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Abstract. The electrochemical supercapacitor behaviour of bare, washed and nitric acid functionalized candle

flame carbon soots were reported. Crystallinity and the morphology of the candle soots were recorded using X-ray

diffraction analysis, scanning and transmission electron microscopy, respectively. The nitric acid functionalized can-

dle soot showed an improved Brunauer–Emmett–Teller surface area of 137.93 from 87.495 m2 g−1 of washed candle

soot. The presence of various functional groups in candle soots and the development of oxygen functionalities in the

functionalized candle soot were examined through Fourier transform infrared spectroscopy and energy-dispersive

X-ray analysis. Raman spectra showed the characteristic peaks corresponding to the D (diamond) and G (graphite)

phase of carbon present in the candle soots. The electrochemical characterization was performed by cyclic voltam-

metry, galvanostatic charge/discharge test and impedance spectroscopy in 1 M H2SO4 electrolyte. The functionalized

candle soot electrode showed an enhanced specific capacitance value of 187 F g−1 at 0.15 A g−1 discharge current

density, which is much higher than that of bare and washed candle soot electrodes.
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1. Introduction

Electrochemical supercapacitor (SC) have attracted consid-

erable attention because of their great potential to meet the

demand of both high-energy density and power density in

modern energy storage and energy/power back up systems

[1,2]. Generally, the SCs are classified into two types, namely

electrical double layer capacitors (EDLCs), which involve

charge separation at electrode–electrolyte interfaces, and pseu-

docapacitors, which involve faradaic redox reactions that give

rise to the pseudocapacitance [2]. Carbon-based materials

are most commonly used in SC electrodes fabrication owing

to their potential properties including low cost, easy avail-

ability, nontoxic nature, environmental friendliness and sta-

bility. Various carbon-based nanomaterials such as activated

carbon, carbon nanotubes, onion-like carbon, graphene, etc.,

have been potentially used as a SC electrode materials [3–6].

In carbon-based SC, the surface of carbon electrodes can be

modified with few additional pseudocapacitance reactions to

enhance the specific capacitance [7,8]. The pseudocapaci-

tance induced by oxygen functionalities in carbon is the most

common phenomenon owing to the combination of oxygen

with the carbon surface. These oxygen functional groups

can be easily introduced on surface of carbon chemically by

acid treatment. This kind of treatment is known to generate

groups of acidic character, i.e., to impose electron acceptor

properties on the carbon surface [9,10]. Moreover, the presence
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of heteroatom on the surface of the carbon nanostructure can

determine its surface chemical properties and play a signif-

icant role in device applications. The two most important

heteroatoms are oxygen and nitrogen, which affect the sur-

face acidic, basic and hydrophilic properties of carbon mate-

rials [11–13]. Generally, the oxygen functionalities are intro-

duced to the carbon surface through chemical treatment [14],

electrochemical polarization [15], plasma treatment [16] and

physical methods [17]. Moreover, the chemical treatment

with hot nitric acid is the simplest and reliable method for

functionalizing carbon nanomaterials. This nitric acid treat-

ment can significantly enrich the surface functionalities of

carbon nanomaterial resulting in enhancement of the surface

area and pore volume [7,18].

In general, combustion and thermal decomposition of hy-

drocarbons have been employed for the synthesis of various

types of carbon nanomaterials. The carbon soot is the domi-

nant product of all types of combustion processes and include

various novel grades of carbon nanostructures like carbon

black [19], fullerenes [20], carbon nanofibres [21], carbon

nanotubes [22], etc. The combustion of paraffin wax (candle

flame) is also one of the huge sources of carbon soot. This

carbon soot consists of about 91.69% carbon materials with a

small amount of hydrogen, nitrogen, oxygen and other insol-

uble hydrophobic materials. Howard et al [23] reported that

the carbon from candle soot was a rich source of carbon

nanoparticles such as fullerenes, graphene, nanotubes and

nanofibres. Moreover, the carbon nanoparticles in candle

soots have excellent optical property like luminescence in the
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visible portion of the spectrum [24–26] and the structural and

better quality of graphitization in the candle soot can contri-

bute as a potential material for various modern applications

[27,28]. In recent times, the candle soot was functionalized

with hydroxyl groups to enhance the fluorescent properties of

the carbon nanoparticles [29]. The nitric acid functionalized

candle soot shows excellent fluorescence property and it was

used for bio-imaging application and confirmed that these

fluorescent carbon nanoparticles can effectively replaces the

toxic cadmium-based quantum dots in bio-imaging [30].

Also, the candle soot surface was modified with MnO2 core

shell and used as an electrode material for the fabrication of

SC and achieved better electrochemical performance [31].

