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In this study, we prepared and characterized lampblack of olive oil for application in supercapacitors. The lampblack was
prepared by the simple technique of flame-soot method. The lampblack samples characterized by using X-ray Diffraction
(XRD), Raman spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), N, adsorption-desorption isotherms,
Scanning Electron Microscopy (SEM), and Energy Dispersive X-ray Spectroscopy (EDS) revealed that they contain mostly
amorphous nanosized carbon particles with oxygenated functional groups and the carbon content in the lampblack was
92.6%. The surface area of the lampblack carbon calculated from the Brunauer-Emmett-Teller (BET) method was found to
be about 302.7 m’*g”! with an average pore size of 1.69 nm obtained from the Density Functional Theory (DFT) analysis.
Lampblack carbon samples were used to prepare supercapacitor electrodes. Electrochemical properties of the electrodes
were investigated in 6M aqueous KOH by Cyclic Voltammetry (CV), Galvanostatic Charge Discharge (GCD), and
Electrochemical Impedance Spectroscopy (EIS) techniques. The specific capacitance of the electrode obtained from the
GCD test was 70.36 Fg™! at the current density of 1 Ag™! with a low Equivalent Series Resistance (ESR) value of 0.81 Q.
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1 Introduction

Concept of high capacitance device, super
capacitorusing fired tar lampblack as an electrode
material was proposed by Becker in 1957'°. The
supercapacitor using the lampblack was capable of
obtaining a high capacitance of up to 6 F at 1.5 V.
The electrode material was porous carbonaceous
material immersed in a liquid electrolyte. Charge
storage mechanism in such supercapacitor is based on
the principle of double-layer capacitance and the
supercapacitors are called electrochemical double-
layer capacitors (EDLCs). Electrical energy in the
EDLC is stored electrostatically at the interface of the
electrode and the electrolyte. So, there is no transfer
of charge between the electrode and the electrolyte’.
Therefore, the supercapacitor based on double-layer
capacitance possesses extremely long cyclic life and
fast charge-discharge rates. Another type of energy
storage mechanism is pseudocapacitance in which
energy is stored by the transfer of charge between
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electrode and electrolyte through chemisorption,
reduction-oxidation reactions, and intercalation
process®. Since chemical reactions are not entirely
reversible, pseudocapacitors have low cyclic life and
delayed response compared to EDLCs**

Despite having long charge-discharge life, high
power density, and low equivalent series resistance
(ESR), the major disadvantage of supercapacitors is their
low energy density. The energy density of a

. 1 . .
supercapacitor is given byz CV?% From this relation,

energy density can be improved either by increasing the
specific capacitance or increasing the operating voltage.
For an aqueous electrolyte, the operating voltage is
limited to 1.2V°. For a non-aqueous electrolyte such as
organic and ionic liquids, the operating voltage can be
boosted up to 3.0V and 4.0V, respectively’. However,
the low conductivity and stability issue of organic
electrolytes in air and the higher viscous nature of ionic
liquid that prevents the smooth transfer of ions are a
setback in using non-aqueous electrolytes’. So, aqueous
electrolyte is used for practical and safety reasons. Many
researchers are, therefore, focusing on improving the
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specific capacitance of the electrode which depends on
the surface textural properties of the materials used on
the electrodes.

In EDLCs, carbon materials of different surface
textures have been explored such as activated
carbon®’, carbon nanotubes'’, carbon nanofibers'’,
graphene'”, and mesoporous carbon microspheres'’.
Among them, activated carbons are widely used as
electrode material since these materials provide
excellent surface area but they may suffer from low
conductivity. So, during the preparation of the
electrode using activated carbon, carbon black is
added to improve its electric conductivity'>. Some
researchers have used carbon black or its type such as
lampblack, as the active material of supercapacitor
electrodes and reported promising results'>'*".
Lampblack is a carbonaceous material produced as
soot due to the incomplete combustion of oil or other
combustible organic materials. Previously, we used
lampblack of mustard oil and soybean oil to prepare
an electrode of the Dye-sensitized solar cells (DSCs)
and reported its excellent catalytic performance'’.
Similarly, we have employed soybean oil based
lampblack as a sole electrode material (without any
additional conductive material) of EDLC and
obtained specific capacitance of 49.27 Fg™' at 1 Ag™?".
Singh et al. used diesel soot obtained from the
exhaust of a vehicle as the supercapacitor electrode
material and reported a specific capacitance of 36.77
Fg''. In this research, we have explored lampblack
of olive oil as a sole electrode material for the
application in supercapacitor electrode. Using the
lampblack of olive oil as a novel supercapacitor
electrode material, we obtained a capacitance of 70.36
Fg'at 1 Ag” with a low ESR of 0.81Q.

