and S4. The
obtained Mn5O8 compounds were rod-shaped with a micron-
sized length and a 100 nm diameter (Figure 2c). The crystal
structure was also confirmed using PXRD (Figure 2d, red line).
The activity of the Mn5O8 NPs for OER catalysis was

evaluated using cyclic voltammetry (CV). The Mn5O8 NPs
were prepared on a fluorine-doped tin oxide (FTO) glass
substrate using spin coating. (See the Supporting Information
for the cell preparation details.) The evaluation for OER
activity was performed at pH 7.8 and in a 0.3 M sodium
phosphate buffer solution. The high activity of the Mn5O8 NPs
under near neutral conditions is displayed in Figure 3a. Because
there are no previous reports on the OER properties of Mn5O8
NPs, we first confirmed that faradaic efficiency of Mn5O8 NPs
is 92%, meaning that the measured current was originated from
oxygen evolution (Figure S5). Then, we synthesized well-
known catalysts, such as CoPi and MnOx, using the
electrodeposition method, for comparison.1d,5

As shown in Figure 3a, the OER properties of the Mn5O8
NPs were similar to those of CoPi and were markedly better
than those of electrodeposited MnOx. For the precise
comparison, the OER properties of various electrocatalysts
are summarized in Table S1, including noble metal oxide. To
determine the catalytic stability of the Mn5O8 NPs, a bulk
electrolysis (BE) experiment was conducted. The BE of Mn5O8
NPs over 5,000 s was recorded at 1.2 V vs Ag/AgCl. The black
plateau line in Figure 3b shows that Mn5O8 NPs are relatively
stable during the OER. To confirm the structural stability of
Mn5O8 NPs during OER, we observed SEM and TEM image
after bulk electrolysis. From the SEM image in Figure S6, it was
shown that morphology of Mn5O8 NPs does not change during
OER. In addition to that, Figure S7 shows that amorphization
did not occur on the surface of Mn5O8 NPs. Further, FFT
analysis of TEM image shows that the Mn5O8 phase was
maintained, indicating high phase stability (Figure S7, inset).
The CV stability of Mn5O8 NPs is also shown in Figure S8.
When Nafion solution is added to prevent Mn5O8 NP
detachment from the electrode, the Mn5O8 NPs showed
improved stability at 1.3 V versus Ag/AgCl (red line in Figure
3b). We noted that the electrolysis curves of the Mn5O8 NPs

with Nafion are slightly bumpy because of the oxygen bubbles
produced during the OER.
The mass activity and the Tafel slope of the micron-sized

Mn5O8 and Mn5O8 NPs were compared to investigate the

Figure 3. Electrochemical properties of the Mn5O8 NPs. (a)
Polarization curves of Mn5O8 NPs, CoPi and MnOx at pH 7.8 in a
0.3 M phosphate buffer solution. (b) Bulk electrolysis curve of Mn5O8
NPs for 5000 s. (c) Mass activity comparison data between Mn5O8
NPs and micron-sized Mn5O8 with carbon (inset image: Tafel slope of
Mn5O8 materials). Scan rate: 0.01 V/s.
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effect of size on the catalytic properties (Figure 3c). To
enhance electrical conductivity of micron-sized Mn5O8, we
mixed micron-sized Mn5O8 with Vulcan carbon. Effect of
Vulcan carbon on the mass activity of the micron-sized Mn5O8
is displayed in Figure S9. At the same overpotential (610 mV),
the mass activity of the Mn5O8 NPs (116 A/g) was markedly
higher than that of micron-sized Mn5O8 (5.7 A/g). To
understand the origin of this activity difference, Brunauer−
Emmett−Teller (BET) analysis was performed. The surface
area of the Mn5O8 NPs and the rods was determined as 41.83
and 12.93 m2/g, respectively. Although the Mn5O8 NPs have
higher surface area than the micron-sized Mn5O8, the difference
cannot fully explain the substantial activity difference between
them. In addition, the Mn5O8 NPs had a lower Tafel slope
(78.7 mV/dec) than the micron-sized Mn5O8 (154 mV/dec)
(Figure 3c, inset), indicating that the Mn5O8 NPs are more
efficient than the micron-sized Mn5O8 in the high potential
region.
Thus, we thought that an intrinsic difference exists between

