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This study reports on the valorisation of marula nutshell waste into a valuable electrode material for super-
capacitors. Marula nutshell waste, a brown hard residue from marula fruits was valorised into a nitrogen-doped
activated carbon (N-ACs) by KOH treatment and using melamine as a nitrogen source. The microporous and
mesoporous nature of N-ACs exhibited a high surface area of 1427 m? g~! and pore volume of 0.31 cm® g~ .
Three electrode measurements were done in 6 M KOH and 2.5 M KNO3 aqueous electrolytes, to examine the
materials in alkaline and neutral medium. The N-ACs exhibited a capacitance of 350 F g ! in 6 M KOH and 248 F
g~ in 2.5 M KNOj electrolyte. Due to low toxicity and wider operating voltage (~1.8 V) of 2.5 KNOs, the
material was further analysed in a symmetric device. The high surface area, the defects, and the high content of
nitrogen (5.1%) revealed that the material produced an outstanding energy density of 17.2 Wh kg ™! and a power
density of 448.7 W kg™ ! in 2.5 M KNOj electrolyte. The conversion of marula nuts waste into N-ACs thus provide

a means of converting biomass waste into a useful energy storage material for supercapacitors.

1. Introduction

The sustainability of human development through the generation of
energy by ‘green” methodologies is a tremendous challenge and requires
the development of efficient, safe, and high-performance energy storage
devices [1-3]. Hence, much research has been undertaken to develop
supercapacitors (SCs) for high powered energy storage as one solution to
solve this problem [4,5]. Electric double layer capacitors (EDLCs) store
charge by a simple ion-adsorption process (non-faradic) at an electro-
de/electrolyte interface [6,7]. EDLCs have been shown to have fast
charging-discharging rates and a long life cycle which makes them
useful as high powered devices [8,9]. The efficiency of SCs as electro-
chemical cells depend on the type of electrode material used. One ma-
terial that has been extensively studied as an electrode material in SCs is
activated carbons (ACs) because of its low cost, high specific surface
area (SSA) and high thermal stability [10,11]. Precursors for making
ACs and their optimum synthesis conditions require careful selection in
order to achieve desirable properties. Precursors for making ACs
commercially are derived from fossil fuels such as coal, polymers, and
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pitch which can be expensive and/or ecologically unfriendly. Therefore,
there is a need to determine whether the synthesis of ACs from renew-
able waste carbon containing sources that are cheap is possible. The ACs
produced will need to compete with ACs produced from waste (i.e.
pomelo peel [12], hazel nutshell [13] etc.) in terms of physical prop-
erties, reproducibility and cost. Here we report on the use of a local
waste, marula nutshells which is found in abundance in South Africa for
use as an electrode material making nitrogen doped activated carbons
by KOH and melamine (for the first time) in SCs.

South Africa is one of the largest producers of marula fruits, and
these fruits are used for producing the international branded Amarula
liquour (Distell production, South Africa) [14]. Sclerocarya birrea
(marula) produces the fruits in warm frost-free climates, as found in the
Northern parts of South Africa. The tree can produce 500 kg of ripe fruits
per year with a delightfully juicy acid taste. The fruit contains nut that is
removed from the fruit and this marula nutshell generates a waste that is
pale brown in colour and has an oval shape [15]. Marula nutshell has
been reported to have a carbon content of ~38.2%, a moisture content
of ~5.5% and an ash content of ~8.4% [16]. The low ash content
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Fig. 1. A schematic depicting the synthetic route to make the activated carbons and nitrogen doped activated carbons.

present in the biomass has been reported to have good properties for
making good adsorbent ACs with good mechanical strength [16].

Studies of ACs as electrode materials for SCs have shown some lim-
itations. For example, the type of biomass and different precursors used
during synthesis can impact on its properties [17]. ACs can be synthe-
sized from different methods such as physical/chemical activation and
microwave irradiation [18,19]. Microwave irradiations are used to heat
dielectric materials [20]. Physical activation normally involves pyroly-
sis at higher temperature (> 500 °C) followed by activation at higher
temperatures (700-1000 °C) using activating agents such as air, CO5 and
steam [21]. Chemical activation involves treatment of the biomass with
an activating agent followed by pyrolysis leading to efficient porosity of
the material [22,23].

Regardless of the method, the improvement of the energy efficiency
of the ACs is very important due to the low conductivity of the carbon
materials resulting from degree of carbon graphitization. This low
conductivity produces a limited amount of energy storage due to the
restriction of fast charging-discharging rates [24]. Heteroatom species
such as nitrogen, boron, sulphur etc. can be introduced into the carbon
matrix to overcome the low conductivity associated with the ACs [25,
26]. In particular, the introduction of nitrogen on, or into, the carbon
matrix improves the capacitance due to the enhanced wettability of the
material, thus improving the electric contact between the electrode and
electrolyte [27,28]. Nitrogen-doped carbons can be synthesized by
in-situ or ex-situ thermal processes using nitrogen containing species
such as ammonia gas (NH3), melamine, urea, acetonitrile etc. [29,30].
In-situ nitrogen doping involves a one or two pot synthesis. In the one
pot synthesis of the biomass, an activating agent and a nitrogen source
are mixed together and then carbonized. In the two pot synthesis direct
pyrolysis of the material in the presence of a nitrogen containing species
followed by activation at high temperatures is used [31,32].

