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Abstract—Electrochemical activity and stability depend on the composition and morphology of nanocrystals. Mn;O,
nanoplates, Mn,O; nanoplates, and porous Mn,0; nanoplates were synthesized by heat treatment of Mn-glycolate
nanoplates prepared by the wet-chemical method. In this research, the morphology and composition of the nanoplates
could be easily controlled by varying the annealing temperature. The synthesized porous Mn,0; nanoplates exhibited
better electrocatalytic activities compared with Mn;0, and Mn,O; nanoplates, as similar as commercial IrO, catalyst.
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INTRODUCTION

With the rising cost of fossil fuels and the environmental haz-
ards, various energy industries using hydrogen have become more
important in the 21st century, and intrusion into hydrogen pro-
duction has also been amplified [1-3]. The oxygen evolution reac-
tion (OER), which is a half electrochemical reaction of the water
splitting that decomposes water to generate oxygen, is known as
one of the causes of reducing the overall reaction rate due to its low
efficiency compared to the hydrogen generation reaction [4-6]. To
overcome this problem, researches to increase the efficiency of the
OER by using nanoparticles as catalyst have been carried out steadily
[7-9]. In general, OER uses noble metals and noble metal oxides
such as IrO, and RuO, as catalysts [10-12]. However, their high price
limits the efficiency of the OER. Recently, the use of low cost tran-
sition metal oxide as a new OER catalyst has been studied exten-
sively, but it has limitations due to its high over potential [13-16].

Manganese oxides, one of the transition metal oxides, have been
attractive as an electrochemical catalyst due to their low cost and
various crystal structures with various oxidation numbers [17-20].
In particular, manganese oxide nanostructures are expected to be
candidate materials that can replace existing noble metal oxide cat-
alysts in the OER because of the increase of reaction efficiency due
to wide electrochemical surface area [21-23]. However, as the size
of the nanoparticles becomes smaller, there is a problem that the
catalyst stability greatly decreases during the reaction [24]. There-
fore, it is necessary to solve the stability problem in order to use
the manganese oxide nanostructure as an actual OER catalyst.

In general, the catalytic property of metal oxide can be modu-
lated by controlling their size, crystallinity, morphology, and crys-
tal structure [25-27]. Hollow nanostructures which have nm-sized
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pores can have high stability against reaction as well as good cata-
lytic activity because they have a large surface area per weight but
have many atoms per particle. In this research, we developed a new
method to control the crystal structure and morphology of man-
ganese oxide nanocrystals, including Mn;O, nanoplates, Mn,O;,
nanoplates, and porous Mn,O; nanoplates, and compared their elec-
trocatalytic activity and stability as OER catalysts. Morphology and
composition controlled manganese oxide nanoplates were synthe-
sized by the following two-step procedure. First, Mn-glycolate nano-

Mn-glycolate

Mn2z03

Scheme 1. Schematic illustration of reaction pathways for the syn-
thesis of the Mn;O,, Mn,0;, and porous Mn,O; nano-
plates.



258

plates were prepared by wet-chemical method. Next, manganese
oxide nanoplates were formed by heat treatment of Mn-glycolate
nanoplates. We could easily control the morphology and composi-
tion of the nanoplates just by varying the annealing temperature
(Scheme 1). The synthesized porous Mn,O; nanoplates exhibited
better electrocatalytic activities compared with Mn,O, and Mn,O;
nanoplates, as similar as commercial IrO, catalyst.

EXPERIMENTAL SECTION

1. Materials

Manganese(II) nitrate tetrahydrate (Mn(NO;),-4H,0), ethylene
glycol, and oleylamine were purchased from Aldrich, Samchun, and
Acros, respectively. They were used without further purification.
2. Synthesis of Manganese Oxide Nanoplates

