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KEYWORDS Abstract The present study reports the preparation of naturally nitrogen-doped carbon nanostruc-
Supercapacitor; tured materials from Albizia procera leaves with enhanced electrochemical supercapacitance
Albizia procera: properties. The doped carbon materials were prepared by the pyrolysis of Albizia procera leaves
Nitrogen-doped carbon; at 850 °C. The effect of using various activating agents such as NaHCO; and ZnCl, was
Biomass-derived carbon; checked and compared on the structural and textural properties, specific capacitance, surface
Activating agents; functional groups, and surface area. The Brunauer—Emmett-Teller (BET) analysis shows that
Electrochemical performance NaHCOs-activated nitrogen-doped carbon (NaNC) has a higher specific surface area compare to

ZnCl,-activated nitrogen-doped carbon (ZnNC) and nitrogen-doped carbon prepared without an
activating agent (WANC). Overall, the BET and microscopic analyses confirmed that NaNC is
composed of carbon nanosheets with macropores and mesopores, as well as a large number of
micropores, which is completely different from the composition of ZnNC and WANC. In addition,
the XPS analysis confirmed the existence of higher amount of nitrogen in NaNC compared to that
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of ZnNC, and WANC. NaNC exhibits a specific capacitance of 231 F g~'at 1 A g~ ! current with
good energy and power densities, and an outstanding charging-discharging stability thanks to its
unique features such as the existence of high amounts of nitrogen, high SSA, and the nanosheet-

type morphology.

© 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The ability to use renewable energy and store it with high effi-
ciency is one of the necessities of our life nowadays owing to
the high rate depletion of fossil fuel and other natural energy
resources (Li et al., 2019; Yi et al., 2020). The efficient use of
generated energy significantly depends on storage perfor-
mance. As a result, scientists are interested in developing a
high-performance energy storage devices like a supercapacitor
(SC), which can be made from very cheap and
environmentally-friendly materials (Beguin et al., 2009; Cai
et al., 2018; G. Wang et al., 2012). Scheme 1.

Electric charges are stored in SCs at the electrode—electro
Iyte-interface (EEI) through the electrostatic force, which
results in their special properties that filled the technological
gap between conventional capacitors and traditional batteries
(Qun Lu, Wang, et al., 2018; Pandolfo et al., 2006; Richey
et al., 2014; Yi et al., 2020). The exceptional advantages of
SCs, such as their high capacity to store energy (hundreds of
Farad) and their rapid charging and discharging, make them
high-power devices (Kang et al., 2009; C. Liu et al., 2010; Lu
et al., 2011; Pech et al., 2010). The productivity of SCs partially
depends on the electrode materials. Activated carbon (AC) in
its different forms is commonly used for SCs as electrode mate-
rials because of its high-conductivity, high specific surface area

(SSA), low-cost, good corrosion resistance, and high-
temperature stability (Gao et al., 2016; Liu et al., 2016;
Pandolfo et al., 2006; Peng et al., 2008). The storage mecha-
nism in SCs based on AC is predominantly through the electri-
cal double-layer capacitance (EDLC) mechanism (Qun Lu, Lu,
et al., 2018). Here, the charge accumulates at the EEI, unlike
pseudocapacitors, that utilize faradic-redox reactions (Li
et al., 2019; Yi et al., 2020b; Ali et al., 2018; Subramanian
et al., 2007). In addition, heteroatoms, such as O and N-
doped carbon can take advantage of both EDLC and faradic
redox reactions to increase the total capacitance (Ahmed,
Rafat, et al., 2018; Chen et al., 2012; Ma et al., 2015; Sun
et al., 2016; Wei et al., 2015; Zhang et al., 2018; Zou et al.,
2018). In particular, the surface wettability of the nitrogen
doped carbon is vital for adsorption of electrolyte-charged ions
in the pores of carbon (Ahmed, Rafat, et al., 2018; Chen et al.,
2012; Ma et al., 2015; Sun et al., 2016; Wei et al., 2015; Zhang
et al., 2018; Zou et al., 2018). Additionally, the N-doped car-
bon has high electronic conductivity as a result of Fermi level
shifting to the valence band based on the presence of N atoms
as a dopant (Ahmed, Rafat, et al., 2018; Chen et al., 2012; Ma
et al., 2015; Sun et al., 2016; Zhang et al., 2018; Zou et al.,
2018).

