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Carbon black, a nano-porous material usually derived from the pyrolysis of waste tyres possesses varied
particle sizes and morphology making it a viable material for several engineering applications. However,
the high tendency for CB to agglomerate remains a challenge. To address this, bio-templating has been
employed to produce a nanostructured porous carbon electrode material for supercapacitor applications
using diatomite as a template. Diatomite-synthesized activated carbon (DSAC) was fabricated through
a three-step process involving acid treatment of diatomite, thermal activation of carbon black, and bio-
template synthesis. The resulting material was thoroughly characterized using XRD, Raman spectroscopy,
BET analysis, and SEM imaging. properties were assessed through cyclic
voltammetry, galvanostatic charge—discharge, and electrochemical impedance spectroscopy. The DSAC
material exhibited a high specific surface area of 266.867 m? g~*, pore volume of 0.6606 cm® g%, and
mean pore radius of 1.8943 nm. The electrochemical evaluation revealed that DSAC demonstrates

Its electrochemical
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excellent electrochemical performance, achieving a high specific capacitance of 630.18 F gt and

DOI: 10.1035/d4na00680a retaining 94.29% capacitance after 5000 cycles at 1 A g~. The DSAC electrode is eco-friendly and
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1 Introduction

In recent years, the energy demand has risen sharply due to
rising population and industrialization. To address these global
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a promising candidate for supercapacitor applications.

energy and environmental needs, modern scientific research
has focused on developing renewable energy systems like wind
and solar power."” Despite the significant progress made in
solar and wind power generation, intermittent energy produc-
tion due to weather and location remains a major challenge.?
Therefore, efficiently utilizing such energy sources requires
energy storage devices for power transfer.*® Supercapacitors,
known for their high power densities, rapid charge/discharge
rates, long cycle life, and environmental friendliness are
widely used in electronic devices, electric vehicles, and power
stations”'® where the energy storage capacity of supercapacitor
cells relies heavily on the electrode materials.>"*"** These elec-
trode materials can be classified into electric double layer
capacitors and pseudocapacitors comprising carbon-based
materials and conducting polymers/metal oxides respectively.
An electric double layer capacitor (EDLC) has high specific
surface area, high specific capacitance, and high-power density
while pseudocapacitors possess high energy density and a fast
charge and discharge rate. Currently, carbon-based materials
usually classified as EDLCs are predominantly used as electrode
materials for supercapacitor application due to their charac-
teristics. Carbon based electrode materials offer a theoretical
specific capacitance of 100-200 F g~ .1+ Despite their relatively
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high theoretical specific capacitance values, carbon-based
electrode materials for supercapacitor applications fall short
in meeting the fast-paced demands of electric device advance-
ments."® Carbon black used as a carbon-based electrode mate-
rial has exhibited a theoretical specific capacitance of 100-120 F
g ' in the literature which is relatively lower than values re-
ported for other carbon-based electrode materials.””™® Such
a low theoretical specific capacitance value most likely results
from a smaller specific surface area, pore volume, or less defi-
nite pore structure due to particle agglomeration of carbon
black compared to other carbon-based electrode materials.>*>*
Despite this drawback, carbon black has been widely consid-
ered in supercapacitor applications due to its cost-effectiveness,
electrical conductivity, and availability."”**** Nasibi et al,'®
prepared nano-iron oxide (Fe,Os)/carbon black electrodes for
electrochemical capacitors using a mechanical pressing
method in a 2 M KCl electrolyte. It was revealed in their study
that after 500 cycles at 20 mV s ', the electrodes showed
a specific capacitance of 40.07 F g~ ' for the 30: 60 : 10 (carbon
black: Fe,Oj: polytetrafluoroethylene) mix, retaining a capaci-
tance of 80%. Also, Chen et al.,* used nitrogen-functionalized
carbon black from waste tires, coactivated with melamine and
alkali agents like C,HgK,0,-M. C;HgK,0,-M exhibited a higher
capacitance and surface area of 48 F ¢~ ' and 247.5 m*> g "
respectively than commercial carbon black (0-40 F g~ ') with
a similar surface area (300 m* g~ ). Through this approach, the
surface area, pore structure, and conductivity were enhanced
and resulted in an improved electrochemical performance. In
an attempt to significantly improve the electrochemical
performance of carbon black as a supercapacitor electrode,
recent attention has focused on synthesis methods of the
electrode.”* Currently, the templating method has received
much attention due to its merits including controlled structure,
reproducibility, cost-effectiveness, versatility, eco-friendliness,
and safety.”* Depending on the material used, template
synthesis can be classified into the bio-template method,*® hard
template method,”®*" soft template method,"” and hybrid
template method.** Among the various template methods, bio-
templating is often preferred because of its cost-effectiveness,
eco-friendliness and its ability to produce complex struc-
tures.*>** Diatomite, a naturally occurring sedimentary rock
mainly made of amorphous silica, has recently been used as
a bio-template for electrode material synthesis due to its hier-
archical nanoporous network structures.**®” Diatomite's
natural hierarchical structure, high surface area, and biocom-
patibility make it an ideal template for creating interconnected
pores, which significantly improve ion transport and enhance
the electrochemical performance of the carbon electrodes.’®*
Y. Huang et al. (2021)* described the fabrication of N-doped
porous carbon (NPC) by thermally treating waste diatomite at
high temperatures with a bulk of yeast protein that had been
adsorbed during beer filtration. The NPC-2 electrode material
exhibited a specific capacitance of 151.5 F g ' at 1 A g~ ', with
a notable capacitance retention of 90.5% after 10 000 cycles. The
symmetric supercapacitor using NPC-2 achieved an energy
density of 13.47 Wh kg™ " at a power density of 400 W kg~ '. Yang
et al.’” used diatomite to produce a MoS,/amorphous carbon
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composite electrode, achieving a capacitance of 167.3 F g~ ' and
93.2% retention after 1000 cycles owing to the unique structure
and interaction between MoS, and amorphous carbon. Guo
et al.,** fabricated a 3D composite for supercapacitors from
hollow diatomite silica coated with TiO, and MnO,
(diatomite@TiO,@MnO,). Here, the added TiO, layer improved
performance, with good cycling stability (94.1% retention after
2000 cycles) and high efficiency (98.2-99.6% retention). By
using low-cost natural diatomite and a scalable process, the
diatomite@TiO,@MnO, electrode showed promise for energy
storage applications.*' Therefore, this study enhances energy
storage by controlling the morphology of carbon black with
diatomite as a template. Using carbon black aims to develop
a cost-effective and green energy storage solution. Ultimately,
the study explores hierarchical porous carbon from carbon
black for potential use in supercapacitor electrodes, contrib-
uting to a cleaner energy future.