In this present work, the candle soot was functionalized by

nitric acid and the surface state of the candle soot was modi-

fied with oxygenated functional groups and used for the fab-

rication of SC electrode. The electrochemical properties of

the electrode was extensively studied using cyclic voltamme-

try, galvanostatic charge/discharge test and impedance spec-

troscopy. Furthermore, the structure and morphology of the

bare and functionalized candle soots were studied in detail.

2. Experimental

2.1 Materials preparation

The candle soot was collected by positioning a clean

stainless-steel substrate over a paraffin candle flame (yellow

region). The as collected candle soot is labelled as BCS (bare

candle soot). Then the collected candle soot was washed

repeatedly under sonication with acetone, hexane, and deion-

ized water to remove the impurities and unburned hydrocar-

bons. The washed candle soot (WCS) was dried overnight in

hot air oven at 60◦C. For functionalized candle soot (FCS),

the washed candle soot was mixed in 1 M nitric acid solu-

tion and maintained at 100◦C for 12 h. Finally, the FCS was

removed and washed using deionized water till it reached

neutral pH and dried overnight in a vacuum oven at 60◦C.

2.2 Electrode fabrication and electrochemical

measurements

The bare (BCS), washed (WCS) and functionalized can-

dle soot (FCS) electrodes were fabricated by mixing the

active materials (70 wt%), acetylene black (20 wt%) and

polyvinylidene fluoride (PVDF, 10 wt%) in N-methyl-2-

pyrrolidone (NMP). The obtained paste was coated over a

stainless-steel substrate of exposed geometric area 1 cm2 and

dried at 100◦C for 12 h in a vacuum oven. The mass of the

active material present in the electrodes was determined to

be ∼3 mg. Electrochemical studies such as cyclic voltamme-

try, galvanostatic charge/discharge and impedance measure-

ments were performed at room temperature (∼25◦C) using

ZIVE-SP2 (Korea) electrochemical workstation in a three-

electrode arrangement, including a working electrode of can-

dle soot, a carbon mesh counter electrode and a Ag/AgCl

reference electrode in 1 M H2SO4 aqueous electrolyte. The

electrochemical impedance spectra (EIS) of the electrodes

were measured in the frequency range of 0.01 Hz–100 kHz

at an equilibrium open-circuit potential 0 V with an AC

perturbation of 5 mV in 1 M H2SO4 electrolyte.

2.3 Characterization

The powder X-ray diffraction (XRD) of the candle soots

were analysed by XRD, D/Max-2400, Rigaku using a Cu Kα

source operated at 40 kV and 30 mA in 2θ range 10–80◦.

The surface morphology and energy-dispersive X-ray anal-

ysis (EDAX) for the samples were carried out by scan-

ning electron microscopy (SEM) (FE-SEM HITACHI model

no: S-4700). The transmission electron microscopy (TEM)

images were recorded using JEOL (Japan) model JEM-

2100F. The Fourier transform infrared (FTIR) spectroscopy

spectra were recorded with a Perkin Elmer spectrometer by

the KBr pellet technique. The specific surface area was cal-

culated by the Brunauer–Emmett–Teller (BET) technique.

The pore size distribution was estimated from the desorp-

tion branch of the isotherm by the Barrett–Joyner–Halenda

(BJH) method. Raman spectra of samples were measured

using a laser Raman microspectrometer using an excitation

wavelength of 532 nm.

3. Results and discussion

3.1 Structural and morphological studies

The XRD spectrum of the candle soots are shown in figure 1.

The samples shown a predominant broad diffraction peak

with low intensity, indicating low crystallinity of the sample.

The peaks corresponding to the angle ∼25◦ and ∼42◦ are

assigned to (002) and (100) reflections of crystalline carbon

Figure 1. X-ray diffraction pattern of (a) bare, (b) washed and (c)

functionalized candle soot.
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nanoparticles (JCPDs # 41-1487). These suggest that the car-

bon particles present in the candle soot have some extent of

graphitization. But in case of BCS samples shows noisy and

low diffraction intensities indicating large amount of amor-

phous carbon and unburdened wax content present in the

sample.

Figure 2a and b shows the recorded low- and high-magnifi-

cation SEM images of as bare candle soot, which clearly dis-

plays that the sample is composed of spherical nanoparticles

in a form of closely packed aggregates. These aggregates are

composed of small nanoparticles ranging from 50 to 100 nm.

The SEM images of nitric acid-functionalized electrode are

shown in figure 2c and d. From these images, it is clear that

the surface and size of the nanoparticles are significantly alte-

red by the nitric acid treatment. The long duration etching of

Figure 2. SEM image of (a, b) bare candle soot and (c, d)

functionalized candle soot.