For example, Ahmed et al. [31] reported on the in-situ nitrogen
doping of orange peel as a biomass at 700 °C, using melamine as a ni-
trogen source and KOH as an activating agent. The nitrogen content
decreased as the KOH concentration increased with a highest capaci-
tance of 168 F/g exhibited at 10 mV s~ ! with an energy density of 5.79
Wh kg~ in 6 M KOH electrolyte. Zhou et al. [33] reported on the for-
mation of nitrogen doped porous carbons using ethylenediamine as a
nitrogen source and carbon tetrachloride as a carbon source by KOH

activation. The nitrogen doped porous carbon showed a decrease of the
nitrogen content from 10.8% to 1.1% as the KOH concentration
increased. In another study by Mo et al. [34], watermelon rind that
contained nitrogen (~2.8%) was used to make ACs. After KOH
impregnation, the surface area increased to 2277 m? g~! but the nitro-
gen content decreased to 1.51% and the carbon electrode had a capac-
itance of 270 F g1 in 6 M KOH electrolyte. The above studies revealed
that the surface area and the nitrogen content are two complementary
features that influence the SCs properties and that the use of elevated
temperatures and increased KOH concentrations decrease the nitrogen
content. An alternative method to produce ACs with a high surface area,
and with moderate to high nitrogen-content, is by using ex-situ nitrogen
doping i.e. the two-pot synthesis approach. Thus, in this study we have
made nitrogen-doped ACs from the carbons produced from the marula
nutshells that have a moderate nitrogen content and high surface area
via the ex-situ two pot doping method.

Energy storage in SCs is not only dependent on active surface area
and conductivity, but also the properties of the electrolyte [35]. Another
way of increasing the energy density of a SC is by using organic or ionic
electrolytes that operate over a wide voltage range [36,37]. However, it
must be kept in mind that organic or ionic liquids suffer from poor
conductivity compared to aqueous electrolytes although they have wide
operating voltage and high viscosity creating hindrance charge accu-
mulation of electrolyte ions [37]. Hence, aqueous electrolytes can be
used because of the high conductivity.

Within this context, the objective of the study is to evaluate marula
nutshell as a precursor electrode material for producing ACs under
different impregnation ratios of the biomass and KOH. Marula fruits,
besides being the main products for producing Amarula liqueur, the
material produces marula nutshell which possess adequate characteris-
tics for the production of activated carbon. In the literature, there are no
published studies on obtaining nitrogen doped ACs from marula nutshell
by KOH activation and melamine as a nitrogen precursor. To this pur-
pose, using KOH as an activating agent and the effect of nitrogen has
been investigated. Samples of the activated and nitrogen doped were
subjected to electrochemical examination using a three-electrode system
in 6 M KOH and 2.5 KNOj electrolyte. Due to the wider potential win-
dow of KNO3 [38], the materials were further evaluated in a two elec-
trode system. Neutral electrolytes are used because of their cost
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Table 1
Abbreviations and compositions of activated carbons produced from marula
nuts waste.

Abbreviation PMNW:KOH (wt %)

AMNW-0.5 1:0.5

AMNW-1 1:1

AMNW-2 1:2

AMNW-3 1:3

PMNW Hydrothermal treatment, no activation

MNW No hydrothermal treatment, no activation
N-ACs AMNW-2:melamine (1:3)

effectiveness, corrosion resistance, and electrochemical stability. They
also make the EDLCs assembly a simple process [39]. Also, 2.5 M KNO3
affirmed the possibility of expanding the potential range of the elec-
trolyte to a wide range leading to an efficient capacitor.

2. Experimental section
2.1. Materials

Marula nut waste used in the experiment were collected from nuts
found in the Limpopo province, Modimolle (South Africa). The N-ACs
were synthesized using nitrogen (N3; 99.9% Afrox), potassium hydrox-
ide (KOH; Sigma Aldrich) and melamine (Sigma Aldrich). Microfiber
filter paper (ACE chemicals) were used as an electrode separator with
0.18 mm thickness. All other reagents were used without further
purification.

2.2. Synthesis of activated carbon

Fig. 1 shows a schematic representation of the synthesis of the ACs.
Marula nuts waste (MNW) was washed with acetone and water to
remove dirt and then pulverized into powder. The powdered material
was sieved to have a size < 150 um. About 10.0 g of the sieved material
was treated hydrothermally in air in 3% H3SO4 using a heating rate of 5
°C min~! to achieve the required temperature (160 °C, 12 h). This pre-
treated material was then washed with distilled water until a neutral pH
was achieved. The material was labelled pre-treated marula nuts waste
(PMNW) [40]. About 4.0 g of the PMNW was added to KOH using
different mass ratios (PMNW:KOH =1:0.5, 1:1, 1:2, 1:3) in 50 mL
distilled water. The mixtures were stirred for 24 h at room temperature
and oven dried overnight at 80 °C. About 3.0 g of the dried mixture was
placed in a quartz boat in a furnace for 2 h at 800 °C (heating rate used: 5
°C min~') under a flow of nitrogen (250 ml min~1). The resulting ma-
terial was washed with 1.0 M HCI, followed by distilled water until
neutral pH [41] (see Fig. 1). The PMNW samples were labelled activated
marula nuts waste (AMNW-0.5, AMNW-1, AMNW-2, AMNW-3)
respectively for the samples made using the different KOH mass ratios
(PMNW:KOH =1:0.5, 1:1, 1:2, 1:3) (Table 1).