2 Experimental
2.1 Preparation of Olive oil Lampblack Samples and

Characterization

Lampblack of olive oil was prepared using the similar
flame-soot method described by Joshi ef. al.'**2. The
flame of olive oil was covered with the concave surface
of a cleaned mortar. Lampblack (soot) was then
deposited on the concave surface. The prepared
lampblack samples were collected and characterized. As
the capacitive performance of the electrodes of a
supercapacitor depends on the surface morphology and
surface texture such as porosity, specific surface area,
shape, and size of the materials used in the
electrodes'>**the lampblack was characterized to
study those physical properties using different

characterization techniques. Surface morphology and
elemental composition of the sample were explored with
Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS), respectively by
using FEI Helios Nanolab 660 Scanning electron
microscope, Thermo Fisher Scientific, USA. X-Ray
Diffraction (XRD) was used to study the structure of the
material. The XRD was carried out by using Rigaku
MiniFlex 600 diffractometer with the Cu Ko source (A =
1.54 A). Raman spectroscopy was used to determine
composition of ordered and disordered carbon phases in
the sample. The surface area and porosity of the sample
were investigated using Autosorb-1C (Quantachrome,
USA) Brunauer-Emmett-Teller (BET) surface area and
porosity  analyzer. Fourier Transform Infrared
Spectroscopy (FTIR) of the sample was carried out to
determine functional groups by using IRTracer-100
(Shimadzu).

2.2 Preparation of Lampblack-Based Capacitors for Electro-
chemical Measurements

The electrochemical characterization was performed
by three electrodes system where lampblack carbon
electrodes were used as working electrode, platinum
wire as counter electrode, and Ag/AgCl electrode as
reference electrode. 6 M aqueous KOH solution was
used as electrolyte. For the preparation of working
electrode, a mixture of 4 mg of olive oil lampblack
powder and 0.5 mg of polyvinylidene fluoride (PVDF)
(from Apollo Scientific) were ground in a mortar. Then
about 100 pL of 1-Methyl-2-pyrrolidinone (from
Glentham Life Sciences) was added to disperse PVDF.
The obtained mixed slurry was then coated on a nickel
foam of size 1 cm’ Then, it was dried at ~70 °C
overnight. Here PVDF was used as binder only.
The dried electrodes were then pressed and soaked
overnight in 6 M aqueous KOH solution before the
electrochemical measurement.

Electrochemical measurements were performed
using Interface 1010E (Gamry Instrument, USA) and
the capacitive performances were evaluated by
cyclic voltammetry (CV) and galvanostatic charge—
discharge tests (GCD).The Electrochemical Impedance
Spectroscopy (EIS) of the electrode was performed in
potentiostatic mode with 10 mV AC signals of
frequencies ranging from 0.1 Hz to 100 KHz.

3 Results and discussion
3.1 Characterization results

Figure 1 shows the XRD pattern of the olive oil
lampblack sample. The XRD pattern revealed two
broad characteristics peaks of carbon centered around
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24.7° and 43.5° corresponding to the reflection from
(002) and (100) planes, respectively®. This indicates
that lampblack consists of graphitic carbon and
dominant amorphous carbon®”*,

Figure 2 is the Raman spectrum of the olive oil
lampblack and it shows two typical absorption bands
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Fig. 1 — XRD pattern of lampblack sample of olive oil
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Fig.2 — Raman spectrum of lampblack sample of olive oil

of carbon at 1340 cm™ and 1591 cm™, attributed to D-
band and G-band, respectively'****’. The Raman
spectrum is fitted using Lorentzian line shapes with
background subtraction to calculate the portion of
disordered and ordered carbon in the sample *°. The
intensity ratio of D and G bands, Ip/Ig calculated by
integrating the area under the corresponding peak is
found to be 1.48. This means higher content of
amorphous carbon compared to the crystalline carbon
in the sample **. This result is consistent with the
result from XRD shown in the Fig. 1.

