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Executive Summary 
 

With the increasing demand of the world energy consumption, supercapacitors and 
lithium-ion batteries are the most two devices that have very competitive choices for 
applications due to their clean and promising power source. In field of energy storage 
electrode materials, high surface area, electrical conductivity, and surface functionalities 
are the parameters that play important roles for supported its electrochemical 
performance. Iron based oxides are one of electrode materials that have attracted the 
attention of many research groups due to their high specific capacitance and conductivity 
making them easier to construct high-energy and high-power densities.  MnFe2O4 is an iron 
based oxides material that has received a great attention in various applications (magnetic 
storage device, electronic device, drug delivery, etc.). Typically, bare MnFe2O4 exhibits low 
conductivity making its impractical for use in stationary energy storage devices. 
Nevertheless, materials scientist tries to improve these material’s properties with various 
method including synthesizing particle in nano-scale size and doping 2+ or 3+ valence 
state metal. Moreover, the literature revealed that, the making carbon-based composite is 
a way to enhance the electrical conductivity. The principal investigator has been reported 
the electrochemical properties of C/MFe2O4 (M=Co, Ni, Cu) composite nanofibers. The 
energy density for prepared C/MFe2O4 is improved after adding the MFe2O4 (M=Co, Ni, Cu) 
into CNF matrix. However, the specific capacitance for all C/MFe2O4 (<100 F/g) still low and 
needed to improve. Low capacitance of such samples is possibly due to of low surface 
area of non-activated CNF and low conductivity of ferrite nanoparticles.  

Herein, two groups of composite materials: (i) carbon nanofibers (CNF) composite 
with manganese ferrite (MnFe2O4), and (ii) activated carbon nanofibers (ACNFs) composite 
with Cu doped manganese ferrite [CuxMn1-XFe2O4] nanostructures with a variety conditions 
are fabricated by electrospinning following by carbonization and activation process.  
Activated carbon is made by charring a precursor, then oxidizing the charred body using 
carbon dioxide to create nanoscopic pores. ACNFs are used due to their high specific 
surface area, possess EDLC, provided high power density and long life cycle, while 
MnFe2O4 and CuxMn1-xFe2O4 are metal oxide that possess pseudocapacitance. Therefore, 
composite these metal oxides into carbon fiber matrix is a promising approach to develop 
and optimize the structures and properties of electrode material for enhancing their 
performance for supercapacitors.  Moreover, the adding activation process to improve 
surface area of CNF and the doping of copper metal into manganese to increase the 
electrical conductivity are also the important routes to improve the electrochemical cell 
performance in our work.   
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ในงานวิจัยนี้ได้ทําการประดิษฐ์ ศึกษาคุณลักษณะ และสมบัติทางไฟฟ้าเคมีของเส้นใยนาโน
คาร์บอนคอมโพสิตกับอนุภาคเฟร์ไรต์ จํานวน 2 กลุ่มคือ (1) เส้นใยนาโนคาร์บอนคอมโพสิตกับแมงกานีส
เฟร์ไรต์ (CNF/MnFe2O4) และ (2) เส้นใยคาร์บอนรูพรุนคอมโพสิตกับคอปเปอร์แมงกานีสเฟร์ไรต์ 
(ACNF/CuxMn1-xFe2O4 โดยกระบวนการประดิษฐ์ใช้เทคนิคการป่ันเส้นใยด้วยไฟฟ้าสถิตร่วมกับการคาร์บอ
ไนเซชัน ในสารกลุ่มท่ี 1 และเพ่ิมกระบวนการแอคทิเวชันเพ่ือให้เกิดรูพรุนในสารกลุ่มท่ี 2 สารตัวอย่างท่ีได้ 
ถูกนําไปศึกษาคุณลักษณะโดยเทคนิค XRD, FE-SEM, BET, TGA, XPS และ XAS สมบัติทางไฟฟ้าเคมีถูก
ศึกษาโดยใช้เทคนิค CV, GCD และ EIS ผลการศึกษาพบว่า สําหรับสารตัวอย่างกลุ่มท่ี 1 เม่ือทําการเปลี่ยน
อุณหภูมิการคาร์บอไนเซชันต้ังแต่ 500 ไปจนถึง 700 องศาเซลเซียส MnFe2O4 มีโครงสร้างเป็น อินเวอร์สส
ปริเนลเฟร์ไรต์ โดยเหล็กและแมงกานีสแสดงเลขออกซิเดชัน 3+ และ 2+ ตามลําดับ ขนาดของผลึก พ้ืนท่ีผิว 
ปริมาณคงเหลือของ MnFe2O4 และอัตราส่วนของ Mn ions ใน tetrahedral site เพ่ิมข้ึนตามอุณหภูมิคาร์
บอไนเซชัน โดยตัวอย่างท่ีมีพ้ืนท่ีผิวสูงท่ีสุด มีขนาดของผลึกใหญ่ท่ีสุด มีปริมาณคงเหลือของ MnFe2O4 มาก
สุด และมีสัดส่วนของ Mn2+ ใน tetrahedral site มากท่ีสุด มีการกักเก็บประจุได้มากท่ีสุด จากการทดลอง
พบว่า ค่าการความจุเฉพาะสูงสุดจากเทคนิค CV คือ 345 Fg-1 ท่ีอัตราการแสกน 2 mVs-1 และค่าสูงสุดจาก
เทคนิค GCD คือ 291.87 Fg-1 ท่ีความหนาแน่นกระแส 5 Ag-1 สําหรับสารตัวอย่างในกลุ่มท่ีสอง ได้ศึกษา
พฤติกรรมทางไฟฟ้าเคมีโดยทําการเปลี่ยนแปลงปริมาณของ ‘x’ (0.0, 0.2, 0.4, 0.6, 0.8) พบว่าค่าความจุ
เฉพาะสูงสุดจากเทคนิค CV คือ 384 F/g ท่ี 2 mV/s และจากเทคนิค GCD คือ 314 F/g ท่ี 2 A/g ถูกพบใน
ข้ัวไฟฟ้าเคมีท่ี x = 0.2 ส่วนค่ารองลงมาคือ 235 F/g ท่ี 2 mV/s จากเทคนิค CV และ 172 F/g ท่ี 2 A/g  
จากเทคนิค GCD ถูกพบในข้ัวไฟฟ้า x = 0.8. โดยมีค่าความหนาแน่นพลังงานท่ีสอดคล้องกันคือ 74 และ 41 
Wh/kg ตามลําดับ นอกจากนี้ยังพบว่า ความเสถียรของตัวอย่างท่ีเตรียมได้ข้ึนอย่างมากกับปริมาณของ
คาร์บอน ในขณะท่ีค่าความจุเฉพาะเพ่ิมสูงข้ึนในตัวอย่างท่ีมีปริมาณคาร์บอนกับคอปเปอร์แมงกานีสเฟร์ไรต์
ใกล้เคียงกัน น่าจะเนื่องจาก synergetic effect ระหว่าง CuMnFe2O4 และ ACNF พฤติกรรมทางไฟฟ้า
เคมีของสารตัวอย่างท้ังสองกลุ่มท่ีเตรียมได้ดังกล่าว บ่งชี้ถึงศักยภาพในการนําวัสดุคอมโพสิตระหว่างเส้นใย
นาโนคาร์บอนกับแมงกานีสเฟไรต์ไปประยุกต์ใช้ทําเป็นวัสดุข้ัวสําหรับอุปกรณ์กักเก็บพลังงาน 