The final weight percentage of the activated materials was calculated
using Eq. (1).

%yield = "7 x 100% o)

m;

where mj is the initial mass before carbonization and activation, m¢is the
final mass after the KOH synthesis step (Table S1).

2.3. Ex-situ nitrogen doping

Ex-situ nitrogen doping was achieved by mixing AMNW-2 with
melamine (1 (AMNW-2):3 (melamine) in 20 mL distilled water (Fig. 1).
The mixture was stirred for 2 h at room temperature and dried in an
oven at 80 °C overight. The dried mixture was placed in a quartz boat in
a furnace for 2 h at 800 °C (heating rate: 5 °C min~ 1) under a flow of
nitrogen (250 ml min ). The material was washed with distilled water.
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The resulting materials was labelled ex-situ nitrogen doped activated
carbons (N-ACs) [42].

2.5. Electrochemical characterization

The working electrode was fabricated by mixing the activated ma-
terials (80%) with carbon black (CB, 10%) and polyvinylidene (PVDF,
10%) in a few drops of methylpyrrolidone (NMP) [43]. The slurry was
sonicated for 30 min, pasted on carbon paper and dried in a vacuum
oven at 60 °C for 12 h The coated carbon papers were used as working
electrodes in the two- and three-electrode systems. The three-electrode
system (half-cell) in 6 M KOH and 2.5 M KNO3 was constructed using
nickel foam as a counter electrode and saturated calomel electrode as a
reference electrode in a T-type Swagelok cell. The two-electrode (full--
cell) system was assembled using a T-type Swagelok cell with a micro-
fiber filter paper between the electrodes that was soaked in a 2.5 M
KNOjs electrolyte. The total mass per unit area of active material was
around ~1.1 cm? mg L. All the electrochemical analyses were tested by
using cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),
and impedance spectroscopy (EIS) procedures using a SP300
potentiostat.

The specific capacitance (Csp), energy density (Es), power density
(Ps) were calculated from the discharge time obtained from GCD curves
using Egs. (2)-(6) [44-48].

Eq. (2) was used to calculate capacitance (F):

I x At
AV

C = @
Where the discharge current is given by I/A, At/s is the discharge
time, Av/V is the potential difference.
Eq. (3) was used to calculate the specific capacitance, C/F g~! of the
three electrode/half-cell:

C
Csp = -~ 3)

Where m(g) is the mass of the active electrode material.

The Cy/F g~ ! for a full-cell/symmetric two electrode system, where
the counter and working electrode are the same active material has been
calculated using Eq. (4):

csp = 4 € )
m

Where m/g is the total active electrode mass.
Energy density (Es) ’s basic expression in Eq. (5) is in the unit J g~ .

Es — Lx Cy(AV)? (5)

2

Where Cgp/ F g1 is the specific capacitance and AV/V is the po-
tential window. To convert J g~! to unit Wh g™, Eq. (5) is divided by a
factor of 3600. To convert to Wh kg™?, the units are multiplied by a
1000 to give Eq. (6). Hence, Es/Wh kg ! is given by Eq. (6) and Py/W
kg ! is calculated from Eq. (7).

2 Cx(AV)* 1000

1
Es = 7% Cy,(AV)” = 2 % 3600 (6)

Where C is capacitance, AV/V is the cell potential and m/kg is the
mass of both active electrodes.
Power density (Ps) was calculated from Eq. (7):

E:
Ps = =
s = 3600 & @

3. Characterization techniques

The morphology of the synthesized materials were characterized by
using scanning electron microscopy (SEM) measurements (LEO, Zeiss
SEM). The defects present in the material were established by Raman
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Fig. 2. SEM images of (a) MNW, (b) PMNW, (c) AMNW-2, (d) high, (e) low magnification of N-ACs and the corresponding EDS mapping of for the different elements:

(f) CK, (g) N-K, (h) O-K and (i) Ca-K.

spectroscopy (micro-Raman mode; Jobin-Yvon T64000, A = 532 nm) at
a focal plane of 1.5 um. The surface area of the materials were deter-
mined using the Brunauer-Emmett-Teller (BET) procedure (Micro-
metrics Tristar 300 analyser). Thermal gravimetric analysis (TGA,
Perkin Elmer 6000) was used to measure the stability of the materials. X-
ray photoelectron spectroscopy (XPS) data was collected using a Phys-
ical Electronics Quantum 2000 instrument at 1486.7 eV using mono-
chromatic a Al Ka source.
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4. Results and discussion
4.1. Influence of PMNW:KOH ratio

The nut waste after acid treatment was treated with KOH. Different
PMNW:KOH ratios were used (1:0.5, 1:1, 1:2, 1:3) based on earlier
studies on similar carbons [49]. After the impregnation studies with
KOH, the samples were heated at 800 °C for 2 h to obtain the desired
material. As expected, carbon was lost under these conditions (Fig. S1).
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Fig. 3. (a) N, adsorption-desorption isotherm and (b) pore size distribution curves.
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Fig. 4. (a) Raman spectra, (b) Deconvoluted Raman spectra of N-ACs, (c) TGA and (d) TGA-derivatives of activated carbons.