Figure 3 shows the SEM images of lampblack
sample at different magnifications. The SEM images
show that the carbon particles are closely packed
agglomerates of smaller primary particles of size
about 100 nm. This result is in alignment with the
soot produced from diesel and candle'*'®. Also, the
carbon particles form an interconnected structures
which may enhance the conductivity of the electrode.

The EDS spectrum shown in Fig. 4 revealed high
concentration of carbon (92.6%). It also contains a
small concentration of oxygen (4.5%) and other
elements (2.9%). The presence of oxygen may be due
to the remnants of different oxygen function groups
and the absorbed water vapour from the air in the
sample. The presence of small amount of chlorine,
zinc, and sodium could be due to the contamination of
the sample.

For the detection of functional groups present in
the lampblack, FTIR was carried out. Fig. 5 shows the
FTIR spectra of lampblack after background
correction. The broad adsorption band around 3445
cm” corresponds to O-H stretching, which implies the
existence of absorbed water vapor in the sample*®?’.
The strong and sharp peak at around 2345 cm™ is due
to CO,”. The peak at around 1595 cm™ can be
associated to the stretching of carboxylic acid®.
Similarly, the peak at around 1230 cm™ can be

associated to C-O stretching of alkyl aryl ether’’.

Fig 3 — SEM image (a) at ~2500 x magnification and (b) ~1000 x magnification
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Fig. 4 — EDS spectrum of lampblack sample. The SEM image is displayed in the inset, and the EDS scanned area is indicated by a rectangle
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Fig. 5 — FTIR spectrum of lampblack
Capacitive performance of a supercapacitor

electrode depends on the textural properties of the
electrode material. So, N, adsorption-desorption
isotherms were obtained and surface area, pore
volume and pore size of the sample were determined.
These parameters are tabulated in Table 1. The ratio
of micropore area to the specific surface area is
59.8%, which indicates slightly higher concentration
of micropores in the sample.

Figure 6 shows the N, adsorption-desorption isotherm
curve. The isotherm shows the volume of the gas
adsorption increased almost linearly with the relative
pressure indicating multilayered gas adsorption. Thus,
the isotherm roughly corresponds to type II isotherm®'.
Total pore volume (the cumulative pore volume of
micropores, mesopores, and macropores calculated from
Multipoint BET) was 0.2844 ccg”. The surface area of
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Fig. 6 — Nitrogen adsorption-desorption isotherm.

the lampblack carbon of olive oil is 302.7 m’g’
which is greater than the soot of diesel'* and candle'’.
Also, the pore size distributions obtained from
Barrett—Joyner—Halenda (BJH) method, Fig. 7(a), and
density functional theory (DFT) method, Fig 7(b)
indicate the presence of micropores (< 2 nm) and
mesopores (2- 50 nm). The estimated pore size for most
of the pores were 1.6879 nm and 1.937 nm from
DFT and BJH methods, respectively. The tails in the
distributions show existence of higher pore size
up to mesopores. This suggests that the pore structure of
olive oil lampblack was hierarchal in nature. The
availability of micropores ensures the high surface area
for the formation of double layer and hence higher
capacitance, whereas mesopores provide the pathway for
the smooth transfer of ions into the deeper part of the

electrode®*,
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Table 1 — Specific surface area and pore characteristics of lampblack carbon
SBET(ng-l) Smicro (ng-l) Smicm/SBET WDFT (nm) VDFT(ch—l) Vmicm(ccg-l) Vmeso(ccg_l)
302.7 181.1 59.8% 1.6879 0.2563 0.09705 0.1593

