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Abstract  

In this paper, carbon fibers with a high specific surface area (SSA) have been prepared 

from cotton for supercapacitor application. The cotton-based carbon fibers (CCFs) are 

prepared by carbonizing the cotton fibers in ammonia (NH3) and nitrogen gases at 

different temperatures. The CCFs possess hollow tubular structure with outer diameter 

at about 7 µm and inner diameter at about 3 µm. The hollow structure is inherited from 

the natural structure of the cotton fibers. The SSA and pore structure of the CCFs 

depend on the carbonizing temperature and atmosphere. The CCFs carbonized in NH3 

have high SSA up to 778.6 m
2
 g

-1
 with higher mesopore ratio. Higher nitrogen 

concentration (3.3 at.%) and more C=O functional groups are present in the CCFs 

carbonized in NH3. The maximum specific capacitance of the CCFs carbonized in NH3 

are measured to be 355 F g
-1

 at 1 A g
-1

, 245.3 F g
-1

 at 0.8 A g
-1

, and 181.3 F g
-1

 at 0.2 A 

g
-1

 in KOH, H2SO4, and Na2SO4 electrolytes, respectively. The tubular structure, high 

SSA, higher mesopore ratio, nitrogen doping, and the presence of the oxygen functional 

groups are responsible for the excellent electrochemical performance. Comparing with 

the conventional activation process using KOH as an etchant the present process by 

NH3 etching to prepare the high SSA carbon materials has the advantages of simplicity, 
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no contaminants, and higher mesopore ratio. 

Keywords: cotton fibers; carbon fibers; supercapacitors; specific capacitance; specific 

surface area 

 

1. Introduction 

Supercapacitors with the advantages of high power capability, long cycle life, and fast 

charge/discharge rate are now attracting ever increasing interest due to their applications 

in many areas such as portable electronics, electric vehicles, and pulsing techniques.
1-4

 

According to the charge storage mechanism, supercapacitors can be classified into 

electrical double layer capacitors (EDLCs) and pseudocapacitors. The former store 

charges by reversible ion adsorption on the electrode surface and the later do by fast 

reversible Faradic reactions between the electrode materials and the electrolyte.
5-8

 The 

main requirement for the electrode materials of the EDLCs is high effective surface area 

because of the charge storage mechanism based on the ion accumulation on the 

electrode surface. Carbon materials such as activated carbon,
9, 10

 carbon nanotubes,
10, 11

 

carbon nanofibers,
12, 13

 graphene
14

, and carbide-derived carbon
15

 are generally used to 

fabricate the EDLCs for their high specific surface area (SSA). Among the different 

carbon materials activated carbon has been widely used in commercial production of 

supercapacitors due to its low cost and high SSA. Conventionally, the activated carbon 

is prepared from coal and those dense plant materials such as wood and nut shells. 

However, the specific capacitance and energy density of the conventional activated 

carbon is not high because of its microporosity and random pore structure.
16-19

 As a 

matter of fact, there exists a rich variety of plant materials with various microstructures, 

which may provide good precursors for preparing carbon materials suitable for 

supercapacitor application. Recently, different plant materials such as rice husk,
20

 

leaves,
21
 banana fibers,

22
 tea-leaves,

23
 and seaweeds

24
 have been used as the precursors 

to prepare the carbon materials for pursuing superior structure and property for 

supercapacitor application. For example, the carbon materials obtained by simple 
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pyrolysis of the seaweeds possesses a SSA of 1307 m
2
 g

-1
 and specific capacitance of 

175 F g
-1

 in 1 M H2SO4 solution even without using activation process.
24

 Comparing 

with other synthetic routes preparation of novel carbon structure from the natural 

structure of plant materials is inexpensive, simple, high-yielding, and 

environment-friendly. However, the research on preparation of carbon materials from 

plant resources is not enough now and further work is necessary to find better plant 

resources and improve the preparing process. 

Cotton is an ordinary plant material with attractive fiber morphology, which can 

serve as the precursor to prepare the CFs. In contrast, the common plant resources as 

listed above can only produce the carbon materials with granular morphology. The 

conventional CFs are generally prepared from pitch or polyacrylonitrile, which have 

been used for supercapacitor application after activation and shows better 

electrochemical performance than the granular activated carbon due to the fibrous 

morphology.
25, 26

 The conventional CFs have also been widely used as substrates for 

growing different active materials due to their excellent conductivity and flexibility.
27

 

Comparing with the conventional CFs the cotton-based CFs (CCFs) is hollow and may 

have better electrochemical performance when used as the active materials due to the 

increased surface area. Anyway, the CCFs derived from cotton provide alternative 

selection for supercapacitor application due to the green nature and low cost. Recently, 

highly flexible supercapacitors have been fabricated using the CCFs prepared from 

cotton fibers, but the specific capacitance is only 12–14 F g
-1

 because of the low SSA.
28

 

At present, the preparation of the CCFs with high SSA and excellent supercapacitor 

performance have not been well investigated and thus further work is necessary to 

exploit the capability of the CCFs by modifying their structure. 