For SC applications, pristine/heteroatom-doped carbon
bearing different morphologies, SSA, and porosities were
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Scheme 1

Preparation of carbon samples from Albizia procera leaves.
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prepared from different sources, such as chemical or natural
resources (Deb Nath et al., 2019; Li et al., 2006; Tang et al.,
2017; Zhang et al., 2018). Preparing heteroatoms, such as N-
doped carbon using a carbon precursor along with N-
containing chemicals, is a common strategy for SC applica-
tions. For example, Zhang et al. (2018) fabricated porous N-
doped carbon from phenolic formaldehyde as a carbon precur-
sor. They utilized sodium citrate and hexamethylenetetramine
as an activating agent and N doping source, respectively.
Recently, research has shifted towards the natural resources
that can be used as a carbon precursor instead of using toxic,
inorganic, and expensive chemicals. Moreover, biomass is very
rich in different elements such as iron, copper, nitrogen, phos-
phorus, and sulfur depending on the type of biomass (Guo
et al.,, 2015; Liu et al., 2015; Mondal, Kretschmer, Zhao,
Liu, Fan, et al., 2017). However, only a fraction of biomass
materials, for example in the Broussonetia papyrifera stem
back, potato waste residue, waste shrimp shells, and water
hyacinth (Eichhornia crassipes), have been carbonized to pre-
pare N-doped carbon (Liu et al., 2015; Ma et al., 2015;
Mondal, Kretschmer, Zhao, Liu, Fan, et al., 2017; Wei
et al., 2015). Nevertheless, the search for inexpensive and
accessible plant biomass materials could create significant eco-
nomic value. It is known that Albizia procera grows widely in
the world, including the Middle East, South East Asia, and
Australia and produces large amounts of leaves over most of
the year. These leaves, which contain a high percentage of
nitrogen containing molecule (protein) (Chitra et al., 2016),
are discarded in the environment without much effective use.
However, there has no report for the preparation of N-
doped carbons from Albizia procera leaves for SC applica-
tions. Therefore we took an attempt to prepare different types
of N-doped carbons having different SSAs, porosities, and
morphologies from Albizia procera for comparing their super-
capacitor performances.

The porosity type, SSA, and morphology of plant-derived
carbon depend on the type of activating agent, e.g., KOH,
NaOH, ZnCl,, H3;PO,, and carbonates (Abioye et al., 2015;
Ahmed, Ahmed, et al., 2018; Grycova et al., 2018; H. Lu
et al., 2017; Shrestha et al., 2017; Xia et al., 2016; Zhang
et al., 2010). Various types of nanostructured carbons have
been fabricated by biomass carbonization with or without an
activating agent (Ahmed, Ahmed, et al., 2018; Shrestha
et al., 2017). Different types of activating agents produced dif-
ferent morphologies and porosities due to their different acti-
vating mechanisms. As an example, ZnCl, is used as a
dehydrating agent in order to remove the water molecules
from the lignocellulose skeleton and resulting in mostly
meso- and microporous AC without loss in carbon quantity
(Hu et al., 2001; Saygili et al., 2016; Shrestha et al., 2017).
Besides, preparation mechanism of AC using bicarbonate is
significantly different from that of using ZnCl,. It is reported
that NaHCOj; decomposed at ~ 200 °C to Na,COs; which
reacts with the carbon at ~700 °C as Eq. (1) for evolving
CO. This provides a path for making macro-, meso- and
micropores in the remaining carbon.

Na,CO; + 2C — 2Na + 3CO (1)

In this study, we prepared three different types of N-doped
carbon materials from Albizia procera leaves. Two of them
were prepared in the presence of NaHCO3; and ZnCl, to com-
pare their effects on their SSAs, types of porosities, morpholo-

gies and SC. Besides, the third carbon sample was prepared
without an activating agent for comparison with the obtained
N-doped AC. The carbon prepared with NaHCOj; showed the
best SC performance among the three types of carbon materi-
als because of their distinctive properties, including the highest
BET SSA, a nanosheet-type morphology with micro-, meso-
and macro-pores, and nitrogen and oxygen doping.

2. Preparation method

2.1. Materials

The Albizia plant leaves were collected from the front of build-
ing 28, King Fahad University of Petroleum and Minerals,
Dhahran-Saudi Arabia. All the utilized chemicals in this
research were obtained from Sigma-Aldrich. Nitrogen (N»)
gas (99.99% purity) was provided by the SCG gas supplier
center, Jubail, Saudi Arabia.

