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SUKANYA NILMOUNG : FABRICATION, STRUCTURE, AND
ELECTROCHEMICAL PROPERTIES OF ELECTROSPUN MAGNETIC
FERRITE/CARBON COMPOSITE NANOFIBERS. THESISADVISOR :

PROF. SANTI MAENSIRI, Ph.D. 245 PP.

SPINEL FERRITE/CARBON NANOFIBERS/CARBON/MFE,O, COMPOSITE

NANOFIBERSELECTROSPINNING/ELECTROCHEMICAL CAPACITOR

In this work, three series of carbon/MFe,O, (M = Cu, Co and Ni) composite
nanofibers were synthesized by e ectrospinning technique followed by carbonization
at 535 °C under mixed air and argon atmosphere. In each composite system, four sets
of samples with different weight ratio of polymer and magnetic source of 100/0,
80/20, 60/40 and 40/60 abbreviated as CNF, C/MFe,04_0.2, C/MFe;04_0.4, and
C/IMFe,0O4_0.6, respectively, were fabricated. The prepared samples were
characterized by TGA, XRD, SEM, TEM, Raman spectroscopy, BET, XAS, VSM
CV, GCD and EIS techniques. The structure of all C/MFe,O, samples showed
composite phase between cubic MFe,O, and amorphous carbon. All C/MFe,O,_0.2
and C/MFe,0, 0.4 samples have inverse spinel structure (M?* ions occupied
octahedral site), while C/MFe,O4_0.6 samples exhibit partially inverse spinel
structure with a portion of M?* ions in A and B site of about 45.3 and 54.7% for
C/CuFe04 0.6, 589 and 41.1% for C/CoFe,0O4 0.6, 50.5 and 49.5% for
C/NiFe,O4_0.6. The average crystallite size of the MFe,O, nanoparticles is in the
range of ~20-55 nm. The oxidation state of Fe and M ions in MFe,O, structure is,

respectively +3 and +2, except that the oxidation state of Co in C/CoFe;O,4_0.6 is



v

mixed between +2 and +3. The as spun C/MFe,O,4 nanofibers exhibit the shrinkage of
about 20-35% after carbonization due to the combustion of PAN and magnetic source.
The uniformity fiber was observed for al C/MFe,O, 0.6 samples. The specific
surface areas of the composite nanofibers are about 60-210 m?/g. The values are
higher than that of 30 m%g of pure CNF. CNFs exhibit diamagnetic, while all
C/MFe, O, composite samples show ferrimagnetic behavior related to the distribution
of cations over tetrahedral and octahedral sites. The Mg values of ~0.3-12, ~0.2-43,
and ~0.2-25 emu/g for C/CuFe,O,, C/CoFe,O4, and C/NiFeO,, respectively, are
lower than those of the bulk MFe,O,, possibly due to the existence of CNF matrix.
The charge storage mechanism of CNF electrode is electric double layer capacitance
(EDLC), while C/IMFe,O, and MFe,O, electrodes also store energy via electron
transfer. The energy density at 1 A/g for C/MFe,O, is improved by ~2, 9, and 64%
after adding the CuFe,O,4, CoFe,O4 and NiFe;Oy, respectively, into CNF matrix. The
enhancement may results from the combination of EDLC and psudocapacitance.
Moreover, the improvement of ~42, 62, and 79% as compared to pure MFe,O,
electrode is achieved. This is possibly due to the reduction of the charge transfer
resistance resulting from the MFe,O, nanoparticles. Large surface area with free
space between MFe,O, and CNF may well support the insertion of electrolyte ions

and speed up transportation rate inside the pores.

School of Physics Student’s Signature

Academic Year 2014 Advisor’s Signature

Co-advisor’s Signature

Co-advisor’s Signature




ACKNOWLEDGMENTS

All through this thesis work, | have got alot of help from many people. First
of al, I would like to express my deepest and sincere gratitude to my supervisor and
co-advisor, Prof. Dr. Santi Maensiri, Assoc. Prof. Dr. Rattikorn Yimnirun and Dr.
Saro] Rujirawat, for their long term guidance on all problems, chance and financial
support for research presentation both in and outside of country, and more importantly
for the inspiration they provided to ensure the completion of this work. | am also
grateful to the lecturers of the School of Physics, Institute of science, Suranaree
University of Technology for teaching me in all graduate courses. | would like to
especiadly thank Dr. Montree Sawangphruk and members of his research group in
Kasetsart University for introducing the area of electrochemical measurement. | wish
to thank Advanced Materials Physics (AMP) laboratory, and the Center for Scientific
and Technological Equipment, Suranaree University of Technology for research
facilities support. | would like to thank to AMP group members for their friendship,
friendly support and guidance during work. Finaly, | would like to thank my parents
for their never-ending support and encouragement over al the years of my life.
Finally, | thank the Rajamangala University of Technology Isan and NANOTEC-SUT
Center of Excellence on Advanced Functional Nanomaterials, Suranaree University of

Technology for the scholarship support.

Sukanya Nilmoung



CONTENTS

Page

ABSTRACT IN THAL et sne e I

ABSTRACT IN ENGLISH ... s Il

ACKNOWLEDGEMENTS.....ciiei et s \%

CONTENTS. ..ttt et e b e e s ae e e b e e sae e e nneesneesnre e e \2

LIST OF TABLES. ...ttt X

LIST OF FIGURES ... ..ot s X1V

LIST OF ABBREVIATIONS ... ..ot XX
CHAPTER

I INTRODUGCTION ...ttt s sne e sn e e sneeeneas 1

1.1 Background and MOtIVALION ..........ccoveerieriie i 1

1.2 Objectives Of the reSBarCh ........oci i 4

1.3 LimitationS Of SEUAY ......ccoiiiiiiiiiiiiieieee e 4

1.4 Location Of the reSEarCh ..........cooveieiiieiee e 5

1.5 ANtiCipated OULCOMES.......ccuiiuieiieiesiee ettt st nae s 5

1.6 OULIINE Of tNESIS ... 5

[ LITERATURE REVIEWS..... .. 6

2.1 Thespinel ferrite (MFe;Og) material ........ccooeeveiiinieiene e 6

211 FEITHE SIUCIUIE ...ttt 6

2.1.2 The syntheSISMENOUS ........cocviiiiieiiee e 8



VIl

CONTENTS (Continued)

Page

2.1.3 Applications of spinel ferriteS.......ccocvvrvieeieiieie e 10

2.2 Carbon NANOFIDENS........ccccoiiiec e 12
2.2.1 Carbon naofibErS StrUCLUre............cocvevriirieeeseeeese e 12
2.2.2 ThesyntheSiISMEtNOUS .........cceveeiiiieseee e 13
2.2.3 Applications of carbon Naofibers .........cccovevevveievceve e 15

2.3 Carbon composite NANOFIDENS.........cveveiieiice e 16
2.3.1 Structure of carbon composite Nanofibers .........ccvevevvecvcceereeeenee. 16
2.3.2 ThesynthesSiSMEtNOUS ..........ccccverieieeie e 17
2.3.3 Applications of carbon composite nanofibers..........cccccceveveerveenee. 17

2.4 TheoretiCal apPrOACN......cccuciiiierieeieeie e neenae s 20
2.4.1 Magnetic properties of materials.......ccocevvvrvereeievcese e 20
2.4.2 Electrochemical properties of materials........cccceoevveverercesieesesienne 22
RESEARCH METHODOLOGY ... 27
3.1 Fabrication of C/MFe,04 composite Nnanofibers...........ccveveeecveeveecveecveeenne. 27
3.1.1 The precursor Preparation ..........coeceeieereeieeseeseeseeseeseeseesseeneesnes 27
3.1.2 Fabrication of eectrospun PAN/MFe,O4 composite nanofibers..... 30
3.1.3 Fabrication of C/MFe,O4 composite nanofibers.........cccecvevveneenee. 33

3.2 Materia CharaCterization...........couerveeererereeireseee e 36
3.2.1 Thermo gravimetriC @nalYZEX ........cccceveevueeieesieeieeseeseeee e see e 36

3.2.2 X-ray diffraCtion........ccceveeieeeceee e s 37



VI

CONTENTS (Continued)
Page
3.2.3 Scanning electron MICIOSCOPY ......ccveevereerreeeereeseeeeesseesseseesseessenns 39
3.2.4 Transmission electron MiCrOSCOPY .....cceerveeeerrerrerreesseeseeseesseeseesees 39
3.2.5 RamMan SPECIIOSCOPY ....eeeiuvreerieieiieeesreeesiree e siee e s sne e 40
3.2.6 Brunauer-Emmett-Teller ... 41
3.2.7 X-ray absorption SPECIIOSCOPY ....cvevveereerreeeerreereesseesreeeeseesseeneesees 43
3.2.8 MagnetiC MEASUrEMENLS........ccceieeieieesieeeeeee e eeesreesreeeeseesseeeeens 45
3.2.9 Electrochemical Measurements..........c.ooeeeienerereneneneseseseeennens 47
[V RESULTSAND DISCUSSION..ccciiiiiiiiiiiie e 57
4.1 C/CuFe,O4 composite NaNofibers ......cccvvveviieieeeces e 58
4.1.1 Structural and morphology characterization. ..........ccccceeeveeeeveennene. 58
4.1.2 Magnetic properties of C/CuFe,O, composite nanofibers.............. 79

4.2

4.3

4.1.3 Electrochemical properties of C/CuFe,O4 composite nanofibers... 86

C/CoFe,O4 composite NanofibErS ........cccveeieerice e 100
4.2.1 Structural and morphology characterization............ccccceevevveeenee. 100
4.2.2 Magnetic properties of C/CoFe,O, composite nanofibers............ 122

4.2.3 Electrochemical properties of C/CoFe,O4 composite nanofibers. 128

CINiFe;O4 composite NANOFfIDENS.........ccoveeiere e 138
4.3.1 Structural and morphology characterization ............ccccceeveveeeenee. 138
4.3.2 Magnetic properties of C/NiFe,O4 composite nanofibers............. 160

4.3.3 Electrochemical properties of C/NiFe,O, composite nanofibers.. 167



CONTENTS (Continued)

Page

V. CONCLUSIONS. .. e e e e e e 177
5.1 The structure and morphology characterization............c.cceeevevvesveerveeenne 177

5.2 The MagnetiC ProPErtiES......c.cciveveeieereeiereeseesee e se e sree e ee e see e sns 179

5.3 The electrochemical Properties .........cccocvveveeveseeseese e 181

5.4 Suggestion for future Work on C/IMFE;04......cccveeeiieieciese e 184
REFERENCES ... s n e nne e 185
APPENDIX ...ttt re e nr e 215

CURRICULUM VITAE ...t 218



Table

21

22

2.3

24

2.5

3.1

3.2

3.3

34

41

4.2

LIST OF TABLES

Page
Details of Sitein SPINel SLIUCLUIE...........ccoveerierieeieiee e e 8
The synthesis of MFe,O, in the past dacade.........ccocevieveiiininneneeeeee 9
Typical valuesfor electrochemical capacitance of carbon nanofibers............ 16
Lists of carbon nanofibers composite (CNFC) for used as supercapacitor
ElECIIOTR. ... .o 19
Electrolytesthat are used OfteN ..........coceeieiiiiiiiece e 26
List of material used as starting materials for C/MFe,O4 composite
nanofiber preparation, and their source and PUrity .......cccocceveerenieneeneneeenees 28
List of starting raw metallic materials for the preparation of C/MFe,O,
SYySteM (M = CU, €O, NI ..eeiiiiiiie et 29
List of electrospinning process parameters and heat treatment conditions..... 32
Circuit elements used in the equivalent Models...........cooeeveieneninneeneceee 56

Lists of Raman peak height, Raman peak width, R value (Ip/lg) and in plane
graphite crystallite size (L) of CNF and C/CuFe,O, composite nanofibers
with different magnetic source CoNCeNtration............ccecveeereeiieseesensieseeneens 67
Summary of mean pore diameter, surface area and total pore volume of

CNF and C/CuFe,O, composite nanofibers with different metal source

CONCENTIAET ON...eeeeeeeeeee et e et e e e e e e e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeenees 69



Table

4.3

4.4

4.5

4.6

4.7

4.8

4.9

Xl

LIST OF TABLES (Continued)

Page
Edge energies and oxidation state of all C/CuFe,O, composite nanofibers
along with the standard SEMPIES.........c.coeeieececeeee e 72
Lists of coordinate number (N), amplitude reduction (S?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Cu K-edge for C/CuFe;O4_0.2............. 76
Lists of coordinate number (N), amplitude reduction (Sy?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Cu K-edge for C/CuFe;O4_04............. 77
Lists of coordinate number (N), amplitude reduction (Sy?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Cu K-edge for C/CuFe;O4_0.6............. 78
Lists of the magnetic parameters. coercivity (Hc), saturation magnetization
(My), squarenessratio (M/Ms) and blogging temperature (Tg) of C/CuFe,O,
composite nanofibers with different magnetic source concentration.............. 85
Lists of anodic and cathodic potential of C/CUF€04.....ccvvvvveieevieiieieceeenn 88
Lists of Raman peak height, Raman peak width, R value (Ip/lg) and in
plane graphite crystallite size (L) of CNF and C/CoFe,O, composite

nanofibers with different magnetic source concentration............c.cccccveeennen. 109



X1l

LIST OF TABLES (Continued)

Table Page
4.10 Summary of mean pore diameter, surface area and total pore volume of
CNF and C/CoFe,O, composite nanofibers with different metal source
CONCENEIBEION....c.veteeeieste ettt r e nr e sn e r e s ene s 111
411 Edge energies and oxidation states of all C/CoFe,O4 composite
nanofibers along with the standard samples.........ccccecvvceveccevceese e 113
412 Listsof coordinate number (N), amplitude reduction (S¢%), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,4_0.2........... 119
413 Listsof coordinate number (N), amplitude reduction (S¢%), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,_04........... 120
4.14  Listsof coordinate number (N), amplitude reduction (So%), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,4_0.6........... 121
4.15 Listsof the magnetic parameters: coercivity (Hc), saturation magnetization
(My), squarenessratio (M/Ms) and blogging temperature (Tg) of C/CoFe,O,
composite nanofibers with different magnetic source concentration............ 127
4.16 Listsof Raman peak height, Raman peak width, R value (Ip/lg) and in
plane graphite crystallite size (L) of CNF and C/NiFe,O4 composite

nanofibers with different magnetic source concentration............ccccccvevenen. 146



Table

4.17

4.18

4.19

4.20

4.21

4.22

X1

LIST OF TABLES (Continued)

Page
Summary of mean pore diameter, surface area, and total pore volume of
CNF and C/NiFe,O4 composite nanofibers with different metal source
CONCENEIBEION....c.veteeeieste ettt r e nr e sn e r e s ene s 149

Edge energies and oxidation states of all C/NiFe,O4 composite nanofibers
along with the standard SaMPIES..........ccovieiieii e 152
Lists of coordinate number (N), amplitude reduction (S?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Ni K-edge for C/NiFe,O4_0.2............ 157
Lists of coordinate number (N), amplitude reduction (S?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Ni K-edge for C/NiFe,O4_ 0.4.......... 158
Lists of coordinate number (N), amplitude reduction (S?), Debye-Waller
factor (0°), interatomic distances (R), and R-factor obtained by fitting the
experimental EXAFS data at Fe and Ni K-edge for C/NiFe,O4__ 0.6.......... 159
Lists of the magnetic parameters. coercivity (Hc), saturation magnetization

(My), squareness ratio (M/Ms) and blogging temperature (Tg) of C/NiFe,O,

composite nanofibers with different magnetic source concentration............ 166



Figure

11

21

22

2.3

24

3.1

3.2

3.3

34

3.5

3.6

3.7

LIST OF FIGURES

Page
The Ragone plot showing the comparison of the operational characteristics
of energy storage and CONVErSION JEVICES.........covereerierieeneesieeie e 2
Schematic view of the MFe;O4 CUDIC SLIUCIUNE.......ovveeieeieeee e 8

Schematic comparison of the carbon nanofiber (CNF) and carbon fiber

The principle charge storage mechanism of (a) EDLC (b) Psudocapacitor ... 23
Schematic illustration of electrospining Set UP .......cccvveeveeieneeneeie e 31
Schematic illustration of the fabrication process and the formation

of C/MFe,O4 composite NanofibDErS ..o 34

Diagram showing the preparation and characterization of C/MFe,O,

composite nanofibers (M = Cu, CO and Ni).......cccceveriirinneeieseesee e 35
Schematic principle of XRD @qUIPMENt .........ccccoveriereenenienee e 37
Categories of gas adsorption 100PS (IUPAC)........ccceieririeieeneeeeseesie e 42
Schematic diagram Of the VM ..o 46

(a) The potential waveform applied to the working electrode in the cycle
voltammetry experiment (b) Cyclic voltammogram of three different

electrochemical capacitors: ideal, resistive, faradaic capacitors..................... 49



Figure

3.8

4.1

4.2

4.3

4.4

4.5

4.6

XV

L1ST OF FIGURES (Continued)

Page

The Nyquist plot with its equivalent Randle circuit for (a) an

electrochemical reaction under kinetic control (b) an electrochemical

system under kinetics and diffuSiON..........cceoveeevieie i 56
TGA curves of CNF and C/CuFe,O, composite nanofibers under N,
atmosphere and air aimosphere (IN SEt) ...oovevecece e 59
XRD patterns of (a) CNF, (b) C/CuFe,O4_0.2, (¢) C/CuFe;,O4_0.4 and

(d) C/CuFe;04_0.6 composite NANOFIDENS..........cccveveieerece e 61
SEM micrographs of the electrospun C/CuFe,O, composite nanofibers

before carbonization (left), the fibers after carbonization (middle) and

their FE-SEM images (right), respectively of (a) pure CNF,

(b) C/CuFe;0,4_0.2 (c), C/CuFe,O4_0.4, and (d) C/CuFe,0O,_0.6

COMPOSIE NANOFTDEIS .....ciueeire e s et ettt sre e 63
TEM bright field images (left) with the corresponding SAED pattern (right)

of (a) pure CNF, (b) C/CuFe,O4_0.2, (c) C/CuFe0O,4_0.4, and
(d)C/CuFe;0,4_0.6 composite Nanofibers.........cccvecereevecce e 64
Raman spectra of (a) pure CNF, (b) C/CuFe,O4_0.2, (c) C/CuFe,O,4_0.4,

and (d) C/CuFe;O4_0.6 composite Nanofiber ..........cccvcveveereeieseere e 66
N adsorption/desorption isotherms of (a) pure CNF, (b) C/CuFe,O4_0.2,

(c) C/ICuFe;0,4_0.4, and (d) C/CuFe,O,4_0.6 composite nanofibers............... 69



Figure

4.7

4.8

4.9

4.10

411

XVI

L1ST OF FIGURES (Continued)

Page
XANE spectra, pre-edge peak, and corresponding first derivatives
plot, respectively of C/CuFe,O,4 composite nanofibers at Fe K-edge
(& b, c)and at CuK-edge (C, € T).cveeeeereee e 71

(a, b) Fourier transform in R-space of three different composite samples at

Fe and Cu k-edge, respectively. (c, d) Fourier transform in R-space with

the corresponding fitted spectra. (e, f) The k?(y(k)) plots with the
corresponding fitting spectra at Fe and Cu K-edge, respectively ................... 75
(a) Room temperature magnetization of CNF and three types of

C/CuFe,O4 composite nanofibers carbonized at 535 °C for 1 h,

(b) the variation of the coercivity (Hc) and the remanence ratio (M,/My)

with crystallite size at room tEMPEratUre..........cccoveererienieeneee e 81
The measuring temperature dependence of magnetization and their
corresponding zero field-cooled and field-cooled (ZFC-FC) for

() C/CuFe;04_0.2 (b) C/CuFe,04_0.4 (c) C/CuFe;O,4_0.6 composite
NANOTIDEIS. ... 83
The dependence of M,/M on the measurement temperature for
C/CuFe;0,4_0.2, C/CuFe0,4_0.4, and C/CuFe,O4_0.6 composite

NANOTTDETS. ... 84



Figure

4.12

4.13

4.14

4.15

4.16

XVII

L1ST OF FIGURES (Continued)

Page
Cyclic voltammograms (CV) in 0.5 M NaSO, at different scan rates of
(a) CNF, (b) C/CuFe,Q,4, and (c) CuFe;O,, respectively. (d) The
corresponding specific capacitance at different scan rates of CNF,
CICUFe,04 and PUr€ CUFE O, ...veeuveeeieciieciece ettt 88
Cyclic voltammograms (CV) at different scan rates of (a) CNF,
(b) C/CuFe,0Oq4, and (c) CuFe,O4 electrodesin 1.0 M KOH electrolyte.
(d) The corresponding specific capacitance at different scan rates.
(e) The specific capacity retention of CNF, C/CuFe,O4 and
CuFe;O4 electrodes at 1000 CYCIES......vveierieieeerieeeeseesieeee e see e see e ens 92
Galvanostatic charge/discharge curves of (a) CNF, (b) C/CuFe,QO,, and
(c) CuFe,O4 electrodes at current densities of 0.1, 0.25, 0.5, 0.75 and
1.0 A/gin 1M KOH €electrolyte solution. (d) The corresponding
REJONE PIOL ...ttt s e e ne e e nne s 9
Nyquist impedance plots at afrequency range of 0.1 Hz-100 kHzin 1 M
KOH electrolyte solution for () CNF, (b) C/CuFe,O,, and
(C) CUFE0,4 ElECIIOUES......c.veeeee ettt 96
Bode plots of (@) frequency dependence of phase angle (b) impedance
dependence on frequency of CNF, C/CuFe,O, and CuFe,O,

Bl BCIIOOES ... ettt e e e e e e e e et e e e e e e e e e e e e e e e e e aaa——raaens 99



Figure

4.17

4.18

4.19

4.20

4.21

4.22

4.23

XVIII

L1ST OF FIGURES (Continued)

Page
TGA curves of CNF and C/CoFe,O, composite nanofibers under N,
atmosphere and air amosphere (IiN SEt) ....vocveeeeeeveeeecese e 101
XRD patterns of (a) CNF, (b) C/CoFe,O4_0.2, (¢) C/CoFe,O4_0.4 and
(d) C/CoFe,0O4_0.6 composite NANOFIDENS.........c.coveeveeeeiese e 103
SEM micrographs of the electrospun C/CoFe,O, composite nanofibers
before carbonization (left), the fibers after carbonization (middle) and
their Fe-SEM images (right), respectively of (a) pure CNF,
(b) C/CoFe;04_0.2 (c), C/CoFe,0,_ 0.4, and (d) C/CoFe;04_0.6.............. 105
TEM bright field images (left) with the corresponding SAED pattern
(right) of (a) pure CNF, (b) C/CoFe,O,_0.2, (c) C/CoFe,O4_0.4, and
(d) C/CoFe,0O4_0.6 composite NAaNOfibErS.........cccoveveecveiereece e 106
Raman spectra of (a) pure CNF, (b) C/CoFe,O,_0.2, (c) C/CoFe,O,4_0.4,
and (d) C/CoFe,O4_0.6 composite Nnanofiber ..........ccccveveveevevceesecce e 108
N adsorption/desorption isotherms of (a) pure CNF, (b) C/CoFe,O4_0.2,
(c) C/ICoFe,04_0.4, and (d) C/CoFe,O,4_0.6 composite nanofibers............. 110

XANE spectra, pre-edge peak, and corresponding first derivatives
plot, respectively of C/CoFe,O4 composite nanofibers at Fe K-edge

(& b,c)and at Co K-edge (d, € ) oo 114



Figure

4.24

4.25

4.26

4.27

4.28

XX

L1ST OF FIGURES (Continued)

Page
(a, b) Fourier transform in R-space of three different composite samples at
Fe and Co k-edge, respectively. (c, d) Fourier transform in R-space with
the corresponding fitted spectra. (e, f) The k?(x(k)) plots with the
corresponding fitting spectraat Fe and Co K-edge, respectively ................. 118
(a) Room temperature magnetization of CNF and three types of
C/CoFe,O4 composite nanofibers carbonized at 535 °C for 1 h, (b) the
variation of the coercivity (H¢) and the remanence ratio (M,/My) with
crystallite size at room tEMPEFEIUIE.........c.coieeiiriereerie e 124
The measuring temperature dependence of magnetization and their
corresponding zero field-cooled and field-cooled (ZFC-FC) for
(a) C/CoFe,04_0.2 (b) C/CoFe04_0.4 (c) C/CoFe,0,4 0.6
COMPOSITE NANOFTDEIS ... iiiieisiee ettt nee s 126
The dependence of M,/M on the measurement temperature for
C/CoFe;0,4_0.2, C/CoFe,04_0.4, and C/CoFe,O4_0.6 composite
NANOTIDEIS. ... 127
Cyclic voltammograms (CV) at different scan rates of (a) CNF,
(b) C/CoFe,O,4, and (c) CoFe,O, electrodesin 1.0 M KOH electrolyte.
(d) The corresponding specific capacitance at different scan rates.
(e) The specific capacity retention of CNF, C/CoFe,O4 and

CoFe,O, electrodes at 1000 CYCIES.....c..eeieeierieiierieeee e 131



L1ST OF FIGURES (Continued)

Figure
4.29 Galvanostatic charge/discharge curves of (a) CNF, (b) C/CoFe,O,, and
(c) CoFe,O4 electrodes at current densities of 0.1, 0.25, 0.5, 0.75 and

1.0 A/gin 1M KOH €electrolyte solution. (d) The corresponding

REJONE PIOL ...ttt e sne e

4.30 Nyquist impedance plots at afrequency range of 0.1 Hz-100 kHz in 1 M

KOH electrolyte solution for (a2) CNF, (b) C/CoFe,O,4 and (c) CoFe,O4

Bl OCITOUBS ..ottt e et e ettt e e e e e e e e e e eeeeeaaaeaaeees

4.31 Bode plots of (a) frequency dependence of phase angle (b) impedance

dependence on frequency of CNF, C/CoFe,O, and CoFe,O, electrodes.....

4.32 TGA curves of CNF and C/NiFe,O4 composite nanofibers under N,

atmosphere and air atmosphere (IN Set) .......cccoveeveeie e

4.33 XRD patterns of (a) CNF, (b) C/NiFe;O,_ 0.2, (c) C/NiFe,O4_0.4 and

(d) C/NiFeO4_0.6 composite NanOfibers........cccveveeceeneere e

4.34  SEM micrographs of the electrospun C/NiFe,O4 composite nanofibers
before carbonization (left), the fibers after carbonization (middie) and

their FE-SEM images (right), respectively of (a) pure CNF,

(b) C/NiFe,04_0.2 (c), C/NiFe;04_0.4, and (d) C/NiF€04_0.6......vveee.....

XX

Page

. 143

4.35 TEM bright field images (left) with the corresponding SAED pattern (right)

of (a) pure CNF, (b) C/NiFe;O,_0.2, (c) C/NiFe,0O4_0.4, and

(d) C/NiFeO4_0.6 composite NanOfiberS........ccveeveeceeveere e



XXl

L1ST OF FIGURES (Continued)

Figure Page

4.36

4.37

4.38

4.39

4.40

441

Raman spectra of (a) pure CNF, (b) C/NiFe;O4_0.2, (¢) C/NiFe,0O4_0.4,
and (d) C/NiFe;O4_0.6 composite Nanofiber .........ccccveveveevevieeseece e 147
N adsorption/desorption isotherms of (a) pure CNF, (b) C/NiFe,O4_0.2,
(c) CINiFe,0O4_0.4, and (d) C/NiFe,O4_0.6 composite nanofibers............... 149
XANE spectra, the corresponding first derivatives plot and the pre-edge
peak, respectively of C/NiFe,O, composite nanofibers at Fe K-edge
(a b, e) and at Ni K-edge (C, d, T) .veeieeieeieie e 151
(a, b) Fourier transform in R-space of three different composite samples at
Fe and Ni k-edge, respectively. (c, d) Fourier transform in R-space with
the corresponding fitted spectra. (e, f) The k?(y(k)) plots with the
corresponding fitting spectraat Fe and Ni K-edge, respectivdly.................. 153
(a8) Room temperature magnetization of CNF and three types of
C/NiFe;O, composite nanofibers carbonized at 535 °C for 1 h, (b) the
variation of the coercivity (Hc) and the remanence ratio (M,/Mg) with
crystallite Size a room tEMPEratUre..........cceieerieeeereeeeee e 162
The measuring temperature dependence of Magnetization and
their corresponding zero field-cooled and field-cooled (ZFC-FC) for
(@) C/NiFe,04_0.2 (b) C/NiFe,0O,4_0.4 (c) C/NiFe,O4_0.6 composite

NANOTTDETS. ... 163



Figure

4.42

4.43

4.44

4.45

4.46

XXII

L1ST OF FIGURES (Continued)

Page
The dependence of M,/Ms on the measurement temperature for
CINiFe;0O4_0.2, C/NiFe,0O,4_0.4, and C/NiFe;O4_0.6 composite
NANOTTDEIS. ...t 165
Cyclic voltammograms (CV) at different scan rates of (a) CNF,
(b) C/NiFexOq4, and (c) NiFe,O4 electrodesin 1.0 M KOH electrolyte.
(d) The corresponding specific capacitance at different scan rates.
(e) The specific capacity retention of CNF, C/NiFe;O4 and NiFe,O4
electrodes at 1000 CYCIES ......occerereeieiie e eee e nae s 170
Galvanostatic charge/discharge curves of (a) CNF, (b) C/NiFe,O4, and
(c) NiFexO4 electrodes at current densities of 0.05, 0.1, 0.25, 0.5, 0.75 and
1.0 A/gin 1M KOH €electrolyte solution. (d) The corresponding
REJONE PIOL ...ttt et e s re et e e sreenee e 172
Nyquist impedance plots at afrequency range of 0.1 Hz-100 kHz in 1 M
KOH electrolyte solution for (a) CNF, (b) C/NiFe,O,4 and ()
NiIFE04 ElECIIOUES. ..ottt 175
Bode plots of (@) frequency dependence of phase angle (b) impedance

dependence on frequency of CNF, C/NiFe,O, and NiFe,O,4 electrodes....... 176



L1ST OF ABBREVIALTIONS

BET = Brunauer emmett teller

CB = Carbon black

CF = Carbon fiber

CNF = Carbon nanofiber

CCNF = Carbon composite nanofiber

CNT = Carbon nanotube

Ccv = Cyclic voltammetry

DMF = N, N-dimethylformamide

ES = Electrospinning

EIS = Electrochemical impedance spectroscopy
EXAFS = Extended X-ray absorption fine structure

FE-SEM = High resolution scanning electron microscopy
GCD = Galvanorstatic charge/discharge

GDL = Gas diffusion layer

PVA = Poly (vinyl alcohol)

PAN = Polyacrylonitrile

PVP = polyvinyl alcohol

PEO = Polyethylene Oxide

PVDF = Poly (vinylidene fluoride)

SEM = Scanning electron microscopy



LIST OF ABBREVIALTIONS (Continued)

TEM

TGA

VSM

VGCF

XANE

XAS

XRD

Transmission electron microscopy
Thermo gravimetric analysis
Vibrating sample magnetometer
Vapor grown carbon fiber

X-ray absorption near edge structure
X-ray absorption spectroscopy

X-ray diffraction

XXIV



CHAPTER |

INTRODUCTION

1.1 Background and motivation

Carbon composite nanofiber (CCNF) is an important member of carbon nanofibers
(CNFs) that has been investigated in both fundamental scientific research and practical
applications. It is the materials that enable to be applied as promising materials in many
fields, such as electrode materials for energy storage devices (batteries and
electrochemical capacitor), sensors, electrica devices, etc. More in details about the
structure, synthesis method, and potential applications of CCNF are presented in section
2.3.

In the electrochemical capacitor (EC), carbon materials in different form have
played important used as material electrode. EC is an energy storage device that
provides high power density (>10 kW/kg) due to their ability to release energy more
easily from surface, and high number of charge/discharge life cycles (>10° cycles)
without damage due to non-faradaic process. Moreover, it has higher energy density
than the conventional capacitor due to the double capacitor layer effect. These
advantages have made them currently popular as the energy sources for mobile
phones, lab top computers, and so on (Jayalakshmi et al., 2008). Up to now, the
energy density of EC was not so high compared to batteries as seen in Figure 1.1.
Therefore, recently, many researchers have focused on modification of carbonaceous

materials or designing new materials to solve such a problem.
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Figure 1.1 The Ragone plot showing the comparison of the operational characteristics

of energy storage and conversion devices (Adapted from Simon et al., 2008).

To date, there have been many researches that focus on improving materials
that offer large surface area and high conductivity, which could provide the higher
values of capacitance and also the energy density. Various carbonaceous materials
from these works such as activated carbon (Qu et al., 1998), carbon nanotubes (CNTS)
(Chen et al., 2004), carbon nanofibers (CNFs) (Merino et al., 2005), and graphene
(Vivekchand et al., 2008) are the commonly used materials. In addition, composites
based on one-dimensional carbon material such as carbon nanotubes composite (Fan
et al., 2007), carbon composite nanofibers (Yan et al., 2011, Kim et al., 2013) also
have been widely used to improve overal performance of ECs. However, the
application of one-dimension carbon materials as an electrode of electrochemical
capacitor is still limited due to the low energy. New materials are needed to overcome
the drawbacks of activated carbon electrode materials to improve the performances

for supercapacitors. Especially for CNF, researchers have put attention to modifying



CNF in avariety of ways, such as increasing impactful surface area and introduction
of other electroactive material.

In this work, non woven PAN-based carbon composite nanofibers reinforced
with the crystalline ferrite nanoparticles (having formula MFe,O,, where M are Ni?*,
Co®* and Cu?") were studied to observe the morphology, structure, magnetic and
electrochemical properties. The aim of work is divided in to two main parts. Firstly,
the effect of magnetic/carbon concentration ratio on the morphology, structure and
magnetic properties was investigation. Secondly, how the electrochemical properties
of CNF improve after the introduction of ferrite nanoparticle. Normally, metal -oxides
present an attractive alternative as an electrode material because of their high specific
capacitance and conductivity making them easier to construct high-energy and high-
power densities. However, bare MFe,O, exhibits low conductivity. Therefore non
woven carbon nanofibers have been considered as the promising conductive support
for MFe,O4. High surface area with large pore volume of CNF efficient ion diffusion
pathways and enhance the penetration of the ion electrolyte. Moreover, MFe;O, is a
metal oxide that can generate the Faradaic reactions. This reaction taking place in the
charge storage mechanism, in which supported pseudo capacitance (Winter and
Brodd, 2004; Bard and Faulkner, 2001). Therefore, adding magnetic nanoparticle into
CNFs matrix is a promising approach to combine the electrochemical double layer
and pseudo capacitance, and thus improving the capacitance of an electrochemical

capacitor.



1.2 Objectives of research

The genera objective of this PhD thesis is to contribute to the collective
knowledge in the fabrication, characterization, magnetic and electrochemical
properties of C/MFe,O, composite nanofibers, where M are Ni?*, Co®* and Cu*". In
overall, the mgjor scientific and technical objectives of the thesisinvolve

1.2.1 To fabricate C/MFe,O, composite nanofibers, where M are Ni**, Co?*
and Cu®".

1.2.2 To characterize the effect of MFe,O4 concentration on the structure and
morphology of MFe,O4/carbon composite nanofibers.

1.2.3 To study the electrochemical properties of CNF, C/MFe,O4 and MFe,O,
electrode, where M are Ni**, Co” and Cu*".

1.2.4 To understand the effect of MFe,O, nanoparticles in the CNFs matrix on

the electrochemical properties.

1.3 Limitationsof study

1.3.1 This study focuses on the fabrication of carbon nanofibers reinforced
with three type magnetic ferrite nanoparticles of NiFe,O,, CoFe,O4, and CuFe;O..

1.3.2 The carbonization is carried out only at 535 °C for 1 h, while the
magnetic source concentration is varied as 0, 20, 40 and 60 wt.%, respectively.

1.3.3 The morphology, structure and magnetic properties of the C/MFe,O4
composite nanofibers are compared with those of the pure CNFs.

1.3.4 The eectrochemical properties of the C/MFe,O, electrode is compared

with those of the pure CNFs and pure MFe,O4 (M = Ni, Co and Cu) electrodes.



1.4 Location of theresearch

Advanced Materials Physics (Amp.) Laboratory, School of Physics, Institute of

Science, Suranaree University of Technology, Nakhon Ratchasima, Thailand.

1.5 Anticipated outcomes

1.5.1 Skill and expertise for fabrication and characterization techniques of the
C/IMFe,O, composite nanofibers with improved properties for electrode material of
electrochemical capacitors

1.5.2 Understanding of the magnetic and electrochemica properties of the
carbon nanofibers (CNFs) and C/MFe,O,4 composite nanofibers (M = Cu, Co and Ni).

1.5.3 International publications.

1.6 Outlineof thesis

This thesis is divided into five chapters. The first chapter provides the
introduction of the thesis. In the next chapter (chapter 11), a brief review of
information concerning with structure, synthesis method, and potential application of
ferrite materia, CNF, and CCNFs are given. Moreover, the theory approach
concerning with magnetic and electrochemical properties are aso detailed in this
chapter. In chapter 11, the preparation methodology and characterization method of
CNF, C/MFe,O4 composite nanofibers and pure MFe,O4 nanoparticle are given. The
information of all measurements techniques used in this work are also summarized in
this chapter. Chapter 1V presents the experimental results and discussion. Finally, the

conclusions and suggestion of this thesis are addressed in chapter V.



CHAPTER I

LITERATURE REVIEWS

Chapter 1l reviews the literatures concerning with structural, growth, and
potential applications of carbon nanofibers (CNFs), spinegl ferrite material (MFe;Oy)
and the composite of them (C/MFe,O4). A simple description of the theoretical
approach associated to magnetic and electrochemical properties are also detailed in

this chapter.

2.1 Thespind ferrite (MFe,0O,4) material

2.1.1 Ferrite structure

Spinel ferrites are ferrimagnetic materials with mixtuer of metal and iron oxide.
The molecular formula was described by MFe;O,, where M and Fe are a divaent
metal cation (e.g. Ni, Co, Cu, Fe, etc.) and trivalent iron cation, respectively. The
ideal crystal lattice of spinel ferrite is cubic Fd3m. CuFe,O, is only one of ferrite that
presents tetragonal unit cell symmetry (I141/amd) (Jahn-Teller effect) if the sample is
slowly cooled from high temperature (Evans and Hafner, 1968). Normally, cubic
spingl structure contains two sites for metal cation occupancy: tetrahedral (A) and
octahedral (B) sites (as seen in Figure 2.1). In the unit cell (with the lattice parameter
value ~0.84 nm), eight molecules of MFe,O, consists of 32 oxygen anions form a

cubic close packing. There are ninety six possible positions for cations in the unit cell,



where twenty four cations (M?* and Fe**) occupy eight of the sixty four available A
sites and sixteen of the thirty two available B sites. According to the cations
distribution, there are three types of spinel ferrite structure corresponding to the
formula

(Ml_iFel)[MiFez_i]Of‘, (2.1
where i is the degree of inversion. i = O for normal spinel structure (such as in zinc
ferrites. i =1 for inverse spinel structure such as magnetite FesO,, ferrites NiFe,O4 and
CoFe0,. 0 < i < 1 for case that the cation distribution possesses an intermediate
degree of inversion. That is both sites contain a fraction of the M?* and Fe** cations,
MnFe,O, represents this type of structure.

In this work, the prepared samples concerning with three types of ferrite:
CoFe,0,4, CuFe,0O4 and NiFeO,4. These ferrites are typical ferrimagnetism materials
with inverse spinel structure. The structure can be characterized in cubic (Fd3m) for
CoFe 04 and NiFeO,. Except the CuFeO,4, ether cubic (FA3m) or tetragonal
(141/amd) structure can be characterized. Normally, the cubic structure of CuFe,O,
possesses a larger magnetic moment than that of the tetragonal due to larger cupric
ions (Cu®") at tetrahedral sites. Normally, the magnetic behavior of spinel ferrite
originates from magnetic moment of anti-parallel spins between 8Fe* ions at A sites
and 8M?*, 8Fe* ions at B sites ((Fe*")a[M?'Fe*"150,%). The magnetic moments of
Fe** ions from tetrahedral and octahedral sites cancel each other, while the net
magnetization is due to the presence of M #* in octahedral site. More information

concerning with the spinel structureis shown in Table 2.1.
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Figure 2.1 Schematic view of the MFe,O, cubic structure (Adapted from Rabe,
2010).

Table 2.1 Details of sitein spinel structure (Hench and West, 1990).

Site Size (AO) Number Number Spinel Structure
available occupied Norma Inverse

Tetrahedra  0.3-0.6 64 8 sM~ sFe

(A-site)

Octahedral  0.6-1.0 32 16 16Fe 8Fe  8M°

(B-site)

2.1.2 The synthesis methods

To date, the synthesis of magnetic materials on the nanoscal e has been afield of
intense study. This is due to the structure and properties of magnetic nanomaterias
are different as they are at bulk size. Spind ferrite (MFe,O, :M is a divaent metal
ion) has been prepared by various methods such as sol-gel (Cheng et al., 1998), co-
precipitaition (Roy and Ghose, 2006), electrodeposition (Dixit et al., 2010; Kumbhar
et al., 2012), electrochemical method (Qi et al., 2005), hydrothermal process (Rashad

et al., 2012), milling process (Liu et al., 2005), electrospinning and thermal



decomposition (Ponhan et al., 2009; Peng et al., 2014) etc. It is important to note that,
the synthesis of uniformly sized and shape is the key importance for applications.
More details of the MFe,O4 (M = Co, Cu, Ni) synthesis studied in the past decade are

listed in Table 2.2

Table 2.2 The synthesis of MFe,O, in the past decade.

sample methods crystalite Magnetic Electrochemical Ref.
size (nm) properties properties
NiFe,0O,4 Electroche ~50 - 460 mAh/g NuLi and
CoFe,O, mical 460 mAh/g Qin., 2005.
CuFe,0, 452 mAh/g
(thin films) (10 pA/cn?:
0.01-3.0V)
CuFe,0O, Electroche  thicknessof H.1.2-9.47 kOe - Qietal,
(nanowdl) mica 10 nm M ~68 emu/g 2005
NiFe,O, Hydrother 5-15 - 1314 mAh/g  Zhaoetal.,
(powder)  mal (0.2mA/cm*  2007.
111.4 m* ¢/)
CuFe,0,4 Eectrospinn  7.9-23.98 M17.73-23.98 - Ponhan
nanofiber ing emu/g et al., 2009
NiFe, O, Pulsed laser 47 M; 45 emu/g - Dixit et al.,
(thinfilm)  deposition (300K) 2010
CuFe,0, Co- 23+7 H. 245.5Oe - Salavati-
(powder) precipitatio (300K) Niasari
n etal., 2012
CuFe,O, Hydrother 24.6-51.5 Mg 83.7 emu/g - Rashad
(powder) mal (200 °C; 24 h) etal., 2012
H. 138.7 Oe

(100°C; 12 h)




Table 2.2 (Continued) The synthesis of MFe,O, in the past decade.
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sample methods crystalite Magnetic Electrochemical Ref.
size (nm) properties properties
CoFe,0, Chemica 34 - 366 F/g: (Kumbhar
(thinfilm)  deposition ESR 1.1Q etal.,
(5mV/s) 2012)
CoFe,0, Hydrothermal 447 H. 4.2 kOe, - Ponce et
(powder) M 67.0 emu/g al., 2013
NiFe,0O,4 Microwave 20 H. 170 Oe - Mahmouda
assisted etal., 2013
combustion
CoFe0, Hydrothermal - - 733.5mAh /g Xiong et
(200 mA/g) al., 2014
CoFe,0, Co- - Mg 73 emu/g, - Huixia et
precipitation H. 717 Qe al., 2014
CuFe,0O, Co- 14 M;s 9.3 emu/g - Kanagarg
(powder) precipitation H. 41.07 Oe etal., 2014
CuFe0O,4 Electrospinnin - - 816 mAh/g Pengetal.,
(nanotube) g (200 mA/qg) 2014

2.1.3 Applications of spinel ferrites

Spinel ferrites have been investigated in recent years for their low cost, high

stability, easy to magnetize/demagnetize and useful

electrical and magnetic

properties. The applications of spinel ferrites were observed in various fields such as
magnetic information storage device, magnetic bulk cores, magnetic fluids, and
medical diagnostics (Caizer et al., 2003). Recently, various studies have reported that
spinel ferrites are possibly being able to store energy such as in lithium ion batteries
and electrochemical capacitors (Nuli

and Qin, 2005). The electrochemical

characteristics of these materials are significantly affected by their particle size,
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morphology and crystalinity (Do and Weng, 2006). However, the major drawback of
these materials is the reversible capacity dropped rapidly with poor cycle ability.
Moreover, spinel ferrite has very low electronic conductivity, which limits their
electrochemical response for being used as an electrode material for Li-ion batteries.
In addition, the structure of electrode materia strongly influences on the
electrochemical performance. The better electrochemical performance of MFe,O, (M
= Cu, Ni, Co) film electrodes comparing with their powder electrode counterpart was
observed (Alcantara et al., 2003). This is due to nanocrystalline film electrode can
reduce the lithium ion diffusion distance and thus increase the volume effect on the
reactivity of electrode material.

According to three types of ferrite in this study, CoFe,O, is well known to
have moderate saturation magnetization, tunable coercivity, high magnetocrystalline
anisotropy, chemical stability and a mechanical hardness (Ayyappan et al., 2010).
These useful characteristics make it a good candidate for the recording media,
memory ferrofluids, and sensors (Gopal Reddy et al., 2000). Moreover CoFe;Oy is
one of spinel ferrites that has been axtensively studied as anode material for lithium
ion batteries due to its low cost and its high theoretical capacity (916 mAh/g) (Guo et
al., 2010; Vida Abarca et al., 2011). However, poor electrical conductivity and huge
volume changes of CoFe,O, electrode during the charge/discharge processes lead to
poor cycling stability. The making carbon-based composite is a way to enhance the
electrical conductivey (Jin et al., 2012). CuFe;O, is an inverse spinel structure that
has been extensively studied because it exhibits phase transitions, high electric
conductivity, and chemical stability. In the last decade, it is used in a wide range of

applications such as in catalytic (Kameoka et al., 2010), Lithium ion batteries (Nuli
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and Qin, 2005; Selvan et al., 2006), gas sensing (Sun et al., 2007), high density
magneto-optic recording devices, magnetic refrigeration and ferrofluids (Roy and
Ghose, 2006). NiFe;O, is an inverse spinel structure that contains high electrical
resistivity, very low magnetocrystalline anisotropy, wide band-gap, high saturation
magnetization and moderate magnetostriction. This behavior makes it is a prime
candidate for sensors, magnetoelectric composites, high density magnetic recording
media, magnetic liquids and electronic devices. So far, the electrochemical properties

of MFe;,O4 have been studied and some of them are summarized in Table 2.2.

2.2 Carbon nanofibers

2.2.1 Carbon nanofibers structure

Carbon nanofiber (CNF) is one dimensiona long thin carbon strand with
nanometer-size diameter. The structure composed mostly of carbon atoms and
distinguished from conventiona carbon fibers (CF) in its smaller diameter. The CF
diameters are in order of several micrometers, while CNFs have diameters of 50-200
nm (Feng et al., 2014). The schematic comparison of CNF and CF is illustrated in
Figure 2.2. The unique properties such as huge surface area (above 10° m?/g), good
electrical conductivity (106 S/m), high tensile strength (37 GPa), and high chemical
stability (Teymourian et al., 2013) of CNFs alow them to be used in our daily life.
Moreover, CNFs have been widely applied in industry due to the ease in production

processes compared to other forms of carbon.
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Figure 2.2 Schematic comparison of the carbon nanofiber (CNF) and carbon fiber

(CF) (Adapted from Feng et al., 2014).

2.2.2 The synthesis methods

Generally, CNFs can be synthesized via vapor growth method (Du et al., 2000),
chemical vapor depositing method (CVD) (Hsieh et al., 2006), as well as the
combination of electrospinning of polymer and carbonization method (Gu et al.,
2008). Among these methods, the carbonization process for convert material to be
CNF under an inert gas atmosphere is the most preferred method due to not
complicated and low cost. In fact, there are a number of processing techniques have
been used for fabrication of CNF, such as drawing (Ondarcuhu et al., 1998), phase
separation (Ma et al., 1999), template synthesis (Feng et al., 2002), self assembly
(Whitesides et al., 2002) and electrospinning (Maensiri et al., 2007). Among the
above mentioned methods, electrospinning is the most attractive method due to its
simplicity, low cost and efficient technique for producing uniform nano to micro scale
fibers (Maensiri et al., 2007; Gu et al., 2008). Moreover, the web or mat structure of
fibersis a good form to be used as electrode materials for energy storage devices due

to largely counting on the transport on electrolyte ions.
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There are several materials used for commercia carbon nanofibers including
polymers (PAN, PVA), rayon, pitch and so on. Polyacrylonitrile (PAN) has been
widely used because of its high carbon yield and thermal stability. The properties of
the final CNF are decided by the types of material precursor. For example, CNF
derived from pitch typicaly provides better electrical properties (Kinoshita et al.,
1988), but much lower modulus and strength were observed (Endo et al., 2001).
Normally, the synthesis of CNF by the combination of electrospinning and
carbonization method involves three main stages, electrospinning, oxidative
stabilization and carbonization, respectively. Stabilization is the heat treatment with
temperature between 200 and 300 °C in air atmosphere to prevent fiber from melting
during higher heat treatment. In this step, the ladder-polymer structure begins to form
by reacting with oxygen. The cyclization of nitrile groups (C=N) and crosslinking of
the chain molecules (-C=N-C=N-) form of gases (H-O, NH3, CO, HCN, CO; or N) to
give carbon fibers were also observed. Carbonization process is the heat treatment
step up to 1000 °C to remove non carbon under inert gas atmosphere. Generally, the
volume change and weight lose will occur during this step, in which decrease the
CNF diameter. Additionally, the polymer type and the carbonization process play the

most important roles in the quality of the prepared CNFs.
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2.2.3 Applications of carbon nanofibers

The unique properties of CNFs as discussed earlier makes its numerous possible
applications such as catalysts, reinforcing fillers in polymeric composites, supporting
materials for metal nanoparticles, electrode materials for energy storage devices, etc.
In this section, the review is focused on the literature of CNFs used as the electrode
material for electrochemical capaicitor. As known in the electrode materials
applications that, the electrical conductivity and the surface area are always the first
priority need to be considered (Wang et al., 2014). CNF is a material has been used
due to their large surface area and high electrical conductivity. The electrode material
with higher specific surface area provided higher specific capacitance (Frackowiak et
al., 2001). However, the experimental specific capacitance observed in CNFsis lower
than expected. Thus various activated carbons have been synthesized to create
porosity, in which yield higher specific surface area of material. Moreover, the
specific surface area is inversely proportional to the fiber diameter, thus the
applications as material electrode require fibers with smaller diameters. The
preparation and the electrochemica performance of CNFs in recent decades are listed

inTable2.3



16

Table 2.3 Typical valuesfor electrochemical capacitance of carbon nanofibers.

Material electrode/ Electrolyte Capacitance/ Reference
activating agent surface area
ACNF(Co,, 900°C) 6M KOH 208 F/g Xu et al., 2007
(843 mg)
ACNF 6M KOH 143.5 F/g Kimet al., 2009
(stearm/N,, 900 °C) (1724.8 m?g)
ACNF (KOH) 2M H,SO, 255 F/g Barranco et al.,
(1520 m?/g) 2010
CNF 1M H,SO, 18 F/g Niuetal., 2011
ACNF (Co,, 850°C) 1M H,SO, 221 Flg
(531 m%q)
CNF PEO-LiCIO4-EC-THF 3.81F/g Lekakou et al., 2011
CNF 6M KOH 130.7 Flg Kimetal., 2011
CNF 6M KOH 46.5 Flg Tai et al., 2012
ACNF 0.1M N&S0, 47 Flg Nataliaet al., 2013
(250 m/g)
ACNF 1M H,SO, 210 F/g Tranetal ., 2013
(100 mV/s)
CNF paper 6 MKOH 209 F/g Maet al., 2014
1M (1317 m/g)
(C2H5)4ANBF4/PC)
CNFyarn 6M KOH 15.8 F/g Zhuang et al., 2014
(2Alg)

2.3 Carbon composite nanofibers

2.3.1 Structure of carbon composite nanofibers

Carbon composite nanofiber (CCNF) is carbon nanofiber containing different

phase fillers. The structure of CNFC is decided by shape of CNF matrix. The diameter

of the composite nanofiber is about hundreds of nanometers and their length can reach

several micrometers.
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2.3.2 The synthesis methods

As reported earlier that, the objective of carbon composite nanofibers is to
improve its properties, and also favored over the cheaper price. To date, the synthesis
methods of CCNF have been the subject of intense investigation, especialy for
application as the electrode materials. It is well known that, the materials for
electrochemical capacitor electrode are divided in to three main types. carbon based
(CNT, CNF, Graphene, etc.), metal oxides (RuO,, MnO,, Fe;Os etc.) and conducting
polymers (polyaniline (PANI), polypyrrole (PPy), etc,). The composite of these
materials with CNF have been intensively investigated. The general preparation
approaches of CNF matrix are a chemical vapor deposition growth and electrospinnig
as described in section 2.2.2. While, various methods for preparing the metal
nanoparticles in which act as the composite material are similar as reported in section
2.1.2. The performance of composite fibers is strongly governed by the dispersion of
nanoparticle in the CNF matrix. Thus, the dispersion is a key role in the synthesis of
CCNF. It was found that CNF with large surface area can act as a support for the
dispersion of metal nanopariticle, and thus improving the conductivity of electrode
materials (Kim® et al., 2012; Ren et al., 2013). Moreover, surface treatment is a

method to help the dispersion of metal oxide in the CNF matrix (Feng et al., 2014).

2.3.3 Applications of carbon composite nanofibers

The carbon composite materials are able to be used in various field applications
as reported in section 2.1.3. For the application as the electrode materials of energy
storage devices, the combination of noble carbon with magnetic materials has been

strongly conducted. Kuo and ko-worker (Kuo et al., 2006) reported the preparation of
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MnFe,O4/carbon black composite by co-precipitation method and found that the
capacitance for the ferrite phase calcined at 350 °C is about 105 F/g. Wang and co-
workers (Wang et al., 2008) reported the excellent electrochemical properties after
composite Co into CNF matrix (C/Co composite nanofibers). High capacity (>750
mAh/g) and rate capability (578 mAh/g at 1 C rate) were observed. Jin and co-
workers (Jin et al., 2012) synthesized the C/Fes0, and C/CoFe,O, composite
nanofibers by thermolysis of metal followed by carbon coating. They found the
composites showed high specific capacity of 600 and 700 mAh/g, respectively, after
200 cycles at arate of 0.2 C. High specific capacity value is arosen from high surface
area by the ferrite nanoparticles and the efficient electron transport path through the
surface conductive carbon from each active ferrite nanoparticles to a current collector.
Peng and co-workers (Peng et al., 2014) reported the properties of electrospun
CuFe;O,4 nanotubes by electrospinning method followed by therma decomposition.
The CuFe,O, nanotubes delivered a high reversible capacity of 816 mAhg™* at 200
mA/g over 50 cycles due to its high specific surface areas as well as the unique
hollow structure. Xia and co-workers (Xia et al., 2012) synthesized CoFe,Os-
graphene nanocomposite by hydrothermal for application as a high-capacity anode
materia of lithium-ion batteries. It was found that the prepared electrode with the 20
wt% graphene can deliver a high reversible specific capacity up to 1082 mAh/g as
well as excellent cycling stability and rate capability.

For CNF/metal oxide composite prepared by electrospinning process, the
preparation procedure can be either dispersion metal oxide nanoparticles in polymer-
based carbon solution or mixed metal oxide and polymer source solution together

before converting them to be nanofibers by electrospinning followed by carbonization
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process to obtain CNF as the final product. So far, severa carbon composite

nanofibers with different preparation techniques for supercapacitors have been studied

and lists of the works reported in literature are summarized in Table 2.4.

Table 2.4 List of carbon nanofibers composite (CNFC) for used as supercapactior

electrode.
Electrode method Electrolyte capacitance Reference
materials solution (F/9)
CNF/Olygoaniline CVD method KOH 149 Kimet al.,
2004
CNF/Polypyrrole  Chemical 6M KOH 300 (200 mV/s) Kimetal.,
deposition 2006
CNF/Ag Electrospinning 05MHS0, 23191 (3%Ag) Paketal.,
and carbonization 2008
CNF/zZnCl, Electrospinning 6M KOH 140 Kimetal.,
and carbonization (5wt.% zZnCl,) 2007
CNF/CoMnO; VGCF 1M KOH 342 Kimetal.,
(100 mV/s) 2009
CNF/Polyaniline  Electrospinning IM H,SO, 638 Yanetal.,
and carbonization 2011
CNF/MnO; Electrospinning IM N&SO, 311 Zhi et al.,
and carbonization 2012
CNF/ V,05 Electrospinning 6M KOH 150 Kimetal.,
and carbonization 2012
CNF/graphene Electrospinning 6M KOH 197 Tai et al.,
and carbonization 2012
CNF/B,0O3 Electrospinning 6M KOH 184 Kimetal.,
and carbonization (20wt.% B,O3) 2013
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2.4 Theoretical Approach

In this section, a briefly concept of magnetic theory followed by the overview
of electrochemical capacitor and their theoretical approach are presented.

2.4.1 Magnetic properties of materials

Magnetism is a property of matter in which results from either the moving
around the nucleus or the spin motion of each electron. Each spinning electron causes
amagnetic field to form around it. The magnetic field of one electron is cancelled by
an opposite magnetic field produced by the other electron in the pair. The unpaired

electron in iron, cobalt and nickel atoms cannot cancel the electron magnetic fields,

and thus these elements act like a very small magnet. The magnetic moments (m) of

atoms relate to the spins of electrons. The most common in the magnetic experiment
is to apply a magnetic field (H ) to a material and measure the magnetization (M )
induced by the field. The magnetic field induction ( B) in asampleis described by

B=H+4pM [cgs]. (2.2
The susceptibility (k =M /H ) and the permeability (m=B/H) are two quantities
related to M and B, where the susceptibility is a measure of the increase in magnetic
moment caused by H and the permeability represents the relative increase in flux
caused by the presence of the magnetic material.

The arrangement of the magnetic moment can be used to classify type of
magnetic behavior. The diamagnetism is present when the magnetic moments are
paired and overal cancel each other (m, =0). The diamagnetic materials have a
negative susceptibility (k <0), avery weak response in an applied magnetic field and
do not retain magnetic moment when the magnetic field is removed. The paramagnetic

behavior is present in uncoupled magnetic moment material. The incomplete
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cancellation of electron spin which does not retain magnetic moment when the magnetic
field is removed was observed. Ferrimagnetism is observed in the materia that the
magnetic moment in the neighboring sublattices incomplete cancellation due to their
different magnitudes (Callister, 2003). Anti-ferromagnetism is the magnetic behavior
that the neighboring different sublattices of materials having equal magnitude

magnetic moments but &aign in the opposite directions (m,=0). The

superparamangetism is the magnetic behavior that the magnetic moments fluctuate
around the easy axes of magnetization. If enough energy is supplied, magnetism can
be reversed aong this axis; therefore no hysteresis is observed. Ferromagnetism is
permanent magnetic that the magnetic moments of the domains align along the direction
of the applied magnetic field forming a large net magnetic moment. To describe the
magnetization change with applied field of material, the hysteresis loop is used.
Briefly, the magnetic moments in each domain of ferromagnetic material are aligned in
one direction giving a net magnetization of each domain. With no applied field, the net
magnetization is zero because the magnetic moments are randomly oriented in
domains. When afield is applied, the rotation of domains was observed. Domain size
increased until saturated if the rotation isin the field direction and vice versa. If the
field direction is reversed, the magnetization does not follow the original path. The
remanent magnetization (M) observed at applied field is zero, indicating to some
domains still rotated in the former direction. To reduce M, to zero, the field called
coercivity (He) must be applied. The ferromangetic nanoparticles may display a
superparamangetic behavior when either composed of a single magnenetic domain or
the temperature is above the blocking temperature. The schematic hysteresis loop and

the corresponding rotation of magnetic moment are presented in Figure 2.3.
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Figure 2.3 Hysteresis loop of aferromagnetic behavior (Adapted from Coey, 2009).

2.4.2 Electrochemica properties of materials

2.4.2.1 Electrochemical capacitor

Electrochemical capacitor (EC) is an electrochemical device that has the
ability to store or release charge over short periods of time. According to charge
storage mechanism, there are two main types of ECs: the electric double layer
capacitors (EDLCs) and pseudocapacitors. EDLC stores energy as a double layer at
electrode/electrolyte interface via ion adsorption/desorpsion, while Pseudocapacitor
stores energy via faradaic process when the oxidation state of the metal oxide is
changed whereas the potential changes. The principle behind the capacitor is

demonstrated in Figure 2.4.
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Figure 2.4 The principle charge storage mechanism of (a) EDLC (b) Psudocapacitor

(Adapted from http://en.wikipedia.org/wiki/Supercapacitor).

The capacitance (C: Farad) is the parameter to measure a capacitor’s energy
storage capability when the potential is applied. The capacitance equation of

conventional capacitor is as follows

where Q, V, e, A and d are charge (Coulombs), electric potentia (Volts), the
dielectric constant of dielectric, conductor surface area, and dielectric thickness,
respectively.

For EDLCs, the stored energy mechanism is similar to conventional capacitor
but charge accumulates at the surface of electrode and electrolyte without dielectric.

Experimentally, the complete cell (C,, ) can be considered as two symmetrical

capacitors connected in series.

(2.4)
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The complete cell capacitance (C,) becomes half of the capacitance of each

individual electrode (C,)
Cu =— (2.5

Literature values often quote the capacitance of a single carbon electrode in three
electrode system (Qu and Shi, 1998). The value will be higher than the actual cell
capacitance (a two electrode system). The specific capacitance of an electrode, C, is
given by

Ccel |

C(F/g) = 25Ce (26)
m,

where m, is the weight of active material in a single electrode. According to the

capacitance, the energy density and the power are given by

Lotz

E:ECU (2.7)
U 2

P :E, (28)

where R, isthe equivaent series resistance (ESR) of the electrochemical cell.