the Mn5O8 NPs and the micron-sized Mn5O8. To reveal the
origin of this intrinsic difference, we focused on the Mn(III)
generation and stabilization in the materials because many
researchers have reported the importance of Mn3+ during the
OER in Mn-based electrocatalysts.6,8,9,16 In previous reports
emphasizing the importance of Mn(III), UV/vis and X-ray
absorption spectroscopy (XAS) were used to detect the
Mn(III) species.5,8 In this study, EPR techniques were adopted
to monitor the evolution of Mn(III) and its stabilization during
the catalysis.
Catalyst ink with the same amount of Mn5O8 NPs and

micron-sized Mn5O8 was loaded onto the FTO electrode to
precisely compare them. We applied 1.25 V (vs Ag/AgCl) to
the catalyst for 1000 s to observe the behavior of Mn3+ during
the OER. Additionally, pyrophosphate (PP) solution was
employed to prepare the EPR sample because PP is known as a
redox-inactive material that can capture Mn3+ species.8a,18 To
prevent further electron transfer in the materials after OER, we
froze each EPR sample with liquid nitrogen immediately after
mixing the catalyst with other substances. (See the Supporting
Information for preparation details.)
The X-band EPR spectra are recorded to show the behavior

of Mn2+ and Mn3+ of Mn5O8 materials (Figure 4 and S10). As
revealed in Figure S10a, typical Mn2+ EPR signal with the six-
line splitting around 3413 G (g ∼ 2) was detected in as-
prepared Mn5O8 samples. Also, carbon radical signal appeared
around 3440 G (g ∼ 2) in the perpendicular mode EPR spectra
because we mixed Vulcan carbon with catalysts to enhance
electron transfer. (Perpendicular mode means microwave (H1
field) and magnetic field (H0 field) are perpendicular.)
Comparing Figure 4a with Figure S10a, Mn2+ of Mn5O8

disappears right after the OER. Mn3+ is shown from the six-line
hyperfine splitting centered at 820 G (geff ∼ 8.2) in the parallel
mode EPR spectra. (Parallel mode means microwave (H1 field)
and magnetic field (H0 field) are parallel.) The Mn3+ signal was
enhanced immediately after the OER for both of the Mn5O8
materials (Figure 4b and Figure S10b). These results indicate
that Mn3+ is involved in the OER process of Mn5O8.
Importantly, there is a large difference in the Mn3+ EPR
intensity between the Mn5O8 NPs and the micron-sized Mn5O8
right after OER as shown in Figure 4b. For the Mn5O8 NPs,
strong and well-resolved six-line hyperfine splitting is shown;
however, a weak and poorly resolved one occurs for the
micron-sized Mn5O8, indicating that the Mn5O8 NPs have

much more Mn3+ species during the OER. This result shows
that Mn3+ is more stable intrinsically in the Mn5O8 NPs. We
think that the higher catalytic activity of Mn5O8 NPs may be
due to the improved stability of Mn3+ along with the increased
surface area.
In conclusion, we successfully developed a method to obtain

uniform 13 nm Mn5O8 NPs. For Mn5O8 NPs, the overpotential
to reach 5 mA/cm2 is only 580 mV, which is comparable to that
of the well-known CoPi. The robust catalytic stability of Mn5O8
NPs is also confirmed. This is the first report on the OER
properties of Mn5O8 NPs under near neutral conditions. Using
EPR analysis, we observed that Mn3+ participates in the OER
process of the Mn5O8 materials. We also observed that the
Mn5O8 NPs showed superior catalytic activity compared with
microparticles. On the basis of the EPR data showing the high
Mn3+ content during OER, we believe that the increased
catalytic activity may be attributed to the stabilization of Mn3+

in the Mn5O8 NPs.
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Figure 4. X-band EPR spectra of Mn5O8 materials following the OER.
(a) Perpendicular mode for Mn2+ detection. (b) Parallel mode for
Mn3+ detection.
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