2.2. Preparation of N-doped carbon materials from Albizia
procera leaves

The collected Albizia procera leaves were washed using tap
water and then dried for 48 h under the sun. Next, the leaves
were dried in an electric-oven at 100 °C for 48 h. A very fine
leaves powder was prepared by pulverizing the dried leaves
using the kitchen blender. To obtain high SSA AC, one sample
of leaves (3 g) was mixed with NaHCOj in a mass ratio of 1:2,
and the other sample was mixed with ZnCl, in a mass ratio of
1:4. To obtain the carbon materials, the leaf powder, with or
without the activating agent, was heated in a tube furnace at
850 °C in the presence of a N, atmosphere for 5 h. The heating
ramp rates were adjusted to 10 °C/min. Upon cooling to room
temperature at 5 °C/min., each carbonized sample was well
washed in an aqueous solution of 1 M HCI by ultrasonication,
and subsequent centrifugation was used to remove all metals
and other soluble impurities. Next, each sample was washed
on filter paper with deionized water (DI) H,O three times to
wash out the remaining water-soluble impurities. As a final
step, all the three samples had been dried in an oven at
60 °C for 24 h. The dried N-doped carbon materials prepared
without an activating agent and with the activating agents
NaHCO; and ZnCl, are termed as WANC, NaNC, and
ZnNC, respectively, for simplification in the rest of the
manuscript.

2.3. Preparation of the working electrodes

20-mg of each of the prepared carbon samples were mixed sep-
arately with 5-mL of ethanol, sonicated for 1h, then mixed
with 30-uL of Nafion, which was used as a binding material,
and finally sonicated for another 30 min. From this, 200-uL
of the solutions were dropped onto a steel foil (2cm x 1 cm)
to obtain the working electrodes. The working electrodes were
subsequently dried in an electric-oven at 60 °C for 2 h.

2.4. Instrumentation

Different characterization techniques were employed to exam-
ine the structure, elemental composition, morphology, and



6164

A K. Mohamedkhair et al.

SSA of the prepared carbon nanomaterials. X-ray diffraction
(XRD: Rigaku Miniflex 600) and Raman spectroscopy
(Raman spectroscopy: iHR320 with CCD detector, HORIBA)
were used to study the crystallinity of the prepared samples.
The morphological characteristics of the carbon materials were
evaluated by both field scanning electron microscopy
(FESEM: Tescan Lyra 3, Czech Republic) and transmission
electron microscopy (TEM: JEOL, JEM 2011). The pore size
distribution and the SSA were investigated by using a nitrogen
adsorption—desorption method (BET: Micromeritics, ASAP
2020). X-ray photoelectron spectroscopy (XPS: Model: ESCA-
LAB250Xi) has been used to examine the chemical composi-
tion of the prepared activated and pristine carbon materials.
Fourier transform infrared spectroscopy (FTIR) analysis
(FTIR: Thermo Scientific NICOLET 6700 spectrometer) was
investigated in order to study the available functional groups
and the microstructure of the activated carbon samples. FTIR
spectra of the three samples were studied within 4000—
400 cm ™' range with 32 scans per spectrum and 4 cm ™' resolu-
tion. To prepare the sample pellet for FTIR spectral recording,
0.1 wt% of the carbon sample was mixed with potassium bro-
mide (KBr) (Thermo Fisher Scientific) powder to prepare KBr
pellets. The pellet was formed by transferring the sample pow-
der into a 20 mm die and applying 4-ton pressure using an
ATLAS POWER T25 PRESS.

2.5. Electrochemical measurements

Electrochemical measurements were conducted using CHI
760E potentiostat in a three-electrodes configuration: a coun-
ter electrode (platinum foil), a working electrode (nanostruc-
tured carbon), and a standard reference electrode (Ag/AgCl).
1 M H,SO, has been used as an aqueous electrolyte for mea-
suring the electrochemical performance of the prepared elec-
trodes. Cyclic voltammetry (CV) measurements at various
scanning rates were conducted. Galvanostatic charge—dis-
charge (GCD) measurements were performed on various cur-
rent densities for the three samples to examine their capacity
and test their stability over thousands of cycles. The specific
capacitance was obtained using formulas 2 and 3 for CV and
GCD, respectively (Nath et al., 2020; Tehare et al., 2017;
Zheng et al., 2019).