For Pseudocapacitor, the energy is stored via Faradaic process, in which
involving transfer of electron between the oxidant (Me™ ) and the reductant (Me) of
ametal molecule substrate in contact with an electrolyte

Me< Me™ +ne” (2.9)
The electrons enter the metal and the metal ions diffuse into the electrolyte for the

forward reaction. The potential is given by the Nernst equation
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[Me™]
RT,  [Me"]+[M]
zF 1 [Me™]

[Me™]+[M]

E,=E°+ : (2.10)

where E°, zF, R T, and F are the standard potential, amount of charge, gas

constant, absolute temperature and Faraday constant, respectively. The square

brackets denote species concentration.

2.4.2.1 Electrochemical cell configuration
In the electrochemical measurement, both of two-electrode and three-
electrode configurations can be performed. Three-electrode system consists of a
working electrode (WE), a counter electrode (CE), and a reference electrode (RE).
WE is the electrode on which the reaction of interest is occurring. Its potentia is
varied linearly with time. RE is an electrode which potential maintains a constant
(non-polarizable). The connection with this electrode is due to a potential of a single
electrode that cannot be measured directly. CE is an electrode used to close the
current circuit in the electrochemica cell. In the configuration system, the current
flows through WE and CE, while the voltage is measured between the WE and RE.
Electrolyte is a solution that contains ions and act as charge carriers. This
solution provides ions to the electrodes during oxidation and reduction. In the
electrochemical cell, the ability to store charge depends on the accessibility of theions
to the surface-area, so ion size and pore size must be optimal. The energy density of
cell can be limited by the electrolyte due to the cell voltage, and is strongly dependent
on the electrol yte breakdown voltage, while the power density depends upon the cell’s

internal resistance (ESR) that is strongly dependent on electrolyte conductivity. There
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are two types of electrolyte used in ECs: organic and aqueous. Aqueous solution
provides higher capacitance and power compared to the organic electrolytes due to
their higher ionic concentration, better conductivity (up to 1 S/cm) and smaller ionic
size. However, the drawback of agueous electrolyte is low breakdown voltage (~1.23
V determined by the electrochemica breakdown of water) (Bockris and Reddy,
1970). Most of commercia ECs recently have prefered to use organic electrolytes that
provide large window voltages in the range of 2.5-2.7 V, and thus enhancing the
energy density. Hower, the drawback of organic electrolyte is greater resistance and

this limits the cell power density. The electrolytes often used are listed in Table 2.5.

Table 2.5 Electrolytes that are used often (Adapted from Inagaki et al., 2010).

Electrolytes lonsize (nm)  Electrolytes lon size (nm)
Cation Anion Cation Anion
Organic aqueous
(C2Hs)4N.BF4(TEA'BFy) 0.686 0.458 H,SO, 0.533
(C:Hs)s(CH)N.BF(TEMA'BF,)  0.654 0.458 KOH 0.26° 0.533
(C2Hs)4PBF4(TEP'BF,) . 0.458  NaSO, 0.36°
(CiHe)aN.BF4(TBA'BFs) 0830 0458 NaCl 0.36° 0508
(CeH13)aN.BF(TEA'BFs) 096 0458 Li-PFq 0.152° 0.474
(C2Hs)aN.CF3S0Os 0.686 0540 Li-ClO, 0.152°

ais Stokes diameter of hydrated ions b isthe diameter in PC, depending on the

solvent used




CHAPTER I11

RESEARCH METHODOL OGY

Chapter 111 describes the experimental procedure of the research, in which
composed of two main sections. First, the background of materials fabrication is

given. Secondly, the materia characterization is explained.

3.1 Fabrication of C/MFe,O4 composite nanofibers

3.1.1 The precursor preparation

In this study, Polyacrylonitrile (CsH3N), N, N-dimethylformamide anhydrous
(C3sH7NO), Nickel (1) nitrate hexahydrate (Ni(NOs3),:6H,0), Cobalt (II) nitrate
hexahydrate (Co(NO3),:6H,0), Copper (1) nitrate (Cu(NOs).*3H20)), and Iron (I11)
nitrate enneahydrate (Fe(NO3),*9H,0) were used as the starting materials. PAN was
used as matrix for synthesis of magnetic 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 source and purity of all starting
materials are listed in Table 3.1.

Electrospun PAN/MFe,O, composite nanofibers (M are Ni, Co, and Cu)
precursor were prepared by using mixed solution of polymer and metal sources. The
polymer source was prepared by mixing of PAN in DMF solvent, whereas the metal
source was obtained by mixing divalent metals nitrate with Iron nitrate in DMF

solvent (the molar ratio of M:Fe was fixed as 1:2). The polymer source was stirred at
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room temperature for 4 h followed by ultrasonication for 20 min, while the metal
source was stirred at room temperature for 4 h. After that, both solutions were mixed
together under magnetic stirring for at least 4 h in order to obtain homogeneously
distributed solution. No other chemicals were added to the solution. In each composite
material system, four samples with different weight ratio of polymer and magnetic
source were set as 100/0, 80/20, 60/40, and 40/60, respectively. The details about the
chemical compositions of the PAN/MFe,O, composite solution were summarized in

Table3.1-3.2

Table 3.1 List of material used as starting materials for C/MFe,O, composite

nanofiber preparation, and their source and purity.

Materials Source Purity
Polyacrylonitrile Sigma-Aldrich MW 150,000
(CsH3N)

N,N-dimethylformamide anhydrous SIAL 99.8%
(C3H/NO)

Iron (I11) Nitrate Enneahydrate Kento 99.95%

(Fe(NO3)2-9H20

Nickel (1) Nitrate Hexahydrate Kento 99.95%
(Ni(NOs)2°6H,0

Cobalt (I1) Nitrate Hexahydrate Kento 99.95%
(Co(NO3),+6H,0
Copper (11) Nitrate Carlo Erba 99.5%

(CU(NO3)2°3H 20)
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Table 3.2 List of starting raw metallic materials for the preparation of C/MFe;O,

system (M = Cu, Co, Ni).

Material Polymer source Metal source
System
PAN DMF  Ni(NO3)6H,0 Fe(NO3)»»9H,0 DMF
(9) (ml) (9) (9) (ml)
C/NiFeO4 3 30 - - -
24 27 0.1594 0.4429 3
18 27 0.3182 0.8841 3
12 27 0.4770 1.3254 3
PAN DMF  Co(NOs),6H,0 Fe(NO3)»»9H,0 DMF
(9) (ml) (9) (9) (ml)
C/CoFe04 3 30 - - -
24 27 0.1595 0.4428 3
18 27 0.3184 0.8840 3
12 27 0.4773 1.3250 3
PAN DMF  Cu(NO3),.6H,O Fe(NOs),.9H,0 DMF
(9) (ml) (9) (9) (ml)
C/CuFe;04 3 30 - - -
24 27 0.1386 0.4636 3
18 27 0.2768 0.9256 3
12 27 0.4141 1.3883 3
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3.1.2 Fabrication of electrospun PAN/MFe,O4 composite nanofibers

Electrospinning (ES) is an excellent method for fiber fabrication with diameters
of 20-1000 nm (Ramakrishna et al., 2005). The electrostatic and mechanical forces
are used to spin fiber from tip spinneret. The electrospinning system contains essential
three components: high voltage power supply, syring pump with needle tip and the
ground target (Figure 3.3). To generate the fiber, a high voltage is applied between a
droplet of a polymer solution and the ground target. With the increase of applied
voltage, the solution becomes highly charged and then droplet at the needle tip. The
Taylor’s cone is generated. When the electrostatic repelling force overcomes the
surface tension of the droplet, a charged jet of polymer solution is gected, stretched,
forms continuous filament and collected on the collector, respectively. The critical

voltage was calculated by Taylor (Taylor, 1966) as

2
V2 :4||__|—2(In2—FL'—1.5)(O.117p Rg), (3.2)

where H, L, R and g are the needle tip-ground target distance (cm), length of needle
(cm), radius of needle tip (cm), and surface tension of spinning solution (dyn/cm),
respectively.

There are more than 100 types of polymers that could be used as raw materias
for electrospinning, such as PAN, PVP, PVA, PEO, protein, collagen, and so on. The
parameters that affect morphologies and diameters of fibers are consisted of polymer
solution parameter (concentration, surface tension), the process parameter (high
voltage, feed rate and needle tip-ground target distance), and ambient parameter
(humidity). Normally, the fiber diameter increases with solution viscosity

(Jarusuwannapoom et al., 2005). At low concentration solution, beads are formed
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because of surface tension (Ramakrishna et al., 2005). The higher voltage can lead to
greater stretching of the solution due to the greater columb forces, and thus reducing
the diameter of fibers (Megelski et al., 2002). When the feeding rate is increased,
there is a corresponding increase in the fiber diameter or bead size (Zhong et al.,
2002). The diameter of fiber can be increased by increasing the jet length. Decreasein
electrostatic field strength results in less stretching of the fibers (Lee et al., 2004).
High humidity (water condenses on the surface fibers) was found to cause the
formation of pores on the surface of the fibers (Bognitzki et a., 2001). When the
solution is electrospun at higher temperature, the fibers produced have more uniform
diameter due to lower viscosity and greater solubility of the polymer in the solvent

(Demir et al., 2002).

Syringe pump
Spinning solution

Solution jet

Non-woven nanofibres
Needle —

High voltage DC

power supply T_

Grounded collector

Figure 3.1 Schematic illustration of electrospining set up.
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In this work, the obtained PAN/MFe,O, composite solution was electrospun in

an ambient air atmosphere at room temperature using our home-made el ectrospinning

system under the applied voltage of 12 kV, feeding rate of 0.5 ml/h, distance from

syringe nozzle to collector of 12 cm, and drum rotating at 500 rpm were applied to the

process. The condition parameters used in the electrospinning system are lists in

Table 3.3.

Table 3.3 List of electrospinning process parameters and heat treatment conditions.

Electrospinning process parameters ambient
Material parameters
Systems Highvoltage Feedrate needletip- target T (°C)
(kV) (mL/h) distance (cm)

CNF 12 0.5 12 35
C/MFe0O4_ 0.2 11-12 0.5 12 35
C/IMFe;0O4_0.4 8-9 0.5 12 35
C/MFeO4_0.6 6-7 0.5 12 35

Heat treatment conditions

Stabilization Carbonization

T T Hedatingrate T T  Heating rate Rate flow
(°C) (h) (°C/min) °C) (h (°C/min) (ml/min)

Argon  Air
CNF
C/IMFe,0O, 220 2 2 53 1 2 480 48
(M =Cu,

Co and Ni)
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3.1.3 Fabrication of C/MFe, O, composite nanofibers

The obtained electrospun nanofibers were dried at 60 °C 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 220 °C for 2 h in air aimosphere which breaks
many of the hydrogen bonds and oxidizes the material. To obtain the C/MFe,O,
composite nanofibers, the stabilized samples were carbonized at 535 °C and holding
them for 1 h under flowing of mixed air and argon atmosphere (with the flow rate
ratio of 1:10). During carbonization, PAN is converted into carbon, while the binary
metal precursors were decomposed to MFe,O,. Note that a dightly air adding due to
the oxidation with air oxygen is needed to form those metal oxides. The final products
are designated as C/CoFe,O, 0 (CNF), C/MFe0O4 0.2, C/MFe0O4 0.4, and
C/IMFe,O,4_0.6, respectively. The condition parameters used in heat treatment process
are lists in Table 3.3. The schematic illustration of the fabrication process and the
formation of C/MFe,O, composite nanofibers are presented in Figure 3.2. Moreover,
the flowchart diagram showing the overview of experimental procedure performed in

thiswork isillustrated in Figure 3.3.



Yre

C=NC=NC=N

X009

Electrospinning™, N N N

Fe.FeO
PAN matrix

Raw fiber 230°C 535°C in air/argon - .
S . i stahili Carbonized
(CgHg__\_k C3H.NO  in air atmosphere st‘:;’;'::ed atmosphere fiber
Fe(NO;3);.9H;0,
Co(Noz).6Hy0)

Figure 3.2 Schematic illustration of the fabrication process and the formation of

C/MFe,O4 composite nanofibers.
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/ NiFe,O, Source \

Fe(NO3)2'9H20 + Nl(NO3)2'6H20 + DMF

Polymer Source R CoFe,O, Source
C3H3N +DMF Fe(NO3)2'9H20 + CO(N03)2'6H20 + DMF

Stirring for 4h CuFe;0, Source
Fe(NO3)2'9H20 + CU(N03)2'3H20 + DMF

Ultrasonic for 30 min Y,
ﬂ K Stirring for 4h /

Both sources were mixed together
and stirring for 10 h

L

e N
Precursor solution was converted into electrospun by

Electrospinning technique (10.5 kV, 0.4 mi/h, 12 cm)
\. J

e

( 3\

Electrospun nanofibers were dried at 60 °C for 24 h

4 |=>[ TGA,SEM) ]

[ Dried Electrospun nanofibers was stabilized at 220 °C for 1 hin air atmospheres ]

e & ™
Stabilized fibers were carbonized at 535 °C for 1 hto obtain

C/MFe,O, composite nanofibers (M = Cu, Co, and Ni)

-

C/MFe,O, composite nanofibers were characterized by TGA, XRD,
SEM, TEM, Raman Spectroscopy, BET, XAS and VSM

. J
e = N
The magnetic properties of C/MFe,O, composite nanofibers were
studied using VSM
. J
-

The electrochemical properties of C/MFe,O, composite nanofibers were
studied using CV, GCD and EIS methods

Figure 3.3 Diagram showing the preparation and characterization of C/MFe,O,

composite nanofibers (M = Cu, Co and Ni).
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3.2 Material characterization

To understand the main features of the prepared samples, explaining their
properties and determining areas for their potential applications, severa
characterization techniques were used and brief concepts are given as followes

3.2.1 Thermo gravimetric analyzer

Thermo gravimetric analysis (TGA) is a thermal technique used to determine
the decomposition temperature of materials by monitoring the weight change as a
function of temperature or time (http://las.perkinelmer.com/Trainings/Courses.htm).
The prepared samples and the reference pan were subjected to thermo gravimetric and
heated under flowing of gas (such as air, nitrogen, or argon) to prevent oxidation. The
TGA curve is shown the weight loss (%) on the coordinate and time or temperature on
the abscissa. Normally, the TGA performed simultaneously with DTA or DSC
(Differential Thermal Anaysis or Differential Scanning Calorimetry). The DTA
signa shows the temperature difference between prepared samples and reference
(Bhadeshia, 2002), and typically plotted versus temperature. The DSC signal very
similar to DTA, while the advantage over DTA is the heat flow into or from the
sample can be measured.

In this study, the TGA techniques was used to observe the weight loss as
function of temperature for electrospun PAN and PAN composite with different
magnetic sources content. The suitable temperature for stabilization and
characterization were obtained from this technique. The sample weight for
measurements was set at about 3 mg. The measurements were carried out both in air
and nitrogen atmosphere from room temperature to 1200 °C with a heating rate of 10

°C/min by using TGA-DSC (METTLER TOLEDO STARe).
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3.2.2 X-ray diffraction

The X-ray diffraction (XRD) is a technique used to evaluate the structure of a
crystaline materia (Cullity & Stock, 2001). The structural parameters such as the
lattice constant (@), the crystalite size (D) and the atomic spacing (d) are obtained
from this technique. The basic concept is based on the interferences phenomenon of
two waves with the same wavelength and traveling in the same direction to the
sample. The constructive and destructive interferences occur if a phase difference is
nl (in phase) and nl /2 (out of phase), respectively. Schematic principle of XRD

equipment is presented in Figure 3.4.

Diffraction
pattern recorded
Diffracted beam
r
2q
»>
Incident beam Transmission
crystalline beam

---®----- > \Zé\.//ei ----- ®----- &i- q
- @----- _._._A.’I. I'ﬁi_. _____ ®----- hid
-——@----- ®----- ®----- ®----- ®----- o--

Figure 3.4 Schematic principle of XRD equipment (Adapted from

http://eserc.stonybrook.edu/ProjectJava/Bragg).
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When the constructive interference is detected, the information on the spacing
between atomic planes of a crystal was obtained. But the deflected waves will not be
in phase except when the Bragg equation is satisfied

2dsing =nl (3.2
d isthe spacing between atomic layersin acrystal, q isthe angle of incident beam, |
is the wavelength of the incident X-ray beam and n is an integer. The diffraction
pattern can be used to identify the crystalline phases of the sample. According to the
diffraction pattern, the crystallite size, lattice parameter and d-spacing can be

estimated using the following equations, respectively. (Cullity and Stock, 2001)

DX (3.3)
b cosq

a:(l (h2+k2+lz))/sinq (3.4)

d=1I /2snq, (3.5)

where | isthe wavelength of the radiation, k is the spherical shape factor (0.9), q is
the angle of the Bragg diffraction, and b isthe full width at half maximum (FWHM)
of the respective peaks.

In this work, the structure of CNF and C/MFe,O, composite nanofibers were
evauated on X-ray diffractometer (Advance Bruker D8, Germany) with the Cu-Ka
radiation (A = 1.5406 A). The fiber samples were mashed as powder and placing them
flat on a silicon glass. The XRD patterns were recorded in the 2g of 10 to 80° with
the time step of 0.5, and the step size of 0.02. The crystalline phase identification was
carried out by comparison with the registered patterns of the Joint Committee for

Powder Diffraction Standards (JCPDS).
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3.2.3 Scanning electron microscopy

Scanning electron microscopy (SEM) is a characterization technique for
observing the morphology of materials (Hafner, 2007). It is non-destructive
technique, and it is possible to anayze the same materias repeatedly. In the
measurement, the sample is scanned by electrons beam across the surface and collects
scattered electron for imaging. Because the image is formed using backscattered
signals, the sample does not require electronic transparency. As known that the
electron beam is very narrow, thus the obtained SEM images have a large depth of
three-dimensional appearance. This behavior is very useful for understanding the
surface structure of a sample. Since the measurement sample must be conductivity to
prevent charging, the coating sample with conducting materia such as gold is
necessary. In this work, the morphology and the particle size were investigated using
scanning electron microscopy (SEM, JSM-6010LV). Although CNF matrix is found
to be conductive materials, the coating with gold was aso performed to increase the

signa and resolution.

3.2.4 Transmission electron microscopy

Transmission electron microscopy or TEM is a microscopy technique to
observe morphology and particle size distribution (Pennycook and Nellist, 1999).
High resolution images can be recorded by transmission of electron beam through an
ultra thin specimen, magnified and focused by an objective lens. The specimen needs
to be thin enough to be transparent for electrons. In this work, all prepared samples
were diluted in acohol and dispersed on a 300 mesh copper grid following by dried in

air and then measured under a 200 keV by using FEI TEM (TECNAI G?20, FEI,
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USA). The corresponding selected-area electron diffraction (SAED) patterns were
also recorded in this work. The MFe,O4 nanoparticle distribution in CNF matrix and
their size were obtained by using the combination of TEM bright field image and the

image j program.

3.2.5 Raman spectroscopy
Raman spectroscopy is a nondestructive sample technique for observing the
structural fingerprints of carbon (Wang et al., 2003). This technique provides
understanding of the vibration properties, the microstructure of graphitic crystals and
various disordered carbon materials (Samsonidze et al., 2003). The basic principle is
based on inelastic scattering of monochromatic light from a laser source. Photons of
the laser light are absorbed by the sample and then reemitted, where the frequency of
the reemitted photons is shifted up or down in comparison with origina
monochromatic frequency. This shift provides information about rotation and
vibration molecular. The plotting of the shift light intensity with the frequency
provides the Raman spectrum. Every band in the Raman spectrum corresponds to a
specific vibrational frequency of a bond within the molecule.
In this work the Raman spectrum were recorded at room temperature using a triple

spectrometer  (JOBIN YVON HORIBA, T64000 triple monochromator, A=532 nm,

FRANCE). All the spectrawere obtained over a spectral range of 700 — 3250 cm ™.
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3.2.6 Brunauer-Emmett-Teller

The Brunauer Emmett Teller or BET is a characterization technique to observe
the specific surface area of materials (Atkins, 1998). The principle measurement is
based on the physical adsorption of gas on the surface of sample and by calculating
the amount of adsorbate gas corresponding to a monomolecular layer on the surface.
Normally, nitrogen gas and liquid nitrogen are used as the probe gas and the cold
bath, respectively. The phenomenon of adsorption can be expressed with the

following equation.

wKF’loj _ 1} "W +\(/:vm_c:1 [%J’ (36)
P

where W is the volume of gas adsorbed at standard temperature and STP pressure

(273.15 K and 1.103 x 10° Pa) (ml). W, is the volume of gas adsorbed at STP to
produce an apparent monolayer on the sample surface (ml). PR, is saturated pressure of

adsorbate gas (Pa). P is partial vapour pressure of adsorbate gas in equilibrium with
the surface at 77.4 K. C is dimensionless constant. At the relative pressures (P/P)
lower than 0.05, N is adsorbed in the form of single molecules. The multi-layered
adsorption occurs in some small micropores with increasing in relative pressure. By
decrease in relative pressure, desorption nitrogen was observed. When the shapes of
the capillary pores are similar, the adsorption and desorption branches of the
adsorption isotherm coincide with each other. The specific surface area can be
calculated by

W.s N,
B = —" 37
ET VO ( )
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Where W, arise from the slop and the intercept of plot between the relative pressure
and1/W[(R,/P)-1], s is the area of the surface occupied by individual gas

molecules, N, is the Avogadro number, m is the sample mass and V, is the molar

volume of gas (22414 cm®/molar a atmospheric pressure). The six types of IUPAC

standard adsorption isotherms are shown in Figure 3.5

—

Figure 3.5 Categories of gas adsorption loops (IUPAC).

Type | is the typical isotherm of micro-porous (< 2 nm) materias having relatively
small externa surface area. Type Il or anti s-shaped adsorption isotherm is the normal
forms for macroporous (> 50 nm) and non porous adsorbents. Type Il is
characteristic of non-porous with low adsorbate-adsorbent interaction. A hysteresis
loop feature in type IV related to the capillary condensation of the adsorbate in the
mesopores (2-50 nm) materials. Type V isotherm is related to weak adsorbate-
adsobent interaction at low P/Py, while the number of pore in the system is limited at
middle and high relative pressure. Findly, type VI isotherm is characteristic of non-

porous adsorbents with homogeneous surface.
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In this study the Nitrogen adsorption/desorption was carried out on the
Brunauer-Emmett-Teller analyzer (BET, BEL SORP MINI I1, JAPAN) using the gas
adsorption method. The prepared samples were degassed at 200 °C for 4 h at 10° Pa
before measurement to ensure that the composite samples were clean and free of

moisture. The specific surface areawas calculated by BET method.

3.2.7 X-ray absorption spectroscopy
X-ray absorption spectroscopy (XAS) is a power tools technique for the
structura study of material (Bunker, 2009). The measurement is performed by tuning
the photon energy to a range where core electrons can be excited. The X-ray intensity
(I) passing through an absorption layer with thickness x is expressed by the following
eguation
L=146", (3.8
wherem and |, are the probability that x-rays will be absorbed and the incoming X-

ray intensity, respectively. The absorption X-ray increased dramatically when the
energy matches well with the binding energy of electron. Thisis causes a drop in the
transmitted X-ray intensity. Normally, the absorption edge occurs when the incident
photon energy is sufficient to cause excitation of a core electron of the absorbing atom
to a continuum state. There are three main regions in the XAS spectra. First is the
region at around 2-50 eV below the main adsorption edge. No significant adsorption
phenomena occur. The pre-edge peak observed in related to the electronic transitions
ftom the core level to empty state. Moreover, the strengths of such pre-edge peaks
strongly depend on the coordination geometry around the absorbing atom such as

number of neighbor atoms and valence state. Second region where the energy of
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incoming X-ray is sufficient to transfer core electrons to higher unoccupied valence
states is called the X-ray absorption near edge structure or XANES (2-50 eV above
the adsorption edge). Analysis of this part gives the information on the oxidation state
and the coordination number of the absorbing atom. The name of the edge depends
upon the core electron which is excited. For instance, excitation of a 1s electron
occurs at the K-edge, while excitation of a 2sor 2p electron occurs at an L-edge. Fina
region in the range of 50-1000 eV above the adsorption edge is called the extended X -
ray absorption fine structure (EXAFS). In this region, the photo electrons have high
kinetic energy enough to excited the core el ectron and the remaining energy cause the
single scattering by the nearest neighbouring atoms. The analysis of this part gives
information about the bond distance, coordination number, and kind of neighbors
absorbing atom. Moreover, it is also a useful tool to determine the cation distribution
in spinel ferrite structure. The EXAFS equation is given by

N 2f_(k)e—2Rj/| (k)e—2k25j2 .
ck)=>, > o sin[ 2kR; +d; (k) ], (3.9)
]

whereS. is called amplitude reduction. f (k) andd(k) are scattering amplitude and
phase shift, respectively. | (k) is the mean free path, R is the distance to neighboring

atom, N is the coordination number of neighboring atom and s ?is mean square

disorder of neighbor distance. The absorptions spectrum was transposed to k space
using the formulak = (2m(E - E,)/ #)"?, and Fourier transformed to the R space with

ak®weight.
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In this work, to address the local environment around ions and the oxidation
states of the Ni K-edge (8333 eV), Co K-edge (7709 V), Cu K-edge (8979 eV), and
Fe K-edge (7112 eV) in C/CuFe,O,4, C/CoFe,O4 and C/NiFe,O4, XANES and EXAFS
spectra were conducted at Beamline 8 (electron energy of 1.2 GeV; bending magnet;
beam current 80-150 mA; 1.1 to 1.7 x 10" photon s?) at the Synchrotron Light
Research Institute (SLRI), Nakhon Ratchasima, Thailand. The samples were coated
into the kapton tape during two frames sheet. All spectra were measured in the
transmission mode with ionization chamber detectors. The normalized XAS data were
processed after background subtraction in the pre-edge and post-edge region using the
ATHENA software which is included in an IFEFFIT package (Ravel and Newville,
2005). Moreover, the cation distribution was obtained by fitting EXAFS data based on

FEFF8.2 program (Ankudinov et al., 2002).

3.2.8 Magnetic measurements

Vibrating sample magnetometer (VSM) is the instrument used for measures the
magnetic properties of materials by the operation based on Faraday’s Law of
induction (Jiles, 1998). In the measurement process, the sample is placed in auniform
magnetic field and then is vibrated. If the material is magnetic, the uniform magnetic
field will magnetize the sample by aligning the magnetic domains/spin with the
magnetic field direction. The signal at the vibration frequency is proportional to the
magnetic moment, the vibration amplitude and the vibration frequency. The output
measurement provides the magnetization (M) as a function of a magnetic field (H).
The behavior of M-H curve can be used to classify type of magnetic behavior as

presented in section 2.4.1. Schematic diagram of the VSM is present in Figure 3.6
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Figure3.6  Schematic diagram of the VSM (Zhang et al., 2009).

In this work, magnetic analysis was carried out on a vibrating sample
magnetometer (VSM) (VersaLab™ PPMS®) at various measurement temperatures
(50, 100, 200, 300 and 390 K). The sample with the weight of ~5 mg was put into the
sample holder, and the magnetization was measured in afield range of £10 kOe. The
parameters like saturation magnetization (Ms), remanent magnetization (M;) and
coercivity field (Hc) were obtained from the magnetization curve. The zero field-
cooled and field-cooled (ZFC-FC) magnetizations were also studied in thiswork. The
ZFC spectra were typically obtained by cooling in zero magnetic fields from a high
temperature to a low temperature (390 to 50 K). The magnetization was measured at
step wise increasing temperatures in a small field (500 Oe). The FC magnetization
curve is obtained by measuring at stepwise decreasing temperatures in the same small

applied field at each temperature.
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3.2.9 Electrochemical measurements

The electrochemical measurement is the measuring of electrica quantities
(current, potential, or charge) and their relationship to chemical parameters (Beguin
and Frackowiak, 2001). Electrochemical behaviors of the prepared CNF, C/MFe;O,
and MFe;O, (M=Cu, Co and Ni) were studied on a potentiostat galvanostat (PGSTAT
302N). Three electrodes system (WE, CE and RE) was used to evaluate the
electrochemical performance via cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS), and galvanostatic charge/discharge (GCD) techniques.
The working electrode was prepared by mixed C/MFe,O, powder with acetylene
black (conductive agent) and polyvinylidene difluoride (PVDF) (binder) with the
weight ratio of 8:1:1. The N, N-dimethylformamide (DMF) was used as the solution
solvent. The mixed precursor was making slurry by sonicating for 30 min and then
dropping onto the 1 cm? glass diffusion layer (GDL). The active materials mass in
each electrode was set at about 2 mg. The prepared electrode sheets were dried at 70
°C on a hot plate and then calcined at 200 °C in a vacuum oven for 1 h to remove the
polymer binder. A platinum wire (Pt) and silver/silver chloride (Ag/AgCl: 3M NaCl))
were used as the counter and reference electrode, respectively. The electrochemical
cell systems (C/CuFe,O,, C/CoFe,O4 and C/NiFe,O4) were carried out using freshly
prepared 1M KOH as the electrolyte. Moreover, the 0.5M NaSO, aqueous solution

was also used for C/CuFe,O, electrode.
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3.2.9.1 Cyclic voltammetry

Cyclic Voltammetry (CV) is an electrochemical technique for measure
the current flowing between working and counter electrodes in an electrochemical cell
under the triangular potential waveform. The electron transfer mechanisms were aso
observed from this technique (Bard and Faulkner, 2001). In a cyclic voltammetry
measurment, the potential of an electrode is cycled from a starting potential (E;) to a
final potential (E,) and then back to the beginning. Normally, selected starting voltage
is usually selected so that the chemical species under investigation are not initialy
oxidized or reduced, while the final potential is usually selected so that the potential
interval (Ex-E;) contains an oxidation or reduction process of interest. The current
measured during this process is often normalized to the electrode surface area and
referred to as the current density. The plot of current density against the applied
potential is known as voltammogram. Figure 3.7 (b) shows three different schematic
voltammograms of electrochemical capacitor: Ideal, resistive, and faradaic capacitor.
Anidea capacitor display arectangular shape (Figure 3.7 (b1)) due to the capacitance
(C) would keep constant at a scan rate (Zhang et al., 2011). When the resistances
present, the rounding of the voltammogram corners was observed (Figure 3.7 (b2)).
The redox peak will present with the cell that store energy viaredox reaction (electron
transfer) (Figure 3.7 (b3)). The sample with different oxidation states, the

voltammogram with multiple peaks will observe.
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Figure 3.7 (a) The potential waveform applied to the working electrode in the cycle
voltammetry experiment (b) Cyclic voltammogram of three different electrochemical
capacitors: idedl, resistive, faradaic capacitors (Adapted from http: //en.wikipedia.org/

wiki/Pseudocapacitance).

There are three types of the electron transfer process including reversible,
irreversible and quasi-reversible. In a reversible system, the electron transfers with
rapidly rate in both forward and reverse scan. The magnitude of cathodic and anodic
current is equal for al scanrates (1. /1,,=1) and proportional to the concentrations
of the active species. The peak current at room temperature is given by the Randles-
Sevcik quation

i, =2.69x10°n*2ACD "2, (3.10)
where n, A,C, D andn are the number of electron transferred/molecule, the electrode
surface area (cm?), the concentration (mol/cm?), the diffusion coefficient (cm?/s), and
the potential scan rate (V/s), respectively. The anodic and cathodic peak potentials

(E, s E,.) areindependent of the scan rate. The separation between them at all scan

ratesisgiven by
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0059
n

AE,=E,,—E v (3.11)

p,c

In an irreversible process, the rate transfer of electron in the reverse scan is very slow.

The peak current and the peak potential, respectively are given by

i, =299x10°n(an,)’” ACD"n"? (312

RT k° an.Fn
E =E°- 0.78-In +In(E—=—)"2 |, 3.13
P anaF{ DY? ( RT ) } (3.13)

where a and n, are the transfer coefficient and the number of electrons involved in

the charge transfer step, respectively. In irreversible process, the cathodic and anodic
peak potentials are dependent of the scan rate.

In a quasi-reversible process, the current is controlled by the charge transfer
and mass transport. The shape of the CV is a function ofk®/+paD,
wherea=nFn / RT . As k° /+/paD increases, the process approaches the reversible

case. For small values of k° /\/@ (i.e. very fastn), the system exhibits an
irreversible behavior. The voltammograms of a quasi-reversible system exhibit a
larger separation in peak potentials compared to a reversible system. One parameter
related to the occurring of redox reaction of cell is called the standard potential. This
parameter provides the information about direction of electron transfer in electrolyte
solution.

According to the cyclic voltammogram, the capacitance for the variation of

voltage with timeis given by

R_ N (3.14)
dt o dt
c-', (3.15)
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Where dQ/ dt is the current (i) and dV / dt is the scan rate(n ). In the experimental,

the average specific capacitance at different scan ratesis defined as

jldv
C(F/g)= AU (3.16)

where term J.IdV refers to the area surround the CV curve, m is the weight of the

active material within the electrode, n isthe scan rate and AU is the voltage window.
According to the above equation, the specific capacitance of materials decreases with
increasing of scan rate due to short time at high scan rate caused large internal
resistance and hardly penetrated of electrolyte ions into inner pores during charge
(Wang et al., 2006; Y uan et al., 2008).

In this work, the CV measurements were performed at room temperature over
the scan rates of 2, 5, 10, 30, 50, 100, 150, and 200 mV/sin 1M KOH and at the scan
rates of 10, 50, 75, 100, 150, and 200 mV/s in 0.5M NaSO,. The potential window
was set at various range of value to avoid the decomposition of aqueous electrolyte.
For C/CuFe;O, system, the potential windows of -0.3to 2V and -0.2t0 0.35 V were
set for 0.5M NaSO, and 1M KOH, respectively. For C/CoFe,O, and C/NiFeO,
systems tested in 1M KOH, the potential windows of -0.2 to 0.35 and -0.3t0 0.4 V,

respectively were set.

3.2.9.2 Galvanostatic charge/discharge

Galvanostatic charge discharge (GCD) technique is an electrochemical
analysis to determine the kinetics and mechanism of electrode reactions. The basic
principle is placing a constant current upon an electrode and measuring the variation

of the resulting current through the solution. Normally, this technique is usually used
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to investigate the charging and the discharging process of electrochemical capacitors
(Conway, 1991; Conway et al., 1997). The discharge capacitance (C) is estimated
from the current (1) and slope (AV / At) of the linear portion of the discharge curve
viathe expression.

C= (3.17)
AV [ At
The specific capacitance with mass m is thus given by
LS (3.18)
mAV
The coulomb efficiency (n%) was observed by using the equation
h%:%xloo (3.19)

C

Where t, and t_are thetotal amount of discharge and charging times, respectively.

In this work, the GCD measurements for all the prepared electrodes were
performed in 1 M KOH. The charge and discharge between the selected potential
windows were measured with different current density of 0.1, 0.25, 0.5, 0.75, and 1

Alg, respectively.

3.2.9.3 Electrochemical impedance spectroscopy

Electrochemica impedance spectroscopy (EIS) is an impedance
spectroscopy 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. The apply sinusoidal potential and the responding

current are given as
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V(t)=V,cos(wt) or V(t)=V,sin(wt) (3.20)
I (t)=1l,cos(wt—f) | =Isin(wt+f) (3.21)
Where V, and |, are the signal and current amplitude, respectively. w=2p f isthe

angular frequency, and f is phase shift between current response and the potential.

According to Ohm’s law, the complex impedance is then defined as

VO oos)
_|(t)_|z|cos(wt—f)_|z|e =|Z|(cosf —jsinf)=2"-jz" (3.22)
Z:V(t):|z| _sin(vvt)

[(t) sin(wt +f

):|Z|e” =|Z|(cosf +jsinf)=2"+jz", (3.23)

where Z'and Z are the rea and imaginary parts of the complex impedance,

respectively. The phase angle (f ) and the modulus (|Z|) are as following equation

f —tan (iJ (3.2)
VA
Z=\(z) +(z') (3.25)

At f =0, the impedance is real Z(w)=Z (w) (purely resistive behavior). The

capacitance in term of real (C') and imaginary (C") part are as the following equation

1 z 1z N,
= = - =C -jC 3.26
Tl -

The rea 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.
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The EIS data was reported in two types plot: Nyquist and Bode plot. The
Nyquist plot is the plot of the opposite imaginary part impedance (-Z") versus the real
part impedance (Z'), while the Bode plots is the logarithm plot of the impedance (Z)
or phase angle (¢) versus the logarithm of the frequency. In the Nyquist plot, the
intercept of curve at the real part axis (Z') is the equivalent series resistance (ESR) of
the cell. The semicircle diameter at high frequency region corresponds to charge
transfer resistance (R¢) in which caused by faradic reaction. The slope of the linear
curve at low frequency is called the Warburg resistance (W) and was used to describe
the frequency dependent of ion diffusion into the bulk of the electrode surface. For
not ideal cell or cell with lack of surface homogeneity, the constant phase e ement
(CPE or Q) is used (Liu et al., 2012; Sahoo et al., 2011; Ren et al., 2013). The
parameter “n” obtained from CPE is used to observed the quality of the electrode
material (n=1, 0 and 0.5 < n < 1) indicates the ideal capacitors, the insulators, and the
moderate capacitor behavior, respectively. To observe these parameters, the fitting
EIS data with the equivalent circuit will be performed. The circuit elements used in
the equivalent models are listed in Table 3.4.

Figures 3.8 (a) and 3.8 (b) show the example Nyquist plot with its equivalent
Randles circuit for an electrochemical reaction under kinetic control (charge transfer)
and an electrochemical system when both kinetics and diffusion are important,
respectively. The Nyquist plot in Figure 3.8 (&) contains a semicircle at high

frequency and the corresponding faradai c impedance can be written as

_ R:t i RZICdIW
Zw) =R +L+ R;c;wz} J [1+ Qic;vvz} (327)

Z'(w) Z'(w)
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This equation fit with the equation of a semicircle according to

{Z'(W)—(&+%ﬂ +Z (w)’ =%2 (3.28)

The frequency where the imaginary part of the impedance is maximum allow the
determination of C, accordingto w,_,R,C, =1 wherew,, =2p f_, and f__ being
the frequency at the top of the semicircle. The Nyquist plot in Figure 3.8 (b) contains
a semicircle at high frequency and a Warburg line at low frequency. The
corresponding impedance is divided in to finite (Z.) and infinite (Z,-) diffusion
layer as the following equation, respectively.

Z. (w):R{u'—M] 1 =K, /DY +K, /DY (3.29)

(iw)

Z, (W)= {& iR, [1+LJ _R| Zc} = [&—'J (3.30)

(ZN):UZ (2N)1j2
Where Z_. =R/l /(jw)”2 is called the Warburg impedance. K,andK, are the

reaction kinetics rates of the electrochemical reactions. D, , andD,, are the diffusion

coefficients of the reduced and oxidized species, respectively (Conway, 1999).

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 10° Hz which is typically used for most

electrochemical systems.
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Figure 3.8 The Nyquist plot with its equivalent Randle circuit for (a) an
electrochemical reaction under kinetic control (b) an electrochemical system under

kinetics and diffusion (Adapted from http://wwwmetrohm.co.th/Applications).

Table 3.4 Circuit elements used in the equiva ent models (Adapted from

http://wwwmetrohm.co.th/Applications).

Equivaent element  Equivaent  admittance impedance The parameter
element used

Resistor R 1/R R Ry, Ra

Capacitor C jwC 1/ jwC Ca, Cec

Inductor L 1/ jwL jwL

Warburg impedance W Y, [iw 1/Y, [ijw

Constant phase Q (CPE) Y, (jw)" Y, (jw)"

element

Ry: Polarization resistance, R, Ohmic resistance, Cdl: Double layer capacitance, Cc:

Coating capacitance



CHAPTER IV

RESULTSAND DISCUSSION

Chapter IV deas with the results and their discussion. It is dividied into three
sections related to three different groups of prepared samples. C/CuFe;Q,,
C/CoFe,04, and C/NiFe,O4, respectively. For each group of study, the thermo
gravimetric analysis (TGA) was used to observed weight loss as a function of
temperature. The crystal structure was identified using X-ray diffraction (XRD), the
structure fingerprints of carbon was determined by using Raman spectroscopy, and
the electronic structure of spinel ferrite in CNF matrix was evaluated by X-ray
absorption spectroscopy (XAS). The specific surface area was evauated by the
Brunauer-Emmett-Teller (BET). The morphologies were investigated using high
resolution scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM). The magnetic measurements were carried out using a vibrating
sample magnetometer (VSM). The effect of the magnetic source content on the
magnetic properties is certainly interpreted. The electrochemical behaviors were
studied via cyclic voltammetry (CV), galvanorstatic charge/discharge (GCD) and
electrochemical impedance spectroscopy (EIS) techniques, respectively. The
influence of the magnetic concentration on the structure, morphology and magnetic
structure is briefly discussed. The effect of different electrode material (CNF,

C/MFe;O4 and MFe;O,4) on the electrochemical behavior is aso described.
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4.1 C/CuFe,O,composite nanofibers
4.1.1 Structura and morphology characterization

4.1.1.1 Thermo gravimetric analysis (TGA) of the electrospun-based
C/CuFe,O4 composite nanofibers.

Figure 4.1 shows TGA curves of the eectrospun CNF and C/CuFe,O4
composite nanofibers with different magnetic source content. The measurements were
performed by using a heating rate of 10 °C/min in the temperature range of 25 to 1200
°C under air and N, atmosphere. For the PAN fiber-based CNF and C/CuFe,O4_0.2,
the TGA curves show three main steps of weight loss in the range of ~20-295, ~295-
470 and ~620-1200 °C, respectively. For C/CuFe;O4_ 0.4 and C/CuFe,O4_0.6, the
plateau was observed after 970 and 1000 °C, respectively. The results indicate that, the
carbon nearly burn out for the sample with less amount of polymer sources.
According to the spectra, PAN based CNF started to decompose at ~295 °C, while the
starting weight loss at lower temperature was observed for the composite fibers. At
stabilization temperature, the samples with higher magnetic source content exhibited
higher weigh loss (~7, ~16 and ~48% for C/CuFe,O, 0.2, C/CuFe,0O, 0.4, and
C/CuFe;O,4_0.6, respectively). The weight loss at this temperature corresponds to the
loss of chemically absorbed water molecular and all trapped solvents. The major
weight loss at ~295 - 470 °C relate to the decomposition of metal nitrates along with
the degradation of PAN polymer chain by dehydration. The common short plateau
was observed between 471 and 620 °C, suggesting that at this region the crystalline
CuFe;O4 could form as the decomposition of metal product (Maensiri and Nuansing,

2006). No plateau formed further up to 1200 °C was observed for C/CuFe,O,4_0.2 and
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C/CuFe;O4_0.4, indicating that the sample with large polymer source content was not

almost burned away under inert gas atmosphere.
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Figure 4.1 TGA curves of CNF and C/CuFe,O, composite nanofibers under N,

atmosphere and air atmosphere (in set).

nanofibers.

4.1.1.2 X-ray diffraction (XRD) anaysis of C/CuFe,O, composite

Figure 4.2 shows XRD patterns of pure CNF and C/CuFe,O, composite

nanofibers with different magnetic source concentration after stabilized at 220 °C for

2 hin air atmosphere followed by carbonized at 535 °C for 1 h in argon atmosphere.

The diffraction peaks at 20 = 18.4°, 30.2° 35.6°, 37.2° 43.2°,53.6° 57.2° 63.1°

and 75.1 © match well with crystallite planes of (111), (220), (311), (222), (400),
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(422), (511), (440), and (622), respectively for the cubic CuFe;O, (JCPDS card no.
77-0010). The result implies that metalic Cu and Fe nitrate have been completely
oxidized in the oxygen ambient, leading to the formation of CuFe,O,. The diffraction
peaks at around 20 = 26.0° and 44.0° indicate the formation of graphite structure
(Yang et al., 2012) and can be indexed to (002) and (101) planes, respectively for the
PDF card no. 75-1621. No other characteristic peaks were detected. The average
crystalite size (D) of CuFe,O, was calculated by using Scherrer’s equation (Klug and
Alexander, 1974) and the obtained values were 24.58, 36.29 and 45.73 nm for
C/CuFe,0O4_0.2, C/CuFe,0O4_0.4 and C/CuFe,O,4_0.6, respectively. It is evident from
the results that, the crystallite size increases with increasing of the magnetic source
content possibly due to the effect of the particle agglomeration. The lowest crystallite
size value of 24.6 nm for C/CuFe,0O,_0.2 implies less agglomeration. It could be
speculated that, large amount of polymer source well supported the distribution of
CuFe;O,4 nanoparticle in CNF matrix. The average crystallite size of CNF was also
calculated and the obtained value was 17.07 nm. The d-spacing value was calculated
from peak (311) by using Bragg's law (Bragg, 1913). The obtainned values of 2.498,
2498 and 2495 A were obtained for C/CuFe;O, 0.2, C/CuFeO, 0.4, and
CICuFe,0,_0.6, respectively. The values are slightly lower than 2.524 A of a cubic
CuFeO,4 (JCPDS 77-0010) which is possibly resulted from the effect of CNF matrix.
The obtained lattice constants of 8.526, 8.366 and 8.346 A for C/CuFe;O4 0.2,
C/CuFe;0O4_0.4, and C/CuFe,O4_0.6, respectively are close to that of bulk CuFe,O,
(8.37 A°. For a C/CuFe,04_0.6, the crystallite size, the interplanar distance and the
lattice parameter are very close to those previously reported for CuFe,O,

(Tangcharoen et al., 2014).



Intenstiy (a.u.)

| I ! | ! ] ! | ' | s
(11 C/CuFe O, 0.6

220) s
( 222
a1 coozyy N, ¢

(511)(440 |
22) (440)  (622) :

(©)

(311) C/CuFe,0, 0.4

(400) (422)(511)(440) .
(622) 1

CO,. 2201311 C/CuFe,0, 0.2

(511) (440)

C(002) CNF__

C(101)

JCPDS 77-00104

@311) (440)
(511)
220 5
(111) = I(m’ ol | (s3n) 22
: i i | s ]

| s | L | 1 1 1 | 1 | 1 | 1 1

10 20 30 40 50 60 70 80 90

20(degree)

C/CuFe;O4_0.6 composite nanofibers.

61

Figure 4.2 XRD patterns of (a) CNF, (b) C/CuFe,O4_0.2, (c) C/CuFe,O,4_0.4 and (d)
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4.1.1.3 Morphology of C/CuFe, O, composite nanofibers by FE-SEM
and TEM.

Figure 4.3 shows SEM and FE-SEM images of pure CNF,
C/CuFe;04_0.2, C/CuFe0O4_ 0.4, and C/CuFe0O, 0.6 composite nanofibers before
and after carbonization at 535 °C for 1 h. The morphology of sample before heat
treatment exhibited beige color, long straight, uniform in cross-section with the fibers
diameters of 750-900 nm. The appearance of black color of fibers after carbonization
is due to the formation of ladder ring structure (Friedlander et al., 1968; Burlant and
Parsons, 1956). The uniform fibers, long straight and minimum surface roughness
with diameters range of 500-600 nm were obtained for CNF and C/CuFe,O4_0.2
(Figures. 4.3 (a), (b)), while the particle chain characteristic with diameters rang of
450-550 nm was observed for C/CuFe,O4_0.4 (Figure 4.3 (¢)). The filmy fibers with
porosity and worse uniformity were observed for C/CuFe,O,4_0.6 (Figure 4.3 (d)).

Figure 4.4 shows TEM images with corresponding selected area
electron diffraction pattern (SAED) of pure CNF and al C/CuFe,O, composite
nanofibers. TEM bright field images for the composite nanofibers show clearly the
CuFe;O,4 nanoparticles with the particle size of 5-50 nm embedded within the CNF
matrix (Figures 4.4 (b), (c), and (d)). The corresponding SAED patterns of C/CuFe,O,
composite nanofibers show clearly diffraction spots of high crystallinity CuFe,O,,
while arcs and diffuse rings represent to hexagonal graphite structure (002) (Figures
4.4 (b), (c), and (d)). Moreover, the corresponding SAED patterns of C/CuFe;O,
composite nanofibers match well to the crystal plane observed in the XRD patterns.
No any spotty ring was observed in SAED pattern of CNF (Figure 4.4 (a)) suggesting

alarge amorphous characteristic of carbon.
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Figure 4.3 SEM micrographs of the electrospun C/CuFe,O, composite nanofibers
before carbonization (left), the fibers after carbonization (middle) and their FE-SEM
images (right), respectively of (a) pure CNF, (b) C/CuFe,O4_0.2 (c), C/CuFe;0O,4_0.4,

and (d) C/CuFe,O4_0.6 composite nanofibers.
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Figure 4.4 TEM bright field images (left) with the corresponding SAED pattern
(right) of (& pure CNF, (b) C/CuFe0O4 0.2, (c) C/CuFe0O, 0.4, and (d)

C/CuFe,O4_0.6 composite nanofibers.
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4.1.1.4 The structure fingerprints of C/CuFe,O, composite nanofibers
characterization by Raman spectroscopy.

Figure 4.5 shows Raman spectra of CNF and C/CuFe,O, composite
nanofibers with different metal source concentration. For al the prepared samples,
two peaks centered at ~1580 (G band) and ~2700 cm™ (2D band) represent a
characteristic of crystalline graphite (Vidano et al., 1981). The G band is primary
mode of graphite (Exg) and attributed to the bond stretching of sp? atoms in both rings
and chains (Ferrari and Robertson, 2000), while the G’ band is the result of two
phonons lattice vibration process (Thomsen and Reich, 2000). Normally, a strong
sharp peak of G' band is subjected to graphene (Johannes et al., 2011; Saito et al.,
2009), while a broad peak with the splitting is a result of interactions between the
stacked graphene layer and corresponds to bulk graphite (Nemanich and Solin, 1979).
An addition band at ~1340 cm™ is called D band, in which is attributed to breathing
mode with Aig symmetry (Tuinstra and Koenig, 1970). The generation of this peak
implies the prepared samples represent a characteristic of graphite structure with
disorder (or defect) (Nemanich and Solin, 1979), possibly due to extensive oxidation
(Tuinstra and Koenig, 1970). To characterize the graphitization or defect quantities,
the intensity ratio of the D and G band (Ip/lg) was evaluated by using the Lorentzian
fitting. The values of 1.69, 1.61 and 1.71 were obtained for C/CuFe;O, 0.2,
C/CuFe;04_0.4 and C/CuFe,O4_0.6, respectively. All the Ip/lg values are dightly
higher than 1.6 for pure CNF. The result implies that there is more disordered carbon
structure of the composite nanofiber, possibly due to the intercalation of CuFe,O,
nanoparticle in to the graphite layers (Janes et al., 2007). However, al the prepared

samples show lower Ip/lg value than those values observed in the disordered



66

structures (Ip/lg > 4) (Ji and Zhang, 2009; Zou et al., 2006). The in plane graphitic
crystallite size (Ly) was also calculated from the data fitting using the equation: L,
(nm) = C(A)/(Ip/lg), where C(532 nm) is constant and is ~ 4 (Knight and White,
1989). The obtained value does not show any significant trend with the magnetic

source content aslisted in Table 4.1.
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Figure 4.5 Raman spectra of (a) pure CNF, (b) C/CuFe;O4_0.2, (¢) C/CuFe,O4_0.4,

and (d) C/CuFe,O4_0.6 composite nanofiber.
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Table 4.1 Lists of Raman peak height, Raman peak width, R vaue (Ip/lg) and in
plane graphite crystallite size (L) of CNF and C/CuFe,O, composite nanofibers with

different magnetic source concentration.

Sample Peak height Peak width R L.
(cm™) (cm™) (nm)
D G 2D, 2D, D G 2D, 2D,
CNF 1981 1236.3 3208 3134 1835 1082 2427 2984 160 275

C/ICuFe,0O, 1386 8204 1914 1603 1924 1117 2593 2369 169 261
0.2

CI/CuFe,0, 563 350.0 74.7 674 1834 1173 2566 2410 161 273
04

CI/CuFe,0, 192 112.2 26.7 260 1582 872 1579 1052 171 257
0.6

4.1.1.5 Characterization of surface area of C/CuFe,O4 composite
nanofiber by the Brunauer-Emmett-Teller method.

Figure 4.6 shows the N, adsorption/desorption isotherms of CNF and
C/CuFe,O, composite nanofibers with different magnetic source content. As known
that, when N, gas comes into contact with material surface, the molecule gas will
adsorb to the surface. The plot of amount of gas adsorbed/desorption over of partial
pressures at constant temperature is called adsorption/desorption isotherm. It was
found from the studied that, the isotherms of CNF, C/CuFe,0O4 0.2 and
C/CuFe;O4_0.4 belong to type | pattern according to the IUPAC classification. The
results indicate that these three samples have microporous structure. For the pure
CNF, a small adsorption quantity was observed at high relative pressure (P/Py > 0.9)
suggesting the presence of small mesopores and macropores (Nan et al., 2014). The

C/CuFe,O4_0.6 composite nanofiber exhibited type IV with H3 hysteresis behavior at
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high partia pressure. This is the typical isotherm of mesoporous carbon. The
isotherms take place at very low relative pressure (P/Po < 0.01) and then jump
between partial pressures of 0.45-0.99 (Wang et al., 2012). The average pore
diameters of 23.2, 4.0, 7.0 and 8.7 nm were obtained for CNF, C/CuFe,O4_ 0.2,
C/CuFe;0O,4_0.4 and C/CuFe;O,_0.6, respectively. An increase of mean pore size with
increasing of magnetic source content may be due to the difference in shrinkage
between the metal and PAN polymer during the burn-off step (Guo et al., 2009). All
the mean pore size values of the composite nanofibers are significant low compared to
pure CNF possibly due to the insertion of nanoparticles into the porosity. In the
electrochemical studies, high mean pore size is considered as promising high power
energy sources due to favor for charge accumulation in agueous electrolytes
(Raymundo-Pinero et al., 2006). According to Brunauer—Emmett-Teller (BET)
anaysis, the specific surface areas of CNF, C/CuFe;O, 0.2, C/CuFe0O, 0.4 and
C/CuFe,O,_0.6 were obtained to be 30, 190, 68 and 93 m%g, respectively. The value
does not show any significant trend. For the composite nanofibers, the lower value in
surface area of C/CuFe,O,_0.4 and C/CuFe,O4_0.6 than C/CuFe,O4_0.2 is possibly
due to larger crystallite size from the nanoparticle aggregation. The C/CuFe,O,_0.2
sample with largest CNF matrix can effectively reduce the aggregation of CuFe,O,
nanoparticles leading to higher specific surface area. The specific surface areas of all
C/CuFe;O, are very high compared to of CNF suggesting the formation of rough
surface after the introduction of CuFe;O4. Thus, it is indicated that the uniform
distribution of nanoparticles on the CNF matrix strongly depend on the
polymer/magnetic ratio. In the electrochemical measurements, low surface area of

CNF normally leads to long ions diffusion lengths and decreases active sites for ion
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insertion/extraction reactions (Shi et al., 2009). The BET specific surface area, mean
pore diameter, and total pores volume of CNF the C/CuFe;O, composite nanofibers

arelisted in Table 4.2.
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Figure 4.6 N, adsorption/desorption isotherms of (a) pure CNF, (b) C/CuFe,O4_ 0.2,

(c) C/ICuFe0,4_0.4, and (d) C/CuFe,0O,4_0.6 composite nanofibers.

Table 4.2 Summary of mean pore diameter, surface area and total pore volume of

CNF and C/CuFe,O, composite nanofibers with different metal source concentration.

Samples Mean pore diameter Surface area Total pore volume
(nm) (m?/g) (cm’/g)
CNF 23.22 30.07 0.018
C/CuFe,O4_0.2 4.01 190.38 0.191
C/CuFe04_0.4 7.03 68.11 0.067

C/CuFe,04_0.6 8.67 93.25 0.202
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4.1.1.6 X-ray absorption spectroscopy study of the Fe and Cu K-edge
in C/CuFe,O, composite nanofibers.

Figure 4.7 shows the normalized XANES spectra and their
corresponding first derivatives at Fe and Cu K-edge for C/CuFe,O, composite
nanofibers. The results were shown aong with the standard samples of FeO, Fe;Os
Fes0,, Cu foil, CuCl and CuO for Fe**, Fe* |Fe*" cu”, Cuand Cu*,
respectively. The XANES spectra at Fe K-edge for all the prepared samples are very
similar to that of Fe,O3 indicating Fe ion is in the +3 oxidation state (Saito et al.,
1999; Sakurai et al., 2008). At Cu K-edge, the XANE spectrafor al prepared samples
are similar to CuO indicate to +2 oxidation state of Cu ions. These results at both
edges were confirmed by the edge energies (Table 4.3) and their first derivative plots
(Figures 4.7 (c), (f)). It was found at Fe K-edge that, the pre-edge peak was observed
for al the prepared samples (Figure 4.7 (b)). This peak arises from the electric
transition 1s to 3d quadrupole and relates to the quantity cation in tetrahedral site
(Gomes et al., 2011). At Cu K-edge, all the samples show weak and broadening pre-
edge peak (Figure 4.7 (e)) indicating sparse of Cu cations are in octahedral sites. The
pre-edge peak intensity of C/CuFe,O,4_ 0.2 is close to that of C/CuFe,O,4_0.6 and both
values are higher than that of C/CuFe,O,4_0.4 suggesting higher cations in tetrahedral
site. The results are consistent with the EXAFs observation (Table 4.4-4.6). It has
been aso reported in the literature that, the intensity of pre-edge peak is proportional
to the distortion of local structure around the absorbing metal ion from inversion
symmetry (Park et al., 2001). That is, if the lattice distortion increases, the intensity of

pre-edge will be decreased (Croft et al., 1997).
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Figure 4.7 XANE spectra, pre-edge peak, and corresponding first derivatives plot,
respectively of C/CuFe,O, composite nanofibers at Fe K-edge (a, b, ¢) and at Cu K-

edge(c, g, f).
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Table 4.3 Edge energies and oxidation state of al C/CuFe,O, composite nanofibers

along with the standard samples.

Sample/standard Edge element Oxidation state Absorption edge
(eV)
C/CuFe;04_0.2 Fe +3 7127.21
Cu +2 8990.41
CI/CuFe,0, 0.4 Fe +3 7127.21
Cu +2 8989.73
C/CuFe04_0.6 Fe +3 7126.39
Cu +2 8990.7
Fefoil Fe 0 7112
FeO Fe +2 7120.65
Fes04 Fe +2,+3 7123.40
Fe,Os Fe +3 7124.85
Cu Cu 0 8979
CuCl Cu +1 8986.22
CuO Cu +2,+3 8989.19

One of the most challenging in the study of spinel ferrite material is the
distribution of cations over tetrahedral (A) and octahedral (B) site. The different
distribution of cation over A and B site leads to different magnetic and electrical
properties of materials (Liu et al., 2000). Thus, determination of cation distribution
between A and B site has been a subject of many studies (Wei et al., 2001; Sakurai et
al., 2008; Carta et al., 2009). In this section, EXAFSfitting was used to determine the
cations distribution of CuFe,O, in CNF matrix. Figure 4.8 shows the Fourier
transform (FT) spectrain R space and EXAFS k*(k) weighted spectra in k space with

the corresponding fitted spectra (dot line) at Fe and Cu k-edge for C/CuFe,O,
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composite nanofibers. The Fourier transforming was performed in the range of 2.5-10
A without phase shift corrections. It was found that, k?(k) values of C/CuFe,O, 0.2
and C/CuFe,O4_0.4 show significant difference from that of C/CuFe,O4 0.6 at both
the Fe and Cu edge, indicating that their structural environment around Fe** and Cu**
is different. According to the EXAFS fitting at Cu K-edge, the first shells at 1.905 A
and 1.877 A for C/CuFe,O, 0.2 and C/CuFe,O, 0.4, respectively refer to B site
cation which is surrounded by six nearest oxygen backscatterers (Cug-O). The second
peak during 2.8-2.9 A for C/CuFe;0, 0.2 and 2.9-3.1 for C/CuFe;04_0.4 with three
backscatterers relates to the scattering of the second nearest neighbor cation located
octahedral site (Cug-Fez and Cug-Cug) (Makovec et al., 2011; Makovec et al., 2009;
Gomes et al., 2006). The shift of peak position to lower R range of these two samples
compared to C/CuFe,O,_0.6 relate to the different number of cations in each lattice
site as confirmed by the data fitting (Table 4.4-4.6) and matched well to previous
reported (Stewart et al., 2007; Gomes €t al., 2006). At Fe edge, the first peak near 2
A is due to two Fe-O bond distances which are surrounded by four and six nearest
oxygen backscatterers, respectively (Fea-O =1.933 and Fes-O = 2.099 A for
C/ICuFe,0, 0.2; Fea-O =1.933 A and Fes-O = 2.118 A for C/CuFe,O, 0.4). For
C/CuFe;O4_0.6, Cu and Feions are occupied in both A and B site with nearly portion
(45.3 and 54.7% in A and B site, respectively). This reveals that the structure of
C/CuFe;04_0.6 is partid inverse spinel structure. The first shells a Cu k-edge
originates from the Cua-O bond with four backscatters at distance of 1.932 A and
Cug-O bond with six backscatterers at distance of 2.106 A, respectively. At Fe k-
edge, the first shells at 1.859 and 1.991 A originates from Fex-O bond with

coordination number of four and Feg-O bond with coordination number of six,
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respectively. The second shells during 2.5-2.9 A with three surrounded backscatterers
related to bond between caions in octahedral sites (Feg-Fes and Fes-Cug), while the
shell around 3.3-3.5 A with six surrounded backscatterers corresponds to bond
between cations at the tetrahedral (Fea-Fea, Fea-Cua). The occupation of Fe** cation
in both A and B site was observed with nearly portion of 58.1 and 41.9%,
respectively. The structural parameters of the EXAFS fitting obtained through the
non-linear least square fitting are shown in Table 4.4-4.6. It is important to note that,
the ratio of polymer and magnetic source content is strongly affected on the cation
distribution and thus structure. It was totally inverse spinel structure for the sample
with low percentage of magnetic source than that of polymer source content as
observed in C/CuFe;O, 0.2 and C/CuFe,O4 0.4. The structure becomes partial
inverse spingl structure for the sample with higher magnetic source content

(C/CuFe,04_0.6).
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Figure 4.8 (a, b) Fourier transform in R-space of three different composite samples at
Fe and Cu k-edge, respectively. (c, d) Fourier transform in R-space with the
corresponding fitted spectra. (e, f) The k*(y(k)) plots with the corresponding fitting

spectra at Fe and Cu K-edge, respectively.
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Table 4.4 Lists of coordinate number (N), amplitude reduction (So?), Debye-Waller
factor (0%, interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Cu K-edge for C/CuFe,O,4_0.2.

Sample Site Shell N S o* R
Cu k-edge B Cu-O 6 0.817  0.00594  1.90536
C/CuFe;04 0.2 Cu-Fe 3 0.817  0.03439  2.83214
Cu -Cu 3 0.817 001372 291771
R-factor Cu-Fe 6 0.817  0.04031  3.32108
0.0020073 Cu-O 12 0.817 0.01338  4.29197
Fe-O 4 0577  0.00300  1.93286
Fe k-edge A Fe-Fe 6 0.577 0.01855 3.63419
C/CuFe;04 0.2 Fe-Cu 6 0577  0.04075  3.63419
Fe-Fe 4 0577  0.01939  3.79579
R-factor FeO-O 12 0577  0.00545  3.51095
0.0192816 I Fe-O 6 0.235  0.00300  2.09985

Fe-Cu 3 0.235 0.00928 2.99699
Fe-Fe 3 0.235 0.00222 2.99699
Fe-Fe 6 0.235 0.00260 3.51427
Fe-O-O 24 0.235 0.00510 3.58468
Fe-O 6 0.235 0.00526 3.68192
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Table 4.5 Listes of coordinate number (N), amplitude reduction (Sy?), Debye-Waller
factor (0%, interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Cu K-edge for C/CuFe,O,4_0.4.

Sample Site  Shell N S o* R
B CuO 6 0931 001251 187718
Cu k-edge Cu-Fe 3 0931 001442  3.12668
C/CuFe,0,_0.4 Cu-Cu 3 0931 001002 290524
Cu-Fe 6 0931 002414  3.75035
R-factor Cu-O 6 0931 002194  3.29143
0.0147114 FeO-O 36 0931 002620  3.93222
A FeO 4 0551 000300  1.93340
Fe k-edge Fe-Fe 6 0.551 0.03004 3.63521
C/CUFe,0,_0.4 FeCu 6 0551  0.80301  3.63521
FeFe 4 0551 003137  3.79686
R-factor FeO-O 12 0551  0.00545 351194
0.0126495 FeO-O 4 0551 000600  3.86670
B FeO 6 0167 000300 2.11766
FeCu 3 0167 000836  3.02241
FeFe 3 0167 000403  3.02241
FeFe 6 0167 000473  3.54408

FeeO-O 24 0.167 0.00512 3.61508

Fe-O 6 0.167 0.00526 3.71314
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Table 4.6 Listes of coordinate number (N), amplitude reduction (Sy?), Debye-Waller
factor (0%, interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Cu K-edge for C/CuFe,O,4_0.6.

Sample Site  Shell N S o* R
A Cu-O 4 0.453 0.00233  1.93249
Cu k-edge Cu-Fe 12 0.453 0.00720  3.46369
C/CuFe,04_0.6 Cu-O 12 0.453 0.00437 3.63955
Cu-Cu 4 0.453 0.00300 3.67111
R-factor Cu-O-O 48 0.453 0.00522 4.33572

0.0105175 B Cu-O 0.547 0.01487 2.10562

0.547 0.00655  4.34245

0.547 0.01364 2.47429

0.547 0.00768  5.09117

0.547 0.02609  3.69212

O
<
@)
o o A o o W w o

A FeO 0581  0.00300 1.85881
Fe k-edge Fe-Fe 0581 000300 3.32857
C/CuFe;04 0.6 Fe-Cu 0581 001500 3.50723
Fe-O 12 0581 000565 3.50101

R-factor FeFe 4 0581 000313 3.47657
0.0144190 FeO-O 48 0.581 0.00673  4.17027
B  FeO 0419 000300 1.99111

0.419 0.00439  2.99249

0.419 0.02919 2.88783

6
3
Fe-Fe 3 0.419 0.02490 2.46277
6
6

0.419 0.00526  3.49129
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4.1.2 Magnetic properties of C/CuFe,O, composite nanofibers.

Figure 4.9 (a) shows room temperature magnetization of CNF and C/CuFe,O4
composite nanofibers after carbonization at 535 °C for 1 h. The magnetization was
determined with applied fields of +10000 Oe at 50-390 K. It was found from Figure
4.9 (a) that, all composite samples show the ferrimagnetic behavior, while CNF
exhibit diamagnetic behavior. In terms of electronic configuration of materias,
diamagnetism is observed in materials with filled electronic subshells where the
magnetic moments are paired and overall cancel each other. The saturation
magnetization (M) of the C/CuFe,O, composite nanofibers strongly depends on the
magnetic source content and their crystallite size. The values of 0.32, 3.44 and 12.10
emu/g were obtained for C/CuFeO, 0.2, C/CuFe,O4 0.4, and C/CuFeO,4 0.6,
respectively. These values are quite low compared to the value of 33.4 emu/g of bulk
CuFe;O,4 (Goya et al., 1998) and other reports on CuFe;O, (Lv et al., 2008; Salavati-
Niasari et al., 2011). The low Mg value observed in the prepared C/CuFe;Oq
composite nanofibers is possibly due to either the existence of CNF extinguishing the
surface magnetic moment with spin canting or the effect of crystallite size causing the
disordered spins (Garcia-Otero et al., 2000). The largest Mg value obtained for
C/CuFe;0O4_0.6 is possibly due to either its largest magnetic source concentration or
the removal of the Cu®* ions from B to A site (as seen in EXAFS analysis), which had
previously compensated magnetically for some of the Cu®* ions in the B site. Room
temperature coercivity (Hc) and the sguareness (M/Ms) show crystalite size
independence behavior (Figure 4.9 (b)). The coercivity value of ~ 90 Oe was
observed for the smallest particle size of 24 nm and reached a maximum value of

~178 Oe for the C/CuFe,O,_0.4 sample with particle size of 36.29 nm. The lowest
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value of 54 Oe was observed in the C/CuFe,O,_0.6 sample with the largest particle
size of 45.73 nm. This variation is not consistent with the results obtained on
C/CoFe;04 and C/NiFe,O, composite nanofibers (sections 4.4.2 and 4.3.2) and also
other reports (Goya et a., 1998, Krupicka and Novak, 1982). It is possible that, the
largest H; for C/CuFe,O, 0.4 may arise from the specific morphology like chain
particle as seen in the Fe-SEM image (Figure 4.3 (c)). As known that, a system
containing magnetic dipoles that are arranged into a linear chain will exhibit an
increase in covercivity (Jacobs and Bean, 1955). It was aso found from Figure 4.9 (b)
that room temperature remanence ratios (M,/Ms) for C/CuFe,O,_0.2, C/CuFe,O,_0.4
and C/CuFe,O,4_0.6 were obtained to be 0.15, 0.31 and 0.13, respectively. All the
values are lower than 0.5 implying the particles are predominantly not in the single
domain state (Varma et al., 2008). It is important to note that, the remanence ratio
does not show any specific trend in respect to changing crystallite site. It is possible
that the magnetic anisotropy (e.g. magnetocrystalline anisotropy, shape anisotropy or

exchange anisotropy) plays an important role (An et al., 2009; Nawale et al., 2011).
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Figure 49 (a) Room temperature magnetization of CNF and three types of

C/CuFe;O4 composite nanofibers carbonized at 535 °C for 1 h, (b) the variation of the

coercivity (Hc) and the remanence ratio (M,/Ms) with crystallite size at room

temperature.
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In this work, the magnetic properties were measured with varying temperature
(50 — 390 K) and the results are shown in Figure 4.10. The magnetization hysteresis
loops for al composite samples show close to s-shape curve with the existent
remanent magnetization. This suggests ferrimagnetic behavior of materials (Laokul et
al., 2011). The hysteresis |oops became wider with decreasing temperature suggesting
the increase of M, M, and H.. Such behavior is possibly due to thermal fluctuations
of the magnetic moments at high temperatures, while the magnetic moments were
gradually induced and turned around in the direction of the applied field at low
temperature (Caruntu et al., 2007). For C/CuFe,O,_ 0.2 composite nanofiber, the
magnetization is not saturated at + 10 kOe even with measuring temperature of 50 K.
Thisis possibly due to either aresult of spin canting or the smallest particle size affect
to small anisotropy that requires a larger field to be saturated together. Moreover, the
non saturation aspect is postulated to arise from local defects, anisotropy and
superparamagnetic grains (Dash et al., 1999; Margulies et al., 1996). For
C/CuFe,0O4_0.4 and C/CuFeO4 0.6, the magnetizations increase with decreasing
measurement temperature and all spectratend to be saturated at 10 kOe, indicating the
particles are aready almost completely oriented for a field of around 10 kOe. This
behavior may be due to much larger magnetocrystalline anisotropy characteristic from
their large crystalite size. The variation of the squareness with the measurement
temperature is shown in Figure 4.11. The values are decrease with increasing of

temperature for al the prepared samples.
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Figure 4.10 The measuring temperature dependence of magnetization and their
corresponding zero field-cooled and field-cooled (ZFC-FC) for (a) C/CuFe;O,_0.2 (b)

C/CuFe,0O4_0.4 (c) C/CuFe;O,4_0.6 composite nanofibers.
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The zero-field-cooled (ZFC) and field-cooled (FC) of the prepared samples
were also measured at the temperature between 50 and 300 K. The results for each
sample are shown in the right hand side of Figure 4.10. It was found from ZFC that a
broad maximum centered at approximately 121 and 196 K for C/CuFe,O, 0.2 and
C/CuFe,0O4_0.6, respectively. This maximum can be assigned to the blocking
temperature (Tg) of the CuFe,O, material. No end raise of ZFC was observed for
C/CuFe;O4_0.4 indicating Tg of this sample is being higher than room temperature.
The FC magnetization curves for all samples are slightly decreases with increasing

temperature. Lists of the magnetic parametersis presented in Table 4.7
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Figure 4.11 The dependence of M,/Ms on the measurement temperature for

C/CuFe,0,4_0.2, C/CuFe;0O4_0.4, and C/CuFe,O4_0.6 composite nanofibers.
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Table 4.7 Lists of the magnetic parameters. coercivity (Hc), saturation magnetization
(My), sguareness ratio (M,/Mg) and blogging temperature (Tg) of C/CuFeO,

composite nanofibers with different magnetic source concentration.

Sample Crystallite T Hc Ms M/Ms Tg
size(nm)  (K)  (Oe) (emg/g) (K)
CICuFe;04_0.2 24.58 50 2180 0636 0.182

100 1670 0519 0.183

200 1240 0406 0175 121

300 89.5 0324 0.145

390 63.5 0.257 0.136
C/CuFe04_0.4 36.29 50 2915 4303 0.3%4

100 2700 4.090 0.347

200 173.0 3805 0327 >300

300 1780 3.442 0.308

390 1270 3.097 0.308
C/CuFe;04_0.6 45.73 50 133.0 14.259 0.309

100 1720 13.789 0.277

200 81.0 13157 0149 196

300 541 12105 0.126

390 275 10968 0.077
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4.1.3 Electrochemical properties of C/CuFe,O, composite nanofibers
To identify the electrochemical properties of CNF, C/CuFe,O,4, and CuFe,O4
electrodes, the cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and
electrochemical impedance spectroscopy (EIS) were performed. The measurements
were carried out in three eectrodes system using 0.5 M NaSO, and 1 M KOH of
agueous electrolyte. The GCD was measured at a variety of current densities (0.1to 1
A/g). The impedance behavior of electrodes was tested in a frequency range of 0.1-
10° Hz. The effect of different electrode type on the eectrochemica properties is
investigated.
4.1.3.1 Cyclic Voltammetry measurement
Figure 4.12 shows the voltammogram (CV) of CNF, C/CuFe,O, and
CuFe,O, eectrodes, in which was recorded over the potential window of -0.3to 2 V
in 0.5 M NaSO,. It was found that, the area surrounded by CV curves for the
C/CuFe,O4 composite electrode is larger than that of other two electrodes suggesting
the largest induced current and thus supporting the high cell capacitance. No any
redox peak was observed for pure CNF revealing to typical double layer behavior
(Wen et al., 2009; Qu et al., 2008). For pure CuFe, O, and C/CuFe,O, electrode, the
redox peak was observed suggesting the charge storage mechanism via the
reduction/oxidation transition of CuFe,O,. During oxidation reaction, ions are
transferred from electrolyte to the electrode (generated positive current), while the
ions are released back into the electrolyte during reduction reaction (generated
negative current). The large anodic peak appears at around 0.85 and 0.60 V for
C/CuFe;0, and CuFe,Oq, respectively. Such behavior could be attributed to the

oxidation reactions of both metallic Fe and Cu (Rongier et al., 1998). In the reverse
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scan, the cathodic peak appears at around 0.25 and 0.1 V for C/CuFe;O, and
CuFeQ,, respectively. By the variation of CV curve with the scan rate of 10-200
mV/s, the current density increases with increasing of the scan rate because flux
towards the electrode is large at faster scan. For CNF and CuFe,O, electrodes, the
enlarging voltages from -0.3 to 2.0 V generate the oxygen evolution from the water
electrolysis. This behavior could be avoided due to the oxygen evolution causing
large pseudocapacitance of electrochemica cell. The redox peaks of CuFe,O, and
C/ICuFe;O, electrodes still exhibit (at different potential) with the varying scan rate,
indicating a good rate capability of electrode (Yang et al., 2011). For C/CuFe,O,
electrode (Figure 4.12 (b)), the anodic and cathodic peaks are in the range of 0.4 -
0.85V and 0.01 - 0.25 V, respectively. The peaks in forward scan could be assigned
to the stepwise oxidation of Fe’/Fe*" (~0.7 V), and the cathodic peak in the reverse
scan corresponds to the reaction of Cu™*/Cu?* (0.1 - 0.25 V), respectively (Xing et al .,
2013). For pure CuFe,O, electrode (Figure 4.12 (c)), the anodic peak is clearly seenin
the range of 0.3 - 0.75 V, while the cathodic peak was observed in the range of 0.17 -

0.29 V. It isimportant to note from the voltammogram of C/CuFe,O, electrode that,

the potential separation between two peaks (AEpp) depends on the scan rate, where
AE,, is aparameter used for classified mgor difference between areversible and an

irreversible voltammogram. The AE, values increase with increasing of scan rate as

seen in Table 4.8 indicating the C/CuFe,O, electrode exhibited the irreversible
behavior. The increase of peak separation with increasing scan rate may be due to the

effect of resistance or the increase of over potentials (Tang et al., 2012).
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Table 4.8 Lists of anodic and cathodic potentia of C/CuFe,O,.

Scan rate Eanodic Ecahodic AE
(mV/s) V) V)
10 0.418 0.256 0.162
50 0.571 0.198 0.373
75 0.627 0.133 0.494
100 0.667 0.0615 0.606
150 0.736 0.0972 0.639

200 0.857 0.0189 0.876
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Figure 4.12 (d) shows the specific capacitance as a function of scan rate for
CNF, C/CuFe,0, and CuFeO, electrodes, where the specific capacitance was
obtained from integrating the CV curve as Eq. 3.16. It was found that, the specific
capacitance of materials decreases with increasing of scan rate. This is because short
time at high scan rate caused large interna resistance and retarded the penetration of
electrolyte ions into inner pores during charge (Wang et al., 2006; Y uan et al., 2008).
At the scan rate higher than 30 mV/s, the specific capacitance of C/CuFe,QO; is higher
than those of pure CuFe,O, and CNF electrodes, respectively. This is possibly
becauase large surface area of C/CuFe,O, yields higher density supporting the
electrolyte ions penetration and thus high capacitance. It is also possible that, the
copper ferrite nanoparticles in the CNF matrix support the faster ions transport by
reducing the distance to the inside electrode (Patil et al., 2012; Li et al., 2010). At
scan rate of 10 mV/s, the specific capacitance was obtained to be 191 F/g for
C/CuFe;O, electrode. This value is close to those values previously reported on spinel
ferrite electrodes such as RGO/CoFe,O, (123.2 F/g) and GO/CoFe,O,4 (21.1 F/g) (He
etal., 2012).

Figure 4.13 shows the voltammograms of CNF, C/CuFe,O, and CuFe,O,4
recorded in 1 M KOH electrolyte over the potential windows of -0.2t0 0.35V. It was
found that, the trend of area surrounded by CV curvesis similar to that tested in 0.5 M
NaSO, electrolyte. The area curve of C/CuFe,O, composite electrode is larger than
that of CuFe,O4 and CNF electrodes, respectively, implying that C/CuFe,O, electrode
has higher electrochemical performance than that of CuFe,O, and CNF, respectively.
The operating windows of -0.2 to 0.35 V are lower than those of 0.5M NaSO,

electrolyte (-0.3 to 2 V) due to the problem of hydrogen-oxygen evolution. No any
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redox peak was observed for pure CNF, confirming the typical double layer behavior
of electrode (Wen et al., 2009; Qu et al., 2008). For C/CuFe,0O, and CuFe,O,
electrodes, the cathodic peak was observed at nearly 0.25 V. By varying the scan rates
between 2 and 200 mV/s, the current density increases with increasing the scan rate.
The CV of CNF exhibited rectangular shape at low scan rates (< 50 mV/s). While at
increased scan rate, the shape deviates from rectangular possibly due to relatively
slow diffusion of electrolyte ions within the electrode material (Sharma et al., 2008:
Peng et al., 2011). The cathodic peak potential of pure CuFe,O, is amost stable with
the variation of scan rate, while small variation in the range of 0.21- 0.23 V was
observed for C/CuFe,O, el ectrode suggesting the reaction of Cu**/Cu?* (0.1-0.25 V).
The corresponding specific capacitances as a function of scan rate are shown in
Figure 4.13 (d). The specific capacitance of all values for all the prepared electrodes
are lower than that reported in 0.5 M Na,SO, solution due to the narrower potential
window used. However, C/CuFe,O, electrode still shows larger value than that of
other two electrodes confirming the better electrochemical performance after making
composite of a CNF with CuFeO,4. This superior electrochemical capacitive
performance can be attributed to the combined contribution of the redox
pseudocapacitance of CuFe,O, and the electric double layer capacitance of CNF.

The cycle stability of CNF, C/CuFe,O4 and CuFe,O, e ectrode was observed
by repeating the cyclic voltametry for 1000 cycles. The plots of the specific
capacitance retention against the cycle number are shown in Figure 4.13 (e). It was
found after 1000 cycles that, high capacitance retention with the values of 97, 86 and
79% was observed for CNF, C/CuFe,O, and CuFe,O, €electrodes, respectively. The

best cycle life of CNF electrode compared to the other two samples may be becauase
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either fast ion response or large CNF network structure restricts the change of
electrode during charge/discharge process. The cycle ability drops significantly for
C/CuFe,0, and CuFe,O electrodes, respectively, mainly attributed to pseudo
capacitance arising from CuFe,O, nanoparticles. The better rate capability of
C/CuFe;O, than CuFe,O, electrode is possibly due to its charge carriers that could be
effectively and rapidly conducted back and forth from the CuFe,O, nanoparticles to
the current collector through the highly conductive CNF. Moreover, with the free
space between the CuFe,O, nanoparitcles in CNF matrix working as an elastic buffer,
this electrode could accommodate larger volume expansion/contraction compared to
that of the pure CuFe,O, electrode. For CuFe,O, €electrode, the large particle size
from the agglomeration of CuFe,O, nanoparticles could be pulverized due to large
volume changes during charge/discharge processes, and thus leading to fast capacity
fading. Other facetors such as the dissolution of active materia in electrolyte and the
instability of electrode also have strongly affected on the fade in capacitance (Yu et

al., 2011)
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Figure 4.13 Cyclic voltammograms (CV) at different scan rates of (a) CNF, (b)
C/CuFe,04, and (c) CuFeO, electrodes in 1.0 M KOH €ectrolyte. (d) The
corresponding specific capacitance at different scan rates. (€) The specific capacity

retention of CNF, C/CuFe,O, and CuFe;O, electrodes at 1000 cycles.
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4.1.3.2 Galvanorstatic charge/discharge measurements

Figures 4.14 (a), (b), and (c) show the representative charge/discharge
curves of CNF, C/CuFe,O, and CuFe,O, electrodes, respectively, at different current
densities of 0.1, 0.25, 0.5, 0.75, and 1.0 A/g. It was found that, the shape of
charge/discharge curves for al the prepared electrodes is not ideal. The distortion
shape of curve is strongly observed in CuFe,O, and C/CuFe,O, electrode. Note that,
their discharging curve is nonlinear due to the redox reaction during the discharge
process (Yang et al., 2010). The charging process is longer than the discharging
process for al spectra indicating a slow entrance of e ectrolyte ions into micropores
(Maet al., 2014). The coulomb efficiency (%) was also calculated at current density
of 1 A/g. Thevalues of 73.5, 72.7 and 79 were obtained for the CNF, C/CuFe,O4, and
CuFe,O, electrodes, respectively. All the values are less than 99% for very symmetric
triangular shape. Figure 4.14 (d) shows the corresponding Ragone plot of CNF,
C/CuFe,04 and CuFe,O, €electrodes. It was found that, the energy density for al the
prepared electrode are very low compared to that of carbon-based EDLCs electrode
(~BWh/kg) (Bao et al., 2008), but the vaue is in the range of electrochemical
capacitor electrode (Simon et al., 2008). At current density of 1 A/g, the energy
densities of about 0.17, 0.172 and 0.10 Wh/kg with corresponding power densities of
244.8, 310.4, and 380.2 W/kg were obtained for the CNF, C/CuFe, O, and CuFe;O4
electrodes, respectively. At each current density, the power density of CuFe,O,
electrode is higher than those of the other two samples. In contrast, the C/CuFe,O,
and pure CNF show higher energy density compared to pure CuFe;O,. It is speculated
that, their fibrous morphology with optimized pore size of the C/CuFe,O, and pure

CNF alow them to achieve high energy density. The energy density and power
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density of C/CuFe,O,4 show dlightly higher than that of pure CNF at the same current
density. This is possibly due to the conductivity enhancement of materia electrode

after making a composite of CNF with CuFe,O4 nanoparticles.
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Figure 4.14 Gavanostatic charge/discharge curves of (a) CNF, (b) C/CuFe,O,4, and
(c) CuFe; 04 electrodes at current densities of 0.1, 0.25, 0.5, 0.75and 1.0 A/gin 1 M

KOH electrolyte solution. (d) The corresponding Regone plot.
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4.1.3.3 Electrochemical Impedance Spectroscopy (EIS) measurements

The electrochemical behavior was further study by EIS experiment. EIS
is an electrochemical technique for evaluating the charge transport behavior and
probing the resistance at electrode/electrol yte interface. In this work, the measurement
were performed after cyclic voltammetry technique and carried out in the frequency
range of 0.1 Hz — 10° Hz in 1 M KOH. The results were presented either in the
Nyquist plot, the plot of the opposite imaginary part impedance (-Z") versus the real
part impedance (Z') or the Bode plot: the frequency dependence of phase angle (f Vs
f) and the frequency dependence of impedance (Z Vsf) plots.

Figure 4.15 shows the Nyquist plots of three prepared electrodes (CNF,
C/CuFe;0O, and CuFe,O,4). The Nyquist plot of the CNF electrode shows almost a
straight line at low frequency without semicircle arc at high frequency region
implying no charge transfer resistance (Ry) and good electrical conductivity
(Laforgue, 2011). For C/CuFe;O, and pure CuFe,O, electrodes, a single semicircle at
high frequency was observed attributed to the charge transfer resistance (Ry). The
doping line at low frequency region is caled the Warburge resistance (W),
representing the frequency dependence of ion diffusion into the bulk of the electrode
surface (Cheng et al., 2011). The Warburg impedance is small if the diffusing
reactants don't have to move very far (at high frequency). The deviation of straight
line from the vertical axisis attributed to large diffusion resistance for electrolyte ions
(Wang et al., 2006). A steepest slope indicates good capacitive behavior and

corresponds to electrodes that efficiently allow ions to penetrate pores.
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According to the Nyquist plot, the x-intercept on rea axis (Z') at high frequency
represents a combined resistance (Rg) including intrinsic resistance of electrode
materialss, ionic resistance of electrolyte and contact resistance between electrode and
current collector (Khomenko et al., 2006; Wang® et al., 2012). The values of 6.6, 8
and 9.03 Q were obtained for CNF, C/CuFe,O4 and CuFe,O, electrodes, respectively.
The charge transfer resistance can be estimated from the semicircle diameter and was
obtained to be 0, 6.3 and 7.27 Q2 for CNF, C/CuFe,O, and CuFe,Q,, respectively. The
lowest value for the CNF electrode suggests that the well-aligned structure of CNF
provides commendable channels for the electrolyte ion and current transport, and thus
supporting better electrolyte ions pore accessibility (Wang et al., 2010). High charge
transfer resistance for C/CuFe,O, and CuFe,O, electrodes is possibly due to
roughness surface from CuFe,O, causing the enlarged contact area and aggregation of
the nanoparticles that may block the penetration of electrolyte ions. However, the
introduction of CuFe,O, in CNF matrix is caused shortened electrolyte ion diffusion
paths. Therefore, it is speculated that, the electron and ions can be more easily
transferred, resulting in better electrolyte pore accessibility, and this thus enhances
electrical conductivity (Snook et al., 2011). Moreover, the composite of CuFe,O,4 with
CNF matrix can effectively suppress the aggregation of CuFe,O, nanoparticles, and
thus resulting in high surface area. The large interface area not only provides more
electron ions insertion/extraction sites, but also facilitates fast ion transfer between
electrode and electrolyte, thus leading to a large reversible specific capacity of the
nanocomposite electrode (Zhu et al., 2011). This behavior was confirmed by lower
charge transfer resistance of C/CuFe,O, than CuFe,O, electrode. In addition, the

slope line at low frequency increases and tends to become more purely capacitive for
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the pure CNF, C/CuFe,O,4, and CuFe,O, electrodes, respectively. The results suggest
that, the electrolyte greatly penetrates into the interior of bulk CNF than that of
C/CuFe,0, and CuFeO, respectively. The shortest length for CuFeO, cell
indicating that the electrolyte ion just surface being accessed.

Figure 4.16 shows the Bode plots for CNF, C/CuFe,O, and CuFe,O4
electrodes in 1M KOH electrolyte solution. Figure 4.16 (a) shows the frequency
dependence of phase angle during 0.1 to 10° Hz. It was found from the plots that, the
phase angle decreases and is closed to zero with the increase of frequency. At
frequency of 0.1 Hz, the phase angles of -56.3 °, -54.3°, and -46.4°, respectively were
obtained for the CNF, C/CuFe,O, and CuFe,O, electrodes, respectively. All the
values are not even close to -90° for ideal capacitors (Conway, 1991). The value
decreased from -54.3 °, for C/CuFe,O, to -46.4° for CuFe,Oy, indicating further
transition to more pseudocapacitive properties (Krishnamoorthy et al., 2014).
Normally, the Warburg impedance exhibits a phase shift of 45°. The values of

capacitor response frequency ( f,) at the phase angle of -45° were about 21.2, 4.5 and

0.88 Hz, for CNF, C/CuFe,O, and CuFeO, e€lectrodes, respectively. The
corresponding relaxation time constant 1o was calculated by using the equation

t,=1/f, and was obtained to be about 0.047, 0.22 and 1.14 s. The lowest time

constant of CNF electrode supported high power delivery or fast charge-discharge
process (Girija and Sangaranarayanan, 2006; Burke, 2000). Figure 4.16 (b) shows the
frequency dependence of impedance for CNF, C/CuFe,O, and CuFe,O, electrodes at
0.2 V. At the frequency less than 20 Hz, the CNF electrode showed largest impedance

and became lowest at the frequency over 30 Hz. The C/CuFe,O, electrode showed
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lower impedance value than CuFe,O, electrode at all frequency over 7 Hz implying

its better capacitance.
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4.2 C/CoFe,04 composite nanofibers

4.2.1 Structural and morphology characterization

4.2.1.1 Thermo gravimetric ananlysis (TGA) of the electrospun-based
C//CoFe,O4 composite nanofibers.

To determine the suitable heat treatment condition to form the composite
phase of carbon and CoFe,O,, the as spun PAN and PAN composite with different
magnetic source content were analyzed by using TGA. The measurements were
performed by using the heating rate of 10 °C/min in the temperature range of 25 to
1200 °C under air and N, atmosphere. The weight loss spectra as function of
temperature are presented in Figure 4.17. It was found that, the TGA spectra of pure
CNF, C/CoFe,04_0.2, and C/CoFe,O4_0.4 show three main steps of weight loss in
the range of ~20 -295, ~295- 470 and ~ 620-1200 °C. While for C/CoFe,O,4_0.6, the
plateau after 1100 °C was also observed. Pure CNF starts to decompose at about 295
°C, while the starting weight loss at lower temperature was observed for the
composite nanofibers. The remaining weight percentage at 295 °C with the value of
~44, ~56, and ~82 and ~92 %, were obtained for C/CoFe,O4 0.6, C/CoFe;O,4 0.4,
C/CoFe,O4_0.2, and pure CNF, respectively. The results suggest that, higher weight
loss was observed for the samples with higher magnetic source content. The major
weight loss at ~295 - 470 °C relate to the decomposition of metal nitrates along with
the degradation of some PAN polymer chain. The selected stabilization temperature
could be lower than this range of temperature to obtain a large amount of fina
products. After major weight loss, the common short plateau between 471 and 620 °C
was observed. The crystalline CoFe,O,4 could form as the decomposition of metal

product at this range of temperature (Maensiri and Nuansing, 2006). The plateau after
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1100 °C for C/CoFe,O4_0.6 indicating the carbon for this material amost burned
away under inert gas atmosphere. The in set figure shows weight loss of electrospun
under air atmosphere. Two weight lost steps (at ~300 and ~400 °C) and the flat of

curve in the range of 400 up to 1200 were observed.
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Figure 4.17 TGA curves of CNF and C/CoFe,O, composite nanofibers under N

atmosphere and air atmosphere (in set).



102

4.2.1.2 X-ray diffraction (XRD) analysis of C/CoFe,O, composite
nanofibers

Figure 4.18 shows XRD patterns of the CNF and C/CoFe,O, composite
nanofibers with different magnetic source content after being stabilized at 220 °C for
1 hin air atmosphere followed by carbonized at 535 °C for 1 h under mixed of air and
argon atmosphere. The diffraction peaks at 18.6, 30.4, 35.8, 37.4, 43.4, 53.9, 57.4,
63.1 and 75.5° relate to crystallite planes of (111), (220), (311), (222), (400), (422),
(511), (440), and (622), respectively, of cubic spinel structure (Fd3m) CoFe,O, (PDF
card no. 22-1086) (Thang et al., 2005). The XRD pattern exhibits considerable line
broadening consistent with the fine-particle nature of the cobalt ferrite. The broad
diffraction peak at around 26 = 26.0° and weak peak at 44.0° indicate the formation of
graphite structure (Yang et al., 2012) and can be indexed to (002) and (101) planes of
the PDF card no. 75-1621, respectively. The weak diffraction peak (002) of graphite
with increasing magnetic source content may be due to the crystal growth of CoFe,O,
between the interlayer of graphite destroyed the regular layer stacking (Fu et al.,
2012). The average particle size (D) of CoFe,O, was calculated by using Scherrer’s
equation (Klug and Alexander, 1974). The obtained values were 21.54, 54.36 and
44.92 nm for C/CoFe,O4_0.2, C/CoFe,O4_0.4 and C/CoFe,O,4_0.6, respectively. The
larger particle size of C/CoFe,O4_0.4 than that of C/CoFe,O4_0.6 is possibly due to
larger agglomeration of particles. The d-spacing values of peak (311) was calculated
by using Bragg’s law and the obtained values of 2.511, 2.517 and 2.506 A were
obtained for C/CoFe,O4_ 0.2, C/CoFe,O4_ 0.4, and C/CoFe;O, 0.6 respectively. All
the d-spacing values are slightly lower than 2.53 A for a cubic CoFe,04 (JCPDS 22-

1086) possibly due to the effect of CNF matrix. The d-spacing value of 3.33 nm for
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pure CNF is close to the typical structure of well graphitized carbonaceous materials

(3.38 nm). The lattice constants of 8.372, 8.391 and 8.353 A for C/CoFe,0, 0.2,

C/CoFe,04_0.4, and C/CoFe,O,_ 0.6, respectively are close to 0.8391 + 0.005 A of

the bulk CoFe,O, (Mendelson, 1969).
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Figure 4.18 XRD patterns of (a) CNF, (b) C/CoFe,O4_ 0.2, (c) C/CoFe,0O4_ 0.4 and

(d) C/CoFe,O,4_0.6 composite nanofibers.
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4.2.1.3 Morphology of C/CoFe,O, composite nanofibers by FE-SEM
and TEM

The morphology of CNF and C/CoFe,O, composite nanofibers before
and after carbonization was investigated by Fe-SEM images. The results are revealed
in Figure 4.19. It is evident from SEM micrograph that, each individua of as-spun
nanofibers before heat treatment appeared long straight and uniform in cross-section
with the diameters range from 530-790 nm. The presence of beads in as spun pure
PAN is possibly due to low concentration of the solution without magnetic source
(Zhang® et al., 2009), The presence of beads is a common problem as they can
decreased specific surface area of fibers (Li and Xia, 2004; Demir et al., 2002). No
any beads were observed for al electrospun composite nanofibers. After
carbonization at 535 °C, the fibers diameters shrinkage of about 11.8, 24.3, 24.6 and
22.3% were obtained for CNF, C/CoFe,O,4_0.2, C/CoFe,O4_0.4 and C/CoFe,O4_0.6,
respectively. The shrinkage was due to the combustion of PAN resulting in weight
loss as presented in TGA curve. Moreover, the fibers started to filmy, attached to
other fibers and the uniformity got worse were observed in C/CoFe,O, 0.6 (Figure
4.19 (d)).

Figure 4.20 shows the TEM images with corresponding selected-area
electron diffraction pattern (SAED) of pure CNF and C/CoFe,O, composite
nanofibers. The TEM bright field images of the composite nanofiber show clearly the
CoFe;O,4 nanoparticles with the average particle size of 10-50 nm embedded within
the CNF matrix. The corresponding SAED patterns of C/CoFe,O, composite
nanofiber correspond to the crystal plane observed in the XRD patterns. The presence

of severa continue rings diffraction spots, denotes the nanocrystalline CoFe;O,4. No



105

any spotty rings were observed in SAED of pure CNF due to its amorphous

characteristic.

Figure 4.19 SEM micrographs of the electrospun C/CoFe,O, composite nanofibers
before carbonization (left), the fibers after carbonization (middle) and their Fe-SEM
images (right), respectively of (a) pure CNF, (b) C/CoFe,O4_0.2 (c), C/CoFe,O,4_0.4,

and (d) C/CoFe,O4_0.6.
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Figure 4.20 TEM bright field images (left) with the corresponding SAED pattern
(right) of (& pure CNF, (b) C/CoFeO, 0.2, (c) C/CoFe0O, 0.4, and (d)

C/CoFe,O4_0.6 composite nanofibers.
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4.2.1.4 The structure fingerprints of C/CoFe,O, composite nanofibers
characterization by Raman spectroscopy.

The structure of pure CNF and C/CoFe,O, composite nanofibers were
further study by Raman spectroscopy. In this work, the Raman spectra of CNF and
C/CoFe, O, composite nanofibers are shown in Figure 4.21. The Graphite-like carbon
materials usually exhibit G and D band at around 1580 cm™ and a pesk at 1350 cm™,
respectively (Ferrari, 2007). To characterize the graphitzation or defect quantities, the
intensity ratio of the D and G band (R = Ip/lg) was evaluated by using the Lorentzian
fitting. High intensity ratio was observed for the carbonaceous materials with high
degree of defects, while the value tend to zero refer to the material that composed
entirely of sp°> bonded carbon. In this work, the values of 1.60, 1.57, 1.83 and 1.42
were obtained for CNF, C/CoFe0O, 0.2, C/CoFe0O4 0.4 and C/CoFeO,4 0.6,
respectively. The lowest value of 1.42 for C/CoFe,O,_0.6 suggests the greatest degree
of graphite cluster in the sample (Ji and Zhang, 2009). It is possible that high
concentration of magnetic source acts as graphitization catalyst. All prepared samples
show lower R value than those values observed in the disordered structures (Ip/lg > 4)
(J and Zhang, 2009). In this work, the in-plane graphitic crystallite size (L) was also
calculated from the data fitting using the equation: L, (nm) = C (X) / (Io/lg), where C
(532 nm) is constant and is ~ 4.4 (Knight and White, 1989). According to the
equation, high defects high the D peak intensity and thus the smaller L,. The L, values
of 2.75, 2.80, 2.41 and 3.10 were obtained for CNF, C/CoFe,O,_ 0.2, C/CoFe,O,_0.4
and C/CoFe,O,_0.6, respectively. The result is in good agreement with observed in

C/CuFe;O4 group. Lists of Raman parameters are presented in Table 4.9
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Figure 4.21 Raman spectra of (a) pure CNF, (b) C/CoFe,O,_0.2, (c) C/CoFe,O4_0.4,

and (d) C/CoFe,O4_0.6 composite nanofiber.
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Table 4.9 Lists of Raman peak height, Raman peak width, R vaue (Ip/lg) and in
plane graphite crystallite size (L) of CNF and C/CoFe,O, composite nanofibers with

different magnetic source concentration.

Sample Peak height Peak width R Lo
(cm™) (cm™) (nm)
D G 2D, 2D, D G 2D, 2D,

CNF 1981 12363 329.8 3134 1835 1082 2427 2984 160 275

C/CoFe,0O, 2568 16369 3238 288.4 206.8 1434 326.5 3141 157 280
0.2

C/CoFe,0O, 1832 10033 1862 311.3 2081 1164 2295 2781 183 241
04

C/CoFe,0O, 1142 804.6 82.5 86.0 1772 8740 195.1 3735 142 310
0.6

4.2.1.5 Characterization of surface area of C/CoFe,O, composite
nanofiber by the Brunauer-Emmett-Teller.

Figure 4.22 shows the N, adsorption/desorption isotherms of CNF and
C/CoFe,O, samples with different CoFe,O4 source content. According to IUPAC
classification (section 3.2.6), the isotherm of pure CNF is type | with a small loop at
high relative pressure (P/P, >0.8) suggesting micro pore structure with the
presentation of small meso and macro-pores. C/CoFe,O4_ 0.2 and C/CoFe,O, 0.4
exhibited type | without a small loop at high relative pressure suggest the micropore
structure. The isotherms of C/CuFe,O4_0.6 exhibit a typical 1V with H3 hysteresis
loop characterizing the appearance of mesopores (Inagaki et al., 2010). The
adsorption jump was observed between partial pressures of 0.45-0.95, followed by a
linear increase up to 0.99. The average pore size values of 23.2, 4.35, 8.29 and 4.26

nm were obtained for CNF, C/CoFe,O4 0.2, C/CoFe,0O4 0.4 and C/CoFe,O4 0.6
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respectively. The composite nanofibers show significant low value compared to pure
CNF. In electrochemical studies, the ability to store charge of cell is dependent on the
accessibility of the ions to the porous surface-area, so €electrolyte ion size and
electrode material pore size must be optimal. The BET surface area was found to be
about 30, 121, 60 and 151m?g for CNF, C/CoFe,O, 0.2, C/CoFe,0, 0.4 and
C/CoFe,0O4_0.6, respectively. It is speculated from the result that, the composite of
CNF with CoFe,O4 may effectively reduce the aggregation of CoFe,O,4 nanoparticles
and thus leading to larger specific surface area compared to pure CNF. The BET
specific surface area, the mean pore diameter and the total pore volume of the CNF
and C/CoFe,O, composite nanofiber with different metal source concentration are

listed in Table 4.10.
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Figure 4.22 N, adsorption/desorption isotherms of (@) pure CNF, (b) C/CoFe,O,4_0.2,

(c) C/CoFe04_0.4, and (d) C/CoFe,O4_0.6 composite nanofibers.
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Table 4.10 Summary of mean pore diameter, surface area and total pore volume of

CNF and C/ CoFe, O, composite nanofibers with different metal source concentration.

Samples Mean pore diameter Surface area Tota pore volume
(nm) (m?/g) (cm’/g)
CNF 23.22 30.07 0.0178
C/CoFe,04_0.2 4.36 120.54 0.1313
C/CoFe 04 0.4 8.30 59.82 01240
C/CoFe,04_0.6 4.26 151.15 0.1609

4.2.1.6 X-ray absorption spectroscopy study of the Fe and Co K- edge
in C/CoFe,O4 composite nanofibers.

In order to determine the oxidation states of Co and Fe ions in
CoFe,0O4, XANES spectra at room temperature were measured at Fe and Co K-
absorption edges. Figure 4.23 shows the normalized XANES spectra at the Fe and Co
K-edge and their corresponding first derivatives spectra for the C/CoFe,O, composite
nanofibers. The oxidation states of Fe and Co in CoFe,O, nanoparticle are shown
along with the standard samples of Fe foil, FeO, Fe,O; ,Fe;04, Co foil, CoO and
Cos0, for Fe°, Fe?*, Fe** |Fe?*** Co™, Co?*and Co®*, respectively. X ANES spectra at
Fe K-edge show similar to Fe,O; for all the prepared samples indicating Fe**oxidation
state. The results were confirmed by their first derivatives plot as shown in Figure
4.23 (c). The pre-edge peak at Fe K-edge (1s to 3d transitions with 3d-4p mixing)
(Grunes, 1983) was observed for all the prepared samples. Strong intensity peak is
typical for Fe atom in tetrahedral site and the results are consistent with the EXAFS

observation which will be discussed later. At Co K-edge, the spectra of
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C/CoFe;04_0.2 and C/CoFe,04 0.4 look very similar to CoO, and it could be
concluded from the first derivatives plot (Figure 4.23 (f)) that the oxidation state of
cobalt are +2. The XANE spectra for C/CoFe,O4_0.6 show distinct features and it
seems to arise from a combination of CoO and Co30, (as inset of Figure 4.23 (d)).
The result was confirmed by edge energies (Table 4.11) and its first derivatives plot
that, Co ionsin C/CoFe,O,_0.6 were mixed oxidation state of Co*? and Co* athough
these phases were not found in the XRD patterns. The pre-edge peak at Co K-edge for
the C/CoFe,O4_0.6 is largest suggesting huge occupation of Co?*in A site. Low Co?*
ionsin B site may be attributed to two possible reasons. First, it is possibly due to the
transition of Co®" ions to A site. Second, it is the effect from the combination of
second phases of CoO and Co304, as known that CoszO, is the normal spinel structure
where Co®" and Co®* ions occupy A sites, respectively. Lower intensity pre-edge peak
of C/CoFe;O,_0.2 and C/CoFe,O,_0.4 samples at Co K-edge indicates the fraction of
Co®* is mostly located at B site confirming the inverse spinel structure of material.
The results are compatibility with the EXAFs study, in which presented in the next
part. The edge energies and oxidation states at Fe and Co K-edge for al the prepared

samples arelisted in Table 4.11.
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Table 4.11 Edge energies and oxidation states of all C/CoFe,O, composite nanofibers

along with the standard samples.

Sample/standard Edge element Oxidation state Absorption edge
(eV)
C/CoFe,04_0.2 Fe +3 7125.03
Co +2 7720.42
C/CoFe,0O4_0.4 Fe +3 7125.17
Co +2 7720.79
C/CoFe,04_0.6 Fe +3 7125.09
Co +2,+3 1722.17
Fe Fe 0 7112
FeO Fe +2 7120.65
FesOy Fe +2,+3 7123.40
Fe,Os Fe +3 7124.85
Co Co 0 7708.96
CoO Co +2 7720.79

Co30,4 Co +2,+3 7724.4
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To further understand the environment of Co and Fe atom in CoFe,O4
structure, the EXAFS data at Fe and Co K-edge for all composite nanofibers were
studied. As known that, the distribution of cations over A and B sites of spinel ferrite
materials strongly influence on their magnetic and electrical properties. In this section
the distribution of cations (Co*" and Fe*") in CoFe,O, was studied. Normally, bulk
CoFe,0, is inverse speinel structure. The divaent cations (Co®*) occupy B sites,
while the trivalent cations (Fe*") occupied in both A and B sites. In EXAFS andlysis,
the Fourier transforming was performed in the range of 2.5-10 A™. The k% (k)
weighted in k space and the corresponding Fourier transform (FT) in R space from
experiment and fitting results without phase correction of some prepared samples are
shown in Figure 4.24. It was found from the study that, the profiles at Co and Fe K-
edges of C/CoFe,O,_0.2 are similar to those of C/CoFe,O4_0.4 apart from a dlightly
reduction in the amplitude of the peaks (Figures 4.24 (a), (b)). The result indicates
their similarity of the local environment around the absorber Fe** or Co®*. The
EXAFs profile of C/CoFe,O, 0.6 shows significant difference, indicating its
structural environment around Fe*" and Co?* is different.

At Fe K-edge of C/CoFe,O4_ 0.2, the first shells fitted indicate that A site
cation is surrounded by four nearest oxygen backscatterers at a distance 1.933 A (Fea-
0). Meanwhile, the B site cations have six backscatterers (Feg-O) at distance of ~2.14
A. The results were also observed in C/CoFe,O,_0.4 but the interatomic distances are
dightly lower (1.930 A for Fea-O; 2.071 A for Feg-O). The second shell fitted at the
distance of ~3 A (3.049 and 2.951 A for C/CoFe,O, 0.2 and C/CoFe,0, 0.4,
respectively) with three metal backscatterers is typical for cations occupied B sites

(Fes-Cog, Fes-Feg). Meanwhile, at ~3.6 A surrounded by six metal backscatterers, it
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istypical of the cations occupying in either A or B site (Fea-Fea = 3.635 A ; Fea-Con
=3.635 A and Fes-Fes = 3.575 A for C/CoFe,0,_0.2; Fea-Fen = 3.628 A ; Fea-Coa=
3.628 A, and Fes-Fes = 3.466 A for C/CoFe,O, 0.4). Moreover, the cations
occupying A site with four metal backscatters were observed at the distance ~3.8 A
(Fea-Fea = 3.796 and 3.789 A for C/CoFe,O, 0.2 and 0.4, respectively). At Co K-
edge of C/CoFe,O,4_0.2, the spectra show two significant nearest shell. Thefirst shells
at ~2.04 A originated from Cog-O bond with coordination number of six, while the
second shells was found at ~2.53 A corresponds to Cog-Cog neighbors located at B
site. For C/CoFe,O4_0.4, the absorber environment does not change significantly
from that of the C/CoFe,0, 0.2 (2.02 A for Cog-O and 2.94 A for Cog-Cog). It
should be noted for Fe and Co K-edges that, the shorter interatomic distance of Fe-O
than Co-O in C/CoFe,O, and C/CoFe;0, 0.4 is due to smaller atomic radius of Fe®*
compared to Co** (Kravtsov et al., 2006). The third shells at distance of ~3.5 A is
relating to the distribution of cations in A site. Then, the intense feature of second
shells when compared to the third shells reveas the major portion of Co ions located
in B site. This result confirmed the inverse spinel structure of the samples. However,
it should be noted for C/CoFe,O,_0.2 and C/CoFe,O,_0.4 that their structures are not
a perfect inverse spinel. It could be included the tetrahedral environment for Co
similar to that used for Fe in the fitting. However, the quality of the fits (R-factor) is
satisfactory. Very low R factor indicates a good quality of the fitting and confirmed
totally inverse spinel structure. Good obtained result is possibly due to less number of
Co atoms in A site and could be neglected as our assumption. For fitting spectra of
C/CoFe,0,_0.6 shown that, the first shells at 1.935 and 2.097 A originates from Coa-

O bond with coordination number of four and Cog-O bond with coordination number
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of six, respectively, while the second shells at 3.479 A and 2.412 A corresponds to
Coa-Fe and Cog-Cog, respectively. Higher feature of the second shells compared to
the first shellsis due to the large number of the surrounded Co ionsin A site with the
coordination number of twelve. According to EXAFs fitting data, it was found the
occupation of Co?* cation in both A and B site with nearly portion (58.9 and 41.1% in
A and B site, respectively). The result reveals that the structure of C/CoFe;O, 0.6 is
partial inverse spinel structure. At Fe k-edge, the first shells at 1.819 and 1.955 A
originates from Fea-O bond with coordination number of four and Fez-O bond with
coordination number of six, respectively. The second shells were found at 3.183 A
and 2.834 A corresponds to Fea-Co and Fes-Co, respectively. It was aso found from
the EXAFS fitting that, Fe** ions occupied in both A and B site with the portion of
38.5 and 61.5%, respectively. The structural parameters of the EXAFS fitting are

listed in Table 4.12-4.14.
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Table 4.12 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
Factor (0°), interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,4_0.2.

Sample Site Shell S o” R

N
Co k-edge Co-O 6 0.880 0.01400  2.03979
C/CoFe;04_0.2 B Co-Fe 3 0.880 0.02801 3.25449
3
6
6

Co-Co 0.880 0.02768 2.52536

R-factor Co-Fe 0.880 0.03277 3.41464
0.880 0.02451 3.44513
Co-O 12 0.880 0.03151 4.53261
Co-O-O0 36 0.880 0.02941 4.29592

0.0079902 Co-O

FeO 4 0614  0.00300  1.93308
Fe k-edge Fe-Fe 6 0614 002357  3.63460
CICOFe,0, 02 A Fe-Co 6 0614 073657  3.63460
Fe-Fe 4 0614 002357 3.79623

R-factor FeO-0O 4 0614  0.0600  3.86605
0.0098747 FeO 6 0.134  0.00300 213597
Fe-Fe 3 0.134  0.00987  3.04855

B Fe-Co 3 0.134  0.00417  3.04855

Fe-Fe 6 0.134  0.00987  3.57473

FeO-O 24 0.134  0.00336  3.64635
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Table 4.13 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
Factor (0°), interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,4_0.4.

Sample Site Shell N S o* R
Co k-edge B Co-O 6 0670 001012  2.01627
C/CoFe,0,_0.4 CoFe 3 0670 001627  3.19223
Co-Co 3 0670 001414  2.94488
R-factor CoFe 6 0670  0.01903  3.40560
0.0055208 CoO 6 0670 0.01774  3.46210

Co-O 12 0.670 0.02278 4.53656

Fe k-edge A FeO 4 0630 000300  1.92951
C/CoFe;04_0.4 FeFe 6 0630 006502  3.62790
FeCo 6 0630 001954  3.62790

R-factor FeFe 4 0630 006762  3.78923
0.0193022 FeO-O 12 0630 000543  3.50488

Fe-O-Fe 12 0.630 0.00300 3.86263

B Fe-O 6 0.277 0.00300 2.07113
Fe-Fe t; 0.277 0.00300 2.95601
Fe-Co 3 0.277 0.04265 2.95601
Fe-Fe 6 0.277 0.00351 3.46622
Fe-O 6 0.277 0.00525 3.63156

Fe-O-O 24 0.277 0.00510 3.53566
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Table 4.14 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
Factor (0°), interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Co K-edge for C/CoFe,O,4_0.6.

Sample Site  Shell N S o* R
Co k-edge A CoO 4 0.589 0.00180  1.93536
C/CoFe;04_0.6 Co-Fe 12 0.589 0.00300 3.47963
Co-O 12 0.589 0.00339  3.64493
R-factor Co-Co 4 0.589 0.00275 3.64238
0.0740676 Co-O-Fe 24 0.589 0.00480  3.79399
B Co-O 6 0.411 0.00300 2.09718
Co-Fe 3 0.411 0.00300 2.78802
Co-Co 3 0.411 0.00164 2.41184
Co-Fe 6 0.411 0.00352  3.26938
Co-O-0O 24 0.411 0.00512  3.58009
Co-O 6 0.411 0.00526  3.67730
Fe k-edge A FeO 4 0.385 0.00300 1.81936
C/CoFe;04_0.6 FeFe 6 0.385 0.00400  3.40233
FeCo 6 0.385 0.02869 3.18331
R-factor Fe-O 12 0.385 0.00565  3.42670
0.0485138 Fe-Fe 4 0.385 0.00786 3.44184

Fe-O-O 48 0.385 0.00673  4.08175

B Fe-O 6 0.615 0.00300  1.95489
Fe-Co 3 0.615 0.00125 2.83394
Fe-Fe 3 0.615 0.00300 3.01270
Fe-Fe 6 0.615 0.00352  3.53270
Fe-O 6 0.615 0.00526  3.42779
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4.2.2 Magnetic properties of C/CoFe,O, composite nanofibers.

The magnetic properties of CNF and three types of C/CoFe,O, composite
nanofibers with applied fields of + 10 kOe are shown in Figure 4.25. The
magnetization was measured and normalized to the whole mass measurement sample.
It was found from the M-H curve at room temperature (Figure 4.25 (a)) that, CNF
shows diamagnetic behavior, while al composite samples exhibit the ferrimagnetic
behavior with the saturation magnetization (M) increased linearly with increasing of
magnetic source content (0.22, 255 and 428 emu/g for C/CoFe0O4 0.2,
C/CoFe,04 0.4, and C/CoFeO, 0.6, respectively). The largest value of
C/CoFe,0O4_0.6 was higher than those of other carbon based composite such as
MWCNT/CoFe,O,4 (23 emu/g) (Gonzalez-Sandoval et al., 2004), CNT/CoFe,O4 (29.6
emu/g) (Jiang et al., 2010). However, al Ms obtained in our study are lower than that
of 74.08 emu/g for bulk CoFe,O4 (Okuno et al., 1992). The reasons for such behavior
are possibly due to the existence of CNF extinguishing the surface magnetic moment
with spin canting (Garcia-Otero et al., 2000). It is worth nothing that the saturation
magnetization is not linear dependent on their particle size (Table 4.15). Thisresult is
not consistent with results obtained on CoFe,O, nanoparticles reported in literature
(Zhao, et al., 2008; Chen et al., 2010). The Mg of C/CoFe;O, 0.4 (2.55 emu/g) is
much lower than that of C/CoFe,O4 0.6 (42.76 emu/g), even though the average
particle size is not much different (54 and 45 nm for C/CoFe,O, 0.4 and
C/CoFe,04_0.6, respectively). It is possible that the content of CoFe,O, also
influences on the magnetic properties. Higher content is much dominated. On the
other hand, C/CoFe,O, 0.6 with smaler crystaline size has a higher Mg than

C/CoFe,0O4_0.4 possibly due to the stronger influence of surface effect from nano
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particle. As known that the nanoparticle caused increased volume fraction of surface
atoms within the particles and thus contributes to increase of the saturation
magnetization value. The coercivity (Hc) shows crystallite size dependent behavior.
Higher particle size leads to increase of coercivity. The relationship between the
coercive field and crystallite size can be attributed to the change of the effective
anisotropy constant of the particles (Jiang et al., 1999). The coercivity values of 612,
1245 and 825 Oe were obtained for C/CoFeO, 0.2, C/CoFe,0O, 0.4 and
C/CoFe;0O,4_0.6, respectively. All H; values are close to bulk value of CoFe;Q, (750-
1000 Oe) (Craik, 1975). The enhanced coercivity of the particle dispersion in the CNF
matrix is due to the decreased interparticle dipolar interaction, in which arises from
the increased nanoparticle spacer distance for the single-domain nanoparticles (Gao et
al., 2007; Gao et al., 2008; Klabunde, 2001). The remanence ratio (M,/Ms) of 0.28,
0.502 and 0.38 were obtained for C/CoFeO, 0.2, C/CoFeO, 0.4 and
C/CoFe;0O,4_0.6, respectively. The remanence ratio of 0.502 for C/CoFe,O4_0.4 very
closed to 0.5 for a system of non-interacting single domain particles with uniaxial
anisotropy. It is expected for randomly oriented and completely blocked nanoparticle
(Maaz et al., 2007). Other values are lower than 0.5 implying that the particles are in
the multiple domain states (Varma et al., 2008). The variation of H; and M,/Mswith
crystalite size of the prepared samples at room temperature was presented in Figure
4.25 (b). Both of H; and M,/Msvalues are increased with increasing of crystallite size,
thisis well agree with the other reported on the CoFe,O./PVAc composite fiber (Ju et

al., 2008).
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The ferrimagnetic behavior for all composite nanofibers was a'so measured by
varying measuring temperature (200 - 390 K). One observes differences in shape of
the normalised hysteresis loops depending on temperatures as seen in Figure 4.26.
The hysteresis loop for all the prepared samples became wider with decrease
measuring temperature. The result suggests increasing of Ms, M, and H. due to the
suppression of thermal agitation. The squareness value decreased with increasing of
temperature as shown in Figure 4.27. The largest squareness value of 0.725 for
C/CoFe,O4_0.4 was observed at 200 K suggesting randomly oriented equiaxial
particles with cubic magnetocrystalline anisotropy at this temperature (Charles et al.,
1988). At higher temperature the squareness value is less than 0.5 refer to the particle
interact by magnetostatic interaction. The right hand side of the magnetization curve
in Figure 4.26 show zero-field-cooled (ZFC) and field-cooled (FC) spectra of the
prepared samples measured at the temperature between 50 and 300 K. It was found
from ZFC that the magnetic moment increases continuously up to 300 K. No end of
raise was observed, indicating the blocking temperature (Tg) being higher than room
temperature. The result is consistent with result obtained on CoFe,O4/carbon
nanofibers prepared by coprecipitation method (Liu et al., 2000; Chen et al., 2010).
Large Tg for al the prepared samples is possibly due to large particle size with large
volume, thus increasing anisotropy energy. This means the probability to cross over
the anisotropy barrier is decreased (Maaz et al., 2007). The corresponding values of
the coercivity (Hc), the saturation magnetization (Mg), the remnant magnetization
(M)), and the squareness ratio (M,/Mg) of CNF and C/CoFe,O, composite nanofibers

with different magnetic source concentration are summarized in Table 4.15.
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Figure 4.26 The measuring temperature dependence of magnetization and their
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C/CoFe;04_0.4 (c) C/CoFe,O4_0.6 composite nanofibers.
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Figure 4.27 The dependence of M/Ms on the measurement temperature for

C/CoFe,0,4_0.2, C/CoFe,0O4_0.4, and C/CoFe,O4_0.6 composite nanofibers.

Table 4.15 Lists of the magnetic parameters: coercivity (Hc), saturation magnetization

(Mg), sguareness ratio (M/Mgs) and blogging temperature (Tg) of C/CoFeO,

composite nanofibers with different magnetic source concentration.

Sample Crystallite T Hc Mg M/Ms Tg
size(nm)  (K)  (Ce) (emg/g) (K)
C/CoFe,0,4_0.2 21.54 200 2118 026 0462 >300
300 612 0.22 0.273
390 56 0.18 0.222
C/CoFe,04_0.4 54.36 200 4025 265 0.725 >300
300 1245 255  0.502
390 580 2.34 0.380
C/CoFe;0O4_0.6 44.92 200 1151 4337 0462 >300
300 825 4276  0.378
390 505 4143 0.322
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4.2.3 Electrochemical properties study of C/CoFe,O, composite nanofibers

In this section, the capacitive performance of C/CoFe,O, electrode were
evaluated using cyclic voltammetry (CV), galvanorstatic charge/discharge (GCD) and
the electrochemical impedance spectroscopy (EIS) techniquesin 1 M KOH €lectrolyte
solution. The CV measurement was performed in the potential range of -0.2 - 0.35 V.
The galvanostatic charge/discharge test was run at the current density of 0.1, 0.25,
0.5, 0.75 and 1 A/g. The impedance behavior was tested in a frequency range of 0.1 -
10° Hz.

4.2.3.1 Cyclic Voltammetry measurement
Figure 4.28 show cyclic voltammograms of CNF, C/CoFe,O,4 and

CoFe,O, electrodesin 1.0 M KOH electrolyte. The operating voltage potential was set
from -0.2 to 0.35 to avoid the oxygen evolution. The measured currents were
normalized with the electrode mass. It was found that, C/CoFe,O, shows the largest
area surrounded CV curve, while CNF electrode shows the smallest area No
significant current peak was observed in CV curve of CNF suggesting typical double
layer behavior of electrode (Wen et al., 2009; Qu et al., 2008). The characteristics of
redox peaks were observed in the CV curve of CoFe,O, and C/CoFe,O, electrodes
relates to electron reduction/oxidation transition. It can speculate that CoFe,O,
nanoparticles generate the pseudo capacitance. No anodic peak was observed during
the selected potential window, while the negative current peak in which arises from
the cathodic reduction was clearly observed at around 0.21 and 0.23 V for C/CoFe;O,
and CoFe,O,, respectively. This cathodic peak is probably associated with the
reduction of Fe** and Co®" of the CoFe,O; (Chu et al., 2004). According to the

varying scan rate up from 2 to 200 mV/s, the current density for all the prepared cells
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increase with increasing of the scan rate due to flux towards the electrode is larger at
faster scan. CNF electrode shows CV curves as box-like shape at lower scan rate than
50mV/s suggesting the typical for ideal capacitor behavior. The rectangular shape
distortion was observed at higher scan rate, possibly due to the electrode resistance
(Peatil et al., 2013). Each CV curve of C/CoFe,O4 and CoFe,O, electrodes still exhibit
a cathodic peak at around 0.20-0.25 V and 0.22-0.24 V, respectively, for al scan
rates. The vaues are lower than Fe**/Fe** (0.77 V) and Co**/Co®* (1.84V) possibly
due to the individual reduction processes of Fe** and Co*" emerging into one peak.
The cathodic peak of C/CoFe,O, shifted to lower potential with increasing of scan
rate compared to CoFe,O, electrode may be due to CNF matrix effect. Figure 4.28 (d)
show the specific capacitance as a function of scan rate for CNF, C/CoFe,O,4 and pure
CoFeO, in IM KOH €lectrolyte solution. At scan rate of 5 mV/s, the specific
capacitance of 42 F/g for C/CoFe,Oy is higher than that of 21.1 F/g for GO/CoFe O,
composite. However, the vaues quite low compared to 123 F/g for
Graphene/CoFe,O, composite (He et al., 2012). The result is possibly due lower
surface area of CNF than graphene yields lower current density. High value of
capacitance at low scan rate was observed for al the prepared el ectrodes possibly due
to the electrolyte ions have more time for penetrate to the pore. The specific
capacitance of C/CoFeO, is higher than that of pure CNF and pure CoFe,O, at al
scan rates may be attributed to large channels between CNF and CoFe,O, speed up
the ionic transportation into pores and supporting the specific capacitance (Ning et al.,
2011). Moreover, the combination of the pseudocapacitance behavior of CoFe,O4 and
the electric double layer capacitance of CNF well supported the enhancement of

specific capacitance.
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Typicaly, good cycle ability is one of the most important demands for
observed the electrochemical performance of electrochemical capacitor. In this work,
the specific capacitance retention is used for study long term stability of CNF,
C/CoFe;0, and CoFe, O, €electrodes. The specific capacitance retention after 1000
cycles as a function of cycle numbers for all the prepared electrodes is presented in
Figure 4.28 (e). It was found from the spectra that, the specific capacitance retention
for al samples decreased with increasing of charge/discharge cycles. The remaining
specific capacitances about 98, 84, and 67% were obtained for CNF, C/CoFe,O, and
CoFeO,, respectively. The trend is matches well with reported in C/CuFe,O4 and
C/NiFe,O,4 group. CNF eectrode showed the best cycle stability possibly due to large
CNF network structure restricts the change of electrode during charge/discharge
process. The lower retention of C/CoFe,O, and pure CoFe,O, respectively is mainly
attributed to pseudocapacitor charge/discharge mechanism arising from cobalt ferrite
nanoparticle. It is considered that during the charge/discharge, the electrolyte may
penetrate the layer through pores, cracks, inter-crystaline gap, etc., thus leading to

large volume changes caused poor cycling stability, respectively.
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Figure 4.28 Cyclic voltammograms (CV) at different scan rates of (a) CNF, (b)

C/CoFe,04, and (c) CoFeO, electrodes in 1.0 M KOH €ectrolyte. (d) The

corresponding specific capacitance at different scan rates. (€) The specific capacity

retention of CNF, C/CoFe,O, and CoFe,O, electrodes at 1000 cycles.
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4.2.3.2 Galvanorstatic charge/discharge measurements
Figure 4.29 shows the galvanostatic charge/discharge curves of CNF,
C/CoFe; 0, and CoFe,O4 electrodes in 1 M KOH aqueous solution. The cut-off
voltage of charging/discharging was -0.2 - 0.35 V. The measurement was performed
at different current density of 0.1, 0.25, 0.5, 0.75, and 1 A/g in a three-electrode
system. It was found that the shape of charge/discharge curve for all electrodesis not
linear and symmetric, which is a characteristic of non idea capacitive behavior for
electrochemical capacitors (Ye et al., 2005). At a current density, the discharging time
of CNF is very close to of C/CoFe,O, electrode and longer than that of CoFe,O,
electrode. The results indicate the slower released electrolyte ions from the porosity of
CNF and C/CoFe,O, (Ma et al., 2014). The energy deliverable efficiency (%) was
observed at current density of 1 A/g and using Eq. 2.16. The values of 79.1, 88.4, and
85.3 were obtained for CNF, C/CoFe,O4, and CoFe,O, electrodes, respectively.
Figure 4.29 (d) shows the energy and power densities of CNF, C/CoFe,O,, and
CoFe,O, electrodes were calculated based on the galvanostatic charge/discharge.
Among three different electrodes, C/CoFe,O,4 shows almost highest energy density at
al current densities, while the highest power density was observed in CoFe,O,
electrode. At current density of 1 A/g, the energy density of about 0.27, 0.29 and 0.11
Wh/kg with a corresponding power density of about 268.7, 231.6, and 278.4 W/kg
was obtained for the CNF, C/CuFe,O4 and CuFe,O, €electrodes, respectively. The
highest energy density of C/CoFe,O, €electrode is possibly due to the fibrous
morphology of CNF with the free space between the CoFe,O, nanoparicle caused

optimized pore size, and thus allow them to achieve high energy density.
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KOH el ectrolyte solution. (d) The corresponding Regone plot.

4.2.3.3 Electrochemical Impedance spectroscopy measurements

Figure 4.30 shows the Nyquist plots of CNF, C/CoFe,O,4 and CoFe,O4
electrodesin 1 M KOH. Similary to the results reported for the C/CuFe,O,4 system, the
Nyquist plot of CNF electrode showed almost a straight line at lower frequency
without semicircle arc at higher frequency region. This implies the EDLC behavior,
and no interfacia resistance of CNF electrode could provide commendable channels
for the eectrolyte ion and current transport (Laforgue, 2011). C/CoFe,O, and
CoFe,O, electrodes show a charge transfer resistance (Rc), which relate to semicircle

arc at high frequency. It was found from the spectra that, the Rs values of 9.3, 7.78
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and 7.5Q were obtained for the CNF, C/CoFe,O, and CoFeO, electrodes,
respectively. This resistance was estimated from the real axis intercept at high
frequency (Lu et al., 2010; Li et al., 2010). The R values of 0, 0.85 and 1.9 Q were
obtained for CNF, C/CoFe,O, and CoFe,O, electrodes, respectively. Lower value of
0.85 Q2 for the C/CoFe,O, €electrode than that of 1.9 Q3 for the CoFe,O, electrode
suggests the advantage of the composite between fibrous and CoFe,O, nanoparticles.
The C/CoFe,O,4 structure may provide the channels for the electrolyte ion and current
transport, and thus supporting better electrolyte ions pore accessibility (Wang et al.,
2010). The result was confirmed by the steepest slope of the straight line at low
frequency for the C/CoFe,O, €electrode (Snook et al., 2011). It was found that, the
slope increases and tends to become more purely capacitive for the pure CNF,
C/CoFe,O4, and CoFe,O, electrodes, respectively. The longest straight line for CNF
electrode indicates that the penetration of electrolyte ions into the interior bulk would
be greatest. The shortest length for CoFe,O4 cell indicates that the electrolyte ion just
surface is being accessed. It is speculated that, the composite of CoFe,O4 with CNF
matrix can effectively suppress the aggregation of CoFe,O, nanoparticles, and thus
resulting to high surface area, in which supports either el ectrolyte accessibility or the

charge transfer rate toward the electrode in the electrolyte solution (Zhu et al., 2011).
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Figure 4.30 Nyquist impedance plots at a frequency range of 0.1 Hz-100 kHz in 1 M

KOH electrolyte solution for (a) CNF, (b) C/CoFe,O, and (c) CoFe,O, electrodes.
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Bode plot is another form to present the EIS data. For idea capacitors, the
Nyquist plot should be vertical and the phase angle in the Bode plot at low
frequencies should be -90 ° (Conway, 1999). Figure 4.31 (a) shows the frequency
dependence the phase angle for CNF, C/CoFe,O,4 and CoFe,O, electrodes. The values
of -61°, -48°, and -43° were obtained at 0.1 Hz for CNF, C/CoFe;O, and CoFe;Oy,
respectively. All the phase angle values are lower than the value for idea capacitors.

The values of capacitor response frequency ( f,) at the phase angle of -45 were 5.1,
3.2 and less than 0.1 Hz were obtained for the CNF, C/CoFe,O, and CoFe,O,

electrodes, respectively. Thus, the relaxation time constant (t , =1/ f,) was calculated

to be about 0.196, 0.313 and larger than 10 s, for the CNF, C/CoFe,O, and CoFe,O,
electrodes, respectively. It can be seen that the low time constant of CNF and
C/CoFe;0, eectrodes supported high power delivery or fast charge-discharge process
when compared to CoFe,O, electrode (Girija and Sangaranarayanan, 2006; Burke,
2000). The frequency dependence of impedance at 0.2 V for CNF, C/CoFe,O,4 and
CoFe,O, electrodes are presented in Figure 4.31 (b). It was found that, the variation of
impedance strongly depends on the frequency. The value dlightly decreases at higher
frequency for al the prepared electrodes. At frequency lower than 10 Hz, the CNF
exhibited largest impedance compared to C/CoFe,O, and CoFe,O, electrodes. At
frequency over 10 Hz, the C/CoFe,O, electrode showed lowest impedance indicating

better capacitance.
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4.3 C/NiFe,O4 composite nanofibers

4.3.1 Structural and morphology characterization

4.3.1.1 Thermo gravimetric analysis (TGA) of the electrospun-based
C/NiFe, O, composite nanofibers.

Figure 4.32 shows TGA curves of the electrospun based CNF and
C/NiFe,O, composite nanofibers with different magnetic source content. The test was
performed by using a heating rate of 10 °C/min in the temperature range from 25 -
1200 °C under N, atmosphere. It is evident from the spectra that, al prepared
nanofibers were degraded through three steps in the range of ~20 - 295, ~295 - 480
and ~ 580-1200 °C. Consider at stabilization temperature (220 °C), the percentage of
weight lost almost constant for pure CNF, while the value of about 13, 18 and 31%
were obtained for C/NiFe,O4_0.2, C/NiFe,O4_0.4, and C/NiFe;O,4_0.6, respectively.
The results suggest that, higher weight loss was observed for the samples with higher
magnetic source content. The weight loss became more than 50% in the second step
due to the degradation of PAN side chain aong with the decomposition of metal
nitrates precursor. The maor weight loss at the third step associated to the
decomposition of PAN main chain. Moreover, the common short plateau between 480
and 670 °C was observed for all samples. It is speculated at this range of temperature
that, the crystaline NiFe,O, could form as the decomposition of metal product
(Maensiri and Nuansing, 2006). No any plateau after 670 °C was observed suggesting

the remaining carbon in the materials.
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Figure 4.32 TGA curves of CNF and C/NiFe,O, composite nanofibers under N

atmosphere and air atmosphere (in set).

4.3.1.2 X-ray diffraction (XRD) anaysis of C/NiFe,O, composite
nanofibers

Figure 4.33 shows XRD patterns of pure CNF and C/NiFe,O, composite
nanofibers with different magnetic source content after stabilized at 220 °C for 2 hin
air aimosphere followed by carbonized at 535 °C for 1 h in argon atmosphere. It was
found that, the XRD patterns of composite nanofibers show mixed phase structures of
graphite and nickel ferrite. No other foreign phase was detected, ensuring the phase
purity. A broad diffraction peak around 28 = 26.0 ° and 44.0 °, corresponding to the
diffraction of the (002) plane and (101) of the graphite structure, respectively (JCPD

75-1621). The diffraction peak at 30.62, 36.00, 37.62, 43.72, 54.18, 57.81, 63.36 and



140

75.21 ° relates to crystallite planes of (220), (311), (222), (400), (422), (511), (440),
and (622), respectively. The results are matches well with the reported value cubic
spinel structure (JCPDS 86-2267). The peak broadening for low magnetic source
content samples suggest a poor development of the ferrite structure and the most
sharp peaks of the ferrite structure were observed for the composite content of 60
wt.%. The average crystallite size was estimated, using the Scherrer’s equation. The
obtained values were 17.07, 30.34, 34.87 and 41.53 nm for CNF, C/NiFe,O, 0.2,
C/NiFe,O4_0.4 and C/NiFe;O,_0.6, respectively. It isfound from the calculation that,
the crystallite size values of all composite nanofibers are higher than that of pure
CNFs. Moreover the value increases with increasing of magnetic source
concentration. The smallest crystallite size of C/NiFe,O,4_0.2 relates to the broadening
XRD peak and may arises from large concentration of CNF matrix acts as inhibition
template of NiFe,O, nanoparticles prevent the aggregation of nanoparticle. The d-
spacing values of peak (311) are 2.496, 2.489 and 2.492 A for C/INiFe;04 0.2,
CINiFe0O4_0.4, and C/NiFe,O,_ 0.6 respectively. The values are dlightly lower than
2.514 A of a cubic NiFe,0, (JCPDS 86-2267). The lattice constants of 8.385, 8.337
and 8.334A were obtained for C/NiFe,O, 0.2, C/NiFe,0, 0.4, and C/NiFe,0, 0.6,
respectively. The value is in good agreement with the bulk value of NiFe,O, (8.337

A° JCPDS 86-2267).
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Figure 4.33 XRD patterns of (a) CNF, (b) C/NiFe,O,_0.2, (c) C/NiFe;O4_0.4 and (d)

CINiFe;O4_0.6 composite nanofibers.
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4.3.1.3 Morphology of C/NiFe,O, composite nanofibers by FE-SEM and
TEM.

The surface morphology of CNF and C/NiFe,O, composite nanofibers
were investigated by SEM and the results are presented in Figure 4.34. It was found
from the spectra that, as-spun nanofibers before heat treatment shows clearly smooth
fibers and uniform in cross-section with the average diameters of 445-850 nm. After
carbonization at 535 °C, the shrinkage of fibers diameters was observed with the
values of about 11.8, 25.7, 29.6 and 32.3% for CNF, C/NiFe;O,_0.2, C/NiFe;,O,_0.4
and C/NiFe,O4_ 0.6, respectively due to the removal of PAN polymer and the
decomposition of metal precursors in the carbonization process. The fibers with lower
polymer source concentration compared to metal source content generated larger
shrinkage fibers diameter. The shrinkage with broken fibers was found for
C/NiFe,O4_0.4, while the fibers amost completely merged together was observed
with C/NiFe,O4_0.6. The filmy fibers of C/NiFe,O,_0.6 well agree as observed in
C/CuFe;0O4_0.6 and C/CoFe,O, 0.6 composite nanofibers. This behavior is possibly
due to a very high viscosity of magnetic source concentration compared to polymer

source content.
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Figure 4.34 SEM micrographs of the electrospun C/NiFe,O4 composite nanofibers
before carbonization (left), the fibers after carbonization (middle) and their FE-SEM
images (right), respectively of (a) pure CNF, (b) C/NiFe;O4_0.2 (c), C/NiFe;O4_0.4,

and (d) C/NiFe,O4_0.6.
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Figure 4.35 TEM bright field images (left) with the corresponding SAED pattern
(right) of (a) pure CNF, (b) C/NiFe;O4 0.2, (c) C/NiFe,0O, 0.4, and (d)

CINiFe;O4_0.6 composite nanofibers.
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Figure 4.35 shows TEM image with corresponding selected area electron
diffraction pattern (SAED) of pure CNF and C/NiFe,O, composite nanofibers. It can
be seen that, TEM bright field images show clearly the NiFe,O, nanoparticles are
uniformly grown within the CNF matrix for the composite nanofibers. Meanwhile,
there is plenty of space between nanofibers, which is beneficial for electrolyte
diffusion in electrochemical test. The average size of NiFe,O, nanoparticlesis in the
range of 10-70 nm. The corresponding SAED patterns of C/NiFe,O, composite
nanofiber show clearly diffraction spots, in which indexed to high crystallinity of
NiFe,O4. Arcs and diffuse rings represent to hexagonal graphite structure (002). No
any spotty ring was observed in SAED pattern of CNF suggests to the large
characteristic of amorphous carbon. The smooth surface without any particles was

observed in the TEM bright field image.

4.3.1.4 The structure fingerprints of C/NiFe,O, composite nanofibers
characterization by Raman spectroscopy.

Figure 4.36 shows Raman spectra of CNF, C/NiFe,O4 0.2,
C/NiFe,04_0.4 and C/NiFe,0O4_ 0.6 composite nanofibers. Three peak centered at
~1345 cm-* (D band), ~1570 (G band) and ~2700 cm™ (2D band) were observed for
all the prepared samples. G and 2D band are corresponds to Raman active E,g mode
of graphite lattice vibration and the second order of the D-band, respectively. These
two peaks represent a characteristic of crystalline graphite (Thomsen and Reich, 2000;
Ferrari and Robertson, 2000). D band at ~1343 cm-* is attributed to breathing mode
with A,g symmetry. This peak becomes active in the presence of disorder in the

graphitic structure (Tuinstra and Koenig, 1970; Nemanich and Solin, 1979; Ferrari
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and Robertson, 2000). The intensity ratio of the D peak to the G peak, denoted by R =
In/lG, represents the amount of ordered graphite crystallites in the CNFs (Zhou et al.,
2009). In thiswork, R value for the composite nanofibers increased with increasing of
magnetic source content (1.71, 1.74 and 1.78 for C/NiFe,O,_0.2, C/NiFe;O,_0.4 and
C/NiFe,O4_0.6, respectively). All the R values are higher than that of pure CNF (1.6),
implies more disordered carbon structure was observed due to the intercalation of
NiFe,O4 nanoparticle in to graphite layers. The in plane graphitic crystallite size (L)
was also calculated from the data fitting using the equation: L, (nm) = C(A)/(Ip/1g),
where C(532 nm) is contant and is ~ 4 (Knight and White, 1989). The obtained
results of L, arelisted in Table 4.16. It was found that, the highest value was observed
in CNF. For C/NiFe,O, composite nanofibers, the value decreased with increasing the

magnetic source concentration and crystallite size.

Table 4.16 Lists of Raman peak height, Raman peak width, R vaue (Ip/lg) and in
plane graphite crystalite size (L) of CNF and C/NiFe,O, composite nanofibers with

different magnetic source concentration.

Sample Peak height Peak width R Lo
(cm™) (cm™) (nm)
D G 2D, 2D, D G 2D, 2D,

CNF 1981 1236.3 329.8 3134 1835 108.2 2427 2984 160 275

CINiFe,0, 2434 14271 354.2 2914 201.8 1101 256.3 27145 171 258
0.2

CINiFe,0, 1515 8704 206.1 155.8 184.8 107.5 248.8 2216 174 253
04

CINiFe,0, 308 173.2 29.1 374 1445 820 109.2 120.8 1.78 247
0.6
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Figure 4.36 Raman spectra of (a) pure CNF, (b) C/NiFe;O,_ 0.2, (c) C/NiFe,0O4_0.4,

and (d) C/NiFe,O,4_0.6 composite nanofiber.
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4.3.1.5 Characterization of surface area of C/NiFe,O, composite
nanofibers by the Brunauer-Emmett-Teller.

Figure 4.37 shows the N, adsorption/desorption isotherms of CNF and
CINiFeO, with different magnetic source concentration. The isotherms of each
sample show similar shape as previous reported in C/CuFe,O,4 and C/CoFe,O4 groups.
i.e.,, CNF, C/NiFe;0O, 0.2 and C/NiFe,O4_0.4 samples show type | behavior indicates
that these membranes have relatively micro-porous. An additional small adsorption
quantity appears at P/Po > 0.8 for CNF indicating small amount of meso/macro -pores
in the sample (Nan et al., 2014). The C/NiFe,O,4_0.6 exhibited type IV isotherms with
H3 hysteresis loop suggesting a characteristic of large amounts of mesopores (Inagaki
et al., 2010). The BET surface area was found to be about 30, 209, 120 and 90 m?/g
for CNF, C/NiFe,0O4 0.2, C/NiFe,0O, 0.4, and C/NiFe,0O4 0.6, respectively. The
values of the composite nanofibers decreased with increasing the NiFeO,
concentration and crystallite size. Low value for CNF may lead to long ions diffusion
lengths and decreased active sites for ions insertion/extraction reaction. Much larger
value of the composite nanofibers than that of pure CNF suggests the composite of
CNF with NiFe,O, can effectively reduce the aggregation of NiFe,O, nanoparticles
leading to a large specific surface area of the composite nanofibers. However, the
mean pore diameter of the composite nanofibers is significant low compared to pure
CNF possibly arise from the occupation of NiFe,O4 nanoparticles inside the pores.
The BET specific surface area, mean pore diameter and total pore volume of the

C/NiFe,O4 composite nanofibers are listed in Table 4.17.
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Figure 4.37 N, adsorption/desorption isotherms of (a) pure CNF, (b) C/NiFe,0O4_0.2,

(c) C/NiFe,0O4_0.4, and (d) C/NiFe,O4_0.6 composite nanofibers.

Table 4.17 Summary of mean pore diameter, surface area, and total pore volume of

CNF and C/ NiFe;O, composite nanofibers with different metal source concentration.

Samples Mean pore diameter Surface area Tota pore volume
(nm) (m?/g) (cm’/g)
CNF 23.217 30.0711 0.0178
C/INiFe;04_0.2 2.9150 209.67 0.1528
C/NiFe, 0O, 0.4 5.2971 120.60 0.1597

CINiFe;O,_0.6 5.8070 89.81 0.0433
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4.3.1.6 X-ray absorption spectroscopy study of the Fe and Ni K- edge in
C/NiFe,O4 composite nanofibers.

Figure 4.38 shows normalized XANES spectra at the Fe and Ni K-edge
for the C/NiFe,O, composite nanofibers and their corresponding first derivatives
spectra. In this section, the oxidation states of Fe and Ni in NiFe,O, structure are
shown aong with the standard samples of FeO, Fe,O3 ,Fes04, Ni foil, NiO and NiCl,
for Fe*", Fe** Fe*" 3", Ni%, Ni? and Ni%, respectively. It was found from the study
that, the position of the absorption edge at Fe K-edge is similar to Fe;Os which is
typical for Fe in the oxidation state of +3. While at Ni K-edge, the edge energies and
the feature are similar to that of NiO sample reference, indicating +2 oxidation state
of Nickel. It was found at Fe K-edge that, all prepared samples exhibited strong
intensity pre edge peak which is a typical for Fe atom in tetrahedral coordinate. The
C/NiFe,0O4_0.6 composite nanofibers shows larger pre-edge peak than those of
C/NiFe,O4_0.4 and C/NiFe,O4_0.2 composite nanofibers, respectively, suggesting the
Fe atom in tetrahedral is larger than observed in other two samples. The results are
consistent with the EXAFS observation which will be discussed later. Moreover, the
pre-edge peak at Ni K-edge alows us to confirm the oxidation state of nickel ion as
Ni?* and their partial location in tetrahedral sites. Very low intensity of Ni pre-edge
peak indicates that the fraction of Ni** is mostly located at B site, i.e., high degree of
inversion confirming the inverse spinel structure. The edge energies and oxidation
states at Fe and Co K-edge for al the prepared samples and the standard material are

listed in Table 4.18.
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Figure 4.38 XANE spectra, the corresponding first derivatives plot and the pre-edge

peak, respectively of C/NiFe,O4 composite nanofibers at Fe K-edge (a, b, €) and at Ni

K-edge (c, d, f).
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Table 4.18 Edge energies and oxidation states of all C/NiFe,O, composite nanofibers

along with the standard samples.

Sample/standard Edge element Oxidation state Absorption edge
(eV)
C/INiFe;0O4_0.2 Fe +3 7125.3
Ni +2 8345.8
C/NiFe,0O,_ 0.4 Fe +3 7125.48
Ni +2 8346
CINiFe,0O4 0.6 Fe +3 7124.6
Ni +2 8345.2
Fefoil Fe 0 7112
FeO Fe +2 7120.65
Fes0, Fe +2,+3 7123.40
FeOs Fe +3 7124.85
Ni foil Ni 0 8333
NiO Ni +2 8342.97

NiCl2 Ni +2 8343.54
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To further understand the environment of Ni and Fe atom of NiFe,O, inverse
spinel structure, the EXAFS data at Fe and Ni K-edge of the prepared samples were
fitted.

Bulk NiFe,O, particles have an inverse spinel structure in which all Ni** ions
occupy octahedral site (B site). Half of the Fe** ions preferentially occupy tetrahedral
sites (A site) and the rest fill B sites. In this section, the cation distribution between A
and B site of spinel structure was obtained from the fitting. Figure 4.39 shows the
k% (k) weighted in k space and the corresponding Fourier transform (FT) in R space
in both experiment (-) and fitting (--) spectra without phase shift correction. It is
important to note that the Fourier transforms without phase shift corrections resulting
in the peak position shift to lower distance with respect to the actua interatomic
distance. The structure parameters arise from the EXAFSfitting are tabulated in Table
4.19-21. It was suggest from the EXAFS fitting that, the structure of C/NiFe,O4_0.2
and C/NiFe,O4_0.4 composite nanofibers were totally inverse spinel structure. The
majority of Ni ions occupy B sites, while Feions are both in A and B sites. The kx?(k)
values at both Fe K-edges are similar for all tree prepared samples, indicating
similarity of the local environment around the absorber Fe ions. In contrast, the
kx?(k) plot in C/NiFe;0, 0.6 sample at Ni K-edge show significant difference,
indicating that the structural environment around Ni?* is different. The Fourier
transform spectra a Fe K-edge of C/NiFeO4 0.2, C/NiFe,O4 0.4, and
CINiFe;O4_0.6 show similarity. The first shells indicates the tetrahedral site cation is
surrounded by four nearest oxygen backscatterers (Fea-O), and the octahedral site
cations with six surrounded backscatterers (Feg-O). The Fea-O (Fes-O) distance with

the value of 1.868 (1.999), 2.013 (1.812) and 1.800 (1.948) A were obtained for
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C/NiFe,04_0.2, C/NiFe0O,_0.4, and C/NiFe,O,4_0.6, respectively. The second shells
fitted at the distance of 3.005, 2.980 and 2.893 A with three metal backscatterers in
octahedral site were obtained for C/NiFe,O4_0.2, C/NiFe;O,_0.4 and C/NiFe;O,_0.6,
respectively. These distances relate to Feg-Fes and Fes-Nig (as seen in Table 4.19-
4.21). Meanwhile, the third shells at ~3.5 A surrounded by six metal backscatterersis
a typica for cations occupying in either A or B site (Fea-Fea = 3.400 A for
CINiFe;04_0.2; Fea-Fen = 3.509 A and Feg-Fez=3.494 A for C/NiFe;04_0.4 A). The
cations occupying A site with four metal backscatters were also observed at the
distance ~3.6 A (Feax-Fea = 3552, 3.665 and 3.400 A for C/NiFe;O, 0.2,
C/NiFe,O4_0.4 and C/NiFe,O4_0.6, respectively).

At Ni K-edge, the Fourier transform spectra for all the prepared samples ook
different from each other, especially the second shells. C/CoFe,O, 0.2 shows two
significant nearest shell. The first shells at ~2.00 A originated from Nig-O bond with
coordination number of six, while the second shells centered at 2.8-3 A corresponds
to Nig-Fes or Nig-Nig neighbors with three backscatters. For C/NiFe,O, 0.4, the
absorber environment of the first shells does not change significantly from that of the
CINiFe;04_0.2 (2.05 A for Nig-O). Meanwhile, the significant change was observed
in the second shells. The third shells at distance of 3.388 A is relating to the
distribution of cations in octahedra site (either Nig-Feg or Nig-Nig). For
C/CoFe,0O,4_0.6, the EXAFs fitting shown that, the Ni ions are distributed in both A
and B sites, in which a characteristic of partia inverse spinel structure. The first shells
at 2.00 and 2.078 A with four and six nearest backscatters, correspond to Nia-O and
Nig-O bond, respectively. The second shells was found at ~2.9 A corresponds to Nig-

Fes or Nig-Nig distance with three backscatters. It was also found that, the occupation
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of Ni?* cation in both A and B site are nearly portions (50.5 and 49.5% in A and B
site, respectively). The result confirmed the partial inverse spinel structure of
C/NiFe,O4_0.6. It is important to note for C/NiFe,O,_0.6 composite nanofibers that,
the higher amplitude of the second peak than that of the first peak depends somewhat
on the site of the absorber-ion incorporation. May be the incorporation at tetrahedral
sites (CN = 12) will produce higher amplitude of the first peak compared to the
incorporation at tetrahedral sites (CN = 4). The degree of inversion is the parameter
used to explain the structural changes and was evaluated from the values of S
between cation tetrahedral and octahedral sites. It was found from the EXAFS fitting
that, the octahedral occupation of Ni?* ions with the value of 74.3, 76.9 and 50.5%
were obtained for C/NiFe;O, 0.2, C/NiFe,O4_0.4 and C/NiFe,O4_0.6, respectively.
The occupation of Fe** at tetrahedral and octahedral, respectively are 34.5 and 65.5%
for C/NiFe,O4_0.2, 37.7 and 62.3% for C/NiFe,O, 0.4, and 37.7 and 62.3% for
CINiFeO4_0.6. For C/NiFe,0O4 0.2 and C/NiFe,O4_ 0.4, large portion of Ni ions
occupied B site, while Fe ion occupied both in A and B site with nearly portion
confirmed the totally inverse spinel structure of samples. Meanwhile, for
C/INiFe;O4_0.6, the occupied of Ni ions in both A and B site with nearly portion
suggests it partially inverse spinel structure. The local structure and distribution of the
metal ions on tetrahedral and octahedral sites in the oxygen lattice are of importance

for the magnetic properties of ferrites (Henderson et al., 2007).
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Table 4.19 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
factor (0%, interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Ni K-edge for C/NiFe,O4_0.2.

Sample Site Shell N S o* R
Ni k-edge B Ni-O 6 0.743  0.01382  2.00870
C/NiFe0,_0.2 Ni-Fe 3 0.743  0.01269  2.89309
R-factor Ni-Ni 3 0.743  0.00996  3.08680
0.0157265 Ni-Fe 6 0.743  0.02221  3.32771
Fe k-edge A Fe-O 4 0.345  0.00014  1.86825
CINiFe;04_0.2 Fe-Fe 6 0.345  0.02162  3.40089
Fe-Ni 6 0.345  0.00517  3.36551
R-factor Fe-O 12 0.345  0.00027  3.51880
0.0012125 Fe-Fe 4 0.345  0.02254  3.55234
B Fe-O 6 0.655  0.00546  1.99933
Fe-Ni 3 0.655  0.01728  3.00560
Fe-Fe 3 0.655  0.01934  3.82274
Fe-Fe 6 0.655  0.02268  4.48254
Fe-O 6 0.655  0.00959  3.50538

Fe-O-O 24 0.655 0.00951 3.48822
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Table 4.20 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
factor (0%, interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Ni K-edge for C/NiFe;,O4_0.4.

Sample Site Shell N S o* R
Ni k-edge B Ni-O 6 0769 001288  2.04776
C/NiFe,0,_0.4 Ni-Fe 3 0769 000331 357655
Ni-Ni 3 0769 001142 250724
R-factor Ni-Fe 6 0769  0.00830  3.38771
0.0110659 Ni-O 6 0769 002263  3.59038
Fek-edge A FeO 4 0377 000300  2.01251
CINiFe,04_0.4 FeFe 6 0377  0.00400  3.50910
FeNi 6 0377 000942  3.66943
R-factor FeO 12 0.377 0.00565  3.79050
0.0028691 FeFe 4 0377 000418  3.66514

Fe-O-O 48 0.377 0.00473 4.44615
0.623 0.01654 1.81177
0.623 0.00747 3.22413
0.623 0.02700 2.97987
0.623 0.03166 3.49420
0.623 0.02900 3.17679

'n
P
]
)

o| o W wl o
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Table 4.21 Lists of coordinate number (N), amplitude reduction (S¢%), Debye-Waller
factor (o), interatomic distances (R), and R-factor obtained by fitting the

experimental EXAFS data at Fe and Ni K-edge for C/NiFe,O,4_0.6.