0.25 mmol of manganese(II) nitrate tetrahydrate (Mn(NO;),-4H,O,
Sigma Aldrich) was dissolved in 9mL of ethylene glycol (Sam-
chun). 1 mL of oleylamine (Across) was injected into the ethylene
glycol solution. The mixture solution was then heated to 150 °C and
aged at the same temperature for 4 h without stirring. The product
was washed with ethanol several times to remove excess reagents
and then dried in oven at 80 °C for overnight. The products were
placed in tube furnace and slowly heated to appropriate tempera-
ture (300, 600, and 800°C) in air. To obtain Mn,O; and Mn,0,
nanoplates, the products were annealed at 300 and 600 °C for 5 h,
respectively. Porous Mn,O; nanoplates were obtained by anneal-
ing at 800 °C for 7 h. The final products were cooled to room tem-
perature.
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3. Characterization

The scanning electron microscopy (SEM) image was obtained
by SUPRA 55VP (Carl Zeiss). The transmission electron micros-
copy (TEM) image was captured by JEM-2100F microscopy oper-
ating at 200 kV. The powder X-ray diffraction (XRD) patterns were
recorded by D8-Advances (Bruker AXS) diffractometry equipped
with a rotating anode and a Cu Ka radiation source (1=0.15418
nm). X-ray photoelectron spectroscopy (XPS) spectra were obtained
by ECSA2000 (VG Microtech). Fourier transform infrared spec-
troscopy (FT-IR) spectra were obtained by Bruker IFS-66/S. Ther-
mogravimetric analysis (TGA) curves were obtained by Discovery
TGA (TA Instruments).
4. Electrochemical Measurements

Electrochemical measurements were tested by three-electrode
system in 0.1 M KOH solution. Hg/HgO (in 1 M NaOH solution)
and Pt wire were used as reference electrodes and counter elec-
trodes, respectively. The electrocatalyst inks were prepared by mix-
ing a sample, polyvinylidene fluoride (PVDEF), and ketjen black
(weight ratio was 7:2: 1) in N-methyl-2-pyrrolidone (NMP). The
catalyst inks were loaded onto Ni foam. The Ni foam loaded inks
were dried in oven at 80 °C for overnight. The cyclic voltammetry
(CV) curves were measured by using WBCS-3000 (WonATech)
in the potential range between 1.2 and 2.0V (vs. RHE) at a scan
rate of 1 mV/s.

RESULTS AND DISCUSSION

Mn-glycolate nanoplates were prepared by slightly modifying a
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Fig. 1. (a) SEM image, (b) XRD patterns, (c) FT-IR spectrum, and (d) XPS Mn 2p core spectrum of Mn-glycolate nanoplates.
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previously reported method [28-31]. SEM image shows the for-
mation of nanoplates with sizes of around 1-5 pm (Fig. 1(a)). The
XRD patterns of the nanoplates indicate the presence of diffraction
peaks at 26 values of 10.7, 21.5, and 32.0°, which are well matched
with previous reported result of (003), (006), and (009) planes of
the brucite-like Mn-glycolate structures (Fig. 1(b)) [28,29]. We ob-
tained FT-IR spectrum to determine the structure of the organic
chemical present on the surface of the nanoplates. A strong absorp-
tion band at 2,500-3,000 cm™" is assigned to C-H stretching band
and peaks at 881, 1,055, 1,110, and 1,456 cm™* can be indexed to
Mn-O, C-C, C-O, and CH, bonds, respectively, indicating that all
FT-IR peaks are well matched with previous literature values (Fig.
1(c)) [28,29]. In addition, the Mn XPS 2p core level spectrum
shown in Fig. 1(d) could be divided two sets of 2p peaks. One set
included a Mn 2p;, peak at 6404 eV and Mn 2p,, at 6523 ¢V,
respectively, corresponding to Mn®". The other set had a Mn2p;,
peak at 642.0 eV and the Mn2p,, peak at 653.7 eV, which can rep-
resent Mn™* [32,33]. This observation demonstrates that the syn-
thesized Mn-glycolate is composed of bivalent and trivalent Mn.
Mn;0, and Mn,O; nanoplates were synthesized by the anneal-
ing process using the Mn-glycolate nanoplates as a starting mate-
rial in an air atmosphere. The XRD patterns of the sample obtained
by the annealing process at 300 °C for 5h show the presence of
diffraction peaks at peaks at 26 values of 18.1, 28.8, 31.6 and 36.8",
which can be indexed to (101), (112), (103), and (211) planes of
spinel structure of Mn;O,, respectively (JCPDs card No. 24-0734,
Fig. 2). The size of the Mn,O, nanoplates was 1-5 um, similar to
that of the Mn-glycolate nanoplates (Fig. 3(a)). The surface of the
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Fig. 2. XRD patterns of manganese oxides obtained by the anneal-
ing process at 300, 600, and 800 °C.