 
คําหลัก : เส้นใยนาโนคาร์บอนคอมโพสิต แมงกานิสเฟไรต์ คอปเปอร์แมงกานีสเฟร์ไรต์ อิเล็กโตรสปินนิง  
ตัวเก็บประจุไฟฟ้ายิ่งยวด 
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 This work reports the fabrication, characterization and electrochemical properties 
of two groups of materials (i) carbon nanofibers composited with manganese ferrite 
(CNF/MnFe2O4)  and (ii) activated carbon nanofbers composited with copper manganese 
ferrite (ACNF/CuxMn1-xFe2O4: x = 0.0, 0.2, 0.4, 0.6, 0.8) nanostructures. The obtained 
samples were characterized by means of X-ray diffraction (XRD) , field emission scanning 
electron microscopy (FE-SEM), Brunauer-Emmett-Teller analyzer (BET), thermal gravimetric 
analysis (TGA), X-ray photoemission spectroscopy (XPS) and X-ray absorption spectroscopy 
(XAS).  The electrochemical properties were investigated using cyclic voltammetry ( CV) , 
galvanostatic charge-discharge (GCD) , and electrochemical impedance spectroscopy (EIS). 
For the first group of prepared materials: the local structure of MnFe2O4 was found to be 
partial inverted spinel ferrite with oxidation state of Fe3+ and Mn2+ after increased the 
carbonization temperature from 500 to 700.  The crystallite size, surface area, residual 
content of MnFe2O4, and fraction of Mn ions in tetrahedral site increased with increasing of 
carbonization temperature. The benefits of sample with maximum surface area, largest 
crystallite size, highest residual content of MnFe2O4 and high fraction of Mn2+ in tetrahedral 
site leading to enhanced energy storage. The maximum specific capacitance of 345 Fg-1 at 
2 mVs-1 (using CV) and 291.87 Fg-1 at 5 Ag-1 (using GCD) were observed. For the second 
groups of prepared samples, the supercapacitive behavior of the electrodes is observed at 
various values of ‘x’ (0.0, 0.2, 0.4, 0.6, 0.8). The highest specific capacitance of 384 F/g at 2 
mV/s using CV and 314 F/g at 2 A/g using GCD are obtained for the x = 0.2 electrode. The 
second one of 235 F/g at 2 mV/s using CV and 172 F/g at 2 A/g using GCD are observed for 
x = 0.8 electrode. The corresponding energy densities are 74 and 41 Wh/kg, respectively. It 
is observed that the cyclic stability of the prepared samples strongly depend on the 
amount of carbon, while the specific capacitance was enhanced by the sample with nearly 
proportional amount between carbon and CuMnFe2O4. Such results may arise from the 
synergetic effect between CuMnFe2O4 and ACNF. The fascinating electrochemical 
properties of all prepared sample make their potential a candidate for high performance 
energy storage devices. 
Keywords: carbon nanofibers composite, manganese ferrite, copper-manganese ferrite, 
electrospinning, superconductor 



1. Introduction 
With the increasing demand of the world energy consumption, supercapacitor and 

lithium-ion batteries are the most two devices that have very competitive choices for 
applications due to their clean and promising power source. Lithium ion batteries have 
become the ubiquitous power sources for portable devices, electronic device and 
upcoming electric vehicles, because of their excellent energy densities [1-2]. 
Supercapacitors are suitable device for electric vehicles, digital communication devices, 
electrical tools due to their high specific power and long cycle life [3-4]. Typically, 
supercapacitors have higher energy density than conventional capacitors and higher power 
density than batteries [5-6]. Normally, the energy density of these devices is proportional 
to its capacitance, while the power density is depends on the internal resistance. 
Therefore, developing electrode materials with high capacitance and/or high conductivity 
should be the key approaches in energy storage device research and development. 
According to the charge storage mechanism, supercapacitors are classified into electrical 
double layer capacitors ( EDLCs)  and pseudo-capacitors.  Typically, a pseudo-capacitors 
(based on metal oxide or conducting polymers) exhibit greater capacitance value than 
EDLCs (based on carbon materials) due to their charge storage occurs through surface 
redox reaction, while EDLCs store energy by accumulating electrostatic charge at the 
electrode/electrolyte interface.  

In field of energy storage electrode materials, high surface area, porosity, electrical 
conductivity, surface functionalities etc., are the parameters that play important roles for 
supported its electrochemical performance. To date, a variety of transition metal oxides 
such as RuO2 [7] , MnO2 [8] , NiO [9] , CuO [10], Fe3O4 [11]  have been used as electrode 
materials due to their pseudo-capacitances. Spinel ferrite material (MFe2O4: M is divalent 
transition metal) is metal oxide with spinel structure that also have been studied 
extensively. The unit cell of MFe2O4 is formed by 56 atoms with the 32 oxygen anions 
distributed in a cubic close packed structure. The 24 cations occupying 8 of the 64 
available tetrahedral sites and 16 of the 32 available octahedral sites [12]. Iron based 
oxides are one of electrode materials that have attracted the attention of many research 
groups due to their high specific capacitance and conductivity making them easier to 
construct high-energy and high-power densities [13-14]. MnFe2O4 is an iron based oxides 
material with a cubic spinel ferrite structure that has received a great attention in various 
applications (magnetic storage device [15], electronic device [16], drug delivery [17], etc.). A 
variety of nanostructures (nanorods/nanowires [18], nanosphere [19], nanotube [20], etc.) 
have been successfully synthesized by using various synthetic techniques, such as ball 



milling [21-22] sol-gel method [23], hydrothermal [24], co-precipitation [25], 
electrochemical synthesis [26], etc. MnFe2O4 is a material that stability in electrochemical 
[27] and the favors electrochemical reactions very positively [28].  However, bare MnFe2O4 
exhibits low conductivity making its impractical for use in stationary energy storage devices 
and electric vehicles. Nevertheless, materials scientist tries to improve these material’s 
properties with various method including synthesizing particle in nano-scale size, doping 
2+ or 3+ valence state metal or coating the particle surface with carbon materials. 
Moreover, the literature revealed that, the making carbon-based composite is a way to 
enhance the electrical conductivity [13]. 

 
2. Objectives 

The aim of this research is to contribute to the collective knowledge in the fabrication, 
characterization, and electrochemical properties of carbon nanofibers composite with 
manganese ferrite nanostructures for application in supercapacitors. In overall, the major 
scientific and technical objectives of the research involve 
2.1 To fabricate carbon nanofibers composite with manganese ferrite by electrospinning 

followed by heat treatment process. Two groups of composite materials were 
prepared including (i) carbon nanofibers composited with manganese ferrite 
(CNF/MnFe2O4) and (ii) activated carbon nanofbers composited with copper manganese 
ferrite (ACNF/CuxMn1-xFe2O4: x = 0.0, 0.2, 0.4, 0.6, 0.8) nanostructures  

2.2  To characterize the effect of carbonization temperature (for CNF/MnFe2O4)  and the 
composition of materials (for ACNF/CuxMn1-xFe2O4: x = 0.0, 0.2, 0.4, 0.6, 0.8) on the 
morphologies, crystal structure, local structure and surface area of prepared samples 

2.3 To study the electrochemical properties of CNF/MnFe2O4 and ACNF/CuxMn1-xFe2O4    
( x = 0.0, 0.2, 0.4, 0.6, 0.8) composite nanostructures 

 
3. Methodology 

 3.1 materials 
In this study, Polyacrylonitrile (C3H3N), N, N-dimethylformamide anhydrous 

(C3H7NO), Iron (III) nitrate enneahydrate (Fe(NO3)2�9H2O), Manganese(II) nitrate hydrate 
(Mn(NO3)2�xH2O), copper ( II)  nitrate trihydrate (Cu(NO3)2�3H2O), and Aluminum nitrate 
nonahydrate (Al(NO3)3�9H2O)  were used as the starting materials. All of analytical grade 
and used without further purification.   

 
 



 3.2 Synthesis 
  3.2.1 Synthesis of CNF/MnFe2O4 composite nanostructure 

   The precursor solution for electrospun PAN/MnFe2O4 were prepared by using 
mixed of polymer and metal sources solution. The polymer source was prepared by 
mixing of PAN in DMF solvent, whereas the metal source was obtained by mixing 
manganese nitrate with Iron nitrate in DMF solvent (the molar ratio of Mn: Fe was fixed as 
1:2). PAN was used as matrix for the synthesis of metal oxide nanoparticle due to it can 
prevent of agglomeration of the nanoparticles, control of the growth of the nanoparticles, 
and produce the uniform distribution of nanoparticles.The polymer source was stirred at 
room temperature followed by ultrasonication, while the metal source was stirred at room 
temperature. After that, both solutions will be mixed together under magnetic stirring to 
obtain homogeneously distributed solution. No other chemicals were added to the 
solution. The obtained PAN/MnFe2O4 composite solution was electrospun in an ambient 
air atmosphere at room temperature using our home-made electrospinning system  under 
an applied voltage of 10 kV, a feeding rate of 0.35 ml/h, a distance from syringe nozzle to 
collector of 10 cm, and drum rotating at 500 rpm. The obtained electrospun nanofibers 
will be dried at 60 oC for 48 h before stabilization and carbonization, respectively. 
Stabilization is the process used to convert the linear polymer into a ladder structure and 
crosslink the chain molecules, thus can prevent the fibers from melting or fusing during 
higher temperature heat treatment. This step was carried out at 250 ºC for 4 h in air 
atmosphere which breaks many of the hydrogen bonds and oxidizes the material.  To 
obtain the CNF/MnFe2O4 composite nanostructures, the stabilized samples were 
carbonized at 500, 600, 700 and 800 oC under flowing of mixed air and argon atmosphere. 
Carbonization is a heat treatment process to remove non-carbon elements.  During 
carbonization, PAN is converted into carbon, while the binary metal precursors were 
decomposed to MnFe2O4. Note that a slightly air adding due to the oxidation with air 
oxygen is needed to form those metal oxides. The final products are designated as 
CNF/MnFe2O4_500, 600, 700, and 800oC, respectively.  
 

