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Abstract 

Electrospinning technique produces continuous fibers of various structures and composition with 

diameters ranging from a few micrometers to nanometers. Particularly, the three-dimensional (3D) 

non-woven fiber matrix contains a large porous network structure which is highly suitable for 

electrode applications that can facilitate the access of electrolytes into the active species. For that, we 

have fabricated the inorganic manganese oxide (MnOx) nanofibers (NFs) of varying composition by 

electrospinning technique for supercapacitor applications. MnOx is promising for pseudocapacitor due 

to their fine specific capacitance, low cost, and environmental benignity. In this study, we prepared 

the electrospun NFs of Mn(OAc)2/poly(vinyl pyrrolidone) (PVP) composite by using electrospinning 

technique. The as-prepared inorganic NFs were annealed at different temperatures to remove the 

polymer matrix and resulted in the MnOx NFs of varying composition. Interestingly, we found that the 

capacitance of MnOx NFs annealed at 500 
o
C is highest among all samples with contained a mixed 

phase of Mn2O3 and Mn3O4. 
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I. INTRODUCTION 

In recent years, problems of fossil fuel exhaustion and environmental pollution is becoming a major 

issue in the world. To resolve these problems, interest in eco-friendly energy source is increasing.
1-3

  

Furthermore, developments of new energy source and conversion system with high efficiency, low 

cost, and environmental benignity were required due to increase of demands of portable electronics 

and electrical vehicles.
4-7

 Especially energy storage and conversion system, including rechargeable 

battery, fuel cell, supercapacitor have been studied to replace fossil fuels. Among electrochemical 

devices, supercapacitors which exhibit relatively high power density, fast charging/discharging rate, 

and good cycle stability are attractive that can substitute for batteries.
8-12

 Due to its low energy density 

in comparison with batteries, studies for improving the supercapacitor performance are also currently 

being performed. 

 

1.1 Supercapacitor 

Among various energy storage systems, electrochemical energy storage system, such as fuel cells, 

batteries and capacitors, is very attractive devices.
13-14

 There is the common feature of these devices 

that energy generating processes occur at boundary between the electrode and the electrolyte. 

Recently, the demand of future systems including portable electronics and electrical vehicles 

gradually is increasing.
8
 Therefore, the performance of electrochemical energy storage systems has to 

be developed in order to meet the requirements. 

Figure 1 shows the Ragone plot which indicates specific power and specific energy of 

electrochemical energy storage devices for the most important energy storage devices. There are two 

key parameters to evaluate the performance of energy storage devices.
15-17

 One is energy density (E) 

which means the amount of energy stored in a given system or region of space per unit volume or 

mass and it can be described by the following equation (1) : 

  
 

 
            (1) 

where, C and V mean the specific capacitance and the voltage, respectively. The other factor is power 

density (P) which is the amount of power (time rate of energy transfer) per unit volume and it can be 

described by the following equation (2) : 

     
 

   
  
       (2) 

where, Rs and Vi mean the equivalent series resistance (ESR) and the initial voltage, respectively. As 

shown the Ragone plot, batteries and fuel cells are regarded as high energy devices, while these 

devices have the low power density.
18-20

 In contrast with fuel cells and batteries, the general capacitors 

are regarded as high power devices, but it can’t produce a high energy density to meet requirement for 

long-term duration.
8, 16

 

There exist the basic differences of batteries and capacitors depending on the charge storage 
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mechanisms and materials. In case of batteries, storing charge occurs in bulk electrode through 

faradaic reactions. Batteries consist of a negative and positive electrode material, an electrolyte that 

allows ions to transfer between the electrodes, and terminals that allow current to flow out of the 

battery to perform work.
7, 21-22

 

Supercapacitors can offer the ability storing the energy within a few seconds compared with long 

charge/discharge time (tens of minutes or more time) of batteries. Furthermore, supercapacitors 

demonstrate excellent cycle life (commonly measured in hundreds of thousands to millions of cycles) 

which is around three times higher than that of batteries.
5, 9-10

 Also, supercapacitors provide high 

reliability compared to batteries, leading to a lower maintenance cost (Table 1).
23

 As a result, 

supercapacitors have been used in various fields ranging from portable electronics to large industrial 

power management. In the past decade, supercapacitor technology has developed greatly leading to 

enhance performance due to the development of new electrode materials such as nanomaterials and 

hybrid systems. 
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Figure 1. A simplified Ragone plot of specific energy versus specific power for the various 

electrochemical energy storage devices.
15

 

 

 

 

Characteristic Electrolytic capacitor Carbon supercapacitor Battery 

Specific energy (Wh/kg) <0.1 1-10 10-100 

Specific power (W/kg) ≫10000 500-10000 <1000 

Discharge time 10
-6

 to 10
-3

 s S to min 0.3-3h 

Charging time 10
-6

 to 10
-3

 s S to min 1-5h 

Charge/discharge 

efficiency (%) 
~100 85-98 70-85 

Cyle-life (cycles) Infinite >500000 ~1000 

Charge stored determinates 
Electrode area and 

dielectric 

Electrode microstructure 

and electrolyte 

Active mass and 

thermodynamics 

Table 1. Comparison of typical capacitor and battery characteristics.
23
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1.1.1 Principle of capacitors 