_J1dv

T 2mv AV 2)
I At

“m AV (3)

where, C is the specific capacitance (Fg~'), [1dV is the area
under CV curve, [ is the applied constant current (A4), At is
the time required for discharging (s), m is the mass of the acti-
vated carbon coated on the electrode (g), AV is the range of
applied potential for charging and discharging (V), and v is
the potential scan rate (V/s).

The energy density (E, Wh/kg) and power density
(P, W/kg) were measured using formulas 4 and 5, respectively
(Wei et al., 2013).

1 CAV?
E(Wh/kg) = 3 %3600 4)

3600 x E

P(W/kg) = =~ (5)

where, C is the specific capacitance (F g~'), 4V is the discharge
potential from GCD profile (V), and 4¢ is the time required for
discharging in the potential from GCD profile (s).

3. Results and discussion

3.1. Crystal structure

Raman spectral analysis is widely used to characterize the
structural features of carbonaceous materials (Marsh et al.,
2006; Sadezky et al., 2005). This analysis effectively demon-
strates the overall quality of carbon samples, doping effect,
and specifically identify the defects present in the samples
(Tian et al., 2016). The sp>hybridized disorder carbon gives
rise to the rich and fascinating properties in their resonance
Raman spectra. Therefore, Raman spectroscopy is one of the
extremely informative and sensitive tools required for the char-
acterization of disorder sp® carbon materials (Dresselhaus
et al., 2010). Raman spectra of WANC, NaNC, and ZnNC
are shown in Fig. 1 (a). Two major peaks related to the D-
band and G-band were noticed in all the prepared carbon sam-
ples, indicating a typical Raman spectrum of carbon samples.
It is observed that the peak related to D-band is due to the
breathing mode of six atoms of carbon rings, also regarded
as a double-resonant and demands a defect for its activation
(Cangado et al., 2011). It is also noted that the G-band of
Raman spectra is equivalent to the doubly degenerate E, pho-
non in the center of the Brillouin zone (Cancado et al., 2011;
Wang et al., 2012). The D-band (indicative of defective car-
bon), presented by a peak at around ca. 1358 cm ™' is due to
sp -hybridized defective sites in the prepared samples (Eng
et al., 2017), indicating structural defects, as well as other dis-
ordered structures on the graphitic carbon (Tian et al., 2016;
Wang et al., 2012). The G-band (graphitic carbon) (Marsh
et al., 2006), at around ca. 1600 em™ L s commonly observed
for all graphitic carbons and is a characteristic of the pristine
sp? bonded lattice (Eng et al., 2017; Vollebregt et al., 2012).
All sample spectra show troughs with a high signal intensity
between the D-band and G-band, which may be classified as
the peak D3 band (ca. 1500 cm™'), indicating the occurrence
of amorphous carbon (Sadezky et al., 2005). The D-band
and G-band in all the sample spectra are broad, which can
be attributed to higher disorder in graphite (Aziz et al., 2017;
Jawhari et al., 1995). Comparing intensities of the D-band to
G-band (Ip/Ig ratio) consequently identifies the relative quan-
tity of disorder carbon to graphitic carbon in the AC samples
(Enget al., 2017). It is evident from Fig. 1(b), that with activa-
tion, a slight reduction in the Ip/Ig ratio from 0.92 for WANC
to 0.87 and 0.85 for ZnNC and NaNC, respectively, suggests
the conversion of disordered proportion to the ordered graphi-
tic form (Eng et al., 2017; Liu et al., 2019) i.e. graphitic nature
of the prepared carbon  followed the  order
NaNC > ZnNC > WANC, which is exactly similar to the
obtained order of BET surface area (discuss later in section
3.2). This indicates that the increase of porosity in the carbon
enhances graphitization by thermal treatment.

The crystallinity of the fabricated samples is further inves-
tigated by XRD technique. Fig. 2 shows the XRD diffraction
pattern for WANC, ZnNC, and NaNC in the 26 range from
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Fig. 2 XRD patterns of WANC, ZnNC, and NaNC.