Sger = specific surface area, S, = micropore area, Wppr = pore width (mode) using DFT method, Vppr = volume using DFT

analysis, Ve = micropore volume, and V eso = Vo - Vinicro

0.010
a
( )0.007- (®) 0.010
et 1937 nm 0008 ' 1.6879 nm
0.006- L0035+ i
= 0 2735 nm - et
0.005+ < 0.0045 ] % 0.006 2.65 nm
§ e 5 0.006- 3
= o = 0.004
3 0.0041 S o000 3 z
= = = 2 0.002
g 0.003- 0.0015- Eo_om_ = R
/a 0002 0.0000 1 3 iy 0.0001
. 14 16 18 20 22 24 26 28 30 0.002 r\ 14 16 18 20 22 24 26 28
0.001- Pore Diameter (4) \J\' Pore width (A)
0.000- T
0.000-
) 50 100 150 200 250 300 ) 50 100 150 200 250 300 350 400
Pore Diameter (&) Pore width (A)
Fig. 7 — Pore size distribution obtained by (a) BJH method and (b) DFT method
6 b
021 @ (b)
4.
0.1
=~ o 2
‘o ‘o
0.0
g <,
5 5
£ -0.11 £
= =
Q Q
-0.241 -4
0.3 -6
-1.0 0.8 0.6 0.4 0.2 10 0.8 0.6 0.4 0.2
Potential (V vs Ag/Agcl) Potential (V vs Ag/Agcl)

Fig. 8 — CV of lampblack electrode at (a) 2 mVs™ and (b) 100 mVs™

3.2 Electrochemical Measurements

Figure 8 shows the Cyclic Voltammetry (CV)
profiles of lampblack-based electrode scanned
between -1 V to -0.2 V. Fig. 8(a) is the CV recorded
at scan rate of 2 mVs' and Fig. 8(b) is the CV
recorded at 100 mVs™'. At a low scan rate of 2 mVs™,
the CV curves demonstrate quasi-rectangular shape.
Generally, the CV curve of a pure carbon electrode
displays a characteristic typical rectangular shape
which indicates a pure capacitive behavior with no
faradaic reactions'”. The quasi-rectangular shaped
curve in Fig. 8(a) shows the presence of both double
layer capacitance and pseudocapacitance due to
presence of functional groups in the carbon sample’.
At high scan rate of 100 mVs™, the CV curve is tilted,
however, it is still rectangular-like in shape'’.

Figure 9(a) shows the CV curves of the lampblack
electrode at different scan rates from 2 mVs™ to 100
mVs™'. The specific capacitance corresponding to
each scan rate was calculated using the following
equation™.

-_2 (1)

SP 2kmAV

where A is integrated area under curve, k is scan
rate (mVs'), AV is potential window (V) and m is
active mass (g) of material in the electrode.

Using the Eq. (1), the specific capacitance at scan
rates of 2, 5, 10, 20, 50 and 100 mVs"' are 74.87,
66.25, 57.51, 47.03, 31.76 and 21.11 Fg’,
respectively. The result clearly shows that the value of
specific capacitance is decreased as the scan rate is
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Fig. 10 — EIS spectrum of lampblack electrode a) Nyquist plot and b) equivalent circuit used to fit the Nyquist plot. Modified from ref.*®.

increased. This characteristic result indicates the
presence of micropores in the lampblack®”.

To further investigate the electrochemical
properties of the electrode, galvanostatic charge—
discharge (GCD) tests were also performed. Fig. 9(b)
shows the GCD curves at different current densityof
1,2, 3,4, 5 and 10Ag". The corresponding specific
capacitance obtained were 70.36, 60.61, 55.04, 51.83,
4789 and 35.94 Fg', respectively. The specific
capacitance from the GCD test was calculated using
the following equation™.

IAt
mAvV

sp — -(2)

where 1 is the discharge current (A), At is the
discharge time (s), AV is the potential window (V)
and m is the active mass (g) of the material in the
electrode.