Supercapacitor is divided into two types depending on the charge storage mechanism and active 

electrode materials. One is electrochemical double-layer capacitors (EDLCs) and the other is 

pseudocapacitors.
6
 The EDLCs store the charges through reversible ion absorption on interface 

between the electrode and electrolyte and typically use carbon based materials with high surface area 

as active materials (Figure 2 a).
24-27

 EDLCs can offer very high power density and good cycling 

stability owing to their fast electrochemical process. In case of EDLCs, the specific capacitance 

depends on the electrode materials such as carbon based nanomaterials and the electrolytes need to be 

carefully chosen to maximize the operating voltage.
8, 15

 For instance, specific capacitance of EDLCs 

with aqueous acid or alkaline electrolytes is commonly higher than organic electrolytes.
16

 Furthermore, 

it allows very fast energy density and higher power performance. But despite their advantages, it is 

not enough to alternate the conventional batteries because of it’s a relatively low energy density. 

In contrast to EDLCs, the pseudocapacitors store charges through the fast and reversible electron 

exchange reactions (chemical redox reactions, faradaic reactions) on the electrode surface (Figure 2 

b).
24, 28-30

 The pseudocapacitors can increase specific capacitance and energy density than EDLCs 

(Figure 3).
31-32

 However, it has the problems which are cost and low stability during cycling due to 

the fast redox reaction. Generally, transition metal oxides and electronically conducting polymers 

were used for the pseudocapacitive materials. The transition metal oxides include ruthenium oxide 

(RuO2),
33-34

 manganese oxide (MnOx),
35-36

 nickel oxide (NiO),
37-38

 iron oxide (Fe3O4)
39

 and others. On 

the other hand, the typical conducting polymers are polyanilines, polypyrroles, and other π-conjugated 

polymers.
40-41

 The specific capacitance of pseudocapacitive materials is higher than that of carbon 

based materials which are active materials of EDLCs. Among of pseudocapacitive materials, RuO2 is 

a widely studied active material owing to its high theoretical specific capacitance (1358 F/g) and good 

electrical conductivity (3 × 10
2
 S/cm). Although RuO2 can demonstrate excellent electrochemical 

performance, it has cost problem because it is rare. Therefore, considerable efforts to replace RuO2 

have been tried to develop inexpensive transition metal oxide including MnOx, NiO, and Fe3O4. 

Among many transition metal oxides, MnOx is clearly noteworthy, displaying a fine specific 

capacitance (200-600 F/g) and reversible charge discharge feature with its natural abundance and low 

cost.
35-36, 42-44
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Figure 2. Schematic of two different energy storage mechanisms via (A) electrochemical double layer 

capacitances (EDLCs) or (B) redox reactions based pseudocapacitance.
24

 Copyright 2011, Materials 

Research Society.  
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Figure 3. The capacitance performance for both carbon based EDLC electrodes and pseudocapacitor 

electrodes (including transition metal oxides and conducting polymers).
31-32

 Copyright 2008, the 

electrochemical society. 
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1.1.2 Manganese oxide as active material of supercapacitors 

MnOx has been studied as an active material for a long time because it is clearly noteworthy, 

displaying fine specific capacitance (200 – 600 F/g) and reversible charge–discharge feature with its 

natural abundance and low cost.
10, 35-36, 43-44

 MnO2 with γ-phase has long been used as active cathode 

materials in Zn/MnO2 alkaline cells by Leclanche’s group in the 1860s. After inventing the lithium ion 

batteries, MnO2 and spinel Li1-xMnO2 received a lot of interest. In 1999, the use of MnO2 as 

electrochemical active materials for electrochemical energy storage continued to expand to 

electrochemical supercapacitors.
45

 Lee and Goodenough initially reported that amorphous MnO2 

electrode demonstrated electrochemical response in aqueous electrolyte and exhibited specific 

capacitance of around 200 F/g.
46

 Afterward, interest in MnO2 as active materials of supercapacitors 

has been increasing consistently and MnO2 become one of the most attractive electrode materials. 

There are many synthesis methods for MnO2 including sol-gel,
47

 thermal oxidation,
48

 and chemical 

coprecipitation
49

. Manganese oxides occur at least 30 different crystal structures (Figure 4).
50

 As far 

as the chemical valence states of manganese oxide are concerned, it has different oxidation states (2+, 

3+, 4+, and 6+). Generally, the phase change of manganese oxide appears at different temperatures 

(MnO2, Mn2O3, Mn3O4, and MnO). Moreover, electrochemical properties of MnOx can be changed in 

accordance with various structures. Thus, electrochemical properties can be tuned by controlling the 

phase of MnOx. 
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Figure 4. Polyhedral representation of the eight Mn oxides reported : (a) β-MnO2, (b) R-MnO2, (c) α-

MnO2, (d) δ-MnO2, (e) λ-MnO2, (f) LiMn2O4, (g) Mn2O3, and (h) Mn3O4. The light, dark, and black 

polyhedral represent Mn
2+

 tetrahedral, Mn
3+

 and Mn
4+

 octahedral, and Li
1+

 tetrahedral, respectively. 

And black spheres represent K
+
 ions.

50
 Copyright 2011, Journal of the American Chemical Society. 
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1.1.3 Effect of electrode structure 

Despite these favorable features of MnOx, it has the poor electric conductivity (~10
-6

 S/cm) and 

stability. These limitations cause the low capacitance value (typically in the range of 10-102 F/g) and 

unsatisfactory performance to fulfill the high-power performance requirements. Therefore, it is still a 

challenge to improve these limitations. In order to overcome these limitations, developments of the 

new materials are important. Moreover, efforts including creation of new electrode structure, 

generation of pore size distribution and deposition of electroactive metallic particles or conduction 

polymers are urgently needed. Furthermore, the redox reactions only occur on the surface of the active 

materials. Efforts have been made to produce the nanostructured pseudocapacitive materials in order 

to increase the active surface area and shorten the electron diffusion length.
51-53

 Nanostructured 

materials have received considerable attention due to the remarkable electrical, mechanical, optical 

properties and high active surface area. Recent trends in supercapacitors involved the development of 

electrode with high surface area to enhance the performance of the capacitance and conductivity. 

Awareness has been focused on nanostructured materials including aerogels,
54

 nanofibers, and 

nanotemplates
52

. Among a lot of nanostructures, 3D porous electrodes are known to exhibit a superior 

capacitance due to increased specific surface area and enhanced access of the electrolytes to the 

surface of porous electrode materials. Supercapacitors with 3D porous electrode were reported in 

recent years. 3D porous electrodes exhibited higher performance than that of normal electrodes. For 

example, Lang’s group reported supercapacitor obtained by depositing MnO2 on the nanoporous gold 

substrate which improves fast ion diffusion and electron transport between the MnO2 and the 

electrolytes. This electrode demonstrated high specific capacitance of ~1145 F/g for MnO2.
55

 And 

MnO2-CNT-sponge supercapacitor reported by Alshareef et al. indicated that the specific capacitance 

of this composite was reached 1230 F/g.
56

 In addition, the MnO2–CNT–sponge supercapacitors 

showed only 4% loss after 10000 cycles at current density of 5 A/g. Thus 3D porous structure for 

supercapacitors can raise the electrochemical performance. 
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1.2 Electrospinning 

Electrospinning can form electrode of the three-dimensional porous structure with one-dimensional 

nanofibers (NFs) and is known as inexpensive and efficient technique. Electrospinning technique first 

examined by Zeleny in 1914 and patented by Formhals in 1934, was initially exclusively applied to 

polymers.
57

 Electrospinning has the advantages of simplicity, efficiency, low cost, high yield and high 

degree of reproducibility of the obtained materials. Furthermore, electrospinning technique can not 

only make the polymer, metal oxide NFs with various components, but also produce the NFs with 

unique structure such as hollow, core-shell, porous structure.
58-60

 Figure 5 illustrates a schematic 

picture of the electrospinning method. The electrospinning consists of three major components 

including the high voltage power supply, a needle, and the collector. The solution can be provided 

through the syringe pump at controllable rate. When applying a high voltage, the pendent polymer 

drop at the nozzle will become highly electrified and then the induced charges are evenly distributed 

over the surface of polymer drop. As a result, the drop will undergo two major electrostatic forces 

which are the electrostatic repulsion between the surface charges and the Coulombic force exerted by 

the external electric field. Under these electrostatic interactions, the polymer drop will be deformed 

into a conical shape generally known as the Taylor cone.
61-64

 When the strength of electric field has 

exceeded a threshold value, the electrostatic force can overcome the surface tension of the polymer 

solution. Through process, the liquid jet can release from the nozzle and then this electrified jet 

experiences a stretching and whipping process. During process, liquid jet is continuously elongated 

and the solvent is evaporated. The diameter of fibers can be formed from hundreds of micrometers to 

tens of nanometers. The charged fiber is often deposited as a randomly arranged, non-woven mat on 

the grounded collector. Due to the relatively simple and easy process, more than 50 different types of 

organic polymers have already been reported as fibers with a wide range of diameters.
61-63

 Though the 

setup for electrospinning method is very simple, the spinning mechanism is rather complicated. 

Before 1999, producing the ultrathin and uniform fibers by electrispinning process was often 

attributed to the splitting or splaying of the electrified jet as a result of repulsion between surface 

charges.
61

 In recently researchers demonstrated that the thinning of a jet during electrospinning 

process is mainly caused by the bending instability related to the electrified liquid jet.
65-67

 Figure 6A 

is the photograph of a spinning jet. This photograph shows that the jet was initially a straight line and 

then became unstable. It seems that the cone-shaped, instability region is composed of multiple jets. 

Nevertheless, as shown Figure 6B, the conical envelope consists of only single fiber rapidly bending 

or whipping.
67

 

 Based on experimental examination and electrohydrodynamic theories, mathematical models have 

been studied by several researchers to examine the electrospinning process. Reneker’s group 

presented the charged liquid jet as a system of connected, viscoelastic dumbbells and reported a good 
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explanation about the formation of bending instability.
64, 66

 They also calculated the trajectory of the 

liquid jet through a linear Maxwell equation and the computed results were in agreement with the 

experimental results. In addition, Rutledge and co-workers thought about the jet as a long, slender 

object and developed a different model to explain the electrospinning phenomenon.
68-70

 Their 

experimental and theoretical studies clearly indicated that the spinning process only concerns with 

whipping of a liquid jet. The whipping instability primarily results from the electrostatic interactions 

between the external electric field and the surface charges on the jet. The formation of fibers is mainly 

achieved by the stretching and acceleration of the fluid filament in the instability region. Especially 

electrospun NFs can be tunable by controlling some parameters and new setups. 

Due to diversity of electrospun NFs in terms of materials, structures, architectures and 

functionalities, the use of the electrospinning method has been increased for the production of NFs 

and fabrics and membranes elaborated from them. Electrospun NFs could be applied to the extensive 

applications such as biosensors, nanoelectronics, fuel cells, solar cells, membranes, and capacitors 

(Figure 7).
71-74

 Moreover, in recent years researches for energy systems such as fuel cells, Li-ion 

batteries, and supercapacitors have significantly increased especially (Figure 8).
75
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Figure 5. Schematic illustration of the electrospinning technique.
75

 

 

 

 

 

Figure 6. Photographs illustrating the instability region of a liquid jet electrospun from an aqueous 

solution of poly(ethylene oxide) (PEO). Note that the path of the jet shown in B has been traced to 

improve the visibility.
67

 Copyright Elsevier Science, 2001. 
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Figure 7. Relative proportion of publications in main areas of applications of electrospinning in the 

period of 2000–2010 (SciFinder data: keywords: electrospinning + type of application in the 

legend).
75

 

 

 

 

Figure 8. Number of research articles concerning electrospun nanofiber applications in energy 

devices published in the period of 2001–2010 (SciFinder data: keywords electrospinning + fuel cells, 

electrospinning + Li-ion batteries, electrospinning + solar cells, electrospinning + supercapacitors).
75
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1.2.1 Parameters of electrospinning 

The diameter and morphology of electrospun NFs are influenced by processing parameters such as 

the intrinsic properties of solution and the operational conditions. Firstly, the intrinsic properties of 

solution include the type of polymer, the conformation of polymer chain, viscosity (concentration), 

elasticity, electrical conductivity of polymer solution, the polarity, and surface tension of solvent. 

Secondly, the operational conditions are the applied voltage, the distance between nozzle and ground 

substrate, and the pumping rate of polymer solution. In addition, the environment conditions including 

the humidity and temperature of the surrounding have an effect on the morphology and diameter of 

electrospun NFs.
61-63, 76

 

By controlling the various parameters, it is possible to obtain fibers having a morphology and 

diameter desired. The diameter of electrospun fibers can be adjusted by changing the parameters 

which there are the concentration of polymer, the electrical conductivity of solution, the applied 

voltage, and the pumping rate. In general, when increasing concentration of solution the electrospun 

fibers become thicker. Besides, thicker fibers can be obtained through fast pumping rate. While, if the 

conductivity of solution increased via adding salts, the diameter of fibers can be considerably 

decreased.
76

 For example, Rutledge’s group reported a model about the effect of various processing 

parameters. In this study, the diameter is considerably dependent on the interaction between surface 

tension and electrostatic repulsions.
70

 The balance point might be concerned with feeding rate, the 

strength of electric field, and the surface tension of polymer solution. Through model in this paper, the 

expected diameters were corresponded with experimental results. Furthermore, change of the 

atmospheric composition and humidity can significantly influence diameters of fiber. Rangkupan and 

Reneker made thinner fibers of polypropylene (PP) under vacuum condition. The electrospun PP 

fibers obtained under vacuum are thinner than under normal pressure.
77

 

 

1.2.2 Control of structure of electrospun NFs  

Fibers prepared by electrospinning generally exhibit round shape in cross section, solid interior, and 

smooth surface. In recent years, electrospun fibers with various structures were reported. For example, 

instead of usually round shape, electrospun fiber of ribbon-like structures with rectangular cross 

section was reported by Reneker’s group.
78-80

 In this paper, electrospun fibers with ribbon-like 

structure were obtained by the rapid evaporation of the solvent and then remaining solvent 

disappeared by diffusion through the skin. Thus, the shape of electrospun fiber could be changed by 

controlling the solvent of solution. 

Electrospinning technique can produce fibers with specific structures such as hollow, porous, and 

core/shell. It is possible to make the core/shell NFs by using a polymer solution comprising two 

polymers which will phase separate. For instance, Yarin and co-workers have shown that electrospun 
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NFs with core/shell structure could be prepared by co-electrospinning of two different polymer 

solutions via two coaxial capillaries (Figure 9).
81

 In order to fabrication of the continuous and 

uniform fibers with core/shell structure, it is important to two solutions should have immiscibility. But, 

it will be difficult to obtain core/shell fibers. More studies are still needed to achieve the control of 

desired structure.  

As well as electrospun fibers with core/shell structure, electrospun fibers with porous structure have 

also been many reported. How to make fibers with porous structure, there are two slightly different 

approaches. One of two approaches was based on the selective elimination of a component from 

fibers prepared of a blend material or composite. Another involved the use of phase separation of 

different polymers during electrospinning process. Wendorff’s group reported the structural change of 

fibers consisting of PVP and PLA through selective removal (Figure 10).
82

 This study demonstrated 

that when there existed equal amounts of the two polymers into solution, the fibers became highly 

porous structure. And when increasing ratio of one polymer in solution, fibers formed more compact 

structure. Thus, by changing the ratio of polymers, porosity of fibers can be controlled. It is possible 

to adjust the pore size and density of electrospun fibers by changing the processing parameters.  
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Figure 9. (A) Schematic illustration of the setup used to prepare the hollow NFs by electrospinning. It 

concerns the use of a spinneret composed of two coaxial capillaries, through which mineral oil and an 

ethanol solution including titanium tetraisopropoixide and PVP were concurrently ejected to form a 

compound jet. (B) TEM image of the as-spun hollow NFs whose walls were made of a composite of 

amorphous TiO2 and PVP. (C) TEM image of anatase hollow NFs that were obtained by annealing 

the composite nanotube at 500 
o
C in air.

81
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Figure 10. SEM micrographs of PVP/PLA 1:1 fibers : (a) residual PLLA fiber after selective removal 

of PVP, (b) residual PDLLA fiber after selective removal of PVP.
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1.2.3 Preparation of electrospun inorganic NFs 

Electrospinning has been primarily used to fabrication of organic polymer NFs since 

electrospinning solution should have viscoelastic behavior. The many groups informed that composite 

or inorganic NFs could be fabricated by using sol-gel precursor solution. Subsequently, 

electrospinning technique has been presenting in an effective way to form composite and inorganic 

NFs. Particularly, inorganic nanofibers can be simply prepared by electrospinning technique which 

use inorganic/polymer solution obtained by mixed. Inorganic/polymer solution is very important to 

form inorganic fibers. Diameter of electrospun inorganic fibers was usually several hundred 

nanometers and it is possible to reduce the diameter of fibers by adjusting parameters of 

electrospinning process. Polymer/inorganic fibers prepared by electrospinning could become ceramic 

fibers by removing the polymer through calcination of polymer/inorganic fibers in air. This process 

has been successfully extended to form many other ceramic fibers such as SiO2, SnO2, NiFe2O4 and 

LiCoO2. Moreover, PVP, poly(vinyl alcohol) (PVA), poly(vinyl acetate) (PVAc), and poly(ethylene 

oxide) (PEO) have usually been used as the polymer matrixes to host inorganic precursors.
83-86

 As a 

result, inorganic NFs such as Al2O3, CuO, NiO, ZnO, and MgTiO3 could have been generated as 3D 

structure. As shown these studies, electrospinning technique may provide an effective way to prepare 

inorganic NFs. Furthermore, electrospun inorganic NFs can be used for various applications, for 

instance, as active units in sensing, as membranes of separation, as supports for catalysis, and as 

electrode active materials of energy conversion and storage systems. 

 

1.2.4 Electrospun fibers for supercapacitors 

Electrospinning has been reported as effective method to fabricate electrode and separator materials 

with highly porous and nanofibrous structure for supercapacitors. Recently, many researchers have 

informed that electropun carbon NF mat could be used as electrode for supercapatiros instead of 

normal carbon electrode. There are many precursors to prepare carbon NF mat. Among them, PAN is 

the most used as precursors.
87-89

 Carbon NF mat obtained by electrospinning and calcination have 

high porosity and surface area. It can improve the specific capacitance at high current density due to 

the faster transport of ions.
90

 Moreover, to enhance the capacitance of carbon electrode, some studies 

reported the composite consisted of electrospun carbon mat and other components such as silver,
91

 

nickel,
92

 or CNTs
93

. This composite exhibits improved capacitance due to increasing the conductivity 

of material. In addition, fiber mat of transition metal oxides such as RuO2, MnOx, and NiO can be 

prepared by electrospinning technique as well as carbon NF mat. For instance, capacitor based on 

RuO2 electrodeposited onto electrospun TiO2 nanorodes demonstrated a high rate capability.
94

 In 

another case, capacitor was fabricated by depositing a thin RuO2 layer onto the crystalline RuO2 

nanofibrous mat. This electrode showed a high specific capacitance and high rate capability.
95
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Through the reported studies, electrodes with highly porous and conductive electrospun mat for 

supercapacitors have demonstrated high specific capacitance and rate capability. These results were 

attributed to the unique porous structure and the reduced interfacial resistance of between the 

electrode material and the electrolyte. The porous structure provides high surface area and high 

porosity leading an efficient permeability of the electrolyte and a good surface activity. In addition, it 

offers a facile ion pathway and the latter a fast electron pathway.  
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II. EXPERIMENTS 

2.1 Preparation of electrospun MnOx NFs 

Figure 11 illustrates the procedure to produce the electrospun MnOx NF in this paper. Poly(N-vinyl 

pyrrolidone) (PVP) solution was prepared by dissolving PVP powder (Mw 1,300,000 g/mol) in 

deionized water (20 wt%). Then, Mn(OAc)2/PVP solution was prepared by dissolving manganese 

acetate (20 wt%) in PVP solution. This solution was stirred for at least one day in order to obtain 

homogeneously distributed solutions. The solution obtained was injected from a syringe and syringe 

was fixed in syringe pump. The size of the needle in the electrospinning was 25 G, and the needle was 

connected to high-voltage power supply. The feeding rate of solution was fixed at 10 μl/min, and the 

distance between the needle and collector was 10 cm and the applied voltage was 25 kV. The 

electrospun Mn(OAc)2/PVP NFs were annealed at different temperatures (400, 500, 600 and 700 °C) 

to remove the polymer matrix and result in the MnOx NFs. 

 

2.2 Electrochemical measurement 

Electrochemical performance of the electrospun MnOx NFs were carried out with a standard three-

electrode test cell with 0.5 M Na2SO4 aqueous solution as electrolyte. Platinum (Pt) wire and 

Ag/AgCl were used as a counter and reference electrode, respectively. The characterization of the 

electrochemical performance for the obtained MnOx electrode was investigated through a VMP3 

electrochemical potentiostat (BioLogic Inc.). Cyclic voltammograms (CVs) and the galvanostatic 

charge-discharge test were carried out with a potential window from -0.2 to 0.8 V versus Ag/AgCl in 

0.50 M Na2SO4 electrolyte with scan rates from 5 to 200 mV/s and a current density of 1 A/g. In order 

to internal resistance of MnOx electrode, measurement of electrochemical impedance spectroscopy 

(EIS) was measured in frequency range of 100 kHz-100 mHz. 

 

2.3 Characterizations 

The morphology and diameter of the prepared MnOx NFs were examined using a field emission 

scanning electron microscopy (FESEM, FEI, Nanonova 230) and transmission electron microscopy 

(TEM, JEOL JEM-2100 accelerating voltage of 200 kV, Gatan CCD camera). X-ray diffraction (XRD) 

measurement was employed by a high-power X-ray diffractometer (Rigaku Co., D/MAZX 2500V/PC) 

from 10
o
 to 80

o
. 
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Figure 11. Schematic illustration for the fabrication of the electrospun NFs and subsequent 

calcination process for hybrid MnOx NF supercapacitors. 
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III. RESULTS AND DISCUSSION 

3.1 Characterization of Electrospun MnOx NFs 

Initially, Mn(OAc)2/PVP NFs were successfully fabricated by electrospinning using the procedures 

outlined in the experimental section. Figure. 12 shows the SEM images and diameter distribution of 

the as-spun Mn(OAc)2/PVP NFs and the MnOx NFs formed after calcination at different temperatures 

from 400 to 700 °C. As shown in Fig. 1a, as-spun Mn(OAc)2/PVP NFs were randomly oriented in a 

continuous, 3D, porous internal structure. The range of NF diameters in the sample was relatively 

narrow, and no beads were formed. The degradation of the PVP in as-spun fibers upon calcination is 

clearly indicated in the thermogravimetric analysis (TGA) (Figure 13). The polymeric component 

(PVP) was completely degraded at ~400 °C in air. The initial drastic decrease of the diameter of NFs 

occurred at calcination around 400 ºC due to the removal of PVP and organic component in 

Mn(OAc)2, which comprise ca. 90 wt% of the as-spun fibers. Accordingly, the as-spun 

Mn(OAc)2/PVP NFs were calcined above 400 °C in air. After calcination at different temperatures, 

the 3D porous structure was retained without significant structural deformation. However, the 

diameter of MnOx NFs decreased after calcination owing to the removal of the PVP matrix and the 

crystallization of MnOx; for example, the average diameter of as-spun fiber decreased from 135 ± 18 

nm to 72.3 ± 14.3 nm (400 
o
C), 64.2 ± 12.6 nm (500 

o
C), 52.7 ± 8.9 nm (600 

o
C) and 54.5 ± 6.9 nm 

(700 
o
C), respectively. 

Various forms of manganese oxide such as α-MnO2, δ-MnO2, λ-MnO2, Mn2O3, and Mn3O4 are 

known to exist depending on the conditions of annealing.
50

 We further characterized the phase 

composition of MnOx NFs after calcination by XRD (Figure. 14). The XRD patterns of MnOx fibers 

calcined at different temperatures corresponded to either Mn3O4 (JCPDS 024-0734) or Mn2O3 

(JCPDS 073-1826), or a combination of both. The NFs calcined at 400 °C adopted the tetragonal 

Mn3O4 phase exclusively (Figure. 14a). Above 400 °C, Mn3O4 transformed into the more oxidized 

Mn2O3 as the calcination temperature increased, giving mixed-phase nanofibers (MnOx NFs) (Figure. 