10° to 70°. The two broad diffraction peaks presented with a
central sharp peak at 20 = ~24.7° and 44.3° in all the samples
are attributed to (0 0 2) and (1 0 0) planes of the carbon mate-
rial, respectively (Li et al., 2007). The broad diffraction peak
(from ~ 17° to ~ 35°) in the entire prepared carbon samples
occurs due to the presence of a considerable amount of disor-
dered material and amorphous structures that contributed to
the background intensity (Ahn et al., 2013). The presence of
another one sharp peak at 26.1° in the entire XRD spectra
for (0 0 2) plane might be related to the lower interlayer spac-
ing (Liu et al., 2010) in some portion of the carbon for the
entire prepared samples. In addition, the intensity of the sharp
peak at 24.7° on the broad peak in NaNC are higher than
those in WANC and ZnNC, indicating the enhanced graphiti-
zation (002 plane) degree of NaNC sample (Zhang et al.,
2017). While addition two small peaks in the NaNC sample
at around ~35.5° and ~39.7° reveal the formation of
intralayer-condensation of carbon, which is beneficial through-
out the electrochemical performance (Hemalathaa et al., 2020).

2000

Ip/lg Ratio

NaNC

ZnNC
Sample Name

WANC

(a) Raman spectra of activated carbon samples WANC, ZnNC, and NaNC. (b) Average ratios of the D-band and G-band for

The origin of another peak at 260 = 17.45° in the WANC and
NaNC samples is not yet clear.

3.2. BET surface area and pore size distribution

To improve SC performance, carbon electrode surface proper-
ties and modifications are highly important. Hence, we have
used ZnCl, and NaHCOj; to enhance and modify the SSA of
the prepared carbon electrodes. Fig. 3 presents the nitrogen
isothermal analysis for the three prepared N-doped carbon
samples, WANC, NaNC, and ZnNC, which was performed
to determine their pore structures. It is evident that the three
prepared carbon samples belong to type-1V isothermal sorp-
tion curves due to the presence of hysteresis loops (Deb
Nath et al., 2019). In this curve type, the initial part of the
curve is attributed to micropores, and the latter part is due
to the existence of mesopores (Sing, 1985). In addition, an
abrupt increase in the loop of NaNC at the range of high rel-
ative pressure in the range (P/P, = 0.80-1.00) (Type H3 loop)
shows that macropores are present (Y.-N. Sun et al., 2018;

L L) LR AR RN RARRRALLES LARRRRRRRRN L
-®- NaNC .

500 =@~ ZnNC ]
@ WANC

400

300

200

Volume Adsorbed (cm?3/g)

100

0.0 0.2 0.4 0.6 0.8 1.0
Relative Pressure (P/Po)

Fig. 3
NaNC.

Nitrogen isothermal analysis for the WANC, ZnNC, and
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Table 1 The average pore diameter and BET SSA of the three
synthesized carbon samples.

Carbon sample  Average pore diameter (A) BET SSA m?/g

WANC 49 322
ZnNC 15 771
NaNC 28 910

Thommes et al., 2015). The highest intensity of this H3 loop in
the BET isotherm of NaNC indicates the presence of highest
macroporosity in NaNC. Comparing the three results, NaNC
shows the highest SSA of 910 m?/g, while the SSAs of ZnNC

and WANC reached to 777 m?/g and 322 m? /g, respectively.
NaNC had nearly three times the sorption volume of WANC,
although the average pore width of WANC (~49 A) was larger
than that of NaNC (~28 A), which indicates NaNC has a
higher micro/mesopore ratio than WANC. On the other hand,
average pore width (~15 A) and type of hysteresis loops of
ZnNC indicate that it possesses a mixture of micro- and meso-
porous structure. The obtained porosities are in agreement
with the mechanism as discussed in the introduction section.
The resultant average pore width and the corresponding
BET SSA for the three synthesized samples (prepared carbons)
are presented in Table 1. Based on the BET analysis, NaNC is
classified as the best electrode material among entire prepared
N-doped carbon materials, for SC applications.

Fig. 4

FESEM (a, c, e) micrographs and TEM (b, d, f) images of WANC (a and b), ZnNC (c and d), and NaNC (e and f) samples.
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Fig. 5 XPS survey spectra (a), C 1s (b), O 1's (c), N 1s (d) spectra of NaNC.