2 Experimental details

2.1. Materials

The carbon black used was obtained from Alchemy Alternative
Energy Company in Prampram, Accra, Ghana, while the diato-
maceous earth powder with a specific composition of SiO,
(86%), Na,O (0.22%), K,0 (1.39%), Al,0; (5.5%), MgO (0.78%),
and Fe,0; (2.5%) was purchased from Kyrkyma.ru. The nickel
foam current collector, hydrochloric acid (HCl, 37%), sodium
hydroxide (NaOH, 97%), and potassium hydroxide (KOH, 85%)
pellets were procured from Sigma-Aldrich (St. Louis, MO, USA).
All analytical grade chemicals were used as obtained.

2.2. Materials preparation

The diatomite-synthesized activated carbon was obtained using
an acid treatment and a three-step high-temperature treatment
method. First, the diatomite powder (5 g) was purified through
acid treatment and rinsed with deionized water to remove pore-
blocking impurities. The diatomite was mixed with 50 mL of
deionized water and stirred for 30 minutes. Afterward, 50 mL
hydrochloric acid solution (1 M HCI) was added dropwise into
the mixture and stirred for 3 hours. The resulting acid-treated
diatomite (ATD) was filtered and washed with deionized water
until a neutral pH of 7 was reached. Additional purification was
carried out by subjecting the ATD to an initial heating process at
250 °C for 2 hours, at a heating rate of 5 °C min~'. This step
aimed to eliminate any impurities and residual organic mate-
rials. Carbon black (CB) was activated at 800 °C for 3 hours in
a furnace atmosphere. Afterward, the pre-heated acid-treated
diatomite powder was mixed with the activated carbon black
in a mass ratio of 1: 3, after a series of preliminary studies on
the weight ratios. The mixture was stirred at 300 rpm for 2 hours
and then subjected to hydrothermal heat treatment at 160 °C in
a stainless-steel autoclave for 12 hours. The hydrothermally
treated mixture was rinsed in 5 mol L~' NaOH solution to etch
out the diatomite leaving behind the intricate 3D network
structure within the material. The following reactions occurred,
primarily between the silica and the NaOH solution. Thus, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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silica (SiO,) will dissolve to form sodium silicate as observed in
eqn (1):

Primary reaction: SiO, + 2NaOH — Na,SiO; + H,O (1)

However, the possible side reactions that occurred due to the
specific composition of diatomite (SiO, (86%), Na,O (0.22%),
K,O (1.39%), AlL,O; (5.5%), MgO (0.78%), and Fe,0; (2.5%))
include:

(1) Aluminosilicate formation: Al,O; in diatomite could react
with NaOH and dissolved silica, forming sodium aluminosili-
cate as shown in eqn (2).