14b and 14c). We correlated the compositional ratio between Mn3O4 to Mn2O3 on the basis of the 

main XRD peak intensity ratio, assuming there is no other crystalline phases of MnOx NFs. 

Specifically, the ratio of Mn3O4 to Mn2O3 decreased from 100:0 (400 °C) to 68:32 and 18:82 at 500 

and 600 °C, respectively, and at 700 °C, the initial Mn3O4 phase transformed into Mn2O3 completely. 

We further investigated the internal structure of the sample annealed at 500 °C by TEM and 

electron mapping by energy-dispersive spectroscopy (EDS) to confirm the existence of both Mn3O4 

and Mn2O3 phases (Figure. 15). The hybrid MnOx NFs were composed of granular nanoparticles with 

diameters of 61 ± 12 nm that were connected along the framework of the NFs. In addition, the high-

resolution TEM (HRTEM) image revealed that MnOx NFs were crystalline. The crystalline lattice 

fringes of 0.24 and 0.49 nm corresponded to the primary reflection of the (211) and (101) peak of 



26 

 

Mn3O4, respectively. Furthermore, the electron diffraction pattern of a selected area of MnOx also 

exhibited a lattice fringe of 0.384 nm, which is associated with the (121) peak of Mn2O3 (Figure. 15b). 

We also confirmed that Mn and O were distributed homogeneously within the electrospun MnOx NFs 

by EDS (Figure. 15c). Overall, HRTEM image and the electron diffraction pattern confirmed the 

presence of mixed phase of Mn3O4 and Mn2O3 in the MnOx NFs calcined at 500 °C, in good 

agreement with the result of XRD. 

 

3.2 Electrochemical performance of electrospun MnOx NFs  

We investigated the electrochemical properties of hybrid MnOx NFs annealed at different 

temperatures by cyclic voltammetry (CV) measurements. All CV data were measured in 0.5 M 

Na2SO4 electrolytes at potential intervals from -0.2 to 0.8 V with platinum wire and Ag/AgCl as a 

counter and reference electrode, respectively (Figure. 16). All MnOx NF electrodes displayed the 

typical broad redox peaks in the potential range investigated. In particular, the CV curves of MnOx 

annealed at 400 and 500 °C clearly showed the redox transitions of MnOx characteristic 

pseudocapacitive behavior. The specific capacitance values obtained from CV (Csp,CV) were 

determined to be 140.1, 214.7, 69.0, and 46.3 F/g for electrodes prepared from MnOx NF calcined at 

400, 500, 600, and 700 °C, respectively, at a scan rate of 10 mV/s. Interestingly, among all electrodes 

prepared from MnOx NFs, the one annealed at 500 °C exhibited the highest Csp,CV value. In addition, 

the linear response of the capacitive current to changes in the potential scan rate revealed that the 

redox behavior of the system was highly reversible (inset in Figure. 16b). Therefore, the capacitance 

of each electrode strongly depended on the compositional ratio of Mn2O3 and Mn3O4; for example, 

Mn3O4-rich phases (NFs calcined at 400 and 500 °C) exhibited higher Csp,CV and Csp,G than Mn2O3-rich 

phases (NFs calcined at 600 and 700 °C). Also, the sample annealed at 500 °C with a mixed phase of 

Mn2O3 and Mn3O4 showed a higher Csp,CV and Csp,G than that of pure Mn3O4 sample annealed at 

400 °C. 

We further evaluated the supercapacitor performance of all MnOx electrodes by the galvanostatic 

charge–discharge test under an identical three-electrode system. The non-linear charge–discharge 

curves are characteristic for the pseudocapacitive behavior (Figure. 16d). The specific capacitance 

based on the galvanostatic (Csp,G) is calculated by the following equation: 

Csp,G (F/g) = (i×∆t)/(∆E×m) 

where i is the discharge current (A), ∆t is discharge time (s), ∆E is the voltage difference (V), and m is 

the active mass of electrode (g). The galvanostatic test-based specific capacitance (Csp,G) of the MnOx 

electrodes annealed at 500 °C was calculated to be 367 F/g at a current density of 1 A/g, the highest 
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among all samples. The trends of the galvanostatic and CV measurements agree well with each other, 

even though the values for the latter are higher. 

The value obtained from galvanostatic measurements is comparable to the value (highest 

capacitance of 230.5 F/g at a scan rate of 25 mV/s at calcination temperature of 300 °C) published in a 

recent study by Lin et al., in which the supercapacitor properties of different phases of MnOx film 

coated by a sol-gel process and annealed at 250 – 400 °C were evaluated.
96

 In contrast, the MnOx NFs 

prepared in this study exhibited considerably higher capacitance than the MnOx film prepared by a 

sol-gel process owing to their unique 3D internal structures. 

Our study also suggested that electrospinning permits the creation of 3D electrodes that are 

characterized by both increased surface area and efficient and fast ion transport between the electrode 

and electrolyte, thus enhancing the electrochemical properties of the supercapacitor. 