  3.2.2 Synthesis of ACNF/CuxMn1-xFe2O4 composite nanostructures 
         The precursor solution for electrospun ACNF/CuxMn1-xFe2O4 composite 
nanostructures were prepared by using a mixed homogenous solution of polymer and 
metal sources. The polymer source was prepared by dissolving PAN 1.8 g in 25 ml of DMF 
solvent, whereas the metal source was obtained by mixing Cu, Mn and Fe nitrates (with  
molar ratio of  x : 1-x : 2, x = 0.0, 0.2, 0.4, 0.6 and 0.8) in DMF solvent. Both sources were 



mixed thoroughly with magnetic stirrer for 2h, followed by sonication for 1h. The precursor 
solution was turned to nanofibers by using our home-made electrospinning system under 
an applied voltage of 10 kV, a feeding rate of 0.35 ml/h, a distance from syringe nozzle to 
collector of 10 cm, and drum rotating at 500 rpm. After dried at 60 oC for 48 h, the as-spun 
fibers were stabilized at 250 oC for 4 h in air atmosphere to form a ladder structure by the 
dehydrogenation and cyclization process [29]. To get the CNF/CuMnFe2O4 composite 
nanostructures, the stabilized samples were carbonized at 750 oC for 1 h under flowing of 
mixed air and argon atmosphere (30:300 ml/min). In this process, the heteroatoms like 
nitrogen are eliminated and the aromatic structure grows [30]. After that, ACNF/CuMnFe2O4 
samples were obtained via activation process at 800 oC for 30 minutes under CO2 

atmosphere (160 ml/min). In this process CO2 reacts with carbon according to 

C+CO2→2CO, remove some carbon from the fibers, develops porosity and thus enlarge 
surface area. The final products are designated as ACNF/CuxMn1-xFe2O4 (x=0.0, 0.2, 0.4, 0.6, 
and 0.8), respectively. 

   
3.3 Material characterization 

To understand the main features of the prepared samples, explaining their 
properties and determining areas for their potential applications, several characterization 
techniques will be used as followed: The structural elucidation was carried out using X-ray 

diffraction technique (XRD, Bruker D2 advance) with a Cu-Kα radiation source (λ = 0.15406 
nm). The morphologies were observed by field emission scanning electron microscopy (FE-
SEM, Carl Zeiss, Auriga) .  The oxidation state of metal atoms was conducted at X-ray 
photoemission spectroscopy and X-ray absorption spectroscopy station ( XPS and XAS, 
BL5.2, 1.2 GeV, bending magnet) at SLRI, Thailand. The surface area was obtained by using 
the Brunauer-Emmett-Teller analyzer (BEL SORP MINI II, JAPAN) .  To estimate the weight 
percentage of residual carbon and CuMnFe2O4 in the composite nanostructure, the 
thermal gravimetric analyzer (TGA/DSC, NETZSCH STA 449F3, Germany) was used. 

 
3.4 Electrochemical measurements 

 The electrochemical measurement is the measuring of electrical quantities 
(current, potential, or charge) and their relationship to chemical parameter. The 
electrochemical performance was performed using cyclic voltammetry (CV), galvanic static 
charge discharge (GCD) and electrochemical impedance spectroscopy (EIS) techniques on a 
PGSTAT 302N ( Auto lab, The Netherlands) .  Three electrodes configuration consisting of 



working electrode (WE), counter electrode (CE) and reference electrode (RE) was used in 
2.0 M KOH aqueous solution. The WE electrode was prepared by mixing an active sample 
with acetylene black ( conductive agent)  and polyvinylidene difluoride ( binder)  with a 
weight ratio of 8: 1: 1 in DMF solvent.  The mixed precursor in a slurry produced by 
sonicating for 60 min was dropped onto the 1 cm2 Ni foam and then dried at 70 oC on a 
hot plate. A platinum (Pt) wire and silver/silver chloride (Ag/AgCl) were used as CE and RE 
electrodes, respectively.  The CV measurements were carried out at different scan rates 
ranging from 2 to 200 mV/ s.  The charge/ discharge between the selected potential 
windows was measured with current density of 2 and 5 A/g. While, EIS spectra was taken 
over a frequency range of 100 kHz to 0.01 Hz. 
 According to cyclic voltammetry (CV) technique, the specific capacitance for the 
variation of voltage with time is given by                                                                    

           ( / ) ,
IdV

C F g
m Uν

=
∆

∫                                                        (1) 

where term IdV∫  refers to the area surround the CV curve,  m is the weight of the active 

material within the electrode, ν  is the scan rate and U∆ is the voltage window. The 
corresponding energy and the power density are given as equation (2) and (3).  In this 
work, the CV measurement was performed at various scan rates in 2 M KOH electrolyte 
solution.                                                         

Galvanostatic charge discharge (GCD) technique is an electrochemical analysis to 
investigate the charging and the discharging process of electrochemical capacitors. The 
basic principle is placing a constant current upon an electrode and measuring the variation 
of the resulting current through the solution. The discharge capacitance (C) is estimated 
from the current (I) and slope ( /V t∆ ∆ ) of the linear portion of the discharge curve via the 
expression. 

/

I
C

V t
=
∆ ∆

                                                      (2) 

The specific capacitance with mass m is thus given by 

s

I t
C

m V

∆
=

∆
                                                        (3) 

where m is the weight of the active material electrode. In this work, the GCD 
measurements were performed in 2 M KOH at various current densities (depends on the 
prepared materials).  
 Electrochemical impedance spectroscopy (EIS) is an electrochemical method that 
used a frequency response to evaluate the electrochemical behavior (kinetics, resistive, 



capacitive, etc.) of cell electrode. A brief concept is applying a sinusoidal potential of 
small amplitude to the cell electrodes and recorded the resulting current response. 
According to Ohm’s law, the complex impedance is then defined as  
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                (4) 

Where 'Z and ''Z  are the real and imaginary parts of the complex impedance, respectively. 
The phase angle ( )φ  and the modulus ( )Z  are as following equation 
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'
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At 0φ = , the impedance is real ( ) ( )'
Z Zω ω=  (purely resistive behavior). The capacitance 

in term of real ( '
C ) and imaginary ( ''

C ) part are as the following equation 
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C j C jC

j Z Z Zω ω ω

 
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                                    (7) 

The real part is the effective capacitance that the devices can delivery, while the imaginary 
part related to the irreversible resistivity loss in the device. According to the equation, the 
impedance decrease with increasing of capacitance and frequency. For electrochemical 
capacitor, high frequency and smaller time constant is a characteristic of high power 
density. In this work, the EIS measurements were performed after cyclic voltammetry test 
in order to study their resistive behavior. The measurements were carried out in the 
frequency range of 0.1 Hz to 105 Hz which is typically used for most electrochemical 
systems.  

The flowchart diagram showing the overview of experimental procedure performed 
in this work is illustrated as followed 

 
 
 
 
 
 
 
 



 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 

Fig. 3-1 Diagram showing the preparation and characterization of CNF/MnFe2O4 
composite nanostructures. 