A1203 + 28102 + 4NaOH — Na4Alzsi209 + 2H20 (2)

(2) Iron oxides (Fe,O3): iron oxide may precipitate as Fe (OH);
or remain in the solution as a hydroxide complex, depending on
reaction conditions.

Fe,0; + 6NaOH — 2Fe(OH); + 3Na,O 3)

(3) Magnesium oxide (MgO): MgO will form magnesium
hydroxide:

MgO + H,O — Mg(OH), (4)

The small amounts of Na,O and K,O might remain in the
solution as Na" and K' ions and could contribute to further
ionic interactions but are unlikely to drive major side reactions.
The main outcome is the dissolution of silica with the potential
formation of aluminosilicates and hydroxides of iron and
magnesium.

Thus, the diatomite bio-template synthesis method
produced a nanostructured porous carbon (diatomite synthe-
sized activated carbon (DSAC)) after drying at 105 °C for 12
hours followed by deionized water washing. Fig. 1 illustrates the
steps involved in preparing the DSAC as an electrode material.

2.3. Electrode preparation

The electrodes were prepared by grinding and sieving the
electrode materials/active material, namely carbon black (CB),
activated carbon black (ACB), acid-treated diatomite (ATD), and
diatomite synthesized activated carbon (DSAC) into a fine

Hydrothermal treatment

at 160 °C for 12 hours
Activated carbon black
(ACB) + acid treated
diatomite powder (ATD)

Porous carbon

Process of Diatomite synthesis
of the activated carbon

Y

Acid treated diatomite
(ATD) framework
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powder using a 90-micron sieve. A mixture of 4 mg of electrode/
active materials (CB, ACB, ATD, and DSAC), along with the
binder (polyvinylidene fluoride - PVDF) and organic solvent
(dimethylformamide - DMF), was coated on the nickel (Ni)
foam current collector using a ductile blade at a ratio of 0.9:
0.07:0.03, respectively. The coated electrode materials (CB,
ACB, ATD, and DSAC) were dried at 80 °C for 12 hours. Finally,
the fabricated electrodes (CB, ACB, ATD, and DSAC) were
assessed for their electrochemical performance.

2.4. Materials characterization

Fourier transmission infrared (FTIR) spectroscopy analysis was
carried out using a PerkinElmer 2000 FTIR spectrometer with
Spectra 10™ software (PerkinElmer, Norwalk, USA) at room
temperature (25 °C). The absorption spectra were recorded in
the range of 500 to 4000 cm™'. UV-vis analysis was conducted
using a Lambda 365 UV-vis spectrophotometer operated at
a wavelength of 200-1100 nm. DMF was used to evaluate the
electronic properties of the prepared materials. X-ray diffraction
(XRD) was performed on a D8-Discover Bruker X-ray diffrac-
tometer with Cu K radiation (A = 1.540 A). Raman spectroscopy
analysis for the electrodes was carried out with high-resolution
Raman (HR Raman) spectroscopy (Morphologi 4-ID Raman
Spectrometer) using an argon ion laser (514 nm) to investigate
the graphitization order. UH-resolution SEM was conducted via
an in-beam SE scan mode using a Tescan Magna SEM. X-ray
microanalyses were performed to evaluate the elemental
composition of the electrodes using the energy-dispersive X-ray
microanalyzer attachment of the Tescan Magna SEM. Nitrogen
desorption studies were carried out at 77.35 K using a NOVA
Touch 2LX (Quantachrome TouchWin version 1.21, Quantach-
rome instruments), with surface area evaluated using the
Brunnauer-Emmett-Teller (BET) model. Approximately
0.2246 g of dry particles are outgassed for approximately
574.25 min at 30.1027 °C. The Barrett-Joyner-Halenda (BJH)
technique was used to calculate the pore-size distribution from
the desorption branch of the isotherms.

2.5. Electrochemical evaluation

A three-electrode setup was used, with a silver/silver chloride
reference electrode, a graphite rod counter electrode, and active

Etching of the
diatomite powder
using S mol/L NaOH

Diatomite Synthesized
Activated Carbon (DSAC)

Fig.1 Diagram illustrating the formation of diatomite synthesized activated carbon (DSAC). This figure has been adapted/reproduced from ref.