In this paper, the CCFs with hollow structure, high SSA, and doped nitrogen (N) have 

been prepared from cotton by one-step carbonization in ammonia (NH3) gases. The high 

SSA of the CCFs is caused by the etching reaction of NH3 with carbon at high 

temperature. The CCFs exhibit excellent electrochemical performance including high 
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specific capacitance, high energy density, and high operation stability for supercapacitor 

application in different electrolytes, which can be ascribed to the high SSA, high 

mesopore ratio, and N doping generated by the NH3 etching as well as the hollow 

structure. Comparing with the conventional production procedures of the activated 

carbon including carbonization in protection atmosphere and activation with chemical 

reagents such as KOH the preparation of the CCFs with high SSA by NH3 etching can 

be accomplished in one step. To the best of our knowledge, this is the first time to 

prepare the N doped CCFs with high SSA by NH3 etching. The present CCFs deserve 

attention considering the abundance of cotton. 

 

2. Experimental 

The cotton was obtained from Hualu Company in Shandong province. The applied 

electrolytes of KOH, H2SO4, and Na2SO4 are analytical grade. The carbonization of the 

cotton fibers was carried out in a conventional tube furnace. During carbonization the 

cotton fibers were heated for 2 h at 700, 800, and 900 
o
C with a heating rate of 5 

o
C 

min
-1 

in NH3 atmosphere with a flow rate of 100 mL min
-1

. For comparison, the cotton 

fibers were also carbonized in N2 atmosphere following the above described procedure.  

The prepared CCFs were characterized by scanning electron microscope (SEM, 

HITACHI S-4700), X-ray diffractometer (XRD, Rigaku D/Max 2500/PC), Raman 

spectroscopy (Renishaw RM-1000), and transmission electron microscope (TEM, 

JEM-2100HR). The SSA and pore structure were determined by nitrogen adsorption at 

77 K (Micromeritics TriStar 3020). The total SSA and micropore SSA were calculated 

using the BET method and t-plot method, respectively. The pore size distribution curves 

were calculated using the Barrett−Joyner−Halenda (BJH) method. X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250) was used to determine the composition. The 

electrical conductivity of the CCFs was mesurred by a multimeter using a conventional 

setup for measuring powder materials (Fig. 1).
21

 The thermogravimetric (TG) curve was 

measured by a TG analyzer (STA449F3, Jupiter). 
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The electrochemical performance of CCFs was evaluated on an electrochemical 

workstation (CHI760C, Shanghai Chenhua Instrument Co. Ltd, China) in a 

three-electrode system in different aqueous electrolytes (6 M KOH, 1 M H2SO4, and 1 

M Na2SO4 solutions). For the measurements in alkaline and neutral electrolytes, the 

working electrodes were prepared by directly pressing the CCFs (about 4 mg cm
-2

) onto 

nickel foam. For preparing the electrodes for the measurements in acidic electrolyte, the 

CCFs (about 2 mg cm
-2

) were coated on glassy carbon substrate by dripping a drop of 

nafion solution (5 wt.% in water, Alfa Aesar). During measurements a platinum plate 

and an Hg/HgO electrode were used as the counter and reference electrode, respectively. 

Cyclic voltammetry (CV) curves, galvanostatic charge/discharge (CD) curves, and 

electrochemical impedance spectra (EIS) were measured to evaluate the supercapacitive 

performance. 

The specific capacitance and energy density were calculated by the following 

formulas:
2, 12

 

 

 

where Csp (F g
-1

) is the specific capacitance of the active materials, I (A) is the 

discharge current, ∆V (V) is the potential window of discharge, ∆t (s) is the discharge 

time, m (g) is the mass of the active material, E (Wh kg
-1

) refers to the energy density of 

the active materials. 

 

3. Results and discussion 

In order understand the thermal property of cotton TG analysis was performed. Fig. 2 

shows the TG curve of cotton measured in N2 from room temperature to 900 
o
C. It can 

be seen that the weight decreases rapidly from 300 
o
C and keeps stable after 400 

o
C. 

