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Abstract 

Doping carbon materials with heteroatoms such N, F is an effective approach to 

elevating the capacitive performance of supercapacitors. In this work, nitrogen and 

fluorine dual-doped two-dimensional (2D) porous carbon nanosheets (PCNSs) have 

been fabricated by a straightforward template carbonization method, using trisodium 

citrate as carbon source and self-template, and ammonium fluoride as N/F dopants. 

The N/F-doped carbon samples are well characterized by a series of techniques and 

measured in a three-electrode system and two-electrode system, respectively. As a 

result, N/F-doped carbon has delivered large capacitance of 110 F g‒1 at 1A g‒1 and 

high energy density of 3.82 W h kg‒1 at the power density of 0.5 kW kg‒1. It is also 

revealed that semi-ionic C–F bonds in PCNSs have enhanced electrical conductivity, 

hence facilitating electron transport in the electrode. For comparison, ammonium 

chloride is used as sole dopant for producing N-doped carbon materials, whose 

capacitive performances are much lower than the N/F-codoped one, indicating the 

synergistic effect of N/F for capacitive improvement.   

Keywords: Carbon nanosheets; Dopant; Nitrogen; Fluorine; Supercapacitor. 
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1. Introduction 

Two-dimensional (2D) porous carbon nanosheets (PCNSs), compared with 

traditional porous carbon materials, have shown many scientific advantages of faster 

ion/electron transfer, shorter ion/electron transport/diffusion length and higher 

charge-induced ion-adsorbing surface area,1 which are very likely to serve as 

electrode materials for high performance supercapacitors.2,3 So far, many routes have 

been developed to synthesize PCNSs, mainly including chemical vapor deposition 

(CVD), solvothermal synthesis, chemical or physical exfoliation, templating, and 

self-assembly.4 Among these, templating method (more commonly called as template 

carbonization method) is proved to be a powerful tool for producing carbon materials, 

primarily showing precisely controlled structures at the nanometer level.5 For 

example, large scale PCNSs have been successively fabricated through the above 

strategy, using different kinds of carbon sources and templates such as 1,5-

diphenylcarbazide and MgCl2·6H2O,6 thiocarbanilide and Mg(OH)2,
7 and sodium 

stearate and magnesium,8 respectively. Furthermore, it is notable for us that the 

production of PCNSs with large areas has been implemented for these cases, and 

nevertheless it remains the troublesome post treatment of templates additionally 

added. In brief, to explore a simpler template carbonization method, especially 

without the use of extra template, seems to be intriguing for PCNSs synthesis.  

For achieving high performance supercapacitors, one imperative way is to 

accurately control the intrinsic pore structures of PCNSs, and another alternative one 

is the doping of hetero-atoms (N, B, P, S, F etc.) within carbon matrix, which could 

largely adjust physical properties of carbon materials, including conductivity and 

wettability.9 As far as ubiquitous nitrogen is concerned, it indicates more electron-

rich and polar in contrast to that of carbon, which thereby leads to increased electrical 

conductivity and better wettability.10-12 In addition, another useful heteroatom is 

fluorine, also quite improving pseudo-capacitance, which acts as the similar 

functionality to that of N atom. It reveals that F-doping and the large interlayer 

distance as well as the disorder structure contributes to a lowering of the sodium ion 

insertion–extraction barrier, thus promoting the Na+ diffusion and providing more 

active sites for Na+ storage.13 

With the development of supercapacitor electrode materials, it has recently 

reached a consensus that doping two or more types of heteroatoms into carbon matrix 
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can further enhance the capacitive performance on account of the synergistic effects 

among the doped species.14-16 For instance, Gao et al. reported ultrahigh volumetric 

capacitance of 521 F cm‒3 in aqueous electrolytes for non-porous carbon microsphere 

electrodes co-doped with fluorine and nitrogen;17 Nitrogen and fluorine doped 

mesoporous carbon nanofibers (NFMCNFs) were fabricated using a hydrothermal 

treatment for structural modification to create porosity and a vacuum plasma process 

for introducing heteroatoms into the carbon lattice. Applied to supercapacitor devices, 

the NFMCNFs exhibited a remarkable EDLC performance of 252.6 F g‒1 at 0.5 A g‒1 

in a 1 M H2SO4 electrolyte;18 N, F co-doped activated carbon (ACNF) was 

successfully prepared by a microwave-assisted hydrothermal method, utilizing 

commercial activated carbon (ACR) as the precursor and ammonium 

tetrafluoroborate as the single source. The rate capability was higher compared to that 

of raw activated carbon because N and F codoping increased the electrical 

conductivity of AC-NF.19 Yet, as given above, both complicated apparatus and 

rigorous fluorine source such as hydrofluoric acid or octafluorocyclobutane (C4F8) 

gas has greatly restricted the fluorination of carbon materials, and thereby how to find 

out a milder synthesis approach to realizing effective nitrogenation/fluorination 

towards carbons is still challenging.  