Figure 3. TEM image of (a, b) functionalized candle soot and

(c, d) HRTEM image of functionalized candle soot.

nitric acid on the carbon soot leads to reduction of the particle

size (20–50 nm) and improved the porosity of the materials.

Furthermore the morphology of the sample was observed

clearly using TEM analysis. Figure 3a and b shows the TEM

images of FCS sample. From the image it is clearly seen that

the sample composed of small chain-linked spherical nano-

particles ranges from ∼20 to 50 nm. The high-resolution TEM

images (figure 3c and d) reveal that the candle soot exhibits

an onion-like graphitic structure [32].

The specific surface area and pore size distribution of the

WCS and FCS were obtained from an analysis of the adsorp-

tion/desorption branch of the N2 gas isotherms method.

Figure 4 shows that the isotherms are typical for a mesoporous

material with a small hysteresis loop at high partial pressures.

Also the absorption isotherms shows that the absorption vol-

umes increases when the relative pressure is higher than

0.9, indicating the presence of mesopores particles with few

micropores in both the samples [31]. The BET surface area

and corresponding pore volume of the samples were calcu-

lated to be 87.495 m2 g−1 and 0.714 cm3 g−1 for WCS, and

137.93 m2 g−1 and 0.627 m3 g−1 for FCS sample, respec-

tively. As shown by BJH analysis (inset in figure 4), both the

samples have a mesopore size distribution of around 32 and

26 nm. From this analysis, it is confirmed that the acid func-

tionalized candle soots effectively improve the surface area

due to chemical and morphological changes occurred in the

sample [14,18].

Figure 5a shows the FTIR spectrum of BCS, WCS, and

FCS samples in the range 400–4000 cm−1. The spectrum of

bare carbon soot shows the presence of CH2 asymmetric vibra-

tion and CH3 symmetric vibration at 2920 and 2846 cm−1,

respectively [33,34] these indicating that the combustion of

diolefine in candle soot was partially completed [29]. The

sharp absorption doublet of CO2 were observed at 2360 and

2334 cm−1 representing large amount of ash and unburned

hydrocarbon present in the candle soot [35]. The spectrum

Figure 4. N2 absorption/desorption isotherms and inset pore size

distribution of the WCS and FCS samples.
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Figure 5. (a) FTIR spectra of bare, washed and functionalized

candle soot and EDAX spectra of (b) washed and (c) functionalized

candle soot.

of washed samples displays a large decreases in intensity of

the above-mentioned peaks representing the improved qual-

ity of candle soot. The peak at 3433 cm−1 represents the OH

stretching vibration of hydroxyl group present in the sam-

ples. The other low intense absorption peaks at 1615 and

1398 cm−1 similar to the bare candle soot, are due to the pres-

ence of aliphatic compounds in candle soot. For functional-

ized soot, a well-developed band at 1720 cm−1 is attributable

to (C=O) stretching vibration associated with the presence of

the carboxylic acid group. A broad band at 1600 cm−1 and a

small peak at 1354 cm−1 are due to (C=C) stretching vibra-

tions. A band at 1250 cm−1 is associated with (C–O) stretch-

ing vibrations [36,37]. These confirm the enhancement of

carboxylic functional groups in FCS by nitric acid treatment.

The EDAX analysis shows the expected elemental composi-

tion, which was carbon and oxygen indicating that the sam-

ples free from other impurities (figure 5b and c). The WCS

sample possess 95.34% carbon and 4.66% of oxygen content,

Figure 6. Raman spectra of bare, washed and functionalized

candle soot.

in the case of FCS sample consist of 78.37% of carbon and

21.63% of oxygen content confirming the enhancement of

oxygen functionalities in the nitric acid-treated carbon soot.
Raman spectra of BCS, WCS and FCS samples are shown

in figure 6. Two broad peaks are observed at ∼1348 and

∼1594 cm−1 corresponding to graphite’s D and G bands,

respectively. The G band corresponds to the first-order scatte-

ring of the E2g mode observed for sp2 domains and the D

band is ascribed to A1g mode which was only observed for

disordered graphite [38]. The D band at 1348, 1346 and

1348 cm−1 in BCS, WCS and FCS have been attributed to

the presence of amorphous carbon and surface defects. The

high intensity the G band at 1595, 1593 and 1594 cm−1 of

BCS, WCS and FCS are assigned to the graphite phonon

mode often associated with graphite, appearing in all the

samples suggests that the samples are composed of crystal-

line graphitic carbon. The relative intensity of these two

bands (D and G peaks) which is a measure of disorder in the

crystal structure is found to be low (0.88; BCS, 0.87; WCS

and 0.805; FCS) for all the samples [39,40]. The little high

intensity ratio of BCS shows the high degree of disorder in

the carbon sample [41].