The final carbon yield is about 29%. The optical image of the applied cotton is shown in 

Fig. 3a. After carbonization the obtained CCFs shrink, but show about similar shape to 

the original cotton without obvious break (Fig. 3b). Fig. 3c and d show the typical SEM 
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images of the CCFs. The fiber morphology of the cotton is well preserved for the CCFs. 

The average diameter of the CCFs is about 7 µm, about similar to the Nomex aramid 

CFs.
26

 From the cross section of a fractured fiber it is observed that the CCFs is hollow, 

presenting a microtubular structure (Fig. 3d). The inner diameter and the wall thickness 

of the CCF tube are about 3 µm and 1.5 µm, respectively. The hollow structure of the 

CCFs is superior to the solid structure of the conventional CFs when used as the 

supercapacitor electrodes because the inner surface may contribute to the charge 

storage.  

Fig. 4a shows the XRD patterns of the CCFs carbonized at different temperatures in 

different atmosphere. All the patterns exhibit the characteristic of turbostratic carbon 

with the two peaks at about 24.6
 o

 and 43.8
o
, corresponding to the diffraction of (002) 

and (100) planes. For the samples carbonized in NH3 the (002) peak narrows with 

increasing the carbonizing temperature (patterns II-IV), indicating improvement of 

crystallinity at higher temperature. Comparing with the samples carbonized in NH3 the 

sample carbonized in N2 at 800 
o
C shows a broader peak width, suggesting that NH3 

could promote the crystallization of the CCFs.
12, 30, 31

 Fig. 4b shows the corresponding 

Raman spectra of the CCFs carbonized at different temperatures in different atmosphere. 

Two broad peaks can be observed around 1345 and 1591 cm
-1

, corresponding to the 

well-known D and G peaks of carbon associated with the disordered and graphitized 

structure, respectively. The spectra indicate the characteristics of microcrystalline 

graphitic materials.
31

 The integrated intensity ratio of D to G peak (ID/IG) was obtained 

by Lorentzian fitting, which can be used to estimate the crystallinity of the carbon 

materials. The ID/IG ratios of the CCFs carbonized in NH3 at 700, 800, and 900 
o
C are 

2.09, 1.83, and 1.56, respectively, confirming the crystallinity improvement at higher 

temperature. The ID/IG ratio of the CCFs carbonized in N2 at 800 
o
C is 2.02, confirming 

the promoting effect of NH3 and high temperature on the crystallization of the carbon 

materials. The present Raman results are in agreement with those indicated by the above 

XRD. 
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Fig. 5a is the low magnification TEM image showing the typical morphology of the 

CCFs. Although the tube wall is very thick for the electron transmission the tubular 

structure of the CCFs can still be observed. The inner and outer diameters of the CCF 

shown in Fig. 5a are 3 and 7 µm, respectively, which is about similar to the observation 

by SEM images. Fig. 5b and c show the high resolution TEM (HRTEM) images of the 

CCFs carbonized at 800 
o
C in NH3 and N2, respectively. It is observed that both samples 

are highly defective although some desultory and distorted lattice fringes corresponding 

to the graphitic (002) plane can be seen. 

Table 1. Calculated total SSA (St, m
2
 g

-1
), micropore SSA (Sm, m

2
 g

-1
), total pore volume (Vt, cm

3 

g
-1

), micropore volume (Vm, cm
3 

g
-1

), average pore size (da, nm), and percentage of the micropore 

SSA (Pm) for the CCFs prepared at different temperatures in different atmospheres. 

Temperature (
o
C)  Atmosphere St

 
Sm Vt

 
Vm da Pm  

700 NH3  318.2  292.7  0.163  0.145  5.21 92.0% 

800 NH3  602.1  491.4  0.369  0.243  4.43 81.6% 

900 NH3  778.6  594.3  0.410  0.292  3.45 76.3% 

800 N2  108.3  108.2  0.065  0.056  28.79 99.9% 

The N2 adsorption/desorption isotherms of the different samples are shown in Fig. 6a. 

It is indicated that for the CCFs carbonized in NH3 the adsorption capacity increases 

greatly with increasing the carbonizing temperature, reflecting the increase of the SSA. 

The abrupt rise of the isotherm at very low P/P0 value is caused by the adsorption of the 

micropores while the subsequent gradual increase with increasing the relative pressure 

originates from adsorption of the mesopores. It is observed that the isotherm of the 

CCFs carbonized at 800 
o
C in NH3 exhibits an apparent adsorption/desorption hysteresis 

loop above the P/P0 value of 0.45, which are caused by the capillary condensation in 

mesopores and macropores.
32, 33

 The calculated results of the pore structure are listed in 

Table 1. The SSA of the CCFs carbonized at 700, 800, and 900 
o
C in NH3 are 318.2, 

602.1, and 778.6 m
2
 g

-1
, respectively. In contrast, the CCFs carbonized in N2 at 800 

o
C 
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possess much lower adsorption capacity with a SSA of 108.3 m
2
 g

-1
, suggesting that the 

high SSA of the CCFs carbonized in NH3 is due to the presence of NH3. At high 

temperature NH3 can decompose into H containing active species such as atomic H and 

NHx (x≤2), which react with carbon to produce volatile products, resulting in the porous 

structure and high SSA. The large tails appearing in all the isotherms in the high relative 

pressure range near 1.0 is related to indicating the presence of the mesopores and 

macropores.
31, 32

 It is noted that the CCFs etched by NH3 possess higher mesopore and 

macropore percentage than the activated carbon prepared by the KOH etching,
33

 which 

is beneficial to the supercapacitor application.
16

 Pore size distribution of the CCFs is 

shown in Fig. 6b. As indicated in Table 1, for the CCFs carbonized in NH3 the 

micropore percentage decreases with increasing the carbonizing temperature, namely, 

the total percentage of the mesopores and macropores increases. This tendency has also 

been observed for the preparation of the activated carbon by KOH activation, where 

micropore volume decreases as the carbonizing temperature of the precursors 

increases.
34

 However, from Fig. 4b it is found that the percentage of the mesopores 

above 3 nm and macropores is higher for the CCFs carbonized at 800 
o
C than those 

carbonized at 900 
o
C. The pore distribution of the 800 

o
C CCFs shows a strong peak 

from 3 to 4.5 nm. It is considered that the higher percentage of the mesopores above 3 

nm and the macropores accounts for the adsorption/desorption hysteresis loop for the 

CCFs carbonized at 800 
o
C in NH3. 

The electrical conductivity of the active materials is an important parameter for 

supercapacitor application. The conductivity of CCFs carbonized at 700, 800, and 900 

o
C in NH3 and 800 

o
C in N2 were determined to be 0.0070, 0.014, 0.039, and 0.0075 S 

cm
-1

, respectively (Fig. 1). It is found that the conductivity increases with increasing the 

carbonizing temperature for the CCFs carbonized in NH3 and the CCFs prepared in NH3 

have higher conductivity than those prepared in N2 at similar temperature. XPS spectra 

were measured to investigate the composition and surface functional groups of the 

CCFs as they play important roles in the electrochemical process of charge storage. Fig. 
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7 shows the XPS spectra of the CCFs carbonized at 800 
o
C in NH3 and N2. It is found 

that both the samples contain C, N, and O elements. The concentrations (at%) of C, O, 

and N are 88.18%, 8.52%, and 3.30% for the CCFs carbonized in NH3 and 89.28%, 

10.50%, and 0.32% for the CCFs carbonized in N2, respectively. By deconvoluting the 

O1s spectra it is found that the O element may exist in the forms of C=O, C-O-C, 

C-O-H, COOH, and H2O (Fig. 7b).
12, 35, 36

 According to the literatures the C=O group 

will contribute to the electrochemical capacitance by introducing Faradic reaction.
35, 36

 

As indicated in Fig. 7b, the content of the C=O group is higher in the CCFs carbonized 

in NH3 than those carbonized in N2. Furthermore, both samples are doped with N and 

the CCFs carbonized in NH3 have higher N content (Fig. 7c). 

Electrochemical performance of the CCFs was first evaluated in 6 M KOH solution 

with a three-electrode system. Fig. 8a shows the CV curves of the different samples. 

The CV curves exhibit nearly rectangular shape, indicating the charge storage 

characteristics of the EDL. For the CCFs carbonized in NH3 the current response first 

increases and then decreases with increasing the carbonizing temperature with the 

maximum occurring at 800 
o
C. Comparing with the CCFs carbonized in NH3 at 800 

o
C 

the CCFs carbonized in N2 at 800 
o
C exhibit much lower current density. Fig. 8b shows 

the CD curves of the different samples. All the CD curves display the capacitive 

characteristic for charge storage with nearly triangular shape.
12

 By calculation from the 

CD curves the specific capacitance of the CCFs carbonized in NH3 at 700, 800, 900 
o
C 

and in N2 at 800 
o
C are 142.6, 355.0, 204.2, and 133.2 F g

-1
 at the current density of 1 A 

g
-1

, respectively, and the energy densities are 28.5, 71.0, 40.8, and, 26.6 Wh Kg
-1

, 

respectively. The above changing trend is related to the SSA and pore structure of the 

CCFs. Generally, higher SSA results in the higher specific capacitance for the EDLCs. 

However, it is noted that despite the lower SSA for the CCFs carbonized in NH3 at 800 

o
C than those at 900 

o
C the former possess much higher specific capacitance than the 

later. This confirms that pore size plays key roles in the charge storage of the EDLCs.
16, 

34, 37
 The higher specific capacitance obtained for the CCFs carbonized in NH3 at 800 

o
C 
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may originate from the higher proportion of mesopores with size above 3 nm mainly, 

suggesting that the mesopores above 3 nm may be more effective for ion transport. This 

result should be valuable for the design and preparation of the electrode materials of 

supercapacitors. Fig. 8c and d are the CV curves measured at different scan rates and 

the CD curves measured at different current densities of the CCFs carbonized at 800 
o
C 

in NH3. The nearly rectangular shape was kept with slight distortion with increasing the 

scan rate for the CV curves and the CD curves exhibit nearly triangular shape at all 

current densities, indicating the efficient capacitive behavior and good charge 

propagation across the electrodes.
14, 37-39

 The specific capacitance calculated from the 

CV curves of the CCFs carbonized at 800 
o
C in NH3 is 323.3, 300.2, 267.5, and 213.4 F 

g
-1

 at the scan rates of 5, 10, 20, and 50 mV s
1
, respectively, and the values calculated 

from the CD curves are 355.0, 340.1, 310.5, and 254.4 F g
-1

 at the current densities of 1, 

2, 4, and 8 A g
-1

, respectively.  

The EIS spectra of the different samples and an equivalent circuit are shown in Fig. 

10, which were measured in the frequency range of 0.01-100 kHz with an AC 

perturbation of 5 mV. All the Nyquist plots show similar shape with a rough semicircle 

in the high frequency region, a straight line in the low frequency region, and a Warburg 

section (W) of 45
o
 slope in the middle frequency region. The semicircle results from the 

parallel connection of charge transfer resistance (RCT) at the electrode/electrolyte 

interface and double-layer capacitance. The intercept of the semicircle with the real axis 

at high frequency side corresponds to the internal resistance (Rs) including the 

resistances of the electrolyte solution, electrode material, and the electrode 

material/current collector interface, among which the main part is from the electrolyte 

solution.
20

 The internal resistances are about 2.22, 1.49, 1.12, and 2.67 Ω for the CCFs 

carbonized in NH3 at 700, 800, and 900 
o
C and in N2 at 800 

o
C, respectively. For the 

CCFs carbonized in NH3 the internal resistance is comparable to other carbon 

materials.
12, 20, 40

 It is expected that the internal resistance could be reduced by adding 

conductive additives. The decrease of the internal resistance with increasing carbonizing 
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temperature is mainly caused by the improvement of crystallinity at higher 

temperature.
18

 The semicircle diameter reflects the magnitude of RCT, which decreases 

with increasing the carbonizing temperature. This should be caused by the increased 

contact area between the electrode structure and the electrolyte solution due to the 

higher SSA at higher temperature. The low frequency straight line is related to the ion 

diffusion resistance in the electrode materials, which should exhibit a vertical shape for 

an ideal capacitor.
15,

 
28

 Similar to the changing trend of the specific capacitance, the low 

frequency straight line of the CCFs carbonized in NH3 at 800 
o
C has the largest slope. 

This should be also a consequence of the higher proportion of the mesopores above 3 

nm, which are more efficient for ion transport.
20, 41

 In addition to the KOH electrolyte 

the electrochemical performance in 1 M H2SO4 and 1 M Na2SO4 solutions were also 

evaluated on the CCFs carbonized at 800 
o
C in NH3, which are shown in Fig. 9. Both 

CV curves in the two electrolytes exhibit nearly rectangular shape, indicating the charge 

storage characteristics of the EDL. The maximum specific capacitance and energy 

density were calculated from the CD curves of the samples, which are 245.3 F g
-1

 and 

27.6 Wh kg
-1 

at 0.8 A g
-1

 in H2SO4 solution and 181.3 F g
-1

 and 56.7 Wh kg
-1

 at 0.2 A 

g
-1

 in Na2SO4 solution. 