Herein, we used trisodium citrate dihydrate as carbon source and 

ammonium chloride & ammonium fluoride as nitrogen/fluorine source, respectively, 

by a straightforward template carbonization method to produce N-doped or N/F dual-

doped carbon materials. The as-obtained carbon samples were fully characterized by 

a series of techniques including XRD, Raman, XPS, BET&PSD and HRTEM. Finally, 

the corresponding capacitive behaviors were measured in a three-electrode system 

and two-electrode system, respectively.  

2. Experimental section 

Aiming to fabricate 2D PCNSs doped with nitrogen and/or fluorine species, in 

present work, we adopted trisodium citrate dihydrate as carbon source and 

ammonium chloride & ammonium fluoride as special dopants. The above 

considerations are based on the following reasons: firstly, due to the scientific 

advantages of  2D carbon nanostructures compared to irregular porous carbon 

materials, the research target is to produce  2D carbon nanosheets and trisodium 

citrate dihydrate was chosen as carbon precursor, mainly because it can thermally 
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decompose into carbon nanosheets when simply being heated at elevated 

temperatures;20 secondly, in order to realize the doping of carbon matrix with nitrogen 

and/or fluorine species, we used ammonium chloride and ammonium fluoride as 

dopants when being heated with trisodium citrate dihydrate.  

Note that the possible formation mechanism for producing 2D carbon 

nanostructures derived from the pyrolysis of trisodium citrate dihydrate can be 

illustrated as follows: As reported previously, trisodium citrate dihydrate loses two 

water molecules at 160 °C, and then the generated trisodium citrate further 

decomposes (>295 °C) to produce carbon, coexistent with gases and sodium 

carbonate.20 In particular, the freshly synthesized sodium carbonate play an crucial 

role in determining the formation of 2D carbon nanostructures, as the inorganic 

Na2CO3 salt could enhance the dehydration and crosslinking reactions and increases 

the carbon yield.21  

For the case of trisodium citrate dihydrate and ammonium chloride, a 

synchronous carbonization and nitrogenation process occurs at elevated temperatures, 

in which the freshly produced ammonia gas (coming from the decomposition of 

ammonium chloride) will be incorporated into carbon materials (stemming from the 

carbonization of trisodium citrate dihydrate), eventually achieving the N-doped 

carbon materials; besides, as for the case of trisodium citrate dihydrate and 

ammonium fluoride, in a similar manner, N/F dual-doped carbon materials come into 

being via a synchronous carbonization and nitrogenation/fluorination process.  

Additionally, what is worth paying attention to is the doping ability of halogen 

elements, and evidently the atomic radius is a key effect to be considered. As a result, 

nitrogen and fluorine with atomic radii of 65 and 50 pm respectively to large extent 

match with carbon atom (that of 70 pm); however, chlorine element (100 pm) is 

nonequivalent to that of carbon atom owing to the large radii discrepancy. As a 

consequence, nitrogen and/or fluorine could be feasibly incorporated into carbon 

matrix whilst chlorine is not preferrable.  
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Figure 1. Schematic diagram of the synthesis procedure for carbon nanosheets doped with N/F as well as structural formula of nitrogen/fluorine 

groups in a graphitic structure. 
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2.1 Typical procedure for synthesizing the carbon-N-F sample 

All the chemicals are of analytical grade, coming from Sinopharm Chemical 

Reagent Co. Ltd, and used as received without further purification. 

Typically, certain amount of trisodium citrate dihydrate (C6H5Na3O7·2H2O) and 

ammonium fluoride (NH4F) with the mass ratio of 1:2 were firstly milled in a mortar 

about 10 min and then transferred into a porcelain boat. After flowing with N2 for 30 

min, it was further heated up to 800 °C at a rate of 4 °C min−1 and maintained for 2h 

under N2 flow in a horizontal tube furnace. After that, the product was immersed in 

diluted HCl solution (1 mol L–1) for 4 h. Subsequently, the products were washed with 

deionized water, until the pH of filtrate to be 7. Finally, the filtered product was dried 

in vacuum at 110 °C for 12 h, obtaining the carbon-N-F sample.  