3.3. Surface morphology

The N-doped carbon prepared with or without the activating
agent was studied via FESEM and TEM to identify the surface
morphology of the prepared carbon samples. Fig. 4 shows
both FESEM (Fig. 4a, c, and e) and TEM (Fig. 4 b, d, and
f) images for WANC, ZnNC, and NaNC. The figures men-
tioned above show how the porous surface was improved by
using an activating agent. Fig. 4a and b) demonstrates the bulk
nature of WANC, which in turn explains the low surface area
of this carbon material. Using ZnCl, as an activating agent
increases the carbon surface topography, as shown in Fig. 4c
and d by the appearance of some small-sized pores. However,
the use of NaHCOj; increases both the size and number of
pores at the surface of NaNC carbon significantly, as displayed
in Fig. 4e and f, thus increasing the SSA, which confirms the
BET results discussed previously. NaNC is composed of car-
bon nanosheets with numerous macropores, which correlates
with the BET data.

3.4. Chemical composition and functional groups

In carbon material preparation, functional groups along with
numerous chemical compositions of the prepared materials
specify a greater role in SC applications. Hence, the chemical
composition and the functional groups mounted on the surface
of the as-synthesized materials were investigated using XPS
and FTIR techniques. The XPS data presented here are related

to the NaNC sample considering it was the best of the three
samples.

Three distinct peaks appeared at 531.8, 398.5, and 284.6 eV
assigned to oxygen (O 1 s), nitrogen (N 1s), and carbon (C
1 s), respectively, as described with Fig. 5a (Zou et al., 2016).
A quantitative test shows that for NaNC, the composition per-
centages are 90% for C 1's, 6.5% for O 1s, and 3.5% for N 1 s.
The survey scans (Fig. S1) of WANC and ZnNC samples and
corresponding elemental compositional discussion (S1 XPS
analysis) are provided in the supplementary information.

Fig. 5b shows the XPS deconvoluted spectra for C 1 s, with
four distinct peaks corresponding to the binding energies of
284.6, 285.6, 286.3, and 288.4 eV, those are related to sp2 C-
C and C = C graphitic carbon, C-O phenol or alcohol bond-
ing, C-N linkage, and ester linkages, respectively (Chua
et al., 2016; Eng et al., 2017; Goel et al., 2015; Tian et al.,
2016). The O 1 s deconvoluted spectra shown in Fig. 5c present
the binding energies related to C = O groups at 529.2 ¢V and
C-O-C or C-OH groups at 531.8 eV (Biniak et al., 1997, Hu
et al., 2013). XPS is effective to analyze the characteristics of
nitrogen species present in carbon materials (Deng et al.,
2011). Fig. 5d portrays the three- deconvoluted peaks of N
1 s centered at 398.6, 400.4, and 402.3 eV, attributable to pyri-
dinic, pyrrolic and /or pyridonic nitrogen (Goel et al., 2015; Lu
etal., 2013; H. Wang et al., 2012; Zhang et al., 2019). The Nls
high-resolution spectra centered at around 402.3 eV, corre-
sponds to carbon atoms replaced by the nitrogen atoms in
the form of graphitic (Lu et al., 2013). The high-resolution
XPS spectra for C 1s, O 1s,and N 1 s of WANC and ZnNC
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Fig. 6 FTIR spectra of (a) WANC, (b) ZnNC, and (c) NaNC.

samples are shown in Fig. S1. This XPS analysis confirms the
presence of similar type C, O, and N in the entire prepared
samples.

Fig. 6 displays the FTIR spectra of the WANC, ZnNC, and
NaNC. All spectra show similar vibration bands characteristic
of activated carbon materials (Hesas et al., 2013). FTIR spec-
tra for all samples show a broad transmittance band peaked at
ca. 3430 cm~ !, which is attributed to the O—H stretching vibra-
tion of hydroxyl groups and adsorbed water (H-O-H) (C. Hu
et al., 2013; Larkin, 2011). Noticeably, ZnNC shows a sign of a
reduction in hydrogen bonding, as reflected by the small O-H
band stretching at ca. 3430 cm™'. The band centered at ca.
1630 cm ™! observed is associated with the C = O bonds in car-
boxylic acid and carbonyl moieties (Hu et al., 2013; Tian et al.,
2016). Besides, this observed band between ca. 1750 and
1500 cm™! and centered ca. 1630 cm™! may be related to the
olefinic group (C=2¢C, 1850-1500 cm™")/(C = N)
(Clougherty et al., 1957; Huang et al., 2017). The intense
absorption band centered at ca. 1086 cm™" is regarded as C-
O stretching (C-O, 850-1300 cm™') (Larkin, 2011) or C-N
stretching (1080-1360 cm™'). The small and broad band
observed between 3000 and 2800 cm~' in the spectra of
WANC and NaNC may be explained by adsorption of an ali-
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phatic group (C—H). The band appearing in the NaNC spec-
trum at ca. 2082 cm~ ! can be assigned to a carbon—carbon
triple bond (-C=C-), triple and cumulated double bond
stretch usually appears as a weak band from 2260 to
2100 cm ™! (Larkin, 2011). Overall, it is very difficult to differ-
entiate the oxygen and nitrogen-containing functional groups
in the synthesized carbon samples by FTIR as the peaks over-
lap. This phenomenon was realized in the reported FTIR spec-
tra of graphene oxide and N-doped graphene oxide (Kumar
et al., 2013).

3.5. Electrochemical measurements

CV and GCD measurements have been carried out with the
three-carbon electrodes to study their supercapacitance perfor-
mance. The graphs in Fig. 7 compare the electrochemical per-
formances of each of the three samples. By looking at Fig. 7(a),
it is evident that all CV curves of WANC, ZnNC, and NaNC
have a nearly rectangle-like shape exhibiting typical EDLC
behavior (Karthikeyan et al., 2010; Tang et al., 2012; Wang
et al., 2014). As mentioned previously, the sole purpose of
the process of activation is to enhance the SSA of the carbon
electrode, which has a significant role in boosting the specific
capacity of the EDLC of the electrode. As expected, WANC
and ZnNC, which show the low SSA as compared to NaNC,
exhibit small specific capacitances of 359 F g~! and
534 F g~ !, respectively, at a 20 mVs~! scan rate. While NaNC
indicates a greater specific capacitance of 160.2 F g~! at the
same scan rate. A similar performance was observed in the
measurements of charging-discharging, as shown in Fig. 7(b).
NaNC has the highest discharging rate and hence the largest
specific capacitance. In detail, at 5 A g~', NaNC has a specific
capacitance value of 166.7 F g~!, while WANC and ZnNC
have a specific capacitance of 19.1 F g~!' and 303 F g !,
respectively. Both WANC and NaNC have oxygen- and
nitrogen-containing functional groups that turn to improve
the conductivity of the carbon (Cheng et al., 2012; Suktha
et al., 2015). Yet, the higher SSA and higher content nitrogen,
higher amount of macroporosity and sheet type structure of
NaNC is the main reason for its higher capacitance perfor-
mance compare to WANC and ZnNC. NaHCOj;-activated
carbon was investigated further by varying the scan rates.
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CV at scan rate of 20 mVs~' and GCD measurements at current density of 5 A g~' of WANC, ZnNC, and NaNC.
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(a) CV curves of NaNC sample at 5, 10, 20, and 50 mVs~! scan rate, (b) GCD profiles with different applied current densities, (c)

20 GCD cycles at 20 A g~! current density, and (d) specific capacitance retention of the prepared NaNC electrode at 20 A g~ ! current

density.

Fig. 8(a) presents the CV measurements of NaNC at scan rates
of 5, 10, 20, and 50 mV s~ !, which produced the corresponding
specific capacitances of 225.8 F g=!, 198.6 F g™, 1602 F g™,
and 104.8 F g~!, respectively. At 50 mV s™', a small distorted
rectangle based shape was observed in the CV curve, but with a
specific capacitance of 104.8 F g~! which indicates good
capacitance capability of NaNC even at high scan rates. The
prepared NaNC-modified steel foil electrode also exhibited sig-
nificantly high electrochemical surface area (ECSA) of ca.
1376 cm”. The details to estimate ECSA for NaNC are summa-
rized in the supplementary information.

GCD curves of NaNC were obtained to examine capaci-
tance performance by varying the applied current densities,
as depicted in Fig. 8(b). The GCD profiles show a quasi-
triangular shape, revealing ideal EDLC behavior (Yang
et al., 2005). A specific capacitance of 231.2 F g~! was attained
at an applied current density of 1 A g~'. By increasing the
value of the applied current density to 2 A g=!, 5 A g7, and
10 A g, the specific capacitance decreased to 214.5 F g~!,
166.7 F g~', and 108.8 F g™, respectively. The decreasing ten-
dency in the specific capacitance along through an increase in

the applied current density is attributed to insufficient elec-
trolyte ion diffusion on the carbon electrode surface at higher
current densities (Mondal, Kretschmer, Zhