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ABSTRACT 

 

In this paper, three-dimensional hybrid electrode materials cobalt 

carbonate hydroxide (CCH)/carbon fiber clothes (CFC) with PPy 

composite are initially synthesized by a facile method. The CCH grow on 

the CCH firstly by hydrothermal process, then PPy are gradually etched 

on the CCH surface via in situ polymerization process. Significantly, the 

composite shows a specific capacitance as high as 1217.5 F g-1 at a 

current density of 1 A g-1 in 6M KOH of three electrode system and an 

excellent rate performance and cycling stability with 86.1% capacity 

retention after 8000 cycles. The enhanced supercapacitor performance is 

due to that the high conductivity PPy can form a dual conducting system 

with CFC which definitely improves the electron transport rate of active 

materials. After assembled to be a symmetric supercapacitor as both 

positive and negative electrode materials, a high energy density of 43.11 

Wh kg-1 at a power density of 1.6 KW kg-1 are obtained. Those results 

may suggest a cost effective and easy way to compound a promising 

electrode material for supercapacitor application. 

Keywords: PPy, cobalt carbonate hydroxide, carbon fiber clothes, 

supercapacitor 

 



 

 iii 

TABLE OF CONTENTS 

 

ACKNOWLEDGEMENTS .............................................................................. i 

ABSTRACT .................................................................................................. ii 

TSBLE OF CONTENTS ................................................................................. iii 

LIST OF FIGURES ........................................................................................ iv 

LIST OF SCHEMES ....................................................................................... v 

1. Introduction .......................................................................................... 1 

1.1. Background .................................................................................. 1 

1.2. Two kinds of supercapcitors ......................................................... 2 

1.3. Electrode materials of supercapacitors ........................................ 3 

1.4. Research profile ........................................................................... 4 

2. Experiment section ............................................................................... 4 

2.1. Preparation of CCH/CFC ............................................................... 4 

2.2. Synthesis of PPy@CCH/CFC .......................................................... 7 

2.3. Materials characterizations .......................................................... 9 

2.4. Electrochemical measurements ................................................. 10 

3. Result and discussion .......................................................................... 12 



 

 iii 

3.1. Fabrication mechanism of PPy@CCH/CFC nanocomposites ...... 12 

3.2. The morphologies of CCH/CFC, PPy@CCH/CFC nanocomposites14 

3.3. XRD analysis of PPy, CFC, CCH, CCH/CFC,  PPy@CCH/CFC 

nanocomposites ................................................................................ 18 

3.4. Raman spectra of CCH, PPy, PPy@CCH nanocomposites ........... 20 

3.5. FTIR spectra of CCH, PPy, PPy@CCH nanocomposites ............... 22 

3.6. XPS analysis of CCH, PPy@CCH nanocomposites ....................... 24 

3.7. Electrochemical performance of PPy@CCH/CFC ....................... 27 

3.7.1. Galvanostatic charge discharge curves and CV curves ...... 27 

3.7.2. The cycling stability curves ................................................ 30 

3.7.3. EIS curves .......................................................................... 33 

3.8. Application of flexible electrode ................................................ 35 

4. Conclusion ........................................................................................... 40 

5. References ........................................................................................... 44 

 

 

 

 

 

 



 

 vi 

LIST OF FIGURES 

 

Figure 3.1. (a,b) SEM images of CCH/CFC. ( c, d) the mophology of 

PPy-2@CCH/CFC. .................................................................................... 15 

Figure 3.2. HRTEM images, and SAED patterns corresponding to  

PPy-2@CCH/CFC. .................................................................................... 16 

Figure 3.3 (a) SEM images of CCH@PPy nanoflakes and bottom image are 

corresponding to EDS elemental mapping of Co, O, C, N, S and Cl. (b) EDS 

analysis and the areas showing the elemental contents of CCH@PPy 

nanoflakes. .............................................................................................. 17 

Figure 3.4. XRD spectra. .......................................................................... 19 

Figure 3.5. Raman spectra. ..................................................................... 21 

Figure 3.6. FTIR pattern. .......................................................................... 23 

Figure 3.7. XPS survey spectra of CCH and PPy@CCH. ............................ 25 

Figure 3.8. Co 2p spectra, N 1s spectra, C 1s spectra, O 1s spectra of 

PPy@CCH composite. ............................................................................. 26 

Figure 3.9. Comparison of different concentrations PPy on CCH, Charge 

discharge curves at 1A/g, CV curves at 10mv/s. Galvanostatic charge 

discharge curves at different current density, CV curves at different scan 

rates of PPy@CCH in 6 M KOH solution. ................................................. 29 



 

 vi 

Figure 3.10. Cycle stability test at 50mv/s of PPy@CCH/CFC and CCH/CFC.31 

Figure 3.11. EIS curves of different PPy@CCH composites. .................... 34 

Figure 3.12. CV curves of PPy@CCH/CFC symmetric supercapacitor 

measured at different potentials, CV curves measured at different scan 

rates, CV curves collected at different bending angles, Charge discharge 

curves. ..................................................................................................... 37 

Figure 3.13. Cycling stability tested. ........................................................ 38 

Figure 3.14. Ragone plot of the SCs and other researches for comparison39 

Figure S1. (a,b) SEM images of PPy-1@CCH. (c.d) PPy-3@CCH. ............. 41 

Figure S2. XPS spectra of CCH nanoflakes: (a) Co 2p spectra, (b) C 1s 

spectra, (c) O 1s spectra. ......................................................................... 42 

Figure S3. CV curves before, after 5000 and after 8000 cycle. ................ 43 



 

 v 

LIST OF SCHEMES 

 

Scheme 1. Hydrothermal process for the synthesis of CCH/CFC.  ........... 6 

Scheme 2. In situ polymerization process for the synthesis of 

PPy@CCH/CFC. ......................................................................................... 8 

Scheme 3. Illustration of the fabrication process of PPy@CCH/CFC. ...... 13 

Table 1. Comparison of electrochemical performance of different cobalt 

based materials. ...................................................................................... 32 

Scheme 4. Illustration of flexible electrode. ........................................... 36 

 

 

 

 



 

 1 

1. Introduction 

1.1. Background 

In recent years, with the rising cost of fossil fuel and the increasing 

serious global warming problem, the wider use of renewable energy and 

the greater efficient energy storage and transport technology are two 

important goals to overcome this problem. As a result, there is an 

incremental need for the development of high power and high energy 

density energy storage equipment. Supercapacitors, as a new type of 

energy storage device between conventional capacitors and batteries, 

are attracting extensive attention from researchers around the world due 

to their advantages such as rapid charge and discharge, large cycling 

capability, excellent reversibility and long life time. With decades of 

vigorous development, it has been widely used in energy storage power 

supply, hybrid power supply, power compensation and other 

applications.  

In order to more efficiently application of supercapacitor, the most 

important things are to maximize its power density and energy density. 

An important way to attach this is fabricate a kinds of advanced 

electrode materials by relatively easy way, and this work is also attracting 

more and more researchers to invest their energy and enthusiasm.     
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1.2. Two kinds of supercapacitors  

In generally, Supercapacitors, also known as electrochemical 

capacitors, can be divided into two types according to energy storage 

mechanism, Electrical double-layer capacitor (EDLC) and 

pseudo-capacitor. 

 The first type capacitor stores energy by double-layer capacitor via 

ion adsorption between the interface of electrode and electrolyte, which 

is called an electrical double-layer capacitor. The charge storage 

happened without chemical oxidation-reduction reaction. There is lower 

energy density but relatively longer life time because only physical 

changes happened on the electrode surface. The electrode materials are 

often carbon base materials with high specific surface area.  

The second type capacitor stores energy by using the Faraday 

quasi-capacitance mechanism which generates Faraday 

quasi-capacitance related to electrode potential by redox reactions 

which take place within the electroactive materials. This kind of 

capacitors are referred to as Faraday quasi-capacitors or 

pseudo-capacitors [1-3]. Transition metal compound and conductive 

polymers are always used as electrodes, which allow supercapacitors 

high energy density but lower cycle life than EDLC.  
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1.3. Electrode materials of supercapacitors 

However, the using of EDLC materials and tantalum capacitor 

materials alone does not fully meet the requirements of energy storage 

devices Carbon-based materials such as graphene, carbon nanowires 

have strong mechanical properties but low capacitance. Conductive 

polymers such as PANI, PPy and PEDOT have been reported to have good 

electrical conductivity and low cycle stability due to weak and brittle 

mechanical properties. Metal oxides, metal hydroxides such as MnO2, Ni 

(OH)2, Co (OH)2 have high theoretical capacitance, but there is often a 

big different between experimental specific capacitance and theoretical 

specific capacitance because of lower conductive of those meatal 

compounds. So, there is a trend to produce hybrid complex materials 

combined with EDLC and pseudo capacitor materials as a good way to 

improve supercapacitor performance [4.9]. 

Cobalt-related materials such as cobalt oxide and cobalt hydroxide 

aroused high interest due to their electrochemical activity and ease of 

synthesis. The double-layer capacitors with cobalt materials can store 

charges passing both electrode double layers and redox reaction. The 

theoretical capacitance of cobalt oxide and cobalt hydroxide is as high as 

3000 F g-1. It is difficult to achieve theoretical capacitance due to ion 

transport limitations due to tight active materials and weak electron 

transport abilities, but it’s also a kind of promising material [5.22]. 
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1.4. Research profile 

Here, we successfully prepared the PPy@Co(CO3)0.5(OH)·0.11H2O/ 

carbon fiber clothes (PPy@CCH/CFC) via hydrothermal and in suit 

synthesis method. The hydrothermal method was used to prepare cobalt 

carbonate hydroxide, which have a specific crystal structure. Cobalt 

cations are hidden in the centers of Co (OH)6 octahedra layers, and the 

CO3
2- ion interlayers are inserted between Co (OH)6 octahedra layers. 

This unique structure effectively enhances the solubility of the metallic 

materials [6]. What’s more, in the polymerization process, the 

hydrochloric acid doped PPy growing on the surface of Cobalt carbonate 

hydroxide definitely improve the electron transport and enhance the 

specific capacitance of the active materials [5]. As the result, the PPy 

supported on flake cobalt carbonate hydroxide/carbon fiber clothes 

arrays shows a high specific capacitance of 1217.5 F g-1 at a current 

density of 1A g-1 and high cycling stability (keep 86.1% retention after 

10000 cycles). In addition, the advanced symmetric device based on PPy 

@CCH/CFC exhibited the energy density of 48.89 Wh kg-1 at a power 

density 800 W kg-1, and excellent stability performance under different 

bending angles and after 5000 cycles. 

2. Experiment section 

2.1. Preparation of CCH/CFC 
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Firstly, the CFC is pre-treated by acid for 24h before use, then 

CCH/CFC are prepared by hydrothermal process. Briefly, 1.74g Co 

(NO3)2·6H2O, 1.44g urea, carbon fiber clothes were together mixed with 

50ml deionized water, and stirring at 60 °C to form a homogeneous pink 

solution. Then the homogeneous solution was transferred to 70ml 

Teflon-line autoclave and the sealed autoclave was kept at 120°C for 18h, 

and cooled down to room temperature naturally. The product (CCH/CFC) 

was washed by water for several times and dried at 60°C in air. Then the 

CCH/CFC was obtained. 
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    Scheme 1. Hydrothermal process for the synthesis of CCH/CFC. 
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2.2. Synthesis of PPy@CCH/CFC 

Typically, 20μl pyrrole monomers in glass vial were prepared by 

pipette, 5 ml deionized water and 100μl HCL were added subsequently, 

then it was sonicated to obtain transparent solution. Meanwhile, 47.4 

mg ammonium persulphate (APS) was mixed with 5 ml deionized water 

under sonication to form homogeneous solution. Finally, the pyrrole 

monomer with HCL solution (100μl /cm2) was slowly dropped onto the 

CCH/CFC, then APS solution was added as the same method, and the 

polymerization process was implemented in dark place at 4 °C for 4h. 

Then obtained PPy-2@CCH/CFC was washed by ethanol and deionized 

water for several times and dried at 60 °C. The active materials were 

around 1.4 mg cm2. The other samples were synthesis by the same 

process but with different amount of reactant. We named them as 

PPy-0@CCH/CFC, PPy-1@CCH/CFC, PPy-2@CCH/CFC and 

PPy-3@CCH/CFC according the amounts of pyrrole monomer reactant.   
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Scheme 2. In situ polymerization process for the synthesis of 

PPy@CCH/CFC.
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2.3. Materials characterizations 

The surface morphology and chemical compositions of as obtained 

samples were examined by transmission electron microscopy (SEM, JEOL 

JSM-6500F) with energy dispersive X-ray spectroscopy (EDS) and 

transmission electron microscopy (TEM, JEOL 6400) and Phase 

characterization was tested by X-ray power diffraction (XRD, Cu Kα 

radiation). For elemental analysis, the X-ray photoelectron spectroscope 

(XPS, 220i-XL electronic spectrometer) was used. Raman spectra was 

conducted by Bruker RFS 100/S with incident laser beam at 532 nm 

wavelength. Fourier transformation infrared spectroscopy (FTIR, Thermo 

IS10) was used to analyze the functional group of active materials. 
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2.4. Electrochemical measurements 

The electrochemical performance was estimated by cyclic 

voltammetry (CV), galvanostatic charge/discharge (GCD) and 

electrochemical impedance spectroscopy (EIS) in three-electrode system 

with 6 M KOH solution as the electrolyte. PPy-2@CCH/CFC was as 

working electrode, the Platinum foil as the counter and Ag/AgCl as the 

reference electrode. The EIS data was obtained with the frequency 

ranges from 100 K Hz to 0.01Hz at an open circuit potential. The specific 

capacitance (C) was calculated by GCD tested using the equation (1).  

The symmetric supercapacitor (SC) was fabricated by using 

PPy-2@CCH/CFC as both the positive electrode and negative electrode, 

and (PVA)/KOH as gel electrolyte. The gel electrolyte was prepared by 

PVA (6g), KOH (3g) and deionized water (80ml) at 95 °C for 2h under 

vigorous stirring, and the electrodes were assembled with the gel 

electrode at 40 °C. The effective area of SC was controlled as 2×3 cm2. 

The specific capacitance (Cs) also calculated from GCD curve, and the 

energy density (E) and power density (P) were estimated by the 

equations (2, 3).  
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                                              (1) 

                                        (2) 

                                              (3) 

Where I (mA) means discharge current, Δt (s) is the discharge time, ΔV 

(V)is the range of potential, m (mg) is the mass of active of materials, E 

(Wh kg-1) is energy density and P (W kg-1) is power density. 
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3. Result and discussion  

3.1. Fabrication mechanism of PPy@CCH/CFC nanocomposites 

The mechanism of the fabrication process for the PPy@CCH/CFC 

could be described as two parts (as shown in scheme 3), For the 

synthesis of Co (CO3)0.5(OH)·0.11H2O, the generation of NH4
+and CO3

2- 

from urea hydrolysis combine with the Co2+ in solution to form cobalt 

carbonate hydroxide. The reaction can be wrotten as the equations 

(4~7).  

                         (4)                                    

        (5) 

          (6) 

    (7) 

Then the conductive PPy coating on the surface of CCH can be 

depicted an in-situ polymerization reaction with pyrrole as monomer, 

ammonium persulphate as oxidation and HCl as dopant. And the 

fabrication process and the real sample of CFC, CCH/CFC, PPy@CCH/CFC 

are shown in scheme 3 

 

 

 

23222 2 CONHOHNCONHH +®+

+- +®+ HCOOHCO 22
322

-+ +®+ OHNHOHNH 423

OHOHCOCoOHCOOHCo 25.032
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2 11.0)()(0.115.0 ×®+++ --+
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Scheme 3. Illustration of the fabrication process of PPy@CCH/CFC. 
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3.2. The morphologies of CCH/CFC, PPy@CCH/CFC nanocomposites  

Fig. 3.1 present the TEM and SEM image of CCH/CFC sample at 

different magnifications exhibit the materials with a sheet helical 

structure are uniform formed on the surface of CFC, and the sheet 

interconnect with each other can support enough electrolyte ions 

storage space and faster electrolyte ions and electrons transport path, 

and PPy@CCH/CFC, showing in Fig. 3.1 d, shows the PPy uniform 

anchored on the surface and never destroy the sheet helical structure, 

and this unique morphology successfully enhance the electron rate of 

the active material. To further confirm the structure of PPy@CCH/CFC, 

TEM are tested and displayed in Fig. 3.2, the PPy on CCH attach each 

other but not fully spread, which may not only improve electrons 

transfer rate but also allow the ions to pass through leading 

enhancement of electrochemical behaviors. Fig. 3.2 exhibit the spacing 

between two lattice fringes is 0.256 nm, corresponding to the (301) 

planes of CCH, the SAED in the insert of Fig. 3.2 also depict the 

diffraction of the CCH crystal. Fig. 3.3 clearly display that the elements Co, 

C, N, O, S Cl are uniform exist, the source of S and Cl may be introduced 

from ammonium persulphate and hydrochloric acid during the 

polymerization process, which further confirm the PPy@CCH/CFC 

structure. 
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Figure 3.1. (a,b) SEM images of CCH/CFC. (c, d) the mophology of 

PPy-2@CCH/CFC. 
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Figure 3.2. HRTEM images, and SAED patterns corresponding to 

PPy-2@CCH/CFC. 
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Figure 3.3 (a) SEM images of CCH@PPy nanoflakes and bottom 

image are corresponding to EDS elemental mapping of Co, O, C, N, S and 

Cl. (b) EDS analysis and the areas showing the elemental contents of 

CCH@PPy nanoflakes. 
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3.3. XRD analysis of PPy, CFC, CCH, CCH/CFC, PPy@CCH/CFC 

nanocomposites  

Fig. 3.4 shows the XRD diffraction patterns of different active 

materials, which can be accurately observed that CCH shows the 

diffraction peaks at 14.5°, 17.3°, 18.9°, 23.9°, 29.5°, 30.8°, 32.3°, 34.5°, 

35.1°, 36.2°, 38.2°, 41.7°, 44.6°, 53.5°, which are consistent with the 

standard card (JCPDS Card NO. 48-0083). According to the standard card, 

the characteristic diffraction peaks are about (100), (020), (001), (111), 

(220), (121), (300), (221), (040), (301), (231), (050), (340), (060) and (412) 

reflective planes. That indicates good crystallinity of the as-prepared CCH. 

Meanwhile, PPy@CCH/CFC shows two more broad peaks at a 2θ value of 

24° and 43° are attributed to the diffraction peaks of carbon clothes [7]. 
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Figure 3.4. XRD spectra.
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3.4.  Raman spectra of CCH, PPy, PPy@CCH nanocomposites 

In order to better understand the active material on the substrate. 

Raman spectra (Fig. 3.5) are carried out for PPy, CCH and PPy@CCH. Two 

peaks around 1350 and 1560cm-1 of G band and D band, and a broad 

peak around 2880 cm-1 correspond to PPy [8]. In the case of CCH, the 

characteristic peaks appear on 142 194 222 391 726 and 1070 cm-1. In 

addition, For PPy@CCH, there are obvious peaks related to PPy showing, 

but inconspicuous peaks of CCH, which demonstrate the uniform 

covering of PPy over CCH flake structure.   
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Figure 3.5. Raman spectra. 
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3.5. FTIR spectra of CCH, PPy, PPy@CCH nanocomposites 

Fourier transform IR spectroscopy (FTIR) spectra of PPy, CCH and 

PPy@CCH are showed in Fig. 3.6. For PPy, the characteristic peaks 

correspond to the pyrrole ring fundamental vibration at 1550 and 1470 

cm-1, the =C-H in-plane vibration at 1310 cm-1, the C-N stretching 

vibration and C-H deformation vibration at 1200 cm-1 and 1042 cm-1. The 

band at 926 cm-1 is assign to C=C in-plane bending vibrations of the 

pyrrole ring. As for Co (CO3)0.5(OH)·0.11H2O, the peak at 3500 and 3379 

cm-1 are associated with the O-H stretching model of water and the bond 

between O-H and CO3
2-. The peak absorption peaks at 1550 and 1340 

cm-1 are consistent with stretching vibration ν(OCO2) and ν(CO3). Other 

peaks observed at 1068, 837, 698 and 662 cm-1 are associated with 

ν(C=O), δ(CO3), δ(OCO) and ρ(OCO). Furthermore, the absorption peaks 

at 967 and 511 cm-1 are assigned to δ(CO-OH) and ρw (Co-OH). At the 

same time, it may be noted that the PPy@CCH spectra exhibit both 

peaks of PPy and CCH, which might verify the exists of PPy on the CCH 

flake structure [9-13]. 
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Figure 3.6. FTIR pattern. 
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3.6.  XPS analysis of CCH, PPy@CCH nanocomposites 

Fig. 3.7 shows the XPS survey spectra for CCH and PPy@CCH, which 

exhibits three prominent peaks of Co 2p, O 1s and C 1s, but for 

PPy@CCH, one more peak of N 1s is clearly visible, which suggest the 

incorporated of poly-pyrrole on the CCH flake structure. The high 

resolution XPS spectra of Co 2p, O 1s, C 1s and N 1s are also tested, and 

showed in Fig. 3.8 the Co 2p peaks at 781.1 and 797.0 eV are related to 

Co (2p3/2) and Co (2p1/2) of Co2+ cations, the other strong peaks at 

785.8 and 802.1 eV are attribute to satellite peaks of the Co2+ oxidation 

state[14-16]. The C 1s spectrum is fitted into two peaks at 284.7 and 

288.6 eV are corresponding to C-C and -CO3 bonds [17.18]. For N 1s, the 

predominant peak at 399.7 eV is assign to -NH-, and two shoulder peaks 

at 402.3 and 398.1 eV are related to positively changed nitrogen atoms 

and C=N- bond, respectively [19]. In the O1s spectrum, the binding peak 

at 539.1 and 530.7 eV are assigned to carbonate and metal hydroxyl 

group [20]. The results indicate the sample show a mixed compound of 

PPy and CCH. 
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Figure 3.7. XPS survey spectra of CCH and PPy@CCH. 
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 Figure 3.8. Co 2p spectra, N 1s spectra, C 1s spectra, O 1s spectra of 

PPy@CCH composite. 
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3.7. Electrochemical performance of PPy@CCH/CFC   

3.7.1. Galvanostatic charge discharge curves and CV curves  

The electrochemical performance of the active materials is tested with 

three electrodes system with 6mol/L KOH solution. As shown in Fig. 3.9, 

the CV curves demonstrate various scan rates of 5, 10, 20, 30 and 50 

mv/s at -0.2-0.4 V voltage window. The redox peaks could be obviously 

observed, indicating the pseudo-capacitance behavior of the 

battery-tape materials. At the same time, it is obvious that the peak 

current density grows with the increasing of scan rate from 5 to 50 mv s-1. 

Moreover, the redox peaks can be evidently seen even the scan rate at a 

high value of 50mv s-1. The result show good electrochemical reversibility 

and rate performance. The anodic peaks shift toward positive potential 

and the cathodic peaks move to negative position as the increasing of 

the scan rate are caused by polarization effect of the electrode. The 

specific capacitance of PPy@CCH/CFC was calculated by using 

galvanostatic charge discharge GCD curves with the voltage range of 

-0.1-0.3 V. It shows excellent electrochemical performance of 1217.5 F g-1 

at a current density of 1.0 A g-1, and still holds a high capacity of 900 F g-1 

even increasing the current density to 10 A g-1, indicating its excellent 

rate capability. To compare the effect of different amount of PPy coated 

onto the CCH, the gradient concentration PPy contained materials are 

calculated by CV curves and GCD curves, the specific capacitance from 
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515 F g-1 of PPy-0@CCH/CFC are continue enhanced with the increase of 

the amount PPy until the highest specific capacitance is achieved to 

1217.5 F g-1 for PPy-2@CCH/CFC, then decrease to 917.5 F g-1 of 

PPy-3@CCH/CFC (SEM images showed in Fig.S1). That is because the 

specific capacitance of CCH/CFC without PPy is limited by the poor 

electric conductivity. The adding of conductivity PPy can obvious 

enhance the performance of electrochemical reaction activity, and as the 

pseudocapacitive material, the PPy can also enhance charge storage 

stability [21]. But for PPy-3@CCH/CFC, it is the over etching of CCH flack 

structure cause the decrease of the capacitance. Hence the proper 

amount of PPy might great improve the electrochemical performance of 

the electrode active materials. 
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Figure 3.9. Comparison of different concentrations PPy on CCH, 

Charge discharge curves at 1A/g, CV curves at 10mv/s. Galvanostatic 

charge discharge curves at different current density, CV curves at 

different scan rates of PPy@CCH in 6 M KOH solution. 
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3.7.2. The cycling stability curves  

The cycling stability is also an important point for the materials of 

supercapacitors. As shown in Fig. 3.10, the cycling stability of 

PPy-0@CCH/CFC and PPy-2@CCH/CFC are estimated at 50mv s-1. The 

capacitance of PPy-2@CCH/CFC keep 86.1% of initial value after 8000 

cycles is remarkably better than the PPy*0@CCH/CFC which decay nearly 

20% after 5000 cycles. The CV curves before, after 5000 and after 8000 

cycles of PPy-2@CCH/CFC with few changes showed in Fig. S3 also 

express a good cycling stability. And the weeny decreasing of current 

may because of the increasing of reaction resistance. The comparison of 

electrochemical performance of different cobalt-based materials shows 

in table 1, the tape of PPy-2@CCH/CFC electrode materials with sheet 

helical structure exhibit the highest specific capacitance and great cycling 

stability. Those are result of the unique sheet helical structure allow the 

utilization of electrolyte and the diffusion of ions, meanwhile the dual 

conductive system formed between PPy and CFC enhance the rate of 

electron transition. Furthermore, the space between different flakes 

have a good adoption of volume changes and the PPy coated on the 

surface of CCH could form a surface layer which can efficiently stop the 

CCH from dissolving during charge- discharge process [32]. 
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Figure 3.10. Cycle stability test at 50mv/s of PPy@CCH/CFC and 