This mass loss is due to the reaction of KOH with the carbon Egs. (8) and
((9)) [50,51]

6KOH+ 2C © 2K + 3H, + 2K,CO3 8)
K>CO; + 2C — 2K + 3CO )

The reaction between carbon and KOH showed that when the
impregnation ratio increased from 1:0.5 to 1:3, the % yield of carbon
decreased (Fig. S1). This is in accordance with work reported by Marsh
et al. [50] that the reaction between carbon and KOH lead to gasification
of volatile matter from the carbon. Reaction between carbon and KOH
follows Egs. (6) and (7).

4.2. Morphology and surface area analysis

SEM images of the marula nuts before and after activation are shown
in Fig. 2. The MNW sample (Fig. 2a) shows agglomerated nanoparticles
with a smooth surface. After pre-treatment with 3% HySO4 (Fig. 2b), the
PMNW showed a morphology change compared to the MNW, and the
production of a material with a rough surface. The pre-treatment was
used to break down the lignin in the marula nuts and to allow access to
the cellulose, and this reaction led to an increase in the surface area
(Table S2) [52]. After activation of the four AMNM samples, SEM images
showed that they all now contained irregular holes (AMNW-2 (Fig. 2c),
AMNW-0.5 (Fig. S2a), AMNW-1 (Fig. S2b) and AMNW-3 (Fig. S2c). Such
holes aid with the diffusion of the electrolyte ions during charge storage.

The textural properties of the activated carbons were determined and
the Ny adsorption-desorption data are shown in Fig. 3a and b. The
adsorption-desorption isotherm of the activated materials all displayed a
Type IV isotherm (Fig. 3a) according to the IUPAC classification with a
H4 hysteresis loop [53,54]. The hysteresis loop was observed between
the adsorption and desorption branches and indicates the presence of
mesopores. A Type 1 isotherm was observed for MNW and PMNW

(Fig. S3).

The surface area of the original material was close to zerom? g~ and
after pre-treatment (PMNW), this increased to 31 m? g’1 (Table S2).
After activation, the surface area increased to between 1111 m? g ! and
1353 m? g, While treatment of the PMNW with KOH, with the 1:1
AMNW:KOH ratio (AMNW-1), gave the ACs with the largest surface
area, increasing the KOH ratio further did not increase the surface area.
This indicates that as the impregnation ratio increased from 1 to 3 the
excess KOH led to destruction of the carbon structure rather than crea-
tion of a more porous material. This is consistent with the decrease in
total pore volume but minimal change in the micropore volume with
variation of the KOH ratio (Table S2; Fig. 3b) [54].

4.3. Raman and TGA analysis

The Raman spectra of the materials are shown in Fig. 4a. The Raman
spectra were used to evaluate the combined effect of activation and
carbonization of the carbons. The Raman shift of all the materials
showed the presence of a p-band (~1349 cm 1) (called D; in the anal-
ysis; see below) and a G-band (~1598-1600 c¢m 1) [55] (Table S3). The
presence of the p-band is due to defects in the material and the G-band is
a feature of the sp? graphitic materials [56]. The deconvoluted spectra of
the activated materials also showed the presence of a further vibration
(Dg; Fig. S4). The D3 band result from amorphous carbon,and disordered
graphitic lattice. The D3 band is more visible in AMNW-2 and AMNW-3
due to higher concentration of KOH that led to destruction of the carbon.
A measure of the disorder in the materials is given by the D1/G band area
ratios. As can be seen (Table S3), the disorder increased with the KOH:
carbon ratio viz. 2.9 (AMNW-0.5) < 3.9 (AMNW-1) < 4.3 (AMNW-2) <
4.5 (AMNW-3).

Fig. 4c,d shows the TGA and TGA-derivative curves of the pristine,
pretreated, and activated marula nuts. MNW (Fig. 4d) showed three
weight losses at 52 °C [57], due to loss of moisture, at 295 °C, due to
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spectrum of N-ACs.

polymer (cellulose and hemicellulose) degradation [58] and at 356 °C
due to lignin loss [58]. The remaining mass of MNW was 11% (Fig. 4c)
showing the presence of inorganic compounds in the material. The
PMNW showed a weight loss at ~63 °C due to the loss of moisture and
two other degradation events at 337 and 471 °C due to the breakdown of

lignin and removal of most of the inorganic material ca. 1% residue).
Activation with KOH resulted in removal of carbons that gave rise to
the peak at ca. 400 °C and a shift (and broadening) of the major peak
from 620 °C to ca. 550 °C with increasing KOH:carbon ratio. This is
consistent with the formation of a more porous material with activation



B. Shaku et al.

Table 2
XPS atom % of AMNW-2 and N-ACs.