 
 

 
 
 

Polymer Source 
C3H3N (2.1g) +DMF (25ml) 

Stirring (4h) and Ultrasonic (1h)  

Metal Source 
Mn(No3)2�xH2O + Fe(NO3)2�9H2O  (1:2 mol)+ DMF (5ml) 

Stirring (1h) 

CV, GCD and EIS Characterizations 

(To observe the electrochemical properties) 

Both sources were mixed together by 
stirring overnight 

 

Precursor solution was converted into electrospun by 
Electrospinning technique  
(10kV, 10cm, 0.35 ml/h) 

Stabilization process (250 oC 4h) in air 

Carbonization (500, 600, 700, 800 oC 1h) 
in argon atmosphere 

XRD, SEM, TGA, and BET Characterizations  
(To observe the structure, morphology and surface area) 

XPS and XAS (Bl5.2) Characterizations  
(To observe local structure) 



 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 
 
 

 
 
 
 

 
 
 
 

 
 
 

 
 

Fig. 3-2 Diagram showing the preparation and characterization of ACNF/CuxMn1-

xFe2O4 composite nanostructures. 
 
 

Polymer Source 
C3H3N (1.8g) +DMF (25ml) 

Stirring (4h) and Ultrasonic (1h)  

Metal Source 
Cu(NO3)2�3H2O + Mn(No3)2�xH2O +Fe(NO3)2�9H2O 
(x : 1-x : 2 mol x=0.0, 0.2, 0.4, 0.6, 0.8)+ DMF (5ml) 

Stirring (1h) 

CV, GCD and EIS Characterizations 

(To observe the electrochemical properties) 

Both sources were mixed together by 
stirring overnight 

 

Precursor solution was converted into electrospun by 
Electrospinning technique  
(10kV, 10cm, 0.35 ml/h) 

Stabilization process (250 oC 4h) in air 

Carbonization (700 oC 1h) 
in argon atmosphere 

XRD, SEM, TGA, and BET Characterizations  
(To observe the structure, morphology and surface area) 

Activation  (800 oC 30h) 
in argon atmosphere 

XPS and XAS (Bl5.2) Characterizations  
(To observe local structure) 



4. Results and discussion  
This section deals with the results and their discussion. It is divided into two 

sections related to two different groups of prepared samples: CNF/ MnFe2O4 and 
ACNF/CuxMn1-xFe2O4, respectively.  

 
4.1 CNF/MnFe2O4 composite nanostructures 

To observe the crystal structure of CNF/MnFe2O4 composite nanostructures, the X-
ray diffraction spectroscopy was used. Fig. 4-1 shows the XRD pattern of CNF/MnFe2O4 
nanostructures carbonized at 500, 550, 600 and 700 oC. After carbonization process, PAN 
nanofibers are converted into CNFs, while metal source is reduced to form manganese 

ferrite. The peaks at 2θ of 18.318o, 30.183o, 35.579o, 43.134o, 53.684o, 57.12o, and 62.789o 

are indexed to the (111), (220), (311), (400), (422), (511), and (440) planes, respectively, of 
face-centered cubic structure of MnFe2O4 in the standard data no. 10-0319. The diffraction 
peak (311) became narrower with increasing temperatures indicating the increase of 
crystallite size. Based on the Scherrer equation [31], the crystallite size are in the range 
of 13–69 nm. The corresponding lattice constant and d-spacing are slightly decreased with 
increase of carbonization temperature (Table. 1). The broad peak at 25.2o and 42.6o 
corresponding to the graphitic crystallite planes of (002) and (100) in JCPDS card no. 75-
1621, respectively [32]. 

 
Table. 1 Summary of crystallite size, lattice constant, d-spacing, mean pore diameter, total 
pore volume and surface area of CNF/ MnFe2O4 composite nanostructures carbonized at 
500 to 700 oC 

 
samples Crystallite 

size 
(nm) 

Lattice 
constant 

(Ả) 

d-spacing 
(Ả) 

Mean pore 
diameter 

(nm) 

Total pore 
volume 
(cm3g-1) 

Surface area 
(m2g-1) 

500 oC 12.93 4.685 2.5552 27.90 0.0826 11.84 
550 oC 41.43 4.682 2.5536 20.44 0.1019 19.93 
600 oC 46.00 4.674 2.5497 15.97 0.1533 38.38 
700 oC 68.90 4.622 2.5213 7.47 0.4474 239.4 

 



 
 

Fig. 4-1 XRD patterns of CNF and CNF/ MnFe2O4 composite nanostructure carbonized at 
500 to 700 oC. 
 

To observe the morphology of CNF/MnFe2O4 composite nanostructures, the field 
emission scanning electron microscopy was used Fig. 4-2 shows Fe-SEM images of 
CNF/MnFe2O4 composite nanostructures carbonized at different temperatures (500-700 oC). 
The increasing of carbonization temperature plays an important role to change 
morphology from nanofibers to nanoparticles. At low temperature of 500 and 550 oC (Fig. 
4-2 (a)-(b)), the fibers revealed long, smooth and uniform in cross-section with the average 
diameter of ~730 and 780 nm, respectively. The fibers became to shrink and fracture with 
diameter of ~360 nm at 600 oC (Fig. 4-2 (c)) and reduced to be particles with average size 
of 84 nm after being carbonized at 700 oC (Fig. 4-2 (d)). Normally, CNFs used in 
electrochemical cell have a diameter less than 1 µm [33]. It is expected that, small 
diameter of prepared samples offers shortens length for charge diffusion.  

 

 
 
 

 



 

 
 

Fig. 4-2 FE-SEM images of the CNF/MnFe2O4 composite nanostructure carbonized at 500 to 
700 oC. 
 

To observe the binding energy peaks of each component in the C/MnFe2O4 

composite nanostructure, the X-ray photoemission spectroscopy was used.  Fig. 4-3 
represented the XPS spectra of C1s (a), Fe2p (b), Mn2p (c), and O1s (d) for all C/MnFe2O4 

composite nanostructure. To describe the binding energy peaks, the spectra were fitted 
and some of them are presented in Fig.4-4.  All fitted data are listed in Table. 2. The Mn2p 
spectra (Fig. 4-4 (a-d)) show two main peaks at ~641 and ~653 eV, which are attributable 
to Mn2p3/2 and Mn2p1/2, respectively of Mn2+ [34]. The separation between these two 
peaks of 11.52, 11.55, 11.49 and 11.52 eV were observed for the sample carbonized at 
500, 550, 600 and 700 oC, respectively. The obtained values are approximately equal to 
11.5 eV for Mn2+ [35].  Peak fitting of the C1s spectrum exhibits three main components 
arising from C–C (~284 eV), C–O (~286 eV) and C=O (~288 eV) bonds (Fig. 4-4 (e)) [36-37]. 
XPS fitted spectra of Fe2p were composed of multiple peaks (Fig. 4-4 (f)). Two main peaks 
at ~710 and ~725 eV are ascribed to the Fe2p3/2 and Fe2p1/2 of Fe3+, respectively [38]. 
The distinct satellite peaks at about 8 eV above the main peak confirmed the presence of 
Fe3+ in the prepared samples [39-40]. Fig. 4-4 (g) shows three main peaks of O1s fitted 
spectra. The main peak at ~530 eV was attributed to the lattice oxygen of the metal 
oxides (Fe–O or Mn–O of MnFe2O4). The higher binding peak energy at ~532, and ~533 eV 
were compatible with the oxygen groups bonded with carbon atoms (C-O or C=O). 



  

 
 
Fig. 4-3 XPS spectra for all CNF/MnFe2O4 composite nanostructure at (a) C1s, (b) Fe2p (c) 
Mn2p and (d) O1s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 

Fig. 4-4. Fitted XPS spectra of Mn2p for CNF/MnFe2O4 carbonized at 500, 550, 600 and 700 
oC (a-d) and fitted XPS spectra of C1s, Fe2p, and O1s, respectively for CNF/MnFe2O4 
carbonized at 700 oC (e-g) 



Table. 2 XPS fitting data of C1s, Fe2p, Mn 2p and O1s of all CNF/MnFe2O4 
composite nanostructures. 

 
samples C1s Fe2p Mn2p O1s 
500 oC 284.27  C-C 

285.75  -C-O 
288.34  -C=O 

710.76  
724.13  
(Fe3+) 

641.61 
653.13 
(Mn2+) 

530.84 M-O* 
531.93 C-O 
533.38 C=O 

550 oC 284.64 C-C 
286.31 -C-O 
288.30 -C=O 

711.61  
724.26  
(Fe3+) 

641.51  
653.06 
(Mn2+) 

530.41 M-O* 
531.61 C-O 
533.46 C=O 

600 oC 284.78 C-C 
286.59 -C-O 
288.68 -C=O 

711.12 
725.32 
(Fe3+)  

641.47 
652.96 
(Mn2+) 

530.27 M-O* 
531.46 C-O 
533.38 C=O 

700 oC 284.81 C-C 
286.08 -C-O 
288.46 -C=O 

711.25  
723.7 
(Fe3+)  

641.40 
652.90 
(Mn2+) 

530.19 M-O* 
531.67 C-O 
533.55 C=O 

*M is metal (Fe or Mn) 
 

 
To further verify the cations distribution and local environment around the 

absorber in the spinel structure, the X-ray absorption spectroscopy was used, and the 

EXAFS spectra at Mn and Fe K-edge were fitted. The Fourier transform (χ(R)) in R space 

and the k3χ(k) weighted in k space from experiment (black line) and fit results (red dash) 
are shown in Fig. 4-5. The non-linear least square fitting data are given in Table 3. The 

kχ3(k) values at both Mn and Fe K-edges (Fig. 4-5 (c) and (d)) are similar for all prepared 
samples, indicating similarity of the local environment around the absorber Mn and Fe 
ions. The cations distribution can be explained by a degree of inversion between A and B-
sites (as seem by S0

2). Typically, in an inverse spinel the Mn2+ ions are all located in B-sites, 
while half of the Fe3+ ions preferentially occupy A-site and the rest fill B-sites [41]. 
According to the fitting data, all prepared samples exhibit partially inverse spinel structure 
that is both sites contain a fraction of Mn2+ and Fe3+ cations. The portion of Mn ions in A 
and B site of about 53.8  and 46.2%, 57.3 and 42.7%, 68.6 and 31.4%, and 70.7 and 29.3% 
were observed for CNF/MnFe2O4 carbonized at 500, 550, 600 and 700 oC, respectively. 
Interestingly, the higher carbonization temperature can switch Mn cations from B to A-sites. 
Moreover, the percentage of Mn in A-site at 700 oC very closely to previous report on bulk 
MnFe2O4 [42]. In the speinel ferrite structure, the substitution cations to change their 



valence state are critical for offering pseudocapacitance [43]. In our work, the distribution 
of Fe3+ ions in A and B sites are nearly similar proportion. So, the different distribution of 
Mn over A and B-site may leads to different electrochemical properties.  

 

 

 

Fig. 4-5. Fourier transform at Mn and Fe K-edge (a, b), and the corresponding k3(χ(k)) plots 
(c, d) from experiment (solid line) and fitting (dash line) 
 
 

 
 

 
Fig. 4-6. (a) TGA curves and (b) adsorption-desorption isotherms of CNF/ MnFe2O4 
carbonized at 500 to 700 oC. 



 
Table. 3 Lists of coordinate number (N), amplitude reduction (So2), and interatomic 
distances (R) from EXAFS fitting  

 
Sample Shell N So2 R(Ả) Shell N So2 R(Ả) 
Mn K-edge_500oC    Fe K-edge_500oC 
A site Mn-O 4 0.538 1.9276 Fe-O 4 0.445 1.8335 
 Mn -Mn 6 0.538 3.1633 Fe -Mn 6 0.445 3.4475 
 Mn -Fe 4 0.538 3.8417 Fe -Fe 4 0.445 3.6008 
B site         
 Mn -O 6 0.462 2.1419 Fe -O 6 0.462 1.9916 
 Mn -Fe 3 0.462 2.9014 Fe -Fe 6 0.462 3.3331 
 Mn -Fe 6 0.462 3.3455 Fe -O 6 0.462 3.4921 
Mn K-edge_550oC Fe K-edge_550oC 
A site Mn-O 4 0.573 1.9417 Fe -O 4 0.499 1.9507 
 Mn -Mn 6 0.573 3.1895 Fe -Mn 6 0.499 3.6678 
 Mn -Fe 4 0.573 4.0713 Fe -Fe 4 0.499 3.8309 
B site         
 Mn -O 6 0.427 2.1311 Fe -O 6 0.487 2.0997 
 Mn -Mn 3 0.427 3.0052 Fe -Mn 3 0.487 2.9968 
 Mn -Fe 6 0.427 3.4229 Fe -Fe 6 0.487 3.5140 
Mn K-edge_600oC Fe K-edge_600oC 
A site Mn-O 4 0.686 1.9321 Fe -O 4 0.520 1.9634 
 Mn -Mn 6 0.686 3.5128 Fe -Mn 6 0.520 3.6916 
 Mn -Fe 4 0.686 3.7653 Fe -Fe 4 0.520 3.8558 
B site         
 Mn -O 6 0.314 2.1366 Fe -O 6 0.464 2.1338 
 Mn -Fe 3 0.314 2.8883 Fe -Mn 3 0.464 3.0455 
 Mn -Mn 3 0.314 3.0052 Fe -Fe 6 0.464 3.5711 
Mn K-edge_700oC Fe K-edge_700oC 
A site Mn-O 4 0.707 1.9450 Fe -O 4 0.522 1.9573 
 Mn -Mn 6 0.707 3.5134 Fe -Mn 6 0.522 3.6801 
 Mn -Fe 6 0.707 3.6932 Fe -Fe 4 0.522 3.8438 
B site         
 Mn -O 6 0.293 2.0970 Fe -O 6 0.485 2.1192 
 Mn -Fe 3 0.293 2.8615 Fe -Mn 3 0.485 3.0246 
 Mn -Mn 3 0.293 3.0052 Fe -Fe 6 0.485 3.5466 

 



To estimate the weight percentage of residual carbon and MnFe2O4 in the 
composite nanostructure, the thermal gravimetric analysis was used. Fig. 4-6 (a) shows the 
weight loss spectra as a function of temperature for all C/MnFe2O4 composite 
nanostructure. The dramatic weight losses in the temperature range of 300-580 oC was 
related to the decomposition of metal nitrates along with the degradation of PAN polymer 
chain. The weight percentage of MnFe2O4 was determined from residue weight loss at 1000 
oC. The value of 14.3, 17.8, 19.5 and 47.6% were observed for the samples 500, 550, 600 
and 700oC, respectively. The corresponding contents of carbon are 73.6%, 73.5%, 70.1% 
and 48.3%, respectively. As known that, EDLC is the source of energy storage for 
carbonaceous materials, while pseudocapacitance being for metal oxide systems. 
Therefore, high residual content of MnFe2O4 supporting pseudocapacitance.  

To observe the surface area and pore size of the prepared samples, the the 
Brunauer-Emmett-Teller analyzer was used. Fig. 4-6 (b) shows the adsorption and 
desorption isotherms for all prepared samples. The isotherms exhibit IUPAC type IV 
pattern, indicating the existence of mesoporous.  It was found from Table. 1 that the 
surface area and total pore volume increased with increasing of carbonization 
temperature, meanwhile the mean pore diameter decreased possibly due to the growth of 
crystallite size of MnFe2O4.  The increasing of surface area supporting large number of 
reaction sites, resulting in an improved electrical double layer capacitance (EDLC). 

To study the electrochemical properties of the prepared electrodes, the cyclic 
voltammetry (CV) was used. Fig. 4-7 shows CV curves over a wide voltage range of -1.2–0.1 
V at various scan rates. The potential windows are slightly higher to the theoretical 
decomposition voltage of water (1.23 V). However, for the application of energy storage in 
aqueous supercapacitors, the operating voltage can be enlarged due to the existence of 
over-potential under the gas evolution. No any redox peaks were observed for pure CNF 
(Fig. 4-7 (a)), which is a characteristic of EDLC of carbon-based materials [44-45]. The 
composite electrodes (Fig. 4-7 (b)-(e)) show redox peaks implying to pseudo-capacitive 
behavior of MnFe2O4. The peaks in positive and negative current region known as anodic 
and cathodic peaks, respectively. Normally, the redox process of MnFe2O4 is described as 
the following equation [46] 

2 4 2
2 4 2MnFe O H O e MnO FeO OH

− −+ + ↔ + +  -                                   (8) 

Among all electrodes, C/MnFe2O4_700o has the largest capacitive area with sharpest peak 
(as inset of Fig. 4-7 (e)). At 2 mV/s, the sharp cathodic peak of -1.1 V might be due to the 
reduction of MnFe2O4 to metallic Mn and Fe, while the anodic peak appeared at about -
0.7 V can be assigned to the oxidation of metallic Mn to MnO or Fe to Fe2O4. The 



potential separation between two peaks (ΔEpp) increase with increasing of potential scan 
rate (Fig. 4-7 (f)) indicating their irreversible behavior. This may arise from the effect of 
resistance or the increase of over potentials [47]. According to CV spectra, the specific 
capacitances (Fg-1) was evaluated via equation (1). The obtained results are shown in Fig. 4-
8 (a). It was found that, the CS value decreased with increases of potential scan rate 
possibly due to insufficient time for accessible of the electrolyte ions into the inner pores 
or the gaps between the uniform nanoparticles [48]. Moreover, the CS value at all scan 
rate increases with increasing of carbonization temperature. The maximum value is offered 
by the sample carbonized at 700 oC (345 Fg-1 at 2 mV/s), in which nearly consistent to 313 
Fg−1 (at 5 mVs-1) of MnFe2O4 thin film electrode in the same electrolyte [49]. The CS value 
was also evaluated from the constant current discharge technique at 5 Ag-1 (Fig. 4-8 (b)). 
The nonlinear discharge curves indicate the capacitive behavior of prepared samples [50]. 
No voltage drop was observed, indicating fast I-V response and low internal resistance of 
prepared electrodes. The CS value can be obtained by equation (3). It was found from Fig. 
4-8 (c) that, the CS value increased with increasing of carbonization temperature, here also 
the same trend to previous reported [43]. The maximum CS value of 291.9 Fg−1 (at 5 Ag-1) is 
nearly consistent to 293.5 Fg−1 (at 1 mAcm-2) of MnFe2O4 thin film electrode [49]. High 
capacitance of CNF/MnFe2O4_700 oC possibly due to highest degree of graphitization [51], 
smallest fibers diameter, largest crystallite size, highest residual content of MnFe2O4, and 
maximum surface area of CNF. Moreover, it was found from Fig. 4-8 (c) that more Mn in A-
sites leads to higher capacitance, indicating their dominant contribution.  However, no 
systematic mechanistic investigation has been carried out and still cannot be clearly 
explained. Fig. 4-8 (d) shows plot of the capacitance retention after repeated CV at a scan 
rate of 100 mV/s over 1000 cycles.  The values of 95.41, 87.31, 84.24 and 80.20% were 
observed for CNF, C/MnFe2O4 carbonized at 500, 600, and 700 oC electrodes, respectively. 
All electrodes show over 80% indicating their long term cycling stability. The best cycle life 
of CNF electrode may due to the network structure restricts the change of electrode 
during charge/discharge process. The stability of C/MnFe2O4 electrodes drop significantly 
with increasing of carbonization temperature. Such behavior mainly attributed to either the 
decreasing of CNF working as elastic buffer or redox reaction arising from MnFe2O4 
nanoparticles caused damage the structure. Moreover, it was found from the Nyquist plot 
(Fig. 4-9) that, the length spectra at low frequency for C/MnFe2O4 carbonized at 500 oC is 
shorter than those of 600 oC and 700 oC, respectively indicating the electrolyte ion just 
surface being accessed. As a consequence, low volume changes during charge/discharge 
caused long term cycling stability. The deeper penetrating of electrolyte ion through 



pores, cracks, inter-crystalline gap, etc. for C/MnFe2O4 carbonized at 600 oC and 700 oC, 
respective may leading to high volume changes caused short term cycling stability, 
respectively. 
 
 

 

 
Fig. 4-7. (a-e) CV curves at various scan rate of 2-200 mVs-1 and (d) potential different of  
CNF/MnFe2O4 carbonization at 500 to 700 oC. 
 



 
 

Fig. 4-8. (a) the specific capacitance as function of scan rate from CV (b) galvanostatic 
charge/discharge spectra at 5 Ag-1 (c) the discharge specific capacitance (red line) and the 
percentage of Mn occupied in A and B-sites (black line), and (d) the capacity retention at 
1000 cycles. 
 

To understand the electrical behavior of prepared electrode, the EIS measurement 
were performed by using the frequency range of 0.01-105 Hz.  The Nyquist plots for all 

prepared electrodes are shown in Fig. 4-9. All curves having almost inclination of 45◦ with 
imaginary axis and is related to the frequency dependent diffusion resistance of electrolyte 
ions [52]. At high frequency region, the Nyquist plot of C/MnFe2O4 electrode carbonized at 
low temperature (500 and 550 oC) show a semicircle related to charge transfer resistance 
(Rct). While, the semicircle diameter decrease almost vanish for the samples carbonized at 
higher temperature (600 and 700 oC) demonstrates the enhanced electrochemical 
behavior. The intercept at x-axis refer to the equivalent series resistances (Rs). The values 
of 0.810, 0.787, 0.784, 0.775 and 0.762 Ω were observed for CNF and the sample 
carbonized at 500, 550, 600 and 700 oC, respectively (Fig. 4-9 (b)-(f)). As expected, the Rs 

values were lower for higher carbonization temperatures samples, signifying the higher 



current density. The results confirm the electrochemical capacitive properties of the as 
synthesized electrode. 

 

 

 

Fig. 4-9 Nyquist plots for CNF, C/MnFe2O4 carbonized at 500, 550, 600 and 700 oC (a) and 
their portion zooming at high frequency, respectively (b-f). 
 
 
 



4.2 ACNF/CuxMn1-xFe2O4 composite nanostructures 
 

The XRD diffraction patterns of ACNF/CuxMn1-xFe2O4 composite nanostructure are 

shown in Fig. 4-10. The peaks at 2θ values of 18.35°, 30.10°, 35.31°, 36.93°, 42.96°, 53.30°, 
56.70° and 62.20° can be indexed to (111), (220), (311), (222), (400), (422), (511), and (440) 
crystal planes of MnFe2O4 (JCPDS No. 10-0319), while the peak at about 26o confirms the 
disorder nature of graphite [51] and can be indexed to (002) plane (JCPDS card no. 75-
1621). After Cu decoration, three diffraction peaks near 44°, 52° and 75° corresponding 
to the (111), (200) and (220) planes of copper metal (JCPDS No.85-1326) were observed. 
With the increasing of “ x” , the ferrite peak of (400) around 42° tended to be weak and 
even disappeared at x= 0.8, whereas a new peak of Cu (111) was formed turned up and 
gradually strengthened.  It is speculated that, when the copper oxide is reduced into 
copper metal during heat treatment process, the spinel structure of the MnFe2O4 was 
destroyed. Based on the Scherrer equation [31], the average crystallite size was found to 
be in the range of 27-48 nm and did not show any significant trend with “ x”  value. 
However, sample x=0.2 shows nearly the same size to sample x=0.8, while sample x=0.4 
exhibits a similar size to sample x= 0. 6.  The d-spacing values for all ACNF/ CuMnFe2O4 
system are slightly higher than those of ACNF/ MnFe2O4 ( x=0)  and bulk cubic MnFe2O4 
(2.4298 Å JCPDS 86-2267), possibly due to the effect of ACNF matrix and copper doping. 
The lattice constant showed slight increase after introducing cupper,  suggesting the 
replacement of Mn2+  of radius 0.78 Å or Fe3+  0.69 Å with larger ionic radius of 0.87 Å of 
Cu2+. Lists of crystallite size, d-spacing and lattice constant are shown in Table. 4. 

Fig.  4-11 shows FE-SEM images of the ACNF/ CuxMn1-xFe2O4 composite 
nanostructure. All prepared samples exhibited porous surface arising from the activation 
process.  With increase in “x” value, the roughness surface with more nanoparticles 
covered on were observed.  The fibers with diameters varied from 600 to 700 nm were 
observed for all samples and did not change much with the increase of “x” value.  It is 
worth noting that the nanometer-scale diameter of prepared samples could provide a 
short ion diffusion distance, which would be beneficial to improve the electrochemical 
properties of prepared electrode [53] 

 
 
 
 
 



 
 

 
 
Fig. 4-10 XRD patterns of the ACNF/CuxMn1-xFe2O4 composite nanostructures 
 

Table. 4 Lists of specific capacitance (Cs), crystallite size (D), d-spacing (d), lattice constant 
(a), electrolyte resistance (Rs), charge transfer resistance (Rct), the percentage of humidity, 
carbon, and CuMnFe2O4, respectively. 
 

Sample Cs (F/g) D  

(nm) 

d  

(Å) 

a  

(nm) 

Rs 

(Ω) 

Rct 

(Ω) 

humidity Carbon  

(%) 

CuMnFe2O4  

 (%)  CV 

(2mV/s) 

GCD  

(2A/g)        

(%) 

X = 0.0 175 147.0 27.35 2.5102 0.4602 0.777 0.028 3.5 78.0 18.5 

X = 0.2 384 313.9 37.52 2.5397 0.4656 0.854 0.033 0.5 42.3 57.2 

X = 0.4 140 122.9 48.28 2.5350 0.4647 0.955 0.039 1.8 35.9 62.3 

X = 0.6 144 160.3 43.53 2.5304 0.4639 0.952  0.036  3.1 38.8 58.1 

X = 0.8 235 171.7 35.7 2.5151 0.4611 0.938 0.035   2.8 48.8 48.4 

 

 



 

Fig. 4-11 FE-SEM micrographs of the ACNF/CuxMn1-xFe2O4 composite nanostructures. 
 
Fig.  4-12 shows the surface XPS analysis for C1s, Cu2p, Fe2p, and Mn2p of all 

ACNF/CuxMn1-xFe2O4 nanostructures. The binding energy peak at 284.9 eV for C1s indicating 
to C-C bond [37] was observed for all prepared samples (Fig. 4-12 (a)). Two characteristic 
peaks of Cu(2p3/2) and Cu(2p1/2) at 932.3 and 952.3 eV, respectively (Fig. 4-12 (b)), were 
attributed to the presence of the Cu2+ chemical state on the surface of samples [54]. The 
sample x =  0.2 shows the shake-up satellite peaks of the Cu(2p3/2) and Cu 2p1/2 at 942.5 
and 962.6 eV, respectively, confirming formation of Cu2+  on the surface [55] . Two main 
peaks at 710.9 and 724.5 eV are ascribed to the characteristic doublets of Fe2p3/ 2 and 
Fe2p1/2, respectively of Fe3+ . For the sample with x =  0.2, the satellite peak at 718.9 eV 
can be seen clearly and indicates that Fe is mainly in the Fe3+  state [40] .  Two distinct 



peaks at binding energies of 642.2 and 653.6 eV attributed to the Mn(2p3/2) and Mn(2p1/2) 
of Mn2+  [56-57] were clearly seen for first two samples with largest Mn content (x =  0.0 
and x = 0.2). No shift of the Mn2p peaks was observed indicating that the fraction of each 
Mn ion state does not change noticeably with Cu addition.  

 
 

 
 
Fig. 4-12 XPS spectra of ACNF/CuxMn1-xFe2O4 composite nanostructures (a) C1s, (b) Cu2p 
(c) Fe2p, (d) Mn2p, and (e) O1s 
 

To further verify the bulk oxidation state of Mn and Fe ion in MnFe2O4, the XANE 
spectra from XAS technique was used. Fig. 4-13 shows the first derivative XANE spectra at 
Fe and Mn K-edge. It was found, the Fe K-edge spectra for all samples are similar to that 
of Fe2O3 indicating Fe3+. Meanwhile the edge energies of Mn are lay between MnO and 
Mn2O3 indicating to mixing of Mn2+,3+. 



 
 
Fig. 4-13 The first derivative plots at Fe K-edge (a), and Mn K-edge (b) 

 

 

 

 

Fig. 4-14 TGA curves of CNF and ACNF/CuxMn1-xFe2O4 composite nanostructures 
 
 



Fig. 4-14 shows TG curves for ACNF/  CuxMn1-xFe2O4 composite nanostructures. All 

prepared samples show two main step of weight loss at ∼20-295 ºC (minor) and ∼295 - 
570 ºC (major), respectively.  The minor weight loss corresponds to the loss of chemically 
absorbed water molecular and all trapped solvents. Whereas the major weight loss relate 
to the decomposition of metal nitrates along with the degradation of PAN polymer chain. 
The common plateau was observed after that, suggesting the presence of only pure 
inorganic contents. The weight percentage of CuxMn1-xFe2O4 loading in the composite 
nanostructures were determined from residue weight at 1000 oC. The values of 18.5, 57.2, 
62.3 58.1 and 48.4% were observed for samples x= 0, 0.2, 0.4, 0.6 and 0.8, respectively. 
The corresponding contents of carbon are 78%, 42.3%, 35.9%, 38.8% and 48.8%, 
respectively. The sample x =  0.2 and 0.8 show nearly content of carbon and CuMnFe2O4 
as those of samples with x =  0.4 and 0.6.  As known that, EDLC is the source of energy 
storage for carbonaceous materials, while pseudocapacitance being for metal oxide 
systems. Therefore, the appropriate proportion residual content of carbon and CuMnFe2O4 
may supporting high capacitance. 

Fig.  4-15 shows the adsorption/ desorption isotherm for ACNF/ CuxMn1-xFe2O4 

composite nanostructures.  All isotherms are similar to the IV-type with H3 hysteresis 
suggesting mesopores (2-50 nm). The mean pore diameter of 3–10 nm based on the BJH 
method was observed [ 58] .  The corresponding specific surface area ( abet) , total pore 
volumes (V), peak radius of pores (Rp), and mean pore diameter were presented as inset 
figures. The specific surface area for all samples exhibits higher value than that of 30-190 
m2/g for non-activated CNF in our previous work [59] .  In electrochemical analysis, large 
surface provides high accessible of electrolyte ions and facilitates fast ions transfer 
between electrode and electrolyte, leading to a large capacity of the prepared electrode 
[60-61]. 

 
 

 



 

 
Fig. 4-15 (a-e) adsorption-desorption isotherm and (f) the corresponding pore volume and 
peak radius porosity 
 
 
 
 



The electrochemical performance of the ACNF/CuxMn1-xFe2O4 was first examined by 
cyclic voltammetry (CV) at different scan rates of 2-200 mV/s (Fig. 4 -1 6  (a)-(e)) .   It was 
found that the capacitive behavior was observed in the high potential range of -1.2 to 
0. 1V.  The voltammetry current is directly proportional to the scan rate and the redox 
humps are seen due to pseudo-capacitive behavior. The samples x =  0.2 and 0.8 show 
clear the sharp anodic peak at -0.72 V (at 2 mV/s) than those other. This peak refer to the 
oxidation of metallic Cu, Mn, and Fe to CuO, MnO and Fe2O4, respectively. The shift of 
peak to higher potentials with the increase of scan rate may be due to the rearrangement 
of CuMnFe2O4 structure [ 46] .  The specific capacitance ( Cs)  from CV was calculated 
according to the equation  /

s
C IdV m Vν= ∫ [62], where I is the current density, V is the 

potential, ν  is the scan rate potential, and m is the active mass.  The obtained 
capacitance values decreased with an increase of a scan rate (Fig. 4-16 (f)) suggesting the 
inaccessibility of electrolyte ions into surface of electrode at high charging/discharging rate 
[ 48] .  At a scan rate of 2 mV/ s, the Cs values of 175, 384, 140, 144 and 235 F/g were 
observed for samples x =  0.0, 0.2, 0.4, 0.6 and 0.8 respectively. The first two maximum 
values observed in samples with x =  0.2 and 0.8 correspond to their sharp redox peaks, 
which may be attributed to the insertion/ de-insertion of electrolyte ions into their 
composite layered structures. 

For a further understanding of the conductivity and interfacial charge transfer 
process at the electrode/ electrolyte interface, the electrochemical impedance 
spectroscopy technique ( EIS)  was employed.  Nyquist plots for ACNF/ CuxMn1-xFe2O4 
electrodes in 2M KOH electrolyte are shown in Fig. 4-17 (a). All electrodes show almost a 
straight line at low frequency with a small semicircle arc in the high frequency region. The 
sloping line in the low frequency region represented the frequency dependence of ion 
diffusion into the bulk of the electrode. The diameter of semicircle in the high frequency 
region represents charge transfer resistance ( Rct), greater the diameter manifesting low 
electrical conductivity.  The Rct values of 0. 028, 0. 033, 0. 039, 0. 036 and 0. 035 Ω were 
observed for samples x =  0.0, 0.2, 0.4, 0.6 and 0.8, respectively. The values are closely 
similar to others reported in MnCuFe2O4/ rGO [ 56]  and become smaller compared with 
ACNF [63]. The real axis intercept represents the bulk solution resistance (Rs) [64-65]. Low 
values of 0.777, 0.854, 0.955, 0.952 and 0.938 Ω were obtained for the sample x = 0.0, 0.2, 
0. 4, 0. 6 and 0. 8, respectively.   The enhancement of both resistance values after 
introducing of Cu is possibly due to the rougher surface causing the enlarged contact area 
and aggregation of the nanoparticles that may block the penetration of electrolyte ions. 



