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Abstract: Monodisperse Mn3O4 nanoparticles were prepared solvothermally starting from manganese ac-

etate by using polyether amide block copolymers (Pebax2533) as a template in isopropanol. The diameter of

the nanoparticles in the range of 8.7 nm∼31.5 nm was decreased with increase of Pebax2533 concentration.

The electrochemical properties and application in supercapacitor of Mn3O4 nanoparticles were further studied.

The results showed that smaller nanoparticles had a larger capacitance. The higher capacitance of 217.5 F/g at

a current density of 0.5 A/g was obtained on 8.7 nm Mn3O4 nanoparticles. The specific capacitance retention

of 82% was maintained after 500 times of continuous charge-discharge cycles.
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Introduction

Supercapacitor, also known as electrochemical capac-
itor, is an electrochemical energy storage element which
stores electrical energy based on electrode/electrolyte
interface with almost no energy loss in the process.
The highest energy conversion efficiency can be up to
98%, and the storage capacity of a single supercapacitor
can reach thousands of Farahs, 3-4 orders of magnitude
higher than normal capacitors [1]. Thus, it is of great
significance to develop high-performance supercapaci-
tors in new energy area.

The key to high-performance supercapacitor is to
develop materials with desired morphology, structure,
size, as well as surface area. However, previous re-
searches on electrode materials are mainly focused on
carbon materials and noble metal oxides [2]. However,
the noble metal oxides, such as RuO2 and IrO2 were
suffered from the high cost due to the scarce resources.

Mn3O4 is a widely used precursor for magnetic ma-
terials (e.g., Mn-Zn ferrite [3]) and Li-Mn-O electrode
materials for the secondary battery [4]. Besides, Mn3O4

has also been extensively used as a catalyst in the ox-
idation of carbon monoxide [5], selective reduction of
nitrobenzene [6], ammonization reaction of nitric oxide
[7] and so on. In addition, as a cheap and commer-
cial available transition metal oxide, Mn3O4 has be-
come one of the ideal choices of electrode materials for
supercapacitors [8].

There are many ways available for Mn3O4 prepara-
tion, such as meteorological growth [9], radiation [10],
electric arc furnace [11], co-precipitation [12], and hy-
drothermal/solvothermal synthesis [13]. Among them,
hydrothermal/solvothermal method possesses advan-
tages of mild reaction condition and well-controlled size,
morphology and structures, which has been adopted
successfully in the synthesis of various nanometer-sized
oxides, metals, semiconductors and magnetic compos-
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ites [14,15].

Pebax2533 (poly (ether-b-amide12)) is a cheap and
commercial available block copolymer. It has a wide
range of applications in CO2 separation [16], ethanol
separation and purification [17], gas purification [18],
etc. The structure unit of Pebax consists of dodecyl
amide and ether components, wherein the rigid hy-
drophobic amides and flexible hydrophilic ether frag-
ments make Pebax a unique template for hydrother-
mal/solvothermal synthesis of nanoparticles. It was
shown that Pebax with high concentration favored
multiple localized nucleation events, facilitating the
smaller, high surface area and uniform nanocrystallites
[19]. The higher viscosity of Pebax-isopropanol solu-
tion, the smaller nanoparticles can be obtained and it
is harder for nanoparticles to be aggregated [20].

Herein, we prepared Mn3O4 nanoparticles with dif-
ferent diameters by using solvothermal method with Pe-
bax2533 block copolymer as a template. To the best
of our knowledge, this synthetic pathway for Mn3O4

nanoparticles has not been reported. Electrochemical
performances of the Mn3O4 nanoparticles were charac-
terized by cyclic voltammetry and galvanostatic charge-
discharge measurements for supercapacitor application.

Experimental

In this study, all chemicals used were of
analytical grade without further purification.
Mn(CH3COO)2·4H2O (>99%) and the bulk Mn3O4

(Mn>71%) were purchased from Aldrich; CH3CH2OH
(>99.7%) was supplied by Shanghai Zhenxing Com-
pany; (CH3)2CHOH (>99%) was procured from Shang-
hai Lingfeng; Pebax2533 (poly(ether-b-amide12)) came
from Shanghai Jvlu.

Synthesis of Mn3O4 nanoparticles

First, 10 g Pebax2533 was added into 40 mL anhy-
drous isopropanol, and the mixture was stirred at 75℃
over night to give a Pebax solution at concentration
of 24.2 wt%. Then, manganese acetate (4 g) dissolved
in 12 mL anhydrous ethanol was mixed with the above
Pebax2533 solution and poured into a stainless steel au-
toclave kept at 180℃ over 3 days, promoting hydrolysis
and condensation reactions of the manganese precursors
and resulting in a transparent viscous Mn3O4/Pebax
gel. The gel was washed several times to remove Pebax
by using 30 mL isopropanol at 80℃ and centrifuged at
8000 rpm for 3 min. After vacuum drying, a white fine
powder was obtained and named as sample a, Sample
b was prepared under the same conditions except that
the 2.5 g Pebax2533 was used, i.e., the concentration of
Pebax was 7.4 wt%.

Structure and morphology characterization

The crystal structure of the samples was identified
by X-ray diffraction (XRD, Rigaku D/max 2500PC)
using Cu Kα radiation. The morphology and com-
position of samples was observed by transmission
electron microscope (TEM&EDS, JEOL JEM-2100).
The specific surface area of Mn3O4 nanoparticles was
measured by Brunaur-Emmett-Teller (BET, Quan-
tachrome, Autosorb-iQ2-MP). The oxidation state of
the Mn3O4 nanopartices was analyzed by X-ray pho-
toelectron spectroscopy (XPS, Thermo Scientific, ES-
CALAB 250Xi) using Al Kα radiation.

Preparation of electrode and electrochemical

characterizations

The Mn3O4 electrode was prepared as follows. A
conducting agent of acetylene black (20 wt%) and a
binder of polytetrafluorethylene (PTFE, 5 wt%) was
mixed with Mn3O4 nanoparticles (75 wt%). The mix-
ture was milled to a homogeneous gel and pressed into
a nickel foam (1 cm ×1 cm) current collector under
a pressure of 10 MPa. All electrochemical measure-
ments were carried out in a three-electrode system at
room temperature. In the three-electrode, a platinum
plate (1 cm × 1 cm), a mercury/mercury oxide elec-
trode (Hg/HgO) and Mn3O4 electrode was used as the
counter electrode, reference electrode and working elec-
trode, respectively. The electrolyte was 6 M KOH aque-
ous solution. All electrode potentials were given versus
Hg/HgO electrode.

The electrochemical properties of the Mn3O4 elec-
trode were characterized on an electrochemical worksta-
tion (CHI760D, Shanghai, Chenhua) by cyclic voltam-
metry (CV) and galvanostatic charge-discharge exper-
iments. The CV was carried out in a potential range
from 0.0 V to 0.6 V at different scan rates. The gal-
vanostatic charge-discharge experiment was conducted
at various current densities between a potential range
between 0.0 V and 0.4 V.

Results and discussion

Structure analysis

The XRD patterns of the as-synthesized samples are
shown in Fig. 1. All diffraction peaks match well with
tetragonal-phase Mn3O4 (JCPDS: No. 24-0734), and
the observed 14 peaks fit exactly the following Miller
indices [21]: (101), (112), (200), (103), (211), (004),
(220), (204), (105), (312), (303), (321), (224) and (400),
indicating that the as-synthesized Mn3O4 sample was
well crystallized and highly pure without other phases.
The mean particle diameter can be calculated from the
half-peak width of diffraction peaks by the Debye-
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Fig. 1 XRD patterns of the as-synthesized Mn3O4

nanoparticles and bulk Mn3O4.
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Fig. 2 The relationship between the concentration of Pe-
bax2533 in the isopropanol and average particle diameter
of Mn3O4 nanoparticles.
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Fig. 3 (a) TEM image, (b) HRTEM image and (c) particle size distribution of sample a; (d) TEM image, (e) HRTEM
image and (f) particle size distribution of sample b.

Scherrer formula. The diameter was 8.7 nm in average
for sample a, and the corresponding BET area was 57.9
m2/g. By adjusting the concentration of Pebax2533
in isopropanol, the particle size of nano-Mn3O4 can
be well controlled. As shown in Fig. 2, with the de-
crease of the Pebax2533 concentration, the mean size
of Mn3O4 became larger (the sizes were calculated from
the XRD results). Especially, when the concentration
of Pebax2533 in isopropanol was 7.4 wt%, nano-Mn3O4

with mean diameter of 31.5 nm was obtained (sampale
b in Fig. 1), and the BET area was 38.6 m2/g. For com-
parison, the BET area of bulk Mn3O4 purchased was

only 3.8 m2/g, which indicates that the nanoparticles
prepared by this method have smaller particle size and
higher surface area.

The morphology of the as-synthesized Mn3O4 sample
a and sample b was investigated by TEM and HRTEM,
respectively. As shown in Fig. 3, both of the sam-
ples were well dispersed without any aggregation. It
was found that sample a consisted of spherical parti-
cles with mean diameter of about 10.2 nm (Fig. 3(a),
3(b) and 3(c)), while the particle in sample b was cu-
bic or octahedral with a size of approximately 28.7 nm
(Fig. 3(d), 3(e) and 3(f)). The average size observed
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in TEM was in good agreement with the results from
XRD. Moreover, the lattice fringes shown in Fig. 3(e)
can be ascribed to (101) planes of Mn3O4 (d = 4.988 Å),
which agreed well with the lattice parameter obtained
from the powder XRD data (d = 4.93 Å).
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Fig. 4 The EDS spectrum of sample a.

The elemental analysis of sample a was carried out
using energy dispersive spectroscopy (EDS) detector
equipped on the TEM. The EDS spectrum was shown in
Fig. 4, there were peaks corresponding to four elements:
C, O, Cu, and Mn, where C and Cu were from carbon-
coated copper grid, and the atomic percentages for Mn
and O was 9.75% and 12.74%, respectively, which was
very close to the atomic ratio of Mn3O4, suggesting that

the obtained nanoparticles were Mn3O4 in the compo-
sition.

In order to analyze the oxidation state of Mn in
Mn3O4 nanoparticles, XPS measurement was per-
formed. As shown in Fig. 5, no impurities were ob-
served on the Mn3O4 sample except carbon with a sur-
vey region of 0-1300 eV [21], and the locations of O
1s, Mn 3s, Mn 2p and Mn 3p were consistent with the
results reported in the literature [22]. Moreover, a sep-
aration of binding energy was observed between Mn
2p1/2 and Mn 2p3/2 levels due to the spin-orbit split-
ting (Fig. 5(b)). Herein, the spin orbit splitting be-
tween the Mn 2p3/2 (641.07 eV) and Mn 2p1/2 (652.7
eV) level was 11.63 eV, which perfectly complied with
the value of Mn3O4 reported previously [23].

Pebax copolymers are composed of a hydrophobic
polyamide (PA) hard domain and a soft hydrophilic
polyether (PE) domain. It has been proposed that
the Pebax will form hydrophobic/hydrophilic phase-
separated mesostructure under solvothermal condi-
tions, in which PE was periodically distributed within
the hydrophobic rigid PA domains [24]. It is prefer-
able for the water-soluble Mn(CH3COO)2 to locate in
the hydrophilic domains, and then it is hydrolyzed by
the water coming from alcohol dehydration. After nu-
cleation and growth, Mn3O4 nanocrystals will be ob-
tained. The principle is schematically shown in Fig. 6.
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Fig. 5 XPS spectra of (a) survey scan and (b) Mn 2p region of sample a.
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Fig. 6 Schematic illustration of the formation of Mn3O4 nanoparticles at low and high Pebax concentrations.
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In addition, it has been reported that well-connected
mesoporous titania was formed under similar conditions
[24], whereas we got monodisperse Mn3O4 nanoparti-
cles in this work. It may be explained from the dif-
ference of hydrolysis rate of titanium and manganese
precursors. The titanium precursor, TiCl4, is hy-
drolyzed rapidly, resulting in a sudden formation of nu-
clei in the system, and then the nuclei grow into small
nanocrystals and finally connect with each other. In
contrast, the hydrolysis rate of manganese precursor,
Mn(CH3COO)2, is relatively slower, which causes the
slow nucleation and growth rate, and it is in favor of ob-
taining larger nanoparticles. Furthermore, it has been
shown above that smaller Mn3O4 particles were pro-
duced at more concentrated Pebax solutions. When
the concentration of Pebax was high, the hydrophilic
domains may be compressed and the mass transport in
the system gets more sluggish due to the high viscosity,
which favors multiple localized nucleation events and
therefore promotes smaller nanocrystallites with high
surface area.

The concentration of Pebax also has an effect on the
morphology of Mn3O4 nanoparticles. Sample a (Pebax
concentration is 24.2%) was spherical, while sample b

was cubic or octahedral (Pebax concentration is 7.4%),
indicating that the particle got more faceted with the
decrease of Pebax concentration. As mentioned above,
the hydrophobic/hydrophilic domain size is different
at different Pebax concentration, which probably leads
to different growth environment and rate for Mn3O4

nanoparticles. The low concentration may be in favor
of preferential growth of some crystal faces, resulting in
Mn3O4 polyhedrons.

Electrochemical performances

Cyclic voltammograms (CV) for sample a, sample
b and bulk Mn3O4 are shown in Fig. 7. The cyclic
voltammograms were carried out in a potential range
between 0.0 V and 0.6 V in 6 M KOH to evaluate
the electrochemical characteristics of the as-synthesized
Mn3O4 nanoparticles. A pair of redox reaction peaks
can be seen in the CV curves of each sample, signify-
ing that the capacitance of the Mn3O4 electrode pri-
marily results from the pseudo capacitance. The fol-
lowing equations were proposed to explain the pseudo-
capacitance mechanism of Mn3O4 in alkaline medium
[25],

3Mn(OH)2 + 2OH−

↔

Mn3O4 · 2H2O + 2e− + 2H2O (1)

Mn3O4 · 2H2O + OH−

↔

2MnOOH + Mn(OH)3 + e− (2)
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Fig. 7 CV curves of different samples at 10 mV s−1 in 6

M KOH.

Generally, the capacitance of electrode material is
proportional to the area surrounded by the CV curves
[26]. As a result, sample a presented the highest capac-
itance as shown in Fig. 7. Furthermore, the CV curves
of sample a electrode at different scan rates of 10, 30,
50 and 100 mV/s were presented in Fig. 8. The incre-
ment in current with the scan rate suggested an ideal
capacitive behavior [27]. Moreover, there was no signif-
icant change in the rectangular shape with increasing
scan rates, indicating the electrochemical reversibility
of the faraday redox reaction on Mn3O4 and a good
cycle efficiency of the charge-discharge process [28].
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Fig. 8 CV curves of sample a in 6 M KOH at different
scan rates of 10, 30, 50 and 100 mV/s.

The galvanostatic charge-discharge curves of sample
a, sample b and bulk Mn3O4 is shown in Fig. 9. It can
be found that there was slope variation of potential with
time in discharge curves, resulted from redox reaction
between electrolyte and Mn3O4 electrode, which was a
characteristic of pseudo-capacitive behavior [28]. Addi-
tionally, the charge-discharge duration increased in the
order of bulk Mn3O4 < sample b < sample a, which
was determined by the specific capacitance of Mn3O4.
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Fig. 9 Galvanostatic charge-discharge curves of different
samples at a current density of 1 A/g in 6 M KOH.