nanoplates was flat without cracks, indicating the formation of
dense Mn,O, nanoplates (Fig. 3(b)). When we increased the anneal-
ing temperature of 600 °C, the crystal structure of the nanoplates
changed dramatically from Mn;O, to Mn,O; while keeping their
morphology. The XRD patterns of the sample synthesized under
annealing temperature of 600°C showed diffraction peaks at 26
values of 23.1, 32.9, 382 and 55.1° which can be well indexed to
(211), (222), (400), and (440) planes of cubic-bixbyite structure of
Mn,0;, respectively (JCPDs card No. 73-1826, Fig. 2). The overall
morphology of Mn,O; nanoplates was similar to that of Mn,O,,

Fig. 3. (a), (b) SEM images of Mn;O, nanoplates obtained at an annealing temperature of 300 °C. (c), (d) SEM images of Mn,0O; nanoplates

obtained at an annealing temperature of 600 °C.
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Fig. 4. (a), (b) SEM and (c), (d) TEM images of porous Mn,O; nanoplates obtained at an annealing temperature of 800 °C.

but the surface of the nanoplates was not smooth and very rough
(Fig. 3(c) and (d)). We believe that the rough and cracked surface
of the nanoplates originated from the large volume change caused
by the oxygen and organic molecules escaping during the anneal-
ing process. The initial weight loss of 5% under 220 °C was due to
removing absorbed water molecules. The decomposition of organic
molecules caused weight loss of 30% at 220-300 °C. The weight
slightly decreased above 230 °C (Fig. S1).

Generally, soft or hard template methods are used to produce
porous materials with a pore size of nm-scale [34,35]. In this case,
an additional process was required to remove the template from the
product. We could easily fabricate porous metal oxide nanoplates
using the volume change that occurs by the composition change
during the annealing process. Porous Mn,O; nanoplates were syn-
thesized by heating Mn-glycolate nanoplates at high annealing
temperature of 800 °C for 7 h. SEM image of the sample shows the
formation of porous nanoplates (Fig. 4(a)). High-resolution SEM
and TEM analyses showed that nanoplate having approximately
100 nm-sized pores consists of a 3D hollow network structure aligned
by angled nanoparticles with sizes of around 100 nm (Fig. 4(b) to
(d)). It is presumed that Mn-glycolate is converted into oxide at
high temperature, and the space remaining as the organic mole-
cule evaporates and volume contraction due to recrystallization
makes a porous structure. In addition, we also found that the crys-
tallinity of the porous Mn,O; nanoplate was improved compared
with Mn,O; nanoplates prepared at 600 °C by the increase of the
intensity of the XRD peaks (Fig. 2). It means the crystal grain size
of porous Mn,O; is bigger than that of Mn,O;. We believe that it
makes high conductivity and good electrochemical performance
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(36].