The samples x=0.2 and 0.8 show lower Rs and Rct values than those of samples x=0.4 and 
0.6, indicating better conductivity. Fig.  4-17 (b) displays the Bode plots of frequency 
dependence of phase angle during 0.01 to 105 Hz. The phase angle decreases and close to 
zero with increasing of frequency.  At frequency of 0.01 Hz, the phase angles of 72. 93, 
64.18, 73.60, 74.59, and 71.83 were obtained for x =  0.0, 0.2, 0.4, 0.6 and 0.8 electrodes, 
respectively.  All values are not close to 90o for ideal capacitors.  The low phase angle 
values for the samples with x = 0.2 and x = 0.8 as compared to the other are an indication 
of more pseudocapacitive behavior [ 66] .  The capacitor response frequencies at phase 
angle of 45 oC for x =  0.0, 0.2, 0.4, 0.6 and 0.8 electrodes are 0.64, 0.71, 1.39, 1.54, and 

1. 07 Hz, respectively.  The corresponding relaxation time constant ( τo = 1/  fo)  was 
calculated to be about 1.56, 1.41, 0.72, 0.65 and 0.93 s, respectively.  The lower time 
constant of copper doping electrodes than that of the sample x =  0 supported faster 
charge-discharge [67]. Fig. 4-17 (c) shows galvanostatic charge/discharge (GCD) curves at a 
current density of 2 A/g. The nonlinear discharge curves indicate the capacitive behavior of 
prepared samples [ 68, 50] .  The Cs value in F/g under the constant current discharge 
process were calculated based on the equations  /s dC I t m V= ∆ ∆ , where I is the current 

density, dt∆ is the discharge time and V∆ is the voltage window.  The sample x = 0.2 and 

0.8 show higher Cs and energy density values than those of the sample x = 0.4 and 0.6 (Fig. 
4-17 (d)), which is consistent to results already published elsewhere i.e. NixMn1-xFe2O4 films 
electrode) [ 69]  and Ni1-xZnxFe2O4 [ 70] .  To describe the electrochemical behavior, three 
parameters ( surface area, conductivity and content of carbon and CuMnFe2O4)  were 
considered. The conductivity is not directly measured in this work, but speculated from 
the Nyquist plot.  It is worth noting from Table.  4 that, the Cs value does not depend 
directly on surface area, but seemed to depend on electrical conductivity and the residual 
amount of carbon and CuMnFe2O4.  The samples with nearly proportional content 
between carbon and CuMnFe2O4 (x =  0.2 and x=0.8) exhibit higher Cs values than those 
other samples. Such high Cs value may be attributed to the synergistic effects on charge 
storage mechanism between two components of composite materials. It was believed 
that, the redox states for x=0.2 and 0.8 might be higher than those of x=0.4 and 0.6 and 
offer richer redox reactions, including contributions from all of Cu, Mn and Fe ions and 
thus maximizing surface charge accumulation. 

 
 

 

 



 

 

 
Fig. 4 -1 6  (a-e) CV curve at scan rate of 2- 200 mV/s, and (f) the corresponding specific 
capacitance as function of scan rate 
 
 
 



 

 

 

Fig. 4-17 (a) Nyquist plots at a frequency range of 0.01 Hz-100 kHz  (b) the corresponding 
Bode plots of frequency dependence of phase angle (c)  Galvanostatic charge/ discharge 
spectra at 2 A/g (d)  the corresponding specific capacitance and energy density of 
ACNF/CuxMn1-xFe2O4.   
 

Fig. 4-18 (a) shows plot of the capacitance retention after repeated CV at a scan 
rate of 100 mV/s over 1000 cycles.  The values of 80.74, 77.98, 73.88, 75.00 and 80.26% 
were observed for x=0.0, 0.2, 0.4, 0.6 and 0.8, respectively. The sample x=0 shows the best 
cycling stability may due to its maximum carbon content (Table. 4).  That is, carbon matrix 
may working as elastic buffer structure and restricts the volume changes of electrode 
during charge/discharge process. The sample x=0.2 and 0.8 (with 42.3 and 48.8% of carbon, 
respectively) also show better stability than x=0.4 and 0.6 (with 35.9 and 38.8% of carbon, 
respectively). In addition, the variation trend of the capacity retention is almost opposite 
trend of the crystallite size (Fig. 4-18 (b)). Larger crystallite size for x=0.4 and 0.6 than those 
of x=0.2 and 0.8 means smaller specific surface area and thus may suppressed the 
interaction between the electrolyte ions and electrode. Moreover, large crystallite size 
may cause longer migration paths of electrolyte ions and thus reduced the capacity. 



Whereas, too small crystallite size (as x=0) may implies more tortuous migration paths of 
electrolyte ions [71-72], increase the resistance for ions insertion, and thus decrease the 
capacity. The moderate crystallite size for samples x=0.2 and 0.8 improve the 
electrochemical performance. This observation is consistent to other studied of 
Li(Ni0.5Co0.2Mn0.3)O2 [73]. 

 
 

 
 
 
Fig. 4-18 the capacity retention at 1000 cycles (a) and the relationship between crystallite 
size and capacity retention 
 
 
5. Conclusions 

CNF/MnFe2O4 composite nanostructures were fabricated by electrospinning 
followed by carbonization process, while Activated carbon nanofibers composite with 
copper-manganese ferrite were fabricated by electrospinning followed carbonization and 
activation process, respectively. The obtained samples were characterized by means of X-
ray diffraction ( XRD) , field emission scanning electron microscopy ( FE-SEM) , Brunauer-
Emmett-Teller analyzer (BET) , thermal gravimetric analysis (TGA), X-ray photoemission 
spectroscopy ( XPS)  and X-ray absorption spectroscopy (XAS).  The electrochemical 
properties were investigated using cyclic voltammetry (CV), galvanostatic charge-discharge 
(GCD) , and electrochemical impedance spectroscopy (EIS).  For CNF/MnFe2O4 composite 
nanostructures, the effect of carbonization temperature on the structural, morphological, 
and electrochemical properties were investigated. By varying the carbonization 
temperature (500-700 oC), the crystallite size, surface area, residual content of MnFe2O4, 
and Mn ions in A-site increased with increasing of carbonization temperature. These values 



reach a maximum at 700 oC, giving rise to a superior capacitance to those in others. The 
maximum CS value of 345 Fg-1 at 2 mV/s (using CV scan) and 291.9 Fg−1 at 5 Ag-1 (using 
galvanostatic discharge) are achieved. The superior capacitance may arise from (i) the 
presence of the largest crystallite size appears dramatically to alter the surface area and 
electroconductivity (ii) the maximum surface area supported a large number of sites for 
electrolyte ions penetration, resulting in an improved EDLC  (iii) the smallest size of 
prepared fibers offers shortens charge diffusion length for electrons/ions diffuse into the 
matrix of CNFs (iv) the highest residual content of MnFe2O4 offer high pseudocapacitance 
through Faradaic reactions (v) lower equivalent series resistances giving rise to higher 
current density. Moreover, the occupation of Mn cations in A-site may significant dominant 
contribution in determining the pseudocapacitive performance of MnFe2O4. For the second 
group of ACNF/ CuxMn1-xFe2O4 composite nanostructures, by varying molar content 
between copper and manganese precursor (ACNF/CuxMn1-xFe2O4: x = 0.0, 0.2, 0.4, 0.6, 0.8), 
the cyclic stability strongly depends on the amount of carbon. The samples with x=0.2 
and 0.8 exhibit higher capacity than those of the samples with x=0.4 and 0.6. These two of 
samples provided low resistivity, moderate and nearby crystallite size, and similarly 
residual content between CuMnFe2O4 and ACNF. Moreover, the superior capacitance may 
be attributed to the synergetic effect between pseudocapacitance of CuMnFe2O4 and 
EDLC of ACNF.  
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