The specific capacitance was calculated using the fol-
lowing equation [29],

C =
I × Δt

ΔV × m

where C (F/g) stood for the specific capacitance, I (A)
represented the galvanostatic discharge current, Δt (s)
was the discharge time, ΔV (V) was the voltage range,
and m (g) was the weight of the active material in the
electrode. From Fig. 9, the bulk Mn3O4 had a specific
capacitance of 56.25 F/g at the current density of 1
A/g. In contrast, the specific capacitance for sample b

was increased to be 137.5 F/g, and sample a presented
the highest specific capacitance of 202.3 F/g, indicat-
ing a significant enhancement of energy capacity. It has
been proved that the specific capacitance of electrode
was closely related with the specific surface area of ac-
tive materials [28]. Sample a has the smallest particle
size, and hence the highest surface area, resulting in the
greatest specific capacitance. In comparison, sample b

and bulk Mn3O4 showed lower specific capacitance be-
cause of the larger particle size. The above result was
also in agreement with the surface area derived from
the CV measurement (Fig. 7). Additionally, the spe-
cific capacitance of sample a was larger than that of
Mn3O4 prepared by the microwave-assisted reflux syn-
thesis method [30], which was highly aggregated and
usually larger than 50 nm, leading to a lower specific
surface area and specific capacitance.

The galvanostatic charge-discharge curves of sample
a at different current densities are shown in Fig. 10.
The calculated specific capacitance of each discharge
curve shown in Fig. 10 was 217.5, 202.3, 182.5 and 150.0
F/g at 0.5, 1.0, 2.0 and 5.0 A/g, respectively. The above
results indicated that the specific capacitance was re-
duced with the increase of the charge/discharge cur-
rent. In comparison with low current, it was more
difficult for OH− to fully occupy the active sites at
electrode/electrolyte interface at high current, owing

to ions’ limited migration velocity and fixed route in
the interface, leading to an uncompleted insertion reac-
tion, i.e., more surface of the electrode were inaccessible
at high charge/discharge rates, especially for the inner
active sites [25]. Thus, the effective redox reaction of
Mn3O4 was limited on the outer surface of electrode,
resulting in decreased capacitance.
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Fig. 10 Galvanostatic charge-discharge curves of sample a

in 6 M KOH at 0.5, 1.0, 2.0 and 5.0 A/g.

The electrochemical stabilities were investigated by
repeating the galvanostatic charge-discharge cycle of
sample a at a constant current of 1 A g−1 for 500 cy-
cles in 6 M KOH, and the specific capacitance after
every 50 cycles was shown in Fig. 11. It is found that
the capacity retained after 500 cycles is about 82% of
the initial specific capacitance. These results demon-
strated that the Mn3O4 nanoparticles synthesized were
very stable in the repeated charge-discharge cycles as
supercapacitor electrode material.
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Fig. 11 Dependence of specific capacitance of sample a

on the number of charge-discharge cycles at 1 A/g in 6 M
KOH.

Conclusions

Monodisperse Mn3O4 nanoparticles have been syn-
thesized by solvothermal method through self-assembly
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using polyether amide block copolymers (Pebax2533)
as the template and manganese acetate as the raw ma-
terial. By adjusting the concentration of Pebax in
the precursor, monodisperse single-crystalline Mn3O4

nanoparticles with diameters in the range between 8.7
and 31.5 nm were prepared. The higher concentration
of Pebax in the solution, the smaller Mn3O4 particles
were obtained and higher specific capacitance was pre-
sented correspondingly. A capacitance of 217.5 F/g at
a current density of 0.5 A/g was obtained on Mn3O4

nanoparticles with mean diameter of 8.7 nm, which
also exhibited good stability and reversibility after
500 continuous charge-discharge cycles. The prepara-
tion method for monodisperse single-crystalline Mn3O4

nanoparticles was simple and low in cost. The template,
Pebax, can be recycled. The technique and principles
can be extended to the synthesis of other monodisperse
oxide nanoparticles of great importance in supercapac-
itors, catalysis, display, chemical mechanical polishing
(CMP), etc.
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