We evaluated the catalytic properties for the OER using the Mn,O,
nanoplates, Mn,O; nanoplates, porous Mn,O; nanoplates, and
commercial IrO, nanoparticles (Fig. S2) as catalysts. Fig. 5(a) shows
OER polarization curves of four catalysts performed at room tem-
perature in a 0.1 M KOH solution at a scan rate of 1 mV/s from a
positive to negative potential direction on a reversible hydrogen
electrode (RHE) scale. Overpotential values of the catalysts at the
current density of 10 mV/cm’ were 500 mV for Mn,O, nanoplates,
460 mV for dense Mn,O; nanoplates, 420 mV for porous Mn,O;,
nanoplates, and 460 mV for commercial IrO, nanoparticles, respec-
tively (Fig. 5(b)). Dense and porous Mn,O; nanoplates exhibited
low overpotential values compared with Mn,O, nanoplates, indi-
cating that crystal structure of the manganese oxide is one of the
important factors in the electrochemical reaction. Through electro-
chemical oxidation of Mn,O;, an oxygen vacancy would be formed
in the structure, hydroxide ions in the electrolyte are adsorbed in
this vacancy; and the reaction of desorbing oxygen and water mol-
ecules through electrochemical reaction proceeds [37]. The crys-
tal structure of Mn,O; has two types of edge sharing groups, in-
cluding long Mn(III)-O bonds and short O-O bonds compared to
Mn;0,. Relatively long and weak Mn(III)-O bonds promote water
oxidation and short O-O bonds can promote the production of
0, [37]. In addition, Mn,O; has higher conductivity than Mn,O,
and exhibits higher characteristics [38]. We believe that these two
characteristics of Mn,O; lead to higher electrochemical properties
compared with Mn;O, nanoplates. In the Mn,O; nanoplates, the
porous Mn,O; nanoplates have a higher surface area (16.5 mF/
cm?’) than Mn,O; nanoplates (1.1 mF/cm’). As a result, the porous
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Fig. 5. (a) OER polarization curves measured in 0.1 M KOH at room temperature at a scan rate of 1 mV/s from positive to negative poten-
tial without iR compensation. (b) The corresponding overpotentials of different electrocatalysts at current density of 0.1 and 10 mA/
cm’. (c) Tafel plots of different electrocatalysts. (d) Chronopotentiometry curves of different electrocatalysts at a constant current den-

sity of 10 mA/cm’ for 24 h.

ones had a lower overpotential than dense ones due to the high
electrochemical surface area. As a part of efforts to obtain a better
understanding of the electrochemical properties of the catalysts,
the Tafel slope of each catalyst was calculated (Fig. 5(c)). The lin-
ear portions of the Tafel plots are fitted to the Tafel equation
((n7=b log jlj,), where 7 is the overpotential, b is Tafel slope, j is
the current density, and j, is exchange current density). The Tafel
slope is an index revealing the relationship between the rate of
oxygen evolution reaction with the change in the potential applied
to the catalyst. The lower the value of the Tafel slope, the higher
the sensitivity of the OER to the electric potential applied to the
electrocatalyst, indicating that the efficiency is higher. The Tafel
slopes were 94.9 mV/des for Mn,O, nanoplates, 94.4 mV/dec for
dense Mn,O; nanoplates, 81.0 mV/dec for porous Mn,O; nano-
plates, and 112.8 mV/dec for commercial IrO, nanoparticles, respec-
tively. As a result of the above overpotential measurement and
Tafel slope, we conclude that the porous Mn,O; nanoplates have
better electrocatalytic activity in the OER than the commercial
IrO, nanoparticles. In addition, we found that the overpotential
value of the porous Mn,O; nanoplates increased slightly after 24
hours of OER, but it did not increase much compared to the
Mn,O, and dense Mn,O; nanoplates (Fig. 5(d)). SEM image of
the porous Mn,O; nanoplates after 24 h of OER shows that nano-
plates maintained their porous structure (Fig. S4). Therefore, it
was found that the porous structure did not significantly affect the
stability [39].

CONCLUSIONS

We have demonstrated a new method to control the crystal
structure and morphology of manganese oxide nanocrystals, in-
cluding Mn,O, nanoplates, Mn,O; nanoplates, and porous Mn,O;,
nanoplates, and their electrocatalytic activity and stability in the
OER. High annealing temperature of Mn-glycolate nanoplates led
to the formation of porous Mn,O; nanoplates and they exhibited
good catalytic activity and stability; as similar as commercial IrO,
catalyst. Just by changing the annealing temperature, we could
control the composition and morphology of the nanocrystals, from
Mn;0, nanoplates to Mn,O; nanoplates and porous Mn,0O; nano-
plates. We expect that this approach could be extended to other
transition metal oxide nanocrystals to improve their physical and
chemical properties.
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Fig. $4. SEM image of porous Mn,0O; nanoplates obtained after sta-
bility test.
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