As for the carbon-blank sample, it was obtained by solely carbonizing trisodium 

citrate dihydrate, maintaining the other reaction conditions unchanged; and the 

carbon-N sample was synthesized by trisodium citrate dihydrate and 

ammonium chloride (NH4Cl) with the mass ratio of 1:2 while keeping other 

parameters invariable. 

2.2 Structure characterization  

The visualized morphology of the carbon sample was characterized by field 

emission scanning electron microscopy (FESEM; Hitachi S-4800, operated at a 

voltage of 10 kV). High-resolution transmission electron microscope (HRTEM) 

images, elemental mappings and EDAX spectrum were performed with a JEM-2100F 

unit. X-ray diffraction (XRD) pattern was obtained on a Rigaku D/MAX2500V with 

Cu Kα radiation. Raman spectrum was recorded at ambient temperature on a Spex 

1403 Raman spectrometer with an argon-ion laser at an excitation wavelength of 

514.5 nm. The specific surface area and pore structure of the carbon sample were 

determined by N2 adsorption-desorption isotherms at 77 K (Quantachrome Autosorb-

iQ). The specific surface area was calculated by the BET (Brunauer-Emmett-Teller) 

method. Pore size distribution was calculated by using a slit/cylindrical nonlocal 

density functional theory (NLDFT) model. X-ray photoelectron spectra (XPS) were 

obtained using a VG Instruments ESCALAB MK II X-ray photoelectron spectrometer 

with an excitation source of Al Ka (1486.6 eV). 
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2.3 Electrochemical measurements conducted in a three-electrode system 

Typically, the carbon sample (80wt%), graphite (15wt%) and  

polytetrafluoroethylene (5wt%) were mixed in ethanol. The mixed slurry (active 

carbon materials of 3~4 mg) was coated onto platinum net (~ 1 cm2) to prepare the 

working electrode, and the electrode was dried at 110 °C in an oven for 12 h.The three 

electrode system was executed in the prepared electrolyte (6 mol L–1 KOH solution) 

with a counter electrode of platinum foil (6 cm2) and a reference electrode of saturated 

calomel electrode (SCE). All texts were carried out on a CHI 760E (Chen Hua 

Instruments Co. Ltd., Shanghai). The electrochemical performances of the samples 

were evaluated by cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), 

and electrochemical impedance spectroscopy (EIS) techniques. The EIS measurements 

were carried out in the frequency range from 100 kHz to 0.01 Hz at open circuit 

potential with an ac perturbation of 5 mV. 

Specific capacitances derived from galvanostatic tests can be calculated from the 

equation: 

mdU

Idt
C                                                   (1) 

Where C (F g−1) is the specific capacitance; I (A) is the discharge current; t (s) is 

the discharge time; U (V) is the potential; and m (g) is the mass of active materials 

loaded in working electrode. 

Energy efficiency (ηE) was calculated using the equation: 

                                                          
int/

int/

d
E

c

t

t






                                                  (2) 

where Δtint/c and Δtint/d are integral charging and discharging time, respectively. 

2.4 Electrochemical measurements conducted in a two-electrode system 

The electrochemical experiments in two-electrode system were performed in a 

CR2032 corn-type cell. The carbon electrode was used as the working electrode and 

another carbon electrode with the same mass of active material was used as the 

counter electrode. A glassfiber membrane was used as the separator for the symmetric 
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supercapacitor. Note that the mass of active carbon materials on each electrode is 1~2 

mg. 

Specific capacitances derived from galvanostatic tests can be calculated from the 

equation: 

mdU

Idt
C

2
                                                   (3) 

Where I (A) is the constant current; m (g) is the mass of active material loaded on 

the single electrode; U is the voltage window (V); C (F g−1) is the specific capacitance. 

Specific energy density (E) and specific power density (P) derived from 

galvanostatic tests can be calculated from the equations: 

                                                 2

8

1

6.3

1
UCE                                              (4)  

                                                        
t

E
P




3600
                                                  (5) 

E (Wh kg−1) is the energy density; C (F g−1) is the specific capacitance; U (V) is 

the potential; and P (W kg−1) is the power density and t (h) is the discharge time.  

3. Results and discussion 

3.1 Structural characterization 

X-ray diffraction is usually used to study the structure, composition, and physical 

properties of materials. In this work, we firstly employed XRD technique to 

characterize the intrinsic structure of the Carbon-blank, Carbon-N-F, and Carbon-N 

samples, and the resulting XRD patterns with 2 theta scope of 10 ~ 90° are displayed 

in Figure 2a. Apparently, there exists one broad but low-intensity diffraction peak for 

each sample, centered at ca. 25.1° that corresponds to (002) crystal plane. As we know, 

the (002) crystal plane is representative for standard graphite and the corresponding    

2 theta data is ca. 26.6° in accordance with classic Bragg Eq. 2dsinθ = λ. It is obvious 

to us that the present (002) crystal plane has somewhat shifted to left direction, 

compared to the standard graphite, hence indicating the amorphous or disordered 

feature of the Carbon-blank, Carbon-N-F, and Carbon-N samples. Furthermore, the 
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enlarged interlayer spacing is believed to be favorable for increasing porosity as well 

as lowering electrolyte diffusion. As for the ones at ca. 42.6°, they are actually indexed 

as (100) and (101) planes of standard graphite, which are generally signed as (10) 

planes primarily due to their contiguous positions.  

Next, the authentic structure of the Carbon-blank, Carbon-N-F, and Carbon-N 

samples was characterized by Raman tool, because Raman spectrum is particularly 

sensitive to carbon microstructures, thus providing useful diagnostics for carbon 

structure and properties.22 As shown in Figure 2b, c, d, two dissociated peaks are 

located at 1342.6 and 1594.8 cm−1, respectively, which are definitely indicative of 

non-graphitic carbon structures.23 To further illustrate the Raman results, we used 

Lorentz curve fitting method scoping from 500 to 2000 cm−1, and eventually four 

peaks with different positions occur. In details, they can be indexed as D and G band 

(with higher intensities) as well as disordered graphitic lattice and amorphous carbon24  

(with lower intensities), as described in Figure 2b, c, d.  

Besides, Tuinstra and Koenig proposed the following Eq. 6 to evaluate the 

graphite cluster size, where ID/IG represents the intensity ratio of D and G band; La is 

graphitic in-plane microcrystallite size, and Cλ is ~ 4.4 nm.25,26  

                                                          
D

G a

CI

I L

                                              (6) 

Herein, the ID/IG data for the Carbon-blank, Carbon-N-F, and Carbon-N samples are 

tested to be 1.37, 0.99 and 1.03, respectively, and the resulting La are of 3.21, 4.44 and 

4.27 nm, respectively. It is thus concluded that incorporating N/F species into carbon 

matrix has to some extent increased the graphitic in-plane microcrystallite size in 

contrast to the pristine one; and also, the Carbon-N-F sample has manifested the 

largest La among these samples, principally owing to the synergistic doping of N and F 

elements.  
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Figure 2. The Carbon-blank, Carbon-N-F, Carbon-N samples: (a) XRD patterns; 

(b, c, d) Raman spectra. 

Carbon porosity mainly including BET surface area, total pore volume and PSD 

has significantly influenced the capacitive performance of supercapacitors, and, for 

example, hierarchical micro-meso-macro porosity improved the rate performance of 

the biochar-based carbons.27 In present work, we used N2 adsorption-desorption 

technique to investigate the porosity features of the Carbon-blank, Carbon-N-F, and 

Carbon-N samples. As depicted in Figure 3 a, b, c, all of the isotherms can be ascribed 

to type-IV (IUPAC classification) on the basis of the representative hysteresis loops at 

the pressure scope of 0.45 ~ 1.0. That is to say, the present carbon samples are 

basically composed of micropores, mesopores and macropores,28 as also evinced by 

the PSD curves in Figure 3d. This kind of hierarchical pore structures are clearly 

favorable of obtaining high performance supercapacitors, in which actual energy 

storage occurring predominately in smaller micropores whereas larger pores provide 

fast mass-transport of electrolytes to and from the micropores.29  
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Although the isotherms are almost the same in shapes, their BET surface areas 

(SBET) and total pore volumes (VT) largely differentiate from each other. In terms of 

Table 1, the Carbon-blank sample exhibits the largest SBET of 1062 m2 g‒1 together 

with the largest VT of 2.91 cm3 g‒1. However, by incorporating heteroatoms such as 

N/F, the resulting SBET and VT have decreased to large extent. As a result, the Carbon-

N-F sample has shown the smallest SBET and VT of 592 m2 g‒1 and 0.84 cm3 g‒1, 

respectively. This is probably incurred by the fact that the Carbon-N-F sample 

possesses the largest graphitic in-plane microcrystallite size (La is 4.44 nm), as already 

illustrated in Figure 2, and this kind of graphitic structure is of course detrimental to 

optimize/adjust pore structures.  
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Figure 3. The Carbon-blank, Carbon-N-F, Carbon-N samples: (a, b, c) N2 

adsorption-desorption isotherms; (d) Pore size distribution curves. 
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Table 1. Summary of the pore structures of the carbon materials. 

 

XPS is a surface-sensitive quantitative spectroscopic technique that measures the 

elemental composition, chemical state and electronic state of the elements that exist 

within a material, and these XPS parameters are quite crucial for determining the 

capacitive performance of carbon-based supercapacitors.30 Figure S1 indicates the 

contrast XPS survey spectra of the Carbon-blank, Carbon-N-F, and Carbon-N 

samples, ranging the binding energy from 0 to 1300 eV. To all appearances, the 

Carbon-blank sample consists of large amount of C and O elements, whilst the other 

samples are composed of abundant C, O and N. Regarding the F element within the 

Carbon-N-F sample, it is hardly to be detected from the XPS survey spectrum mostly 

due to the minor content. Next, we employed XPSPEAK software to fit the    

spectrum of C 1s, N 1s and F 1s in details. Figure 4 a, b, c show the C 1s of the 

Carbon-blank, Carbon-N-F, and Carbon-N samples; and also, in the binding energy 

scope of 280 ~ 297 eV, they can be deconvoluted into five sub-bands. All of them are 

approximately located at 284.9, 286.3, 287.9, 289.5, and 291.3 eV, and can be 

assigned to C─C/C═C, C─O, C═O, ─COO, and π─π*, respectively.23,31,32 Note that 

the binding energies for C─C (sp3) and C═C (sp2) are quite close, and therefore they 

are represented as a combination of C─C/C═C in present work.  

Concerning the Carbon-N-F, and Carbon-N samples, their N 1s spectra in 

Figure 4 d, e can also be fitted into five sub-bands, generally situated at 398.2, 399.8, 

400.7, 401.9, and 404.2 eV, which correspond to N-6, N-5, N-Q, N-X and 

chemisorbed N, respectively. In details, N-6 indicates the pyridine nitrogen; N-5 

represents the pyrrolic nitrogen and/or pyridone nitrogen; as for N-Q, it depicts the 

quaternary nitrogen; N-X indicates the oxidized pyridine nitrogen. 33,34 These nitrogen 

samples   BET surface area 

/ m2 g‒1 

Total pore volume 

/ cm3 g‒1 

   Pore width 

/ nm 

Carbon-blank 1062          2.91                                     3.31 

Carbon-N-F 592                    0.84              3.02 

Carbon-N  779                           1.04                                       4.16 
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functional groups can induce surface redox reactions in aqueous alkaline electrolytes 

and the possible redox reactions are listed as follows: 

 

 

 

 

As for the F 1s spectrum of the Carbon-N-F sample, as revealed in Figure 4f, it 

is low-intensity and can be deconvoluted into two sub-bands, i.e., ionic C─F and 

semi-ionic C─F.18,35 Additionally, the structural formula of nitrogen/fluorine groups 

in a graphitic structure is depicted in Figure 1. The atomic contents of C, N, O and F 

from XPS analysis are given in Table 2.  
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Figure 4. XPS of the Carbon-blank, Carbon-N-F, Carbon-N samples: (a-c) C 1s; (d-

e) N 1s; (f) F 1s.  