Type of material XPS atom %

C (o] N
AMNW-2 78.3 16.8 0.9
N-ACs 84.9 7.9 5.1

[59]. The small peaks at 351 °C (AMNW-1) and 358 °C (AMNW-2 and
AMNW-3) are due to the presence and degradation of lignin. The ma-
terials all showed small amounts (1 —5%) of residue which can be due to
the ash content present in the materials.

4.4. Effect of nitrogen-doping on activated carbons

Nitrogen doping was only performed on the AMNW-2 as (i) it showed
slightly high number of micropores area that facilitates charge storage
and (ii) defects which can improve electron transport.

SEM images of the N-ACs is shown in Fig. 2d,e. The SEM image still
clearly shows the presence of the irregular holes seen in the SEM image
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of AMNW-2. Energy dispersive spectroscopy (EDS) mapping was applied
to investigate the elements present in the N-ACs. This also showed that
the nitrogen was evenly dispersed across the carbon (Fig. 2g).

The surface area of AMNW-2 increased from 1266 to 1427 m? g~ on
N doping (Fig. 3a and Table S2). This surface area increase suggests that
the melamine decomposition, that covers the surface with C and N atoms
and does not cover the holes that were formed due to the KOH reaction
with carbon [60].

The Raman spectra was recorded and the peaks deconvoluted using a
Lorentzian function in order to calculate the area ratio of the p-band to
the G-band (Fig. 4b). Upon introducing nitrogen to AMNW-2, the G-
band shifted to a higher wavenumber (Table S3) and the D;/G ratio
decreased from 4.3 to 3.5. This observation suggests that even though
the addition of N will produce a less graphitized carbon surface, the
added annealing at the high temperature is a more important factor in
determining the surface structure. The decrease of the D;/G ratio is also
influenced by the increase in the number of carbon atoms introduced
from melamine resulting in the further graphitization of the material
[60].

TGA was performed on the N-ACs sample. N-ACs was more thermally
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Fig. 6. (a) CV, (b) GCD, (e) Csp VS current density in 6 M KOH, (c) CV, (d) GCD, (e) and (f) Csp VS current density in 2.5 M KNO3 of ACs and N-ACs.
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stable than AMNW-2 with a carbon decomposition temperature at 630
°C (Fig. 4d) as compared to a temperature of 589 °C for the AMNW-2
material. The high stability of N-ACs might be due to the increase of
carbon content from melamine decomposition (Fig. 4c).

4.5. XPS analysis

The survey XPS scan of N-ACs and AMNW-2 (Fig. 5a) showed the
presence of Cls, N1s and Ols at ca. 284 eV, 399 eV and 532 eV [61]. The
presence of N in AMNW-2 indicates that marula nuts waste naturally
contains a small amount of nitrogen (0.9%) (Table 2). After nitrogen
doping of AMNW-2, the nitrogen content of the N-ACs was found to be
5.1% (Table 2).

The Cls peak for AMNW-2 was deconvoluted, resulting in the
detection of five different C atom types (Fig. 5b). The signals comprise of
sp2 C-C(284.2eV), Sp3 C-C (285.8 eV), C-0O (288.2 eV), C=0 (289.8 eV)
and O-C=0 (292.4 eV) [62,63]. The Ols peak seen in the survey scan
was also deconvoluted and is shown in Fig. 5¢ with metal oxides at
531.2 eV, 0-C-O (533.1 eV) and O-C=0 (534.1 eV) [64,65] The N1s
peak deconvolution was done, and it showed three peaks which are
attributed to pyridinic-N (398.8 eV), pyrrolic-N (399.8 eV) and
graphitic-N (402.2 eV) (Fig. 5d) [66].

The C1s peak for N-ACs was deconvoluted (Fig. 5e) and it showed
five carbon signals for sp? C-C/sp? C-N (284.2 eV), sp> C-C/sp® C-N
(285.2 eV), C-0O (286.8 V), C=0 (289.2 eV) and O-C=0/N-C=0 (291.7
eV) [62]. The Cls peak for N-ACs showed a decrease of atomic % of C-C
sp2 (31.4%) and C-C sp3 (18.9%) as compared to C-C sp2 (52.7%) and
C-C sp3 (26.4%) for AMNW-2 (Table S4). This can be attributed to the
formation of C-N bonds that are formed when nitrogen is introduced to
the activated material. This shows that the decomposition of melamine
generates more C-N bonds.

The deconvolution of Ols was also done and it comprises of two
signals (Fig. 5f) at 531.2 eV and 533.0 eV for O-C-O and O-C=0 [64,67].
As seen from Table S4, the atomic % of O-C=0 oxygen decreased after
nitrogen doping. This is due to the removal of oxygen on the surface
after reaction with the melamine, to form nitrogen containing surface
species. The deconvolution of the N-ACs N1s peak gave rise to five sig-
nals (Fig. 5g) [68]. The five signals comprises of pyridinic-N at 398.1 eV,
pyrrolic-N at 399.6 eV, graphitic-N at 401.4 eV, oxygenated-N at 403.4
eV and chemisorbed-N at 405.8 eV [69,70]. As seen from Table S4, there
are mainly pyridinic and pyrrolic species which are chemically active
nitrogen bonding configurations enhancing the conductivity of the
material, which is essential for improving capacitance. These results are
in good agreement with the data reported by Guan et al. for nitrogen
doping of activated carbon from pine nut shell using melamine as ni-
trogen source [71].