The values of specific capacitance obtained from
GCD test also show attenuation as the current density
increases. This can be explained that at low current
density, the ions of the electrolyte can easily enter the

micropores and form a double layer. At high current
density, the ions need to access the electrode surface
as fast as possible but can only access the limited
micropores. So, the double layer formation is
decreased and hence the reduction in specific
capacitance®”'*** However, due to the presence of
pores from microporosity to mesoporosity in the
lampblack, the bigger mesopores provide pathway to
access smaller micropores’. So, the attenuation of
the specific capacitance is not high when current
density is increased. This shows the capacitive
performance of olive oil lampblack-based electrode is
satisfactory even at high current density. The GCD
curves in Fig. 9(b) also shows slightly distorted from
perfect triangular shape indicating existence of
pseudocapacitance along with the formation of double
layer capacitance in the -electrode-electrolyte
interface®™*’. The GCD curves show negligible IR
drop which indicates the excellent stability and
reversibility of lampblack carbon®.

Figure 10(a) represents the Nyquist plot of the
lampblack electrode in which the horizontal and
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vertical axes are real and imaginary components of
the impedance, respectively. The Nyquist plot
comprises a distored semi-circle in high frequency
region and an imperfect linear part in low frequency
region. The semi-circular in the Nyquist plot arises
because of a parallel combination of capacitor and
resistance’. In the working electrode prepared with
porous carbonaceous material, capacitance can be
attributed to existence of electrochemical double
layered capacitance and pseudocapacitance™'’. On
the other hand, the resistor is the interfacial resistance
and the value of the resistor can be estimated by the
diameter of the semicircle’. The semicircle is
displaced along Z'axis due to existance of ohmic
resistance in series with the parallel combination of
the interfacial resistance and the capaciotor. The first
intersection point of the semi-circle (in the high
frequency region in the Nyquist plot) on the
horizontal axis gives the value of the ohmic resistance
which is often called equivalent series resistance
(ESR)”". Fig. 10(b) is an equivalent circuit*used to fit
the Nyquist curve. The Ry is equivalent series
resistance (ESR). Similarly, R, is the charge transfer
resistance at the electrode-electrolyte interface. The
constant phase element (CPE) is used to represent the
double layer capacitor at the electrode and electrolyte
interface. Because of the imperfection of the semi-
circle seen in the Nyquist plot(Fig. 10(a)), the double
layered capacitor was replaced with CPE. Cg is the
psedocapacitor’®. The shallow slope of the linear part
in the Nyquist plot indicates the existence of the
pseudocapacitance’. The pseudocapacitance can be
due to the presence of functional groups in the
lampblack®***’. The value of the ESR obtained from
the curve fitting using the equivalent circuit was 0.81
Q. The minimal IR drop seen in the GCD curves is
attributed to low value of ESR. Generally, this ohmic
resistance is mainly attributed to the sum of the
intrinsic resistance of the material of electrode, the
contact resistance between the current collector and
the material of the electrode, and the solution
resistance®. As the electrode was prepared solely with
the lampblack without adding conducting enhancer
like carbon black, hence, it can be understood that the
contact resistance of the lampblack-current collector
is low and the electric conductivity of the lampbalck
is high. High concentration and interconnected
structure of the carbon particles might have yielded
higher conductivity of the olive lampblack based
electrode. The low value of ESR enhances power-

capability of supercapacitors®’. This enhanced the
high-rate capability of the supercapacitor electrode
and justified the wvalue of specific capacitance
obtained from GCD curves at different current
densities.

4 Conclusions

The lampblack of olive oil prepared with low-cost
and facile method possessed relatively high surface
area and hierarchal pores structures. The availability
of both microporous and mesoporous pore structures
along with the moderately high surface area of the
lampblack carbon enhanced the fast transfer of ions
into the deeper part of the electrode and helped in the
formation of a double-layer in a much larger area
enhancing the specific capacitance.Also, presence of
oxygen functional groups introduced some
pseudocapacitance in the electrode. The specific
capacitance of the electrode obtained from the GCD
test was 70.36 Fg' at the current density of 1 Ag”
with a low Equivalent Series Resistance (ESR) value
of 0.81 Q. Good capacitive performance and low ESR
value of the lampblack-basedelectrode indicate the
potential use of olive oil lampblack for the
preparation of low-cost and high-performance
supercapacitor electrodes.
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