CCH/CFC. 
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Table 1. Comparison of electrochemical performance of different 

cobalt-based materials. 
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3.7.3. EIS curves  

EIS was performed for further understand the transfer of electrons 

and ions. The equivalent circuit as shown in Fig. 3.11 (insert picture), the 

series resistance (R1) is related to electrochemical system. R2 is 

charge-transfer resistance of redox reaction, and it’s corresponding to 

the diameter of the semicircle in the high frequency range of Nyquist 

plot. Ca is double layer capacitance and Wa is warburg impedance is 

arising from the ion diffusion on the surface of the electrode [22-24]. the 

PPy-2@CCH/CFC electrode show lower charge transfer resistance 

(R2=2.36 Ω) than CCH/CFC with other amounts of PPy, and almost 

vertical line in low frequency suggest a better capacitor behavior and fast 

transfer rate of electrons and ions, further confirming the excellent 

electrochemical performance of the PPy-2@CCH/CFC.  
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Figure 3.11. EIS curves of different PPy@CCH composites.
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3.8. Application of flexible electrode  

To access the practical application of PPy@CCH/CFC electrode, a 

symmetric supercapacitor is assembled by using PPy@CCH/CFC as the 

cathode and anode. Fig. 3.12 shows different work voltage window from 

0.6 to 1.6V. We chose 0~1.6 V as the input potential to further estimate 

the device performance. The CV curves were at different scan rate from 

5 to 50 mv s-1. It clearly shows a relatively quasi-rectangular CV shapes 

and the weak redox peaks, which means the SC device exhibit good 

performance combining both electric double-layer capacitor and 

pseudo-capacitor. The CV curves are also tested at different bending 

angles at scan rate of 50 mv s-1. All the curves demonstrate similar 

shapes even at 180°, which indicate an excellent flexible ability. For the 

charge -discharge plots, the symmetric supercapacitor shows a high 

specific capacitance of 275 F g-1 at 0.5 A g-1. Furthermore, the long-term 

stability is also evaluated through charge discharge process, the 

capacitance keeps 84.5% retention after 5000 cycles, indicate excellent 

structure stability and chemical stability of PPy@CCH/CFC electrode 

materials. The lighted LED light in Fig. 3.13 also supports the good 

performance of our electrode materials for practical device. The Ragone 

plot showed in Fig. 3.14 exhibits the energy density and power density at 

different current densities, the symmetric supercapacitor shows high 

energy density at 43.11 Wh kg-1 at a power density of 1.6 KW kg-1, which 
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is better than those of other electrode materials [7. 33-37]. 

 

 

 

 

Scheme 4. Illustration of flexible electrode. 
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Figure 3.12. CV curves of PPy@CCH/CFC symmetric supercapacitor 

measured at different potentials, CV curves measured at different scan 

rates, CV curves collected at different bending angles, Charge discharge 

curves. 
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Figure 3.13. Cycling stability tested. 
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Figure 3.14. Ragone plot of the SCs and other researches for comparison 
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4. Conclusion 

In this paper, 3D PPy@CCH/CFC has been compounded as the 

positive materials of supercapacitors. The unique sheet helical structure 

with good electrical conductivity and facile ion diffusion path exhibits 

highest specific capacitance of 1217.5 F g-1 and good stability of 86.1% 

retention after 8000 cycles. The two electrodes symmetric 

supercapacitor base on PPy@CCH/CFC electrode further display high 

energy density (43.11 Wh kg-1) and power density (1.6 KW kg-1) and long 

cycling life. This work may open up a convenient approach to compound 

the efficient electrode materials for energy storage applications 
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Figure S1. (a,b) SEM images of PPy-1@CCH. (c.d) PPy-3@CCH.  
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  Figure S2. XPS of Co 2p spectra, C 1s spectra, O 1s spectra for CCH  
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Figure S3. CV curves before, after 5000 and after 8000 cycle.
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