42 with permission from Elsevier, copyright 2018.
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Table 1 The elemental composition (wt%) of the CB, ACB, and DSAC samples using energy dispersive X-ray (EDX)

Elements C (o) Na Mg Al Si S Cl K Ti Fe Cu Zn
CB 85.3 13.2 0.00 0.0 0.07 0.91 0.27 0.03 0.0 0.09 0.0 0.11 0.18
ACB 64.9 24.0 0.24 0.0 0.19 1.23 0.37 0.10 0.0 8.12 0.0 0.17 0.58
DSAC 65.3 28.7 0.12 0.09 0.59 3.46 0.06 0.04 0.8 0.05 0.22 0.12 0.31

material (i.e., CB, ACB, ATD, and DSAC) as the working elec-
trode where Ni foam was used as a current collector. The elec-
trode materials, weighing 4 mg and spanning 0.65 cm?, were
tested electrochemically at room temperature in a 6 M KOH
aqueous solution using a CORRTEST Workstation. Cyclic vol-
tammetry (CV) was performed by scanning at rates of 1, 10, 50,
and 100 mV s~ at a constant voltage within the range of —1 to
0 V. Galvanostatic charge and discharge cycles were conducted
at current densities of 0.25, 0.5, 1, and 2.5 A g’1 within the same
voltage window. The cycling stability test at was performed at
a constant current density of 1 A g~ for 5000 cycles. The specific
capacitance values were determined for CV analysis and galva-
nostatic charge/discharge cycles using eqn (1) and (2).*>*

A

oo

Cs which represents the specific capacitance was calculated as
the ratio of the integral area (A) to the product of electrode mass
(m), scan rate (V/t), and voltage window (v, — v;).

I
= dva

C, = (5)

(6)

C, represents specific capacitance, calculated as the ratio of the
product of current density ({) and change in discharge time (d¢)
to the change in the voltage (voltage window (dV)), and i
represents current density and it is mathematically expressed as

I , . . .
e i, which is the ratio of the current to the mass of the

electrode.

Energy and power density values were assessed using various
mathematical relations, including eqn (3) and (4) for energy
density and eqn (5) and (6) for power density.*>*

C V2

E= 3 )
2

E= 2x3.6 (8)

E represents energy density, C; is the specific capacitance, and
V* denotes the voltage window.
VZ
P=— 9
4R, %)

P denotes the power density, V* signifies the voltage window,
and R, represents the internal series resistance.

p_ E x 3600

At (10)

P represents power density, E implies energy density, and At
signifies the change in discharge time.
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Furthermore, we performed electrochemical impedance
spectroscopy analysis, ranging from 100 kHz to 0.01 Hz.

3 Results and discussion

3.1. Physical and chemical characterization

Table 1 displays the elemental compositions of the synthesized
samples: CB, ACB, and DSAC. From Table 1, the CB, ACB, and
DSAC samples recorded a high weight percent of carbon with
DSAC recording the highest. However, graphite and graphitic
nature of the CB, ACB, and DSAC is not entirely pure, as they
coexist with other elements such as C, O, Na, Mg, Al, Si, S, Cl, K,
Ti, Fe, Cu, and Zn as observed in Table 1. The DSAC electrode
material recorded an increase in the composition of Al, Si, and
K relative to its weight percentages for CB and ACB because of
residual element traces from the diatomite bio-template
synthesis of the DSAC material. The increase in oxygen atoms
can be attributed to graphite oxidation, facilitated by the role of
KOH as a reducing agent as observed in Table 1. The weight
percentage of silicon in the DSAC sample demonstrates the
successful removal of almost all the silica templates through the
sodium hydroxide etching method.

Fig. 2 shows the FTIR spectra of the CB, ACB, ATD, and DSAC
samples. From the spectra, CB, ACB, and DSAC showed a very
weak C~C stretching at 1735 cm™ ', with CB and ACB showing an
extra weak C-H aromatic functional group at 1075 cm™'. ACB
displays a weak C-H stretching at 1372 cm ™" (ref. 23). Also, CB,
ACB, and DSAC revealed a C-H aromatic group at 2950 cm ™" as
observed in ESI Fig. S1.1 The ATD sample which is a silica based
material reveals Si-O-Si and Si-O-Al functional groups at 1050

1 C-C stretching m
Z ] ——DSAC
3 7 ——ATD
= ——ACB
£ —cB
E ] .
E — C-H aromatic
; C-C stretching — Ao

Lomran C-H stretching

C-C stretching C-H aromatic
4000 3500 3000 2500 2000 1500 1000 500
Wavelength (cm™)

Fig. 2 Fourier transmission infrared transmittance of CB, ACB, ATD,
and DSAC samples.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and 800 cm ! respectively. In DSAC, traces of silicon in ATD
were observed as shown in Table 1 leading to a peak of a Si-O-Si
functional group in the DSAC spectra which was revealed at
1025 cm™".*® The Si-O-Si functional group observed in DSAC
led to a shift in the peak of the Si-O-Si functional group of ATD
from a wavenumber of 1050 to 1025 cm ™" in the DSAC spectra.