The kinetics and interfacial resistance that are critical in the evaluation of the electrochemical 

reactions can be studied by electrochemical impedance spectroscopy (EIS). the EIS data can be fitted 

by an equivalent circuit consisting of a solution resistance (RS), a charge transfer resistance (RCT), a 

capacitance (C), and Warburg impedance (ZW) (Figure 17). We thus investigated the charge transfer 

resistance (RCT) of all four MnOx NF electrodes in order to elucidate whether capacity was 

significantly dependent on the phase changes in MnOx. RS and RCT values obtained by fitting the data 

are present in Table 2. We determined that the RCT value of MnOx electrode annealed at 500 °C (6 Ω) 

was far lower than those of the other three samples (118 Ω, 125 Ω, and 268 Ω at 400 °C, 600 °C, and 

700 °C, respectively). This result indicates that the mixed phase of Mn3O4 and Mn2O3 exhibits a lower 

charge-transfer resistance, which accounts for the improved electrochemical performance of the 

supercapacitors. In addition to the above observation, we argue that the enhanced supercapacitive 

performance stems from the balance between the conductivity and capacitance of two different phases 

of MnOx NFs, such as Mn3O4 and Mn2O3. It is known that the conductivity of the Mn2O3 is relatively 

lower than that of Mn3O4, while the capacitance of the former is comparatively higher than that of 

latter.
24, 35, 97-99

 Thus, the fine balance between the conductivity and capacitance of two different 

phases of MnOx NFs may result in the enhanced capacitance of the mixed phase MnOx NFs.
100

 

Although further in-depth analyses of the role of different phases within the electrospun fiber matrix 

of MnOx electrode are still required, the results presented here highlight the potential of 

electrospinning for producing electroactive 3D electrodes. 
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Figure 12. (a) SEM images of as-spun Mn(OAc)2/PVP NFs. (b-e) SEM images of MnOx NFs 

produced from the Mn(OAc)2/PVP NFs by calcining at (b) 400, (c) 500, (d) 600, and (e) 700 

o
C for 2 h in air. The inset graphs show the diameter distribution of each NF. (f) Plot of 

average diameter obtained from more than 50 individual SEM images as a function of the 

calcination temperature. The standard deviations are given as error bar. 
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Figure 13. TGA curves of (a) pure electrospun PVP NFs prepared with PVP powder (Mw 

1,300,000 g/mol) in deionized water (20 wt%), (b) Mn(OAc)2 powder and (c, d) electrospun 

Mn(OAc)2/PVP NFs which were made by dissolving a manganese acetate (20 wt%) in PVP 

solution (20 wt%). TGA plots were measured in (a - c) air and (d) N2 atmosphere at a heating 

rate of 5 ºC/min. 
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Figure 14. (a) XRD patterns of the MnOx NFs after calcining at 400-700 
o
C compared to the 

patterns of neat Mn3O4 and Mn2O3. (b) Plot of relative phase compositions of MnOx NFs as a 

function of the calcination temperature. (c) Schematic representation of the phase changes of 

MnOx NFs as a function of the temperature. 
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Figure 15. (a) TEM image, and (b) electron diffraction pattern of MnOx NFs calcined at 500 

o
C, (c) EDS mapping of Mn and O in MnOx NF calcined at 500 

o
C. 
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Figure 16. (a) Cyclic voltammetry (CV) curves at a scan rate of 200 mV/s of all MnOx NFs 

calcined at the specified temperatures. (b) A plot of the current densities of the MnOx NFs 

clacined at 500 °C at scan rates from 5 to 200 mV/s. (c) Dependence of the capacitance on 

the calcination temperature. (d) Galvano charge-discharge curves of MnOx NFs calcined at 

the specified temperatures at a current density of 1 A/g. (e) Csp,CV and Csp,G of electrodes 

prepared from MnOx as a function of the calcination temperature. (f) Nyquist plots of the 

electrochemical impedance spectroscopy (EIS) for the electrospun MnOx electrodes as a 

function of the calcination temperature. 
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Figure 17. The equivalent circuit from the electrochemical impedance spectroscopy (EIS) 

analysis. 

 

Table 2. EIS data of MnOx NFs prepared at different calcination temperatures. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Calcination temperature (
o
C) RS (Ω) RCT (Ω) 

400 35.8 118 

500 33.98 6 

600 36.2 125 

700 32.7 268 
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IV. Conclusion  

We prepared the electrospun fibers of polyvinylpyrrolidone (PVP)/manganese acetate (Mn(OAc)2) 

composite by using sol-gel processing and electrospinning technique. The as-produced inorganic 

nanofibers were annealed at different temperatures (400 to 700 
o
C) to remove the polymer matrix and 

result in the MnOx nanofibers of varying composition of Mn2O3 and Mn3O4. XRD measurements 

suggested that as-prepared MnOx nanofiber changed from Mn3O4 to Mn2O3, when the annealing 

temperature increased from 400 to 700 
o
C. We found that the capacitance of MnOx nanofibers 

annealed at 500 
o
C is the highest (360.72 F/g at 1 A/g) among all samples with contained a mixed 

phase of Mn2O3 and Mn3O4. Further electrochemical study will elucidate the potential of electrospun 

nanofibers of MnOx for a promising supercapacitor application. 
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