Cyclic stability is of great importance for the practical application of supercapacitors. 

Fig. 11 shows the specific capacitance vs. cycle number curves of the CCFs carbonized 

in NH3 at 800 
o
C in 6 M KOH, 1 M H2SO4, and 1 M Na2SO4 electrolytes, which were 

measured at the current densities of 4 A g
-1

, 2 A g
-1

, and 2 A g
-1

, respectively. It is 

indicated that the CCFs have high operation stability in alkaline, acidic, and neutral 

electrolytes. The capacitance retention of the CCFs after 4000 cycles reaches 92.4%, 

102.5%, and 94.1% in KOH, H2SO4, and Na2SO4 solutions, respectively. The present 

work manifests that the CCFs prepared from cotton possess excellent electrochemical 

performance including high specific capacitance, high energy density, and high 

operation stability in alkaline, acidic, and neutral electrolytes. The excellent 

electrochemical performance can be mainly ascribed to the higher mesopore ratio and 
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the hollow structure of the CCFs. The presence of the surface oxygen groups and the N 

doping contribute also to the excellent electrochemical performance.
12, 35, 36, 42 

Comparing with the route to prepare the activated carbon with KOH activation the 

present one-step process by NH3 etching is simpler and impurity-free.
 

 

Conclusions 

In summary, the CCFs with tubular structure, high SSA, and high N content has been 

prepared from cotton by carbonization. The tubular structure of the CCFs is inherited 

from the natural structure of cotton fibers. The SSA and pore structure of the CCFs are 

strongly dependant on the carbonizing temperature and atmosphere. High SSA up to 

778.6 m
2
 g

-1
 has been obtained by carbonization in NH3, which is ascribed to the 

etching reactivity of NH3 with carbon. Comparing with the activation process with 

KOH the present one-step process by NH3 etching is simpler and impurity-free and can 

generate higher mesopore ratio, and dope N. The CCFs possess excellent 

electrochemical performance including high specific capacitance, high energy density, 

and long-term stability in alkaline, acidic, and neutral electrolyte. The mesopores above 

3 nm was found to contribute greatly to the excellent electrochemical performance. On 

account of the abundance of the cotton materials (including the waste cotton cloth) the 

present CCFs are expected to play roles in the application of supercapacitors. 
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Figure captions 

 

Fig. 1 Conductivity of CCFs synthesized at 700, 800 and 1000 
o
C in NH3 and 800 

o
C in 

N2 and the inset is the schematic diagram of conductivity measurements under 

pressure. 

Fig. 2 Thermogravimetric curve of cotton fibers. 

Fig. 3 Photographs of the applied cotton precursor (a) and the obtained CCFs (b) and 

SEM images of the CCFs carbonized at 800 
o
C in NH3 atmosphere (c and d). 

Fig. 4  XRD patterns (a) and  Raman spectra (b) of the CCFs carbonized in N2 at 

800°C (I) and in NH3 at 700 (II), 800 (III), and 900 °C (IV).  

Fig. 5 (a) Low magnification TEM image showing the tubular structure of the CCFs. (b) 

HRTEM image of the CCFs carbonized at 800 
o
C in NH3. (c) HRTEM image of 

the CCFs carbonized at 800 
o
C in N2. 

Fig. 6 Nitrogen adsorption/desorption isotherms (a) and pore size distribution (b) of the 

CCFs carbonized at different temperatures in different atmospheres. 

Fig. 7 XPS survey spectra (a), O1s spectra (b), and N1s spectra (c) of the CCFs 

carbonized at 800 
o
C in NH3 and N2. 

Fig. 8 (a) CV curves of the different samples at 20 mV s
-1

. (b) CD curves of the 

different samples at 1 A g
-1

. (c) CV curves of the CCFs carbonized at 800 
o
C in 

NH3 at different scan rates. (d) CD curves of the CCFs carbonized at 800 
o
C in 

NH3 at different current densities. 

Fig. 9 CV curves of the CCFs carbonized at 800 
o
C in NH3 measured in 1 M H2SO4 (a) 

and 1 M Na2SO4 (b) solutions at 20 mV s
-1

. 

Fig. 10 Nyquist plots of the CCFs carbonized at different temperatures in different 

atmospheres. The inset shows the equivalent circuit. 

Fig. 11 Operation stability of the CCFs carbonized in NH3 at 800
o
C in different 

electrolytes. 
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