The UV-vis absorption spectra of the CB, ACB, ATD, and
DSAC samples with a zoomed-in section are displayed in ESI
Fig. S2.1 Fig. 3 displays the XRD patterns of CB, ACB, ATD, and
DSAC samples. Two separate diffraction peaks that conform to
the (0 0 2) and (1 0 0) lattice planes of graphitic carbon were
identified at 25° and 44° for the CB and DSAC samples. Also, the
CB sample exhibited (1 1 1), (2 2 0), and (3 1 1) peaks due to the
presence of silicon. However, the ACB sample shows no peaks,
which signifies a low degree of graphitization. The ATD sample
recorded (1 0 0), (1 1 0), and (1 1 3) silicon peaks at an angle of
22°, 36° and 63° respectively. However, the DSAC sample
exhibits a broader and less intense (0 0 2) peak at 25°which
confirms a change in the crystal structure due to bio-templating
and subsequently increases defects and pores while reducing
the ordered nature of carbon.

The Raman spectra of CB, ACB, and DSAC samples reveal
distinct D-band and G-band characteristics at specific wave-
numbers (see Fig. 4). D-band peaks were observed at 1338 cm ™",
1347 cm ', and 1342 cm ! while G-band peaks were found at
1590 cm ™%, 1577 em ™}, and 1573 cm ™. The D and G bands are
prominent in all spectra except for the ATD sample. ACB and
DSAC spectra exhibit similar intensities for D and G bands
whiles the CB sample showed a slightly higher G-band intensity.
The Raman spectra of CB, ACB, DSAC align with those of
materials with sp>linked carbons according to M. Boota et. al.*
The Ip/I; ratios for CB, ACB, and DSAC were 0.936, 1.015, and
1.008, respectively. The nearly equal unity values indicate a well-
balanced presence of disordered or amorphous carbon and
graphite (degree of graphitization) in all samples.>***

Fig. 5 shows the adsorption/desorption isotherms for the
samples, namely CB, ACB and DSAC revealing its porosity in
a relative pressure range of 0 to 1.0. At relatively low pressure (P/

3000 =100 E—e
——DSAC
——ACB
4000 - a(110) “(113) —— CB
" v -
#(002) “
=
= 3000 -
S *(100)
[
£
2 #(002)
=
* Graphite
(111 o Silicon
1000
(220
*(100) 320 o(311)
04 T T T T T T T
10 20 30 40 50 60 70 80
2 THETA

Fig. 3 X-ray diffraction analysis of the CB, ACB, ATD, and DSAC
samples.
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Fig. 4 Raman spectra of the CB, ACB, ATD and DSAC samples.
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Fig. 5 A plot of the volume adsorbed/desorbed isotherm for the CB,
ACB, ATD and DSAC samples against the relative pressure and an inset
of the BET plot of all the samples, namely CB, ACB, ATD, and DSAC.

Py), the N, adsorbed volume increased sharply with the relative
pressure, which can be attributed to the filling of the micro-
pores with N,.”> The mean pore radius, pore volume, and
specific surface area for CB, ACB, DSAC, and ATD are summa-
rized in Table 2. The pore radius values show the existence of
mesopores from the porous network structure of DSAC, and

Table 2 Tabulation of the surface area values using the BET model
and the pore radius, and pore volume values using the BJH analysis
model

Samples Surface area Pore volume Pore radius dV(r)
CB 30.3661 m*> g 0.1826 cm® g~ * 14.174 nm
ACB 46.6212 m> g 0.3815 cm® g ! 1.9101 nm
ATD 94.9455 m”> g~ ! 0.3066 cm® g™ * 1.6944 nm
DSAC 266.867 m”> g 0.6606 cm® g~ * 1.8944 nm

Nanoscale Adv, 2024, 6, 6265-6277 | 6269
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Table 3 Comparison of the surface area, pore size and volume of the DSAC electrode material with template-assisted electrode materials in the

literature

Sample Synthesis method

Surface area Pore volume Pore size/radius Ref.

N-doped carbon

Diatomite waste-derived N-doped porous
carbon

MoS,/amorphous carbon composite
NiFeS,@CNTs@MnS@Diatomite
electrode

DSAC

Zeolite-templating route
Diatomite template assisted

Diatomite template assisted

two-step hydrothermal method
Diatomite assisted template

activation of carbon black and macropores in the carbon black
sample. This can also be confirmed from the isotherms of all
the samples observed in Fig. 5. The DSAC sample exhibits
a uniform pore size distribution which confirms the synthesis
of a hierarchical porous structure’ resulting in a type II
isotherm (see Fig. 5). DSAC exhibits superior N, gas adsorption
compared to ACB, CB, and ATD which showed a type III
isotherm. This is reflected in the high specific surface area
(266.867 m”> g '), pore volume (0.6606 cm® g~ '), and mean pore
radius (1.8944 nm) of DSAC (see Table 2). The inset shows that
the steeper the slope of the BET surface area plot, the smaller

18 35 SEI

5.00 pm 5.07 mm

5 keV

74.3 kx In-Beam SE 300 pA  UH-RESOLUTION

Fig. 6 Scanning electron microscopy images of the ATD, CB, ACB, and
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CVD on a diatomite substrate and the

1529m?>g"'  0.75em’g ! 1.96 nm 53
754m” g " 7.216 nm 40
361.6 m*g ' 0.621cm®*g ' 5.1 nm 37
623 m> g ! 4.0 nm 54

266.867 m> g~ ' 0.6606 cm® ¢! 1.8944 nm This work

the surface area of the sample which can be confirmed in Table
2 with the DSAC sample having the highest surface area value
for both the BET and BJH models. The DSAC electrode material
was compared with template-assisted electrode materials in the
literature as shown in Table 3. The comparison shows that
DSAC had a relatively lower surface area but higher pore volume
and relatively smaller pore sizes.

Fig. 6(a)-(d) depict SEM images of all the electrode materials
(ATD, CB, ACB, and DSAC). Fig. 6(a) shows the hierarchically
porous structure of the ATD sample while Fig. 6(b) and (c) show
agglomeration of carbon particles with interconnected micro

g

v *S
arits Thevus
1pm

r ol S &
5keV 5.00 um 4.97 mm
74.3 kx

In-Beam SE 300 pA  UH-RESOLUTION

1pum

5keV  5.00 pm 4.95 mm

74.3 kx In-Beam SE 300 pA UH-RESOLUTION

DSAC samples labeled as (a), (b), (c), and (d), respectively.
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and mesopores upon activating the CB sample, respectively.
The DSAC material replicated the morphology of diatomite (see
Fig. 6(a) and (d)). Moreover, the DSAC and ACB structures

exhibit distinct properties,
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nanoflower-like structures inside its pore network and the latter
exhibiting highly dense agglomerated carbon particles. The
obtained DSAC has a 3D hierarchical pore structure as shown in
Fig. 6(d) with a pore radius of approximately 1.8944 nm

0.008
ACB
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<
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Fig.7 Cyclic voltammetry curves for (a) CB, (b) ATD, (c) ACB, and (d) DSAC at scan rates of 1, 10, 50, and 100 mV s~* within a voltage range of —1
to 0. (e) Overlaid plots for all the electrode materials at a scan rate of 1 mV s~* within a voltage range of —1 to 0 and (f) expanded version of the
combined plot labelled (e) without DSAC.
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compared to ATD with a pore radius of 1.6944 nm. Meanwhile,
CB and ACB have pore radii of 14.1738 nm, and 1.9101 nm
respectively as observed in Table 2. These findings indicate the
porous nature and nanoscale properties of the materials. Upon
removal of the SiO, core, DSAC replicated the porous network
structure of ATD. Hence, activating, and synthesizing nano-
porous carbon through the diatomite template-assisted method
leads to an increase in pore volume and surface area values.

CB a
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Fig. 8 The galvanostatic charge and discharge cycles of (a) CB, (b) ATD,
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3.2. Electrochemical measurements

Fig. 7(a)-(d) show the cyclic voltammetry curves of CB, ACB,
ATD, and DSAC samples at scan rates of 1, 10, 50, and 100 mV
s~ within a voltage window of —1 to 1, while Fig. 7(e) and (f)
show the overlaid plots of cyclic voltammetry (CV) curves for CB,
ACB, ATD, and DSAC samples, along with the expanded version
of Fig. 7(e) excluding DSAC. Notably CV curves for CB, ACB, and
DSAC exhibit nearly rectangular shapes with slight distortion,
suggesting favorable electrochemical behaviour and rapid

] ACB
0.2 = —0.25A/g (b
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0.0 4 ——1A/lg
-2.5A/
-0.2 4
g —0.4 4
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(c) ACB, and (d) DSAC at scan rates of 0.25A g1 05Ag~ % 1Ag™! and

2.5 A g~ within a voltage range of —1 to 0. (e) Overlaid plots for all the electrode materials at a current density of 0.25 A g~ within a voltage range
of —1to 0 and (f) expanded version of the combined plot labelled (e) without DSAC.
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charge propagation. The DSAC electrode material records the
highest electrochemical double-layer capacitive performance,
characterized by a high current response and large charge
separation compared to CB and ACB. Thus, DSAC at lower scan
rates showed excellent electrochemical behaviour, which indi-
cates the effective transfer of ions into desirable nanostructures
and a controlled pore architecture of the electrode material
(refer to Fig. 7(e) and (f)). CV curves for ATD show oxidation and
reduction peaks across all scan rates, with prominent redox
peaks observed at a scan rate of 1 mV s, indicating pseudo-
capacitive behaviour. Contrarily, the absence of redox peaks in
DSAC (see Fig. 7(d) and (e)) is an indication of strong electro-
chemical double-layer capacitive charge storage mechanisms in
the CV curve of the DSAC electrode arising from the effective
etching of the ATD material out of DSAC using 5 mol L' NaOH
as observed in the composition of DSAC in Table 1.

Fig. 8(a)-(d) show the galvanostatic charge and discharge
(GCD) cycles of CB, ACB, ATD, and DSAC at scan rates of
025A¢g 5,05A¢g ", 1A¢g ", and 2.5 A g ' within a voltage

Table 4 Capacitance, energy, and power densities were obtained from cyclic voltammetry curves at a scan rate of 1 mV s
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window of —1 to 0, while Fig. 8(e) and (f) show an overlaid plot
of the galvanostatic charge and discharge (GCD) cycles for CB,
ACB, ATD, and DSAC samples, along with the expanded version
of Fig. 8(e) excluding DSAC. The GCD curves of CB, ACB, ATD,
and DSAC at different current densities displayed a non-
symmetric curve for all the samples. From Fig. 8(e), the capac-
itance which is relative to the discharge time tends to increase
as the current density decreases. Thus, the progressively long
discharging time of the samples at a lower current density is
because at lower current densities a slower rate of scanning
ensures the ability of the ions to be stored in the electrode
materials (see Fig. 8(e)). The DSAC electrode material displays
a superior discharge time compared to CB, ACB, and ATD
resulting from the successful replication of the structure of
diatomite ensuring its high surface area to store charges.
Tables 4 and 5 display the estimated values for electro-
chemical properties such as the capacitance, discharge time,
specific capacitance, energy densities, and power densities for
both CV and GCD analysis at a scan rate and current density of

-1

Specific capacitance Rs/ESR Energy density Energy density Power density
Samples Capacitance (Fg ") eqn (1) value (Wh kg™") eqn (3) (Wh kg™') eqn (4) (W kg™ ") eqn (5)
CB 0.07230 18.07 1.28 9.04 2.5 0.195
ATD 0.04684 11.71 0.286 5.86 1.63 0.87
ACB 0.106 26.58 1.68 13.29 3.69 0.148
DSAC 2.52072 630.18 0.377 315.09 87.5 0.66

Table 5 Results from galvanostatic charge and discharge cycles at a current density of 0.25 A g™t include discharge time, specific capacitance

values, and energy/power densities

Discharge time  Specific capacitance  Energy density Rs/ESR Energy density Power density Power density
Samples  (Af) (Fg Y eqn (1) (Whkg ") eqn (3) value(Q) (Whkg "eqn(4) (Wkg "eqn(6) (Wkg ') eqn (6)
CB 30.17 7.5 3.75 1.28 0.52 447.46 1.23
ATD 1.2 0.3 0.15 0.286 0.020 450 0.047
ACB 42.93 10.73 5.36 1.68 0.74 449.475 1.76
DSAC 1515.4 378.85 189.43 0.377 52.62 450.01 125

Table 6 Comparison of the high-performing electrode material (DSAC electrode) with template-assisted electrode materials in the literature

Cs (Fg™") @ current Energy density (Wh kg™")

Electrode material Synthesis approach Electrolyte  density/scan rate @ power density of W kg™"  Ref.
Diatomite waste derived N-doped Diatomite template 6 M KOH 1515 Fg '@1Ag ! 13.47 Wh kg '@400 W kg™' 40
porous carbon assisted method
MoS,/amorphous carbon Diatomite template — 1673 F g '@0.5A¢ " — 37
composite assisted
NiFeS,@CNTs@MnS@Diatomite CVD on a diatomite — 552 Fg '@1Ag " 289 Whkg '@9375 Wkg™" 54
electrode substrate and the two-

step hydrothermal

method
N-doped carbon Zeolite-templating route  6M KOH 457 F g '@0.1Ag™" 6.4 Wh kg7'@10>* W kg™* 53
DSAC electrodes Diatomite assisted 6M KOH 630.18 Fg '@1 mv s’ 87.5 Wh kg '@0.66 W kg~ This work

template

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1 mV s and 0.25 A g ' respectively. The electrochemical
properties recorded in Tables 4 and 5 for the CV curves and GCD
cycles were evaluated using eqn (5)-(10), respectively. The
specific capacitance values for the CV curves and GCD cycles for
CB, ACB, ATD, and DSAC increased as the scan rates and
current densities decreased. Thus, the increase in scan rate and
current densities results in the fast kinetics observed at the
interface depriving the charges of enough contact time for the
electrode/charge interaction and storage. The DSAC electrode
material showed the highest specific capacitance values at
630.18 Fg 'and 378.85Fg 'at1mVs 'and 0.25 Ag " (refer to
Tables 4-6) for CV curves and GCD cycles, respectively. These
findings align with the observed physiochemical (surface area,
pore size, and pore volume) and surface morphological char-
acteristics in the DSAC electrode material (refer to Fig. 5 and
6(a)—(d) respectively). Table 6 compares DSAC with previously
reported supercapacitor electrodes. The DSAC electrode mate-
rial exhibited superior electrochemical properties including
high specific capacitance, specific energy, and power density.
These properties surpass those of template-assisted electrode
materials from previously reported supercapacitor electrodes in
the literature, as summarized in Table 6.

Fig. 9 shows the cycling stability plots at a current density of
1 Ag " for 5000 cycles for all the samples. The cycling plots were
obtained by plotting the capacitance values at an interval of 500
up to the 5000th cycle. The stability test was conducted by
scanning the electrodes at a constant current of 4 mA against an
electrode mass of 4 mg. The capacitance retention for CB, ACB,
and DSAC electrodes is 86.19%, 91.57%, and 94.29%, respec-
tively, indicating the stability of the electrode materials. The
DSAC electrode showed the highest capacitance retention value
of 94.29% indicating superior long-term electrochemical
stability. The increased stability of DSAC is due to the
morphology replication and the traces of elements such as Si,
Al, Mg, Fe, and K in the DSAC sample resulting from the diat-
omite template-assisted method.
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Fig. 9 Cycling stability plot for the CB, ACB, and DSAC electrode
samples at a current density of 1 A g%,
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Fig. 10 Nyquist plot of the CB, ATD, ACB, and DSAC samples.

The Nyquist plot of the CB, ATD, ACB, and DSAC samples is
shown in Fig. 10. CB, ATD, and ACB samples showed similar
Nyquist spectra (knee curve or 45° angle curve) as presented in
Fig. 10, indicating a capacitive electrochemical behaviour. The
ATD electrode material had the highest spectrum within the
elevated frequency area. This is due to the presence of
numerous active sites, attributed to the porous nature of the
electrode material. However, the DSAC electrode showed quite
a different Nyquist spectrum which was very short and only
observed at a high frequency. However, from the inset of Fig. 10,
the spectra of the DSAC electrode material showed a long semi-
circle curve signifying a redox or charge transfer reaction within
the pores of the DSAC electrode material. The redox or charge
transfer reaction observed in the DSAC Nyquist spectra can also
be attributed to the increase in the elemental composition of
some elements including Si, K, Fe, O, Al, and Mg as summarized
in Table 1. While the DSAC electrode exhibited a low equivalent
series resistance (ESR/R; = 0.377 Q), its charge transfer resis-
tance (Rcr) is notably high at 9 Q. The electric double layer and
pseudocapacitive behaviour observed in the DSAC electrode
material contribute to the outstanding electrochemical perfor-
mance as shown in Figures 7(a), 8(a), 9, and 10, and Tables 4-6
respectively.

4 Conclusion

This study aimed to advance the use of diatomite bio-templated
synthesis of porous carbon electrodes from CB for energy
storage applications. Herein diatomite synthesized activated
carbon (DSAC) from CB with exceptional electrochemical
performance was successfully fabricated. Through a compre-
hensive analysis using various techniques such as X-ray
diffraction, Raman spectroscopy, scanning electron micros-
copy, and electrochemical impedance spectroscopy, the study
provided detailed insights into the material's physiochemical
and electrochemical properties. Distinctive features were
observed in the X-ray diffraction patterns, with DSAC showing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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broader and less intense (0 0 2) peaks compared to CB. More-
over, ACB exhibited a decrease in (0 0 2) peak intensity after
activation, indicating the emergence of defects or pores. Raman
spectroscopy revealed a balanced presence of disordered or
amorphous carbon and graphite in all samples, with DSAC
showing superior physical properties such as a higher mean
pore radius, pore volume, and specific surface area that align
well with the hierarchical pore structures in diatomite. DSAC
demonstrated outstanding electrochemical performance with
a specific capacitance value of 630.18 F g~ ' and 378.85 F g~ ' at
1 mvV s ' and 0.25 A g ' and an exceptional capacitance
retention percentage of 94.29 after 5000 cycles, outperforming
CB, ACB, and ATD. DSAC also exhibited significantly lower
resistance/impedance values. In summary, the study high-
lighted that DSAC effectively replicates the hierarchical porous
network structure of diatomite, providing desired and
controlled porosity, microstructure, and morphology, leading to
improved electrochemical performance making it an economi-
cally attractive and environmentally friendly candidate for
supercapacitor applications.
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