3.2 Cyclic voltammetry study

Figure 7a–c shows the obtained cyclic voltammograms

(CVs) of the BCS, WCS, and FCS electrodes, respectively,

at various scan rates in 1 M H2SO4 aqueous electrolyte. At a

lower scan rate, CVs of BCS and WCS are close to rectan-

gular shape which resembles the behaviour of EDLC. How-

ever, at higher scan rates the CVs deviated from their original

rectangular shape to an irregular shape as small amount

of oxygenated compounds present on the surface of BCS

apparently undergo redox reactions at higher scan rate and

result in a pseudocapacitance behaviour with distorted CV

curves. In the case of FCS (figure 7c), the curve shows slight

tilted rectangular shape indicating that the faradaic process is

enhanced in the sample. This pseudocapacitive behaviour can
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Figure 7. Cyclic voltammograms of electrode (a) BCS, (b) WCS and (c) FCS at various scan rates; and (d) the charge/discharge curves

for BCS, WCS and FCS electrodes at a constant current density of 0.15 A g−1.

be induced due to excess of oxygenated groups present on the

surface of the acid-treated candle soot [42]. From this CVs,

the FCS shows a higher background current than that of BCS

and WCS electrodes, indicating a higher specific capacitance

due to an enhanced faradaic redox reaction.

The specific capacitances (Csp, F g−1) were calculated

from the CV curves according to

Csp =

∫

idV/(2 × m × s × �V ), (1)

where m is the mass of active material (g), s the potential

scan rate (mV s−1), i the voltammetric current (A), �V the

potential window (V) of CV curve. The specific capacitance

of the FCS was calculated to be 156 F g−1 at 5 mV s−1 scan

rate, which is much higher than that of WCS 48 F g−1 and

BCS 16 F g−1 at 5 mV s−1. This is mainly attributed to

the presence of more oxygenated functional groups in the

FCS. These oxygen functionalities result in the occurrence

of faradaic peak currents indicating the presence of both

CO- and CO2-desorbing complexes involved in the electron

transfer mechanisms. The redox mechanism for a carbonyl

or quinone-type group has been proposed [42,43] as, > CxO

+ H+ + e− →> CxOH, where > CxOH represents a phenol-

or hydroquinone-type complex and e− is an electron. This

reaction should make partial contribution to the faradaic peak

of the FCS electrode. Apart from this, the nitric acid treat-

ment increases the surface area, porosity and reduces the

hydrophobic nature of the candle soot which can provide

an improvement to the double layer capacitance of the FCS

[44,45]. The very low specific capacitance value of BCS is

mainly due to excess of unburned hydrocarbon and amor-

phous carbon which reduce the conductivity and increases

the hydrophobic property of the sample.

3.3 Galvanostatic charge/discharge test

The practical SC characteristics can also be determined thro-

ugh galvanostatic charge/discharge measurements. Figure 7d
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shows the typical charge/discharge behaviour of BCS, WCS

and FCS electrodes. The electrodes measured at the current

density of 0.15 A g−1 show nearly triangular form with good

reversible charge/discharge cycles. The plot shows that the

FCS electrode undertook much longer charge–discharge pro-

cess than the BCS and WCS. This indicates the larger elec-

trical storage capacity of the FCS electrode than that of other

two electrodes. The specific capacitances of the electrodes

were determined from the charge/discharge curves by using

the following equation:

Csp = I/m

(

dV

dt

)

, (2)

where I is the applied current, m the mass of candle soot in

the electrode, and dV/dt the slope of the discharge curve.

The calculated specific capacitance at the current density of

0.15 A g−1 is 187 F g−1 for FCS, 51 F g−1 for WCS and

16 F g−1 for BCS electrodes. These values are nearly consis-

tent with those values obtained from the CV measurements.

Figure 8a presents the variation of specific capacitance with

respect to various discharge current densities. It can be

seen that the specific capacitance of the electrodes gradu-

ally decreases with the increase in discharge current. These

decreases in the capacitance can be explained by the reduced

diffusion time, since the electrolyte ions cannot be fully

accessible to the interior surface of the electrodes for charge

storage process at high scan rates [46]. The specific capac-

itances of FCS were found to be higher than the BCS and

WCS electrodes at all discharge current densities. Moreover,

at discharge current the plots were found to nearly plateau

for both the samples, which reveals the better rate capacity of

the candle soot as an electrode material for SC applications.