Sample Site  Shell N S o* R
Ni k-edge A Ni-O 4 0.505 0.00100  2.00637
CINiFe;04 0.6 Ni-Fe 12 0.505 0.04011 3.41621
Ni-O 12 0.505 0.04015 3.42221
R-factor Ni-Ni 4 0.505 0.00300 3.28780
0.0417511 Ni-O-Fe 24 0.505 0.04111 3.77638
B Ni-O 6 0.495 0.00100 207825
Ni-Fe 3 0.495 0.00238  2.92917
Ni-Ni 3 0.495 0.00238  2.91402
Ni-Fe 6 0.495 0.00262  3.44026
Ni-O 6 0.495 0.00300  2.90387
Fe k-edge A FeO 4 0.429 0.00300  1.80078
CINiFe,0,_0.6 FeFe 6 0.429 0.00400 3.25532
Fe-Ni 6 0.429 0.00450  3.10457
R-factor Fe-O 12 0.429 0.00565 3.39171
0.0066209 FeFe 4 0.429 0.00418  3.40007
FeO-O 4 0.429 0.00673  4.04007
B FeO 6 0.571 0.00300 1.94764
Fe-Ni 3 0.571 0.00338  2.89341
FeFe 3 0.571 0.01286  3.29453
FeFe 6 0.571 0.01507 3.86317
Fe-O 6 0.571 0.00526  3.41504
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4.3.2 Magnetic properties of C/NiFe,O, composite nanofibers

Figure 4.40 shows the magnetic behavior studied of the CNF and C/NiFe,O,
composite nanofibers after carbonized at 535 °C for 1 h. Room temperature
magnetization for al the prepared samples was presented in Figure 4.40 (a). It was
found that, CNF exhibits diamagnetic behavior, while al composite samples show the
ferrimagnetic behavior. The saturation magnetizations (M) values of 0.182, 2.812 and
25.83 emu/g were obtained for C/NiFeO, 0.2, C/NiFe,O4_0.4 and C/NiFe;O,_ 0.6,
respectively. The Mg value increased with increasing of the crystallite site suggests
the obtained nanoparticles caused increased volume fraction of surface atoms within
the particles and thus contributes to increase of M. The result is matched well to the
previous reported (Nathani and Misra, 2004; Nawale et al., 2011). However, al
obtained values are lower than bulk NiFe,O, particles (54.5 emu/g) (Maaz et al.,
2009) may be due to the existence of CNFs, the surface defect of NiFe,O,
nanoparticles, and the stress between the NiFe,O, crystallites and the surfaces of
CNFs. Moreover, the configuration of Ni** and Fe**ions in both A and B sites may
tends to increase the net magnetization (Pradeep et al., 2008). Figure 4.40 (b) shows
the variation of the coercivity (Hc) and the squareness (M,/My) with crystallite size at
room temperature. It was found that, both types of value increased with increasing of
crystalite size. Low coercivity was observed for all the prepared samples (47, 65 and
158 Oe for C/NiFe,0O4 0.2, C/NiFe,0O4 0.4 and C/NiFe,O4 0.6, respectively)
compared to bulk value of NiFe,O, (750-1000 Oe) (Huang and Chen, 2004). The
result may be due to low shape anisotropy and multiple domains of NiFe,O,4
octahedral alow them to magnetize in directions aong their easy magnetic axes

without hysteresis losses. The squareness with the values of 0.088, 0.133 and 0.264
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were obtained for C/NiFe,O4_ 0.2, C/NiFe;O4_0.4 and C/NiFe,O4_0.6, respectively.
All values are lower than 0.5 indicates not in single domain state of NiFe,O4
nanoparticle (Varmaet al., 2008).

Figure 4.41 show the typical hysteresis loops at different measurement
temperature (50 - 390K) and their corresponding zero field cooled-field cooled curve
(ZFC-FC) for C/NiFe0O4_0.2, C/NiFe,0O4_0.4 and C/NiFe,0O4_0.6. It was found from
the results that, the magnetization for C/NiFe,O,4 0.2 is very weak and its hysteresis
loop is not reach complete saturation even at 10 kOe (Figure 4.41 (@)). This
phenomenon is often observed in nanosized materials and may be due to the presence
of a spin disordered surface layer which requires a larger field to be saturated. For
CINiFeO4_0.4 and C/NiFe,O4_0.6, the complete saturation was observed indicates
the particles are already almost completely oriented for afield of around 10 kOe. The
observed results may be due to their large particle size caused much larger
magnetocrystalline anisotropy characteristic. It was found that, all prepared samples
exhibited wider hysteresis loop with decreasing the measurement temperature,
suggesting the enhancement of Mg, M, and H. values. The remanence ratio (M,/My)
decrease with increasing measurement temperature for all samples (Figure 4.42).
C/NiFe,O4_0.2 has lowest remnant magnetization at all measurement temperature.
The result associated to the suggestion that the lack of saturation of the magnetization

curve can strongly contribute to the decrease of the remnant magnetization.
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Figure 4.40 (@) Room temperature magnetization of CNF and three types of

C/NiFe,O, composite nanofibers carbonized at 535 °C for 1 h, (b) the variation of the

coercivity (He) and the remanence ratio (M/Ms) with crystalite size at room

temperature.
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Field-cooled and Zero-field-cooled (FC-ZFC) technique is used for observed
the characteristic blocking-unblocking process of the particle magnetic moment when
therma energy is changed. The measurements were recorded at the temperature
between 50 and 390 K, and the results are shown in Figure 4.41 (right hand side). It is
found from ZFC that, the magnetic moment increases continuously up to 161 and 184
K for C/NiFe,O4_0.2, and C/NiFe,O4_0.4, respectively and then decreased. No end of
raise was observed in this range of temperature for C/NiFe,O4_0.6, indicating the
blocking temperature (Tg) being higher than room temperature. High blocking
temperature for C/NiFe,O4_ 0.6, possibly due to large particle size caused large
volume and thus large anisotropy energy. So for this sample the probability to cross
over the anisotropy barrier is decreased (Maaz et al., 2007). It is importance to note
that, the obtained blocking temperature exhibited increased with increasing particle
size. The result corresponds to the previous reported (Liu et al., 2000). In FC spectra,
the magnetization for al samples decreased with increasing the measurement

temperature. Lists of the magnetic parameters are summarized in Table 4.22.
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Table 4.22 Lists of the magnetic parameters: coercivity (H), saturation magnetization
(My), sguareness ratio (M/Ms) and blogging temperature (Tg) of C/NiFeO,

composite nanofibers with different magnetic source concentration.

Sample Crystallite T Hc Ms M/Ms Tg
size(nm)  (K)  (Oe) (emg/g) (K)
CINiFe,0O,_ 0.2 30.34 50 210 0403 0139 161

100 1525 0290 0.152

200 84 0220 0.118

300 47 0.182 0.088

390 34 0.150 0.080
C/ NiFe,0O,_ 0.4 34.87 50 219 3495 0303 183

100 155 3292 0.246

200 91 3.068 0.163

300 65 2812 0.133

390 S7 2540 0.138
CINiFe,0O, 0.6 41.53 50 274 20.05 035 >300

100 269 2837 0351

200 240 27.06 0294

300 158 2523 0.264

390 92 2270 0.201
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4.3.3 Electrochemical properties of C/NiFe,O, composite nanofibers

In this section, the capacitive performance of CNF, C/NiFe,O, and NiFe,O,
were evaluated using cyclic voltammetry (CV), Galvanorstatic charge/discharge
(GCD), and Electrochemical impedance spectroscopy (EIS) techniques. The
electrolyte used in this study was 1M KOH. The CV measurement was performed in
potential range of -0.2-0.45V. The galvanostatic charge/discharge test was performed
at the current density of 0.05, 0.1, 0.25, 0.5, 0.75 and 1A/g. The impedance behavior

of all prepared electrodes was tested in a frequency range of 0.1-10°Hz.

4.3.3.1 Cyclic Voltammetry measurement

Figure 4.43 show cyclic voltammetry (CV) of CNF, C/NiFe,O,
composite nanofibers and pure NiFe,O, e ectrode, in which was tested in 1 M KOH
electrolyte over the potential range of -0.3 to 0.45 V. The potentia rang used in this
work is narrower than 0-0.65 V for pure NiFe,O,4 electrode in 1M KOH reported by
Al-Hoshan and co-work (Al-Hoshan et al., 2012) possibly due to the polymer-based
preparation of material and the problem of oxygen evolution. It was found that, the
voltammogram for CNF electrode was different, regardless of the influence of
electrodes material. CNF electrode did not give any redox peak in this selected
potential region revealing to typical double layer behavior (Wen et al., 2009; Qu et
al., 2008). The C/NiFe,O,4 and NiFe,O, voltammogram show a cathodic reduction
peak at about 0.3V. No any oxidation peak was observed in the selected potential
range. A slight hump around 0.45 V was observed. This indicates some irreversible
reactions happen when potential window is higher than 0.45 V. Thus, the optimum
working potential window isfrom -0.30 to 0.4 V. By varying the scan rate of 2, 5, 10,

30, 50, 100 and 200 mV/s, the surrounded CV curve gradually increase. CV curve of
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CNF electrode was kept as quasi-rectangular at low scan rate (< 50 mV/s) indicates
the predominant EDL capacitive behavior (Stankovich et al., 2006; Stoller et al.,
2008; Inagaki et al., 2010), while the deviation of curve was observed at higher scan
rate. C/NiFe,O4 and NiFe,O, electrodes show both of rectangular and redox peak in
CV curve, suggesting the combination of EDLC and pseudo capacitance mechanism
in charge storage. The shape of al curves are amost the same at difference scan rate,
indicating electrodes were charged and discharge at a pseudo constant rate over the
entire potential range. This unique feature implies that the capacitive behavior of
electrode is close to the ideal capacitive behavior (Yang et al., 2011). Figure 4.43 (d)
shows the specific capacitance as function of scan rate for CNF, C/NiFe,O, and pure
NiFe,O, electrodes. The specific capacitance of all electrodes decreases with increase
of sweep rate possible due to short time cause hardly penetrated of ions into inner
pores during charge (Wang et al., 2006; Yuan et al., 2008). It was found from the
spectra that, the specific capacitance of C/NiFe,O, electrode is highest with the value
of 50.8 F/g at lowest scan rate (2mV/s) and then drops rapidly to lower than CNF in
the range 5-50 mV/s sweep rate. An interesting finding is that, for a potential scan
rate higher than of 50mV/s, the specific capacitance of the C/NiFe,O, electrode was
higher than that of CNF in which continuous decreased. This behavior illustrates the
influence of NiFe,O, nanoparticle when composite to pure CNF. The larger
capacitance of C/NiFe,O, electrode compared to CNF electrode is possibly due to
either the synergistic effect between CNF and NiFe,O, or larger surface area
supporting the insertion of electrolyte ions. Large channels between CNF matrix and
NiFe,O4 nanopariticles may speed up the ionic transportation inside the pores even

under high sweep rate (Ning et al., 2011). Thus, it is easy to understand the
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enhancement of the capacity of the fiber with the addition of NiFe,O, nanoparticles.
This behavior makes C/NiFe,O,4 very promising for capacitor application. Finally, it
was found that, the NiFe,O, electrode shows lowest specific capacitance at all scan
rates. The result is possibly due to either the electrolyte solution is not suitable for this
electrode material or pure NiFe,O4 without CNF matrix caused lower penetration of
electrolyteions.

The retention as a function of cycle numbers for CNF, C/NiFe,O, and
NiFe,O4 electrodes are shown in Figure 4.43 (e). It was found that, the decreasing of
retention after 1000 cycles was observed with increasing of magnetic source content
(98, 88, and 84% for CNF, C/NiFe,O, and NiFeO,4 respectively). The
charge/discharge behavior of CNF is amost steady at 1000 cycles indicates good
cycle stability. This is due to large CNF network structure restricts the change of
electrode during charge/discharge process. Low capacity retention of C/NiFe,O, and
pure NiFeO, respectively is mainly attributed to pseudo capacitance arising from
NiFe,O nanoparticle. The electrode pulverization of these materia induced by huge
volume changes during the charge/discharge processes, thus leading to poor cycling
stability and rate capability. However, the specific capacitance retention of 88% after
1000 cycles for C/NiFe;O,4 also presents good operation stability. Due to its stable
electrochemical properties, excellent reversibility and long cycle life, C/NiFexO,
composite has effective potentia for used as the electrode material of electrochemical

capacitor.
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4.3.3.2 Galvanorstatic charge/discharge measurements

The electrochemical properties of the prepared electrode are investigated
further by means of galvanostatic charge/discharge. The measurement was performed
by charging/discharging between -0.25 to 0.25 V and the current densities of 0.05,
0.1, 0.25, 0.5, 0.75 and 1 A/g in 1 M KOH electrolyte solution. At these current
densities, the shape of all charge/discharge curves is nearly linear and symmetric,
which is characteristic of a good capacitance behavior (Yeet al., 2005).

Figure 4.44 displays the galvanostatic charge/discharge (GCD) curves at
different current density for CNF, C/NiFe,O, and NiFe,O, electrodes. It was found
that, all electrodes showed nearly linear discharge curves without hump, suggesting a
typical linear relationship with time. Thisis a characteristic of an electric double layer
capacitance. In fact, the spectra of C/NiFe,O, and NiFe,O4 should not show idea
shape due to their psudocapacitance behavior arises from the Faradaic process of
NiFe,O, nanopariticle. However the selected potential window for GCD (-0.25 to
0.25 V) is not cover the redox peak (~0.3V). There fore nearly ideal GCD shape was
observed. The coulomb efficiency (1) of the electrode during charge/discharge of 89,
74 and 86% were obtained for CNF, C/NiFe,O, and NiFe,O, electrodes, respectively.
The value is less than 99%, meaning loss in coulombic efficiency during
charge/discharge. The energy and power densities of the CNF, C/NiFe,O, and
NiFe,O, electrodes were calculated and the result was presented in the Regone plot as
shown in Figure 4.44 (d). Among these electrodes C/NiFe,O, showed highest energy
density at all current density compared to other two electrodes. While, the CNF
electrode shows dlightly larger power densities than C/NiFe,O, at all current densities.

CINiFe,O, electrode exhibits an energy density of 0.29 Wh/kg at a power density of
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12.4 W/kg and still maintains 0.073 Wh/kg at a power of 218 W/kg. The value very
low compared to other metal oxide reported such as MnO; cell (7 Wh/kg at 5 kW/kg)
(Wu et al., 2010) and NiO cells (15-20 Whikg) (Wang" et al., 2008; Inoue et al.,
2010). However, the obtained values still is in the range of electrochemical capacitor
(Simon et al., 2008). It is note that, the energy and power densities can be further

improved by forming composites with activated CNF.
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4.3.3.3 Electrochemical Impedance Spectroscopy (EIS) measurements

Figure 4.45 shows Nyquist plots of CNF, C/NiFe;O, and NiFeO4
electrodes, where the measurements were carried out in the frequency range of 0.1 Hz
— 10° Hz in IM KOH. A straight line at lower frequency without semicircle was
observed for CNF electrode. The results suggest an EDLC behavior and negligible
charge transfer resistance of CNF (Laforgue, 2011). For C/NiFe,O,4 and pure NiFe;O4
electrodes, a single semicircle at high frequency with a straight line at lower
frequency was observed. This indicates the charge storage mechanism of these cellsis
based on both electrical double layer and Faradaic process (Hu and Chu, 2001). The
values of the combined resistance (Rs) values of 9.3, 7.8 and 7.4 Q were obtained for
CNF, C/NiFe,O4 and NiFe,O, electrodes, respectively. The charge transfer resistances
of 0.5 and 2.15 © were obtained for C/NiFe,O, and NiFe,O, electrodes, respectively.
The lower value of charge transfer resistance obtained in C/NiFe,O,4 electrode than
that of NiFe,O, electrode is possibly due to the carbon acting as conductive matrix for
nanoparticle dispersion, and provides a large interface area between electrode and
electrolyte. Moreover, the composite of these materials cauased shortened electrolyte
ion diffusion paths, and thus electron and ions can be more easily transferred resulting
in an enhancement electrical conductivity (Snook et al., 2011). The largest charge
transfer resistance value for NiFe,O, is possibly due to roughness surface from
NiFe,O4 causing the enlarged contact area. No charge transfer was observed for CNF
electrode indicating no interfacial resistance (Laforgue, 2011). This behavior is
similar to an ideal electrical double layer capacitor (Heli et al., 2012; Sharma and
Zhai, 2009). The electrolyte ion diffusion into pore is characterized by the linear part

of sloped line at low frequency. A pure capacitor should exhibit a vertical line and the



174

deviation from the vertical line is attributed to the inner-pore diffusion resistance for
electrolyte ions, which strongly depends on the detailed porous structure of the
different samples. In this study, the slope increases and tends to become more purely
capacitive for the pure CNF, C/NiFe,O,4, and NiFe,O, electrodes, respectively. The
longest straight line for CNF electrode indicating the penetration of electrolyte ions
into the interior bulk would be greatest. The shortest length for NiFe,O, cell indicates
that the electrolyte ion just surface is being accessed.

Figure 4.46 shows the Bode plots of CNF, C/NiFe,O,4, and NiFe,O, electrodes
in IM KOH solution. The frequency dependence of the phase angle for these three
electrodes is shown in Figure 4.46 (@). It was found at lowest frequency (0.1 Hz) that,
the phase angle values of -52°, -49°, and -36° were obtained for CNF, C/NiFe,O,4 and
NiFe,O, electrodes, respectively. All obtained values is far from -90 °, indicating that
the response is not purely capacitetive. The values of capacitor response frequency

(f,) at the negative value of phase angle equal to -45 were about 4, 0.45, and less

than 0.1 Hz for the CNF, C/NiFe;O, and NiFe,O,4 electrodes, respectively. These
values are found to be in the lower frequency range, which is an indicative of good
capacitive behaviour of an electrode material (Zhang et al., 2006). The values of the

corresponding relaxation time constant calculated by the equation t, =1/ f, were

obtained to be 0.25, 2.22 and larger than 10 s, respecitively. The lowest time constant
of CNF indicates the highest high power delivery of the cel (Girija and
Sangaranarayanan, 2006; Burke, 2000). The frequency dependence of impedance for
CNF, C/NiFe;O, and NiFe,0O, at 0.2 V was presented in Figure 4.46 (b). The
impedance value increases with decrease in frequency for all the prepared electrodes.

The C/NiFe,O, electrode shows the lowest impedance at all frequency impling the
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better conductivity compared to other two electrodes. This observed behavior is

possibly due to the nature of both CNF and NiFeO..
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CHAPTER V

CONCLUSIONS

In this study, carbon/spinel ferrite composite nanofibers (C/IMFe,O4: M is Cu,
Co, and Ni) have been successfully fabricated by using electrospinning technique
followed by carbonization under mixure of air and argon atmosphere. In each
composite system, four samples with different weight ratio of polymer and magnetic
source were set as 100/0, 80/20, 60/40, and 40/60, respectively and the final products
are designated as C/MFe;0,_0, C/IMFe,04 0.2, C/MFe;04_0.4, and C/MFe,O,_0.6,
respectively. The surface morphology, crystal structure, and local structure of the
prepared samples were characterized by TGA, XRD, SEM, TEM, BET, Raman
spectroscopy, and XAS techniques. The magnetic properties were observed by VSM,
while the electrochemical properties were studied by CV, GCD and EIS techniques.
In the electrochemical measurements, bulk MFe,O, has been aso studied for
comparison. Conclusions based on the carbon nanofibers reinforced with different

types of spinel ferrite nanoparticles are summarized as follows

5.1 Thestructureand morphology characterization

The C/MFe,O4 (M = Cu, Co and Ni) composite nanofibers show composite
structure of cubic MFe,O, and amorphous carbon. The average crystalite size of
CuFe,O4 and NiFe,O, nanoparticles increased with increasing the magnetic source

content (~25-46 and ~30-42 nm for C/CuFe,O4 and C/NiFe,O,, respectively), but not



178

for CoFe,0, (~22, ~54, and ~45 for C/CoFe,0O, 0.2, C/CoFe O, 0.4, and
C/CoFe,O,4_0.6, respectively). It could be seen that the samples with large amount of
polymer source concentration better supported the distribution of MFeO,
nanoparticles in CNF matrix, and reduced the particle agglomeration. This resulted in
smaller crystallite size of the MFe,O, nanoparticles. The d-spacing values for all
CIMFe;04 system are slightly lower than bulk cubic MFe;Os (i.e., 2.524 A, 2.530 A
and 2.514 A for cubic CuFe,O, (JCPDS 77-0010), CoFe,O, (JCPDS 22-1086) and
NiFe,O4 JCPDS 86-2267, repectively), possibly due to the effect of CNF matrix. The
lattice constant values for all C/MFe,O,4 systems are in good agreement with those of
bulk values (8.370, 0.839 and 0.8337 A for cubic CuFe;Q4, CoFe0, and NiFeOs,
respectively). The oxidation states of Fe and M ions in MFe,O, structure are +3 and
+2, respectively except for C/CoFe;0O,4_0.6, which shows a mixed oxidation state of
Co (+2 and +3). The percentage of magnetic source content strongly influences the
spingl structure. It was totally inverse spinel structure for the samples with magnetic
source content lower than 50 wt.% (C/MFe,O, 0.2 and C/MFe;O,_0.4), while the
structure becomes partially inverse spinel for the sample containing magnetic source
content higher than 50 wt.% (C/MFe,O,_0.6). In the latter structure, the M?* occupied
in both A and B sites with the different portion (45.3 and 54.7%, respectively for
C/CuFe;0O4_0.6; 58.9 and 41.1%, respectively for C/CoFe,O4_0.6; 50.5 and 49.5%,
respectively for C/NiFe,O4_0.6).

According to the morphology observation, the as spun nanofibers with
diameters in the range of 455-900 nm were observed before heat treatment process.
The shrinkage of about 20-35% was observed after carbonization due to the

combustion of PAN and the decomposition of magnetic source (i.e., 450-550, 430-
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570, and 400-600 for C/CuFe;O,4, C/CoFe,O,4, and C/NiFe,O,4 systems, respectively).
It is important to note that, the filmy fiber, attached to other fibers and the worse
uniformity were observed for adl C/MFe,O, 0.6 samples. The values of specific
surface area of the composite nanofibers were obtained to be in the range of 68.11 -
190.38 m%g for C/CuFe,04, 60 - 151 m?/g for C/CoFe,O., and 89.8 - 209.67 m?/g for
CINiFe,Oy4. There is no any significant trend with the variation of magnetic source
concentration. However, al the surface area values are higher than that of pure CNF
(30.07 m?g). This behavior suggests the advantage of the existence of MFe,O,

nanopariclesin CNF matrix.

5.2 TheMagnetic properties

According to the magnetic properties study, CNFs exhibited diamagnetic, while
all C/MFe,O4 composite samples showed ferrimagnetic behavior. The obtained values
of room temperature saturation magnetization (Mg) for al C/MFe,O, composite
nanofibers were about ~0.3-12, ~0.2-43, and ~0.2-25 emu/g for C/CuFe,O,,
C/CoFe,0O4, and C/NiFe;O4 system, respectively. For the C/CuFe,O4 and C/NiFe;O4
systems, the My increased with increasing the crystallite size possibly due to large
particle size causing an increase in volume fraction of surface atoms within the
particles. The independence of Ms on crystallite size for C/CoFe,O, system might be
due to the other different parameters which influence the value of Mg in the ferrite
system. Moreover, al Ms values are lower than those of bulk MFe;O, (i.e., 33.4,
74.08, and 54.5 emu/g for CuFe,O4 CoFeO, and NiFe,O4, respectively). This is
possibly due to either the existence of CNF matrix extinguishing the surface magnetic

moment with spin canting or the disorder spins from the different crystallite size. The
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obtained values of coercivity (Hc) are 89.5, 178.0, and 54.1 nm for C/CuFe,O,
samples with particle sizes of 24.58, 36.29 and 45.73 nm, 612, 825 and 1245 Oe for
C/CoFe, O, samples with particle sizes of 21.5, 44.9 and 54.4 nm, and 47, 65 and 158
Oe for C/NiFeO, samples with particle sizes of 30.34, 34.87 and 41.53 nm,
respectively. It can be seen that the coercivity for C/CoFe,O, and C/NiFe,O, systems
exhibited crystalite size dependent, and larger particle size leads to increase of
coercivity. The squareness (M,/My) values for all samples are lower than 0.5 implying
that the particles are predominantly not in the single domain state. Except for
C/CoFe,0O4_0.4, the M,/Ms value of 0.502 is closed to 0.5 for a system of non-
interacting single domain particles with uniaxial anisotropy. This behavior is possibly
due to its largest crystallite size compared to those of the C/CoFe,O, 0.2 and
C/CoFe,O4_0.6. By varying the measuring temperature (50-390 K), it was found that
the Ms and H. increased with decreasing temperature. This behavior is possibly due to
the magnetic moment that was induced and turned around in the direction of applied
field at low temperature. Thus, the magnetization increased, while at high temperature
the thermal fluctuations of the magnetic moments presented. On the other hand, the
random orientation of spins at high temperature causes the coercivity to be low at high
temperature. It was found for C/CuFe,0O, 0.2 and C/NiFe,O, 0.2 that the
magnetization was not saturated at + 10 kOe even at low temperature of 50 K
suggesting that their particles were not completely oriented for a field of around +10
kOe. This behavior is possibly due to either a result of spin canting or the smallest
particle size that affects small anisotropy and requires a larger field to be saturated
together. In C/CoFe, O, system, the blocking temperature (Tg) for al the prepared

samples is larger than room temperature, while a varity of values was observed in the
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other two systems. The Tg values were obtained to be 121, >300, 196 K for
C/CuFe;04_0.2, 0.4, 0.6, respectively, and 161, 183, >300 for C/NiFe;O4_0.2, 0.4,

0.6, respectively.

5.3 TheElectrochemical properties

According to the electrochemica properties study, the effect of electrode
material on the electrochemica properties was investigated in the CNF, C/MFe,O4
and MFe,O, electrodes (M = Cu, Co and Ni). In this section, the summarized relate to
the charge storage mechanism, the specific capacitance and the energy density.
Firstly, the charge storage mechanism strongly depends on type of the electrode
materia. It was found that, the CNF electrode stored energy via the accumulation of
charge a electrode/electrolyte interface (EDLC), while the pseudocapacitor
charg/discharge mechanism was observed in the C/MFe,O, and MFe,O, electrodes. It
is seen from the experimental results that, the latter behavior arises from the MFe,O,4
metal oxide as seen from the redox peaks in CV curve. In 0.5 M Na;SO,, the anodic
and cathodic peaks at around 0.85 and 0.25 V, respectively were observed for the
C/CuFe;O4 electrode, while the peaks at ~0.6 and 0.1 V, respectively were observed
for the CuFe,O, eectrode. The anodic peak could be assigned to the stepwise
oxidation of Fe”/Fe** (~0.7 V), while the cathodic peak relate to the stepwise
reduction of either Cu?*/Cu* or Cu?*/Cu (0.16, 0.335 V), respectively. In IM KOH
electrolyte solution, the narrower potential window was observed due to the problem
of hydrogen-oxygen evolution (-0.2 to 0.35 V for C/CuFe,O, and C/CoFe,O,, and -
0.3t0 0.45 V for C/NiFe,0O,4 system). A cathodic peak potential was observed for all

the C/MFe;O, and MFe,O, samples (at 0.21-0.23 V, ~0.28-0.3 V, and ~0.3 V for
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C/CuFe;Q,4, C/CoFe,0O,4, and C/NiFe,O4 system, respectively). These redox processes
are believed to be associated with reduction of Cu”* to Cu*/Cu, Co** to Co, and Ni**
to Ni.

Secondly, the specific capacitance calculated from CV curves showed different
value dependence on the electrolyte solution and potential window used as clearly
seen in C/CuFe;O,4 system. At the same scan rate of 50 mV/s, the specific capacitance
values of 22, 70 and 58 F/g for CNF, C/CuFe,O,, and CuFe,O,, respectively were
observed in 0.5M Na,SO, with the potential windows of -0.3 to 2V, while the values
of 0.3, 16 and 3.6 F/g were obtained in 1M KOH with the potential windows of -0.2
to 0.35V. It was found that the C/CuFe,O, exhibited the highest value in both
electrolyte solutions suggesting the advantage of composite material and confirming
the better electrochemical performance after making a composite of CNF with
CuFe,O4. For the other two systems, the superior electrochemical capacitive
performance for C/MFe,O, compared to CNF and MFe,O, electrodes was also
observed. The results indicate that the capacitive behavior of CNF is remarkably
improved when composited with MFe,O, nanoparticles. This behavior can be
attributed to the combined contribution of the main redox pseudocapacitance of
MFe,O, and partly from the electric double layer capacitance of CNF. Moreover, the
synergistic effect between CNF and MFe,O, may also play a crucia role. Larger
surface area with free space between MFe,O, and CNF may well support the insertion
of electrolyte ions and speed up rate transportation inside the pores. Among three
electrodes in each system, the capacitance retention of CNF is better than those of
C/MFe 0O, and MFe,O, electrodes, respectively (i.e., 97, 86, 79% for C/CuFe,O4

system; 98, 84 and 67% for C/CoFe,O, system; 98, 88, 84% for C/NiFe,O, system).
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This may be because the CNF network structure restricts the change of electrode
volume during charge/discharge process. Moreover, its EDLC charge storage
mechanism also supports the stability due to the accumulation of ions at the
el ectrode/el ectrolyte during charging/discharging process. The better rate capability of
C/MFe,O, than that of MFe,O, electrode is possibly due to the free space between the
MFe,O, nanoparitcles in CNF matrix working as an elastic buffer that could
accommodate larger volume expansion/contraction compared with the pure MFe,O,
electrode. As a result, less volume change during charg/discharge processes was
observed. While, for pure MFe,O, electrodes, the stronger pseudocapacitor behavior
during chare/discharge process may result in huge volume changes, thus leading to
poor cycling stability.

Finally, the energy density for all the prepared electrodes were found to be
quite low but was still in the range observed in electrochemical capacitor of 0.02-20
Wh/kg (Simon et al., 2008). Among the three different electrodes in each system,
C/MFeO4 showed almost highest energy density compared to CNF and MFe,O,
electrodes at al current densities. By consider at a current density of 1 A/g, the energy
density for C/MFe,O, was improved about 2, 9, and 64% after adding the CuFe;Q,,
CoFe0,4 and NiFeO,, respectively into CNF matrix. Moreover, the improvements of
~42, 62, and 79% in comparison with the pure MFe,O, electrodes were also observed.
Except for the synergistic effect between the CNF matrix and MFe,O4 nanopariticles
as reported earlier, the existence of CNF improved the conductivity and cauased the
high charge transfer kinetics of C/MFe,O, that supported the enhancement of specific
capacitance and thus energy density. The conductivity impromvement of C/MFe;O4

electrodes can be observed from their lower charge transfer resistance than that of
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MFe, O, (6.3 and 7 Q for C/CuFe,O4 and CuFe,O,, respectively; 0.85 and 1.9 Q for

C/CoFe,04 and CoFe;O,, respectively; 0.5 and 2.15 Q for C/NiFe,O4 and NiFe;O,,

respectively).

5.4 Suggestion for futurework on C/MFe,O,4

From the results obtained in this study, several investigations from the

experiments still cannot be clearly explained. Therefore, it is interesting to conduct

the following studies,

D)

(2)

3)

(4)

Investigation of the stoichiometry of MFe,O, (M=Cu, Co, Ni) using the
energy dispersive spectroscopy (EDS) is required to confirm the fraction
of constituent element of Fe, Cu, Co, Ni, and O ions in the prepared
samples.

Investigation of oxygen vacancies in the sub lattice tetrahedral and
octahedral sites of inverse spinel struture using the X-ray Photoelectron
spectroscopy (XPS) is essentia to have a better understanding of the
formation of ferrimagnetic behavior.

Investigation of the electric conductivity values of CNF and C/MFe,O,
composite nanofibers is required to confirm the improvement of the
electrochemical performance after making composite of a CNF with
MFexOa.

More investigation of the EIS spectra should be fitted to the equivalent
circuit to obtain the Warburg impedance, double layer capacitance, and

pseudocapacitance.
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