AC
CE

PT
ED

M
AN

US
CR

IP
TAccepted manuscript to appear in NANO

N
A

N
O

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
PO

L
E

 o
n 

03
/1

9/
19

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



                                                                                         

15 

Table 2. The atomic contents of C, N, O and F from XPS analysis. 

samples   C/at% N/at%           O/at%          F/at% 

Carbon-blank 93.59  /                  6.41                                     / 

Carbon-N-F 86.21                    6.40              6.81       0.58 

Carbon-N  85.89                     7.58              6.53                                         / 

 

HRTEM images, elemental mappings and EDAX spectrum were utilized to 

vividly depict the shapes, sizes and components of the Carbon-blank, Carbon-N-F, 

and Carbon-N samples. Figure 5 a, b have shown the typical HRTEM images of 

Carbon-blank sample, which are entirely composed of 2D PCNSs with the sizes of 

several hundreds of nanometers. And the existence of lots of wrinkles indicates the 

flexibility of these PCNSs. Obviously, directly carbonizing trisodium citrate at 

elevated temperatures leads to the formation of 2D PCNSs, really providing us an 

facile but effective approach, especially without extra template or activation agent.20 

The N and O elements of the Carbon-blank sample are well distributed and uniform, 

as shown in Figure 5 c, d, which are also supported by the EDAX spectrum in Figure 

5 e.   

When further heating trisodium citrate with ammonium fluoride at 800 °C, the 

resulting Carbon-N-F sample still displays 2D porous nanostructures, as shown in 

Figure 5 f, g, slightly different from the Carbon-blank sample. The corresponding 

elemental mappings and EDAX spectrum of C, O, N and F are depicted in Figure 5 h-

l,  in which the mapping of fluorine is relatively unambiguous, also indicating its low 

content of 0.58% (as given in Table 2). On the other hand, when heating trisodium 

citrate with ammonium chloride at 800 °C, the resultant Carbon-N sample compared 

to the Carbon-N-F sample exhibits similar HRTEM, elemental mappings and EDAX 

results, as shown in Figure 5 m-r. As for the 2D carbon nanostructures towards these 

samples, they were also evinced by FESEM results, as depicted in Figure S2.  

AC
CE

PT
ED

M
AN

US
CR

IP
TAccepted manuscript to appear in NANO

N
A

N
O

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
PO

L
E

 o
n 

03
/1

9/
19

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



                                                                                         

16 

 

Figure 5. HRTEM images, elemental mappings and EDAX spectra: (a-e) Carbon-

blank; (f-l) Carbon-N-F; (m-r) Carbon-N.  

 

3.2 Electrochemical measurements 

Electrochemical performances of the as-obtained Carbon-blank, Carbon-N-F, 

and Carbon-N samples were tested in a three-electrode system, using 1 mol L–1 

H2SO4 solution as aqueous electrolyte. Figure 6a indicates the serial CV curves of the 

Carbon-blank sample with the scan rates from 10 to 100 mV s‒1, and their outlines 

are quite close to rectangle in the potential scope of 0 ~ 1 V. It clearly reveals that 

electric double layer capacitances (EDLCs) contribution is fairly predominant for the 

whole capacitance towards the Carbon-blank sample.36 This kind of EDLCs feature 

is also validated by the GCD curves showing nearly triangular shapes in Figure 6b. 
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Next, for the sake of investigating the capacitive behaviors of the Carbon-blank, 

Carbon-N-F, and Carbon-N samples, we designated the scan rate at 30 mV s‒1, and 

the resulting CV profiles are displayed in Figure 6c. It is apparent to us that, from the 

viewpoint of integrate CV area, the Carbon-N-F sample exhibits the largest one 

whilst the pristine Carbon-blank sample shows the minimum case. Considering the 

fact that specific capacitance is usually proportional to the integrate CV area, we can 

therefore conclude that the specific capacitance order between these samples is as 

follows: Carbon-N-F > Carbon-N > Carbon-blank. And similar variation tendency 

also occurs for the case of GCD results, as demonstrated in Figure 6d.  

As a result, in terms of specific capacitance from GCD curves, the Carbon-N-F 

sample delivers much larger capacitances that those of the other samples at the 

current density of 1 ~ 10 A g‒1, as given in Figure 6e. For example, the Carbon-N-F 

sample shows specific capacitance of 169 F g‒1, whereas those of the Carbon-N, 

Carbon-blank samples are of 78 and 49 F g‒1 at 1A g‒1. Besides, energy efficiency 

and rate capability are also crucial for determining the capacitive behaviors of 

supercapacitors. In present work, we thereby calculated the above two factors, as 

shown in Figure 6f. Distinctly, the Carbon-blank sample possesses the highest 

energy efficiency and rate capability among them. In brief, in a three-electrode 

system using 1 mol L–1 H2SO4 solution as electrolyte, the incorporation of N/F 

species producing additional pseudocapacitance within carbon matrix is favorable of 

acquiring larger total capacitance but accompanying with the deterioration of energy 

efficiency and rate capability, just like the behavior of redox additive of                    

p-phenylenediamine in KOH electrolyte.37  

 

 

 

 

AC
CE

PT
ED

M
AN

US
CR

IP
TAccepted manuscript to appear in NANO

N
A

N
O

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
PO

L
E

 o
n 

03
/1

9/
19

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



                                                                                         

18 

0.0 0.2 0.4 0.6 0.8 1.0

-9

-6

-3

0

3

6

9

 

 

C
u

rr
en

t 
d

en
si

ty
 /

 A
 g

-1

Potential (vs. SCE) / V

 30 mV s
-1

 50 mV s
-1

 100 mV s
-1

 10 mV s
-1

 20 mV s
-1

(a)

Carbon-blank

0 20 40 60 80 100 120

0.0

0.2

0.4

0.6

0.8

1.0

Carbon-blank

 

 

P
o

te
n

ti
a

l 
(v

s.
 S

C
E

) 
/ 

V

Time / s

 1 A g
-1

 2 A g
-1

 4 A g
-1

 6 A g
-1

 8 A g
-1

 10 A g
-1

(b)

 

0.0 0.2 0.4 0.6 0.8 1.0
-6

-4

-2

0

2

4

6

 

 

C
u

rr
en

t 
d

en
si

ty
 /

 A
 g

-1

Potential (vs. SCE) / V

 Carbon-blank

 Carbon-N-F

 Carbon-N

(c)

30 mVs
-1

0 40 80 120 160 200

0.0

0.2

0.4

0.6

0.8

1.0

 

 

P
o

te
n

ti
a

l(
v

s.
S

C
E

) 
/ 

V

Time / s

 Carbon-blank

 Carbon-N-F

 Carbon-N

2 A g
-1

(d)

 

0 2 4 6 8 10
0

40

80

120

160

 

 

S
p

ec
if

ic
 c

a
p

a
c
it

a
n

ce
 /

 F
 g

-1

Current density / A g
-1

 Carbon-blank

 Carbon-N-F

 Carbon-N

(e)

75

80

85

90

95

77.1%

Carbon-N-FCarbon-N

 

E
n

er
g

y
 e

ff
ic

ie
n

cy

Carbon-blank

90%

30

40

50

60

70

80

90

 

 

R
a

te ca
p

a
b

ility

2 A g
-1

(f)

 

Figure 6. Electrochemical performance of the Carbon-blank, Carbon-N-F, Carbon-N 

samples tested in a three-electrode system: (a, c) CV curves; (b, d) GCD curves; (e) 
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Specific capacitance versus current density; (f) Energy efficiency and rate capability.  

 

Next, electrochemical performance of the Carbon-blank, Carbon-N-F, and 

Carbon-N samples was tested in a two-electrode system. Figure 7 a, b show the 

contrast CV curves and GCD curves, respectively, which are almost the same as those 

obtained in three-electrode system (in Figure 6 c, d), but accompanying with the 

decrease of discharging time. This is caused by the fact that two-electrode 

configuration test is more accurate that three-electrode one.38 Analogously, the 

specific capacitances of the Carbon-blank, Carbon-N-F, and Carbon-N samples are 

of 28, 110, and 46 F g‒1 at 1A g‒1, respectively. In any case, the Carbon-N-F sample 

delivers the largest capacitance mostly because semi-ionic C–F bonds in PCNSs have 

enhanced electrical conductivity and hence facilitated electron transport in the 

electrode.39-41 As for cycling stability, it was also measured towards the three samples 

and the results are shown in Figure 7d.  

Ragone plot shows a chart of specific energy (how much energy is available) 

versus specific power (how quickly that energy can be delivered).  By calculation, the 

energy/power densities of the Carbon-blank, Carbon-N-F, and Carbon-N samples 

are given in Figure 7e. At the power density of 0.5 kW kg‒1, the Carbon-N-F sample 

exhibits the largest energy density of 3.82 W h kg‒1, much larger than the others. 

Clearly, the incorporation of N/F and porosity both exerts major roles in determining 

the eventual capacitive performances, and the synergisitic effect of N and F doping 

makes the improvement of energy density towards the present carbon materials. 

 

0.0 0.2 0.4 0.6 0.8 1.0
-5

-4

-3

-2

-1

0

1

2

3

4

5

Potential / V

C
u

rr
en

t 
d

en
si

ty
 /

 A
 g

-1 (a) 30 mV / s

 Carbon-blank

 Carbon-N-F

 Carbon-N

-20 0 20 40 60 80 100 120 140 160

0.0

0.2

0.4

0.6

0.8

1.0 (b)

P
o
te

n
ti

a
l 

/ 
V

Time / s

2 A g
-1

 Carbon-blank

 Carbon-N-F

 Carbon-N

 

AC
CE

PT
ED

M
AN

US
CR

IP
TAccepted manuscript to appear in NANO

N
A

N
O

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 U
N

IV
E

R
SI

T
Y

 O
F 

O
PO

L
E

 o
n 

03
/1

9/
19

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



                                                                                         

20 

20

40

60

80

100

46.6%

65.1%

119753

 

 

S
p

e
c
if

ic
 c

a
p

a
c
it

a
n

c
e
 /
 F

 g
-1

Current density / A g
-1

 Carbon-N-F

 Carbon-N

 Carbon-blank

1

77%

(c)

 

100 1000 10000

1

10

(e)  Carbon-blank

 Carbon-N-F

 Carbon-N

Power density / W kg
-1

E
n

er
g
y
 d

en
si

ty
 /

 W
h

 K
g

-1

 

Figure 7. Electrochemical performance of the Carbon-blank, Carbon-N-F, Carbon-N 

samples tested in a two-electrode system: (a) CV curves; (b) GCD curves; (c) Specific 

capacitance versus current density; (d) Cycling stability; (e) Ragone plots.  

 

Nyquist plot, also known as electrochemical impedance spectroscopy (EIS), 

shows the frequency response of the electrode/electrolyte system and the imaginary 

part of the impedance is plotted as a function of the real part, often represented as 

follows [42]: 

                                 

                               0 0exp( ) (cos sin )
E

Z Z j Z j
I

                                   (7) 

(d) 
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For an ideal capacitor, the Nyquist plot would show a vertical line only 

coinciding with the vertical axis with the real part of Z being 0. 

Figure 7g displays the typical Nyquist plots of the Carbon-blank, Carbon-N-F, 

and Carbon-N samples. As is well known, the vertical shape at lower frequencies 

indicates a pure capacitive behavior, representative of the ion diffusion in the 

structure of the electrode [43]. Therefore, it is seen from Figure 7g that the Carbon-

N-F, and Carbon-N samples show more vertical shapes than the Carbon-blank at 

lower frequencies; and also, the equivalent series resistances among them also 

indicates the same tendency, judged by the x-intercept of the inset of Figure 7g. 

Clearly, the above reveals the role of N/F incorporation into carbon.  

Furthermore, the relation of the imaginary part (C″) of the capacitance versus 

frequency is demonstrated in Figure 8b. The plots of all samples go through a 

maximum at a particular frequency (fk). This frequency determines the dielectric 

relaxation time (τ), which can be acquired by following equation: τ = 1/fk [44]. As we 

know, smaller value represents shorter time for the supercapacitor to reach half of the 

low frequency capacitance, implying the better power properties of the system [45]. 

As a result, the C″ of the Carbon-N-F sample exhibits a maximum with the particular 

frequency of 0.67 Hz, and the corresponding relaxation time is of 1.5 s. It is much 

lower than the ones of the Carbon-blank and Carbon-N samples. Meanwhile, similar 

variation tendency also occurs for the case of real part of capacitance versus 

frequency in Figure 8c.  
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Figure 8. Electrochemical performance of the Carbon-blank, Carbon-N-F, Carbon-N 

samples tested in a two-electrode system: (a) Nyquist plots; and evolution of (b) 

imaginary and (c) real part of capacitance versus frequency. 

 

4. Conclusions 

In summary, in a comparative manner, ammonium fluoride and ammonium 

chloride are utilized as efficient dopants for producing N/F-doped carbon materials. 

The as-obtained carbon samples have been characterized by XRD, Raman, XPS, 

BET&PSD, and HRTEM for structure analysis, and also measured in a three-

electrode system and two-electrode system, respectively. Most noteworthy, the 

electrochemical measurements has revealed that the dual incorporation of N/F species 

producing additional pseudocapacitance within carbon matrix is favorable of 

acquiring larger total capacitance, higher energy density but accompanying with the 

slight deterioration of energy efficiency, cycling stability and rate capability. In brief, 

the present co-incorporation of N/F into carbon provides a facile but efficient avenue 

for producing high-energy density supercapacitors. 
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