The specific energy density and the power density of

the electrodes were estimated by the respective following

equation:

Esp = 1/2 × CspV
2 (3)

and

P = Esp/�t, (4)

where V is the operating potential, Csp the specific capaci-

tance of the electrodes and �t the discharge time. The resul-

tant Ragone plots for BCS, WCS, and FCS electrodes are

shown in figure 8b. From the plot, the energy density of FCS

increases from 4.82 to 16.63 W h kg−1 and at the same time

the power density decreases from 1591.33 to 80.61 W kg−1.

The improved energy density of the FCS electrode can be

attributed to the pseudocapacitance induced by the oxy-

genated functional groups. The decrement in power density

of the FCS electrode is because of the increased internal

resistance of the electrode which in turn is caused by the

enhanced oxygenated functional groups in the electrode. The

cycling life and the deliverable energy efficiency of the BCS,

WCS and FCS electrodes were estimated by performing con-

tinuous charge/discharge cycles (1000 cycles) at a constant

Figure 8. (a) Variation of specific capacitance with scan rate for

BCS, WCS and FCS electrodes and (b) Ragone plots of BCS, WCS

and FCS electrodes.

discharge current density of 1 A g−1 and calculated using the

equation

η = td/tc × 100%, (5)

where td and tc are the discharge and charge times, respec-

tively. The calculated values of η after 1000th cycle for

BCS, WCS and FCS electrodes are 86.18, 99.2 and 98.32%.

The loss in capacitance of FCS electrode after 1000th cycle

is nearly 1.68%, which confirms the better stability of the

electrode in the electrolyte with a good deliverable energy

efficiency.

3.4 Impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) analysis was

performed to study the resistive and capacitive behaviour of

the electrodes. The obtained Nyquist plot for the electrodes
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in the frequency range between 0.01 Hz and 100 kHz is

shown in figure 9. Nyquist plots are composed of a spike

in the low-frequency region and an incomplete semicircle in

the high-frequency region. The slope of the low-frequency

spike is close to 90◦ along the imaginary impedance axis,

indicating a pronounced capacitive behaviour while the high-

frequency semicircle represents the high interfacial charge

transfer resistance due to active materials conductivity and

surface states [47–49]. The impedance spectra were analysed

by Zview software on the basis of the electrical equivalent

circuit, as shown in inset of figure 9. The bulk solution resis-

tance is represented as Rs, a constant phase element CPE1

representing double layer capacitance was connected paral-

lel with the charge transfer resistance Rct is modelling with

the high-frequency semicircles, and a constant phase element

(CPE2) is connected in series with the resistance Rct which

represents the pseudocapacitance associated with the elec-

trode. The overall resistance of the electrodes is the combi-

nation of Rs with Rct values and this result was found to be

much higher for the BCS electrode (41.63 �) compared with

WCS (2.34 �). This reveals that the large particles of carbon

aggregates and the hydrophobic nature of bare candle soot

can restrict the easy ion migration into the pores of electrode

exhibiting a high internal resistance in the electrode [50,51].

The overall resistance of FCS (8.52 �) is found to be higher

than WCS, which may be due to the existence of large oxy-

genated groups present in the sample as well as the inert

nature of the carbon surface. From the fitted data the pseu-

docapacitance associated with the three electrodes are 0.008,

0.0022 and 0.044 F for BCS, WCS and FCS, respectively.

This observation confirms that the high value of specific

capacitance for FCS originated from the additional faradaic

reaction of the oxygenated functional group present in the

sample.

Figure 9. Nyquist plots for the BCS, WCS and FCS electrodes,

inset shows the equivalent circuit of fit and the magnified portion of

high-frequency region of Nyquist plots.

4. Conclusion

SC electrodes were fabricated by employing bare, washed,

and nitric acid functionalized candle flame soot. The fabrica-

ted candle soot electrodes show the existence of crystalline

carbon nanoparticles with an excellent surface morphology.

The functionalized carbon soot showed an improved BET

surface area of 137.93 from 87.495 m2 g−1 than that of

washed candle soot. The presence of enhanced oxygen func-

tional groups in the functionalized candle soot was confirmed

through FTIR spectroscopy. The electrochemical analysis of

the functionalized candle soot showed a specific capacitance

of 187 F g−1 at 0.15 A g−1 current density, high specific

energy density 16.63 W h kg−1, and a low internal resistance

applicable for SC electrodes. The improved surface area

and the large pseudocapacitance induced by oxygen func-

tional groups were responsible for the enhancement in over-

all electrochemical properties of the functionalized candle

soot electrode.
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