4.6. Electrochemical analysis

The electrochemical properties of the ACs were analysed in a three-
electrode system using 6 M and 2.5 KNOs electrolyte in a potential range
(E vs SCE/V) of —0.8-0.0 V as shown in Fig. 6. Fig. 6a,c shows the cyclic
voltammograms (CV) of the materials at 30 mV s 1in 6 M KOH (Fi g. 6a)
and 2.5 KNOj (Fig. 6¢). All the CV curves have a rectangular shape
demonstrating an electric double layer capacitance [72]. AMNW-2
showed a higher current response than the other ACs in both 6 M
KOH and 2.5 M KNOs. This was not directly related to surface area since
AMNW-1 had the highest surface area (1353 m? g’l). This is not un-
expected since the surface area is not directly proportional to capaci-
tance as capacitance depends on other factors such as conductivity,
porosity and the type of electrolyte used [73]. AMNW-2 had the highest
micropore volume and this could have been the important property that
determined the current response that serve as charge storage as
compared to mesopores which facilitates charge movement [74].

Fig. 6b, d shows the charge-discharge curves for activated carbons
materials at 1 A g~! and this figure displays a triangular shape which is

Electrochimica Acta 442 (2023) 141828

Table 3
Summary of the sizes of ions [39].

Type of Size of bare Size of hydrated Tonic conductivity/Sem?
ion ion/A ion/;% mol !

K™ 1.15 3.31 73.5

OH™ 1.76 3.00 198

NO*~ 2.64 3.35 71.42

characteristic of an ideal capacitor [75]. AMNW-2 displayed a higher
discharge time than the other undoped activated carbons in both 6 M
KOH and 2.5 M KNOs3.

Upon doping AMNW-2 with nitrogen, the current response improved
in both 6 M and 2.5 KNOj3 due to an improved conductivity (see EIS data
below). Comparing N-ACs in both 6 M KOH and 2.5 M KNOg, the N-ACs
had a high current response (Fig. 6a), a long discharge time (Fig. 6b),
and a high specific capacitance (Fig. 6e) in 6 M KOH than in 2.5 M KNOs3.
N-ACs performed better in 6 M KOH than in 2.5 KNOs.

The calculated capacitance of all the materials are listed in Table S5.
Table S5 shows that increasing current densities leads to limited amount
of charge stored hence the decrease in capacitance (Fig. 6e,f).

The high capacitance of the materials in 6 M KOH than in 2.5 M
KNOs is attributed to the high ionic conductivity of the KOH electrolyte.
According to previous studies [76,77], the excellent electrochemical
performance of carbon materials in 6 M KOH can be due to ionic
mobility, conductivity, and electrolyte pH. Table 3 summarizes the pa-
rameters of the electrolytes showing that KOH have higher conductivity
and high ionic mobility hence the higher capacitances. Again, the high
amount of charge stored in N-ACs can be attributed to an improved
conductivity [78]. Wang et al. [79] also reported an increase in capac-
itance due to the influence of nitrogen on activated carbons, implying
that nitrogen doping improved the conductivity of the material.

The high conductivity (198 Sem? mol™!) and smaller hydrated size
(3.00 A) of OH" ions compared to NO®~ ions explains why KOH has a
higher ion mobility and conductivity than NO®~ [39]. Hence, the high
capacitance values of the materials when using KOH electrolyte.

However, operating the cell in a wider voltage in 6 M KOH is limited
due to the water decomposition at 1.23 V [78]. When compared to
alkaline electrolytes (i.e. KOH), neutral electrolytes (i.e. KNO3) can be
operated at a high voltage (~2 V) because the H™ and OH™ concentra-
tions are lower, resulting in a potential shift of the hydrogen and oxygen
evolution to a wider stable potential window, that increases the amount
of energy stored. For example, Sheng et al. reported on the use of a1 M
NaySO4 neutral electrolyte with an operating voltage up to 1.6 V giving
an energy density of 25.7 Wh kg~! [78]. Neutral electrolytes have been
reported to have a higher voltage window and to be less corrosive than
alkaline electrolytes [80]. As a result, carbon-based materials in sym-
metric devices using neutral electrolytes have been considered as a
possible way to achieve higher energy density while reducing the impact
of corrosive effects on the device. Hence, in this study, a symmetric
device was assembled and operated at a wider potential using 2.5 M
KNOj to enhance the energy density.

Due to the wide potential window of the neutral electrolyte, N-ACs
was run at different cell potential from 1.5-2.0 V as shown from CV
curves (Fig. 7a) and GCD curves (Fig. 7b) in 2.5 M KNOs electrolyte.
Both CV and GCD curves show that the cell potential becomes stable up
to 1.8 V and further increasing the potential up to 2 V changes the CV
and GCD shape due to the polarization of the material as the electrolyte
decomposes at high potential range (> 1.8 V). Hence, the material was
further run at different scan rates and current densities at a cell potential
of 1.8 V. The cell potential of neutral electrolytes can reach up to 1.8 V
due to the low concentrations of H" and OH™, given that increased
oxygen and dihydrogen evolution increases the electrolyte stability
window [81]. The wider stability window of neutral electrolytes can be
explained by the high overpotential as effects of ion hydration funda-
mentals processes [82-84]. This is due to the fact that neutral
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s’l, (d) CV curves of N-ACs at different scan rates, (e) GCD and (e) specific capacitance comparison of AMNW-2 and N-ACs current densities in 2.5 M KNOs.

electrolytes lack free H" and OH resulting in high overpotential on both
hydrogen evolution reaction (HER) and oxygen evolution reaction
(OER). This notion was used by Hong et al. by comparing linear weep
voltammetry of 1 M HCI, KOH, and KCl, where the water electrolysis
happening in KCI had similar onset potentials as the OER in HCI to HER
in KOH solutions [83]. This perception implied that HER and OER
occurred through direct oxidation/reduction of water molecules [85]
the amount of reactant for water decomposition can be depleted by
reducing the concentration of water which further widen the electro-
chemical stability.

The CV curves of AMNW-2 and N-ACs were then compared at 30 mV
s~! (see Fig. 7¢). N-ACs showed a high current response which can be
attributed to the higher conductivity of the material arising from the
high nitrogen content of 5.1% [86]. CV curves of N-ACs were ran at
different scan rates from (Fig. 7d) and showed the rectangular shape of
an ideal capacitor. GCD curves of the materials (Fig. 7e) were compared
at 0.5 A g~ ! and they showed a triangular shape which is that of an ideal
capacitor. N-ACs showed a higher charge-discharge time which is in

good agreement with the high current from the CV curves. The GCD
curves of N-ACs were ran at current densities from 0.5-5 A g~! (Fig. S5)
and showed a triangular shape which is that of an ideal capacitor indi-
cating reversible adsorption and desorption of electrolyte ions.

The specific capacitance was calculated from these GCD curves using
Eq. (4) and the capacitance decreased as the current density increased
which indicates a good rate capability (Fig. 7f). The capacitance of N-
ACs obtained at 0.5 A g~ was 153.3 Fg ' and 139.8 Fg lat5A g™

The Nyquist plots (Fig. 8a) of AMNW-2 and N-ACs were modelled
before and after 6 000 cycles. The material’s bulk properties were shown
by the presence of the bulk resistance (Rg) (i.e. electrodes, electrolytes,
current collectors and separators), charge transfer resistance (R.), in-
ternal resistance (Rjpt), double layer capacitance (Cdy) and the constant
phase element (CPE) due to the materials porosity [87,88] The imped-
ance power law relationship of CPE (ZCPE) is shown in Eq. (10):

Zews = [Q(jw)"] 10)
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Table 4
EIS parameters of the synthesized materials for two-electrode system in 2.5 M
KNO;.

EIS Electrode material for the symmetric supercapacitor

parameters AMNW-2 N-ACs
Before After cycling Before After cycling
cycling (1st (6,000th cycling (1st (6,000th
cycle) cycle) cycle) cycle)

R,/ Q 5.70 + 0.47 1.18+ 0.47 0.60 + 0.46 0.59 + 0.47

ESR(R.)/Q  13.48 &+ 9.77 + 0.84 8.44 £ 0.79 7.99 + 0.81
0.82

Ca1 / WF 41.26 + 45.54 + 4.45 89.19 + 90.67 + 0.02
3.61 0.02

Rint / Q 344.70 + 235.3 +158.1 224.3 + 186.01 +
277.10 558.6 384.0

CPE /mF 0.13 +0.11 0.21 + 0.28 0.15 + 0.24 0.17 + 0.30

g1

N 0.77 0.76 0.79 0.77

fo/Hz 11.4 16.9 25.1 25.1

7/ ms 88 59 40 40

Phase angle 59° 66° 61° 60°

where Q represents the frequency-independent constant, j = v/—1, radial
frequency is represented by symbol o, and n lies between —1 and 1
(—1< n < 1) which is the slope of Log Z vs. Log f.

The CPE becomes a pure resistor when n = 0, while the CPE is that of
a pure capacitor when n = 1, and when n=-—1, the CPE is that of an
inductor. However, when n = 0.5, the CPE can be regarded as equivalent
to a Warburg impedance (Zy,) [47]. From Table 4, the value of n = 0.77
for N-ACs after cycling demonstrates the nature of N-ACs as an EDCLs
material.

The R value of N-ACs is 0.59 Q, which is lower than the Rg value of
AMNW-2 (1.18 Q) after cycling and suggests that nitrogen improved the
solution resistance of the ACs. The Rcr value of the N-ACs was also
smaller (7.99 Q) than that of the AMNW-2 (9.77 Q), which is due to the
improved conductivity resulting in better electrode/electrolyte surface
contact from the nitrogen doping [89,90]. Interestingly, the Cdj for
N-ACs was higher before and after cycling than AMNW-2 which
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Fig. 9. Ragone plot of AMNW-2 and N-ACs. The inset shows an image of a red
LED powered by the N-ACs electrode-based device.

indicates that nitrogen doping made the carbon materials more capac-
itive. The Riy obtained for N-ACs after cycling was smaller (~ 186 Q)
than AMNW-2 (~235 Q). Given that Rj is mainly due to the ohmic drop
(IR drop) and diffusion rate of electrolytes ions [91], hence N-ACs gave a
smaller Rjp than AMNW-2 due to the improved surface contact of the
material and electrolytes ions. The knee frequency (f, / Hz) from the EIS
data (Table 4) was estimated and gave the power capability of the ma-
terials. A high value of the f, / Hz indicates the capability of a material to
have a high power density and to provide energy density in a short time
frame. The EIS parameters in Table 4 show that N-ACs gave a higher f,
(ca. 25.1 Hz, response time, 7 of 40 ms) after 6000th cycles. This is
important if one considers that high powered supercapacitors available
commercially operate at less than 1 Hz. The phase angles of the sym-
metric cells after cycling, as determined by Bode plots (Fig. 8c & d),
demonstrated that the AMNW-2 symmetric cell (69°) cell has a higher
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Table 5
Summary of energy and power densities of activated carbons in SCs.
Biomass Precursor Surface area (m?> Electrolyte Cell potential Currentdensity (A Specific energy (Wh  Specific power (W Reference
) ) g kg™") kg™")
Activated carbons
Marula nuts KOH 1266 2.5 M KNO3 2.0 0.5 12.5 451.4 This study
shell
Hazel nutshell MgO 552 1 M NaySO4 2.0 0.25 11.1 156.8 [13]
Eucalyptus KOH 1003 1 M NaySO4 1.8 0.2 10.5 159.5 [92]
bark
Cotton fibre ZnCl, 2549 1 M Na,SO4 1.8 0.5 13.75 - [93]
Nitrogen doping
N-ACs KOH/ 1427 2.5 M KNO3 2.0 0.5 17.2 448.7 This study
melamine
Pine nut shells KOH/ 1806 1 M NaSO4 1.8 1.0 11.9 463.6 [71]
melamine
Orange peel FeCl3/Urea 1514.2 0.5M 1.6 0.5 16 400 [94]
LisSO4
Cellulose NaOH/urea 2245 1 M NaySOy4 1.8 0.5 17.24 452 [95]

phase angle at low frequencies, implying decreased ionic permeability
and thus insulating characteristics. The high ionic permeability of the
N-ACs symmetric cell (60°) cell occurs at low frequencies, which is
indicative of poor insulation, revealing that the N-ACs electrode mate-
rial is permeable to solution ions.

The cyclic stability of N-ACs for the symmetric device was tested
using charge-discharge up to 6000 cycles at a current density of 5 A/g
(Fig. 8b). A Coulombic efficiency of 99% was obtained with a capaci-
tance retention of 89%. The excellent capacitance retention of the ma-
terial is due to its structural stability that permits the re-usability of the
material.

The evaluation of the amount of charge stored and the rate at which
it was delivered can be determined by two parameters: energy and
power density. A Ragone plot of the materials is shown in Fig. 9. The N-
ACs demonstrated a higher energy density of 17.2 Wh kg ™! and a power
density of 448.7 W kg1, than that of AMNW-2 (12.5 Wh kg™!). The
improved energy density of N-ACs is due to the improved conductivity
and total surface area of the material. The energy density of ACs from
marula nuts waste in this study is comparable to activated carbons from
hazel nutshell with an energy density of 11.1 Wh kg~! in 1.0 M NaySO4
electrolyte [13]. In addition, the single device was connected to a light
emitting diode (LED, 1.6 V) and this device successfully lit up a red LED
(see inset in Fig. 9) for over a minute after charging for 20 s.

Our results indicate that nitrogen improves the specific capacitance
of carbon. To place these current findings into perspective, the findings
on activated carbons and nitrogen-doped activated carbons from the use
of biomass in SCs, as well as their energy densities, is given in Table 5.
The specific energy and power obtained in this study was comparable to
other studies and in some cases found to be higher to other undoped
porous carbons and nitrogen doped porous carbons. These results show
that energy density depends on many factors such as activating agent,
surface area, type of electrolyte, etc.

5. Conclusions

Nitrogen-doped activated carbons with a high porous surface area of
1427 m? g~! and high nitrogen content of 5.1% was successfully syn-
thesized from marula nuts via KOH activation and carbonization at 800
°C using melamine as a nitrogen source. Electrochemical characteriza-
tions of the materials were tested for supercapacitor applications using
6 M KOH and 2.5 M KNOgs in three electrode system. AMNW-2 and N-
ACs performed better in 6 M KOH than 2.5 M KNOj3 than the other
activated materials due to the higher conductivity of the alkaline elec-
trolyte. For a two-electrode system, the AMNW-2 and N-ACs were
examined using 2.5 M KNOs with a wider cell voltage window of 1.8 V.

11

The activated material gave an energy density of 12.5 Wh kg~ which
improved to 17.2 Wh kg~ ! after doping with nitrogen. These results in a
neutral 2.5 M KNOj electrolyte are fascinating, empowering, and
demonstrate the feasibility of using marula nut waste to produce porous
carbons, demonstrating the exciting potential for producing activated
carbons at low cost, which could pique industry interest for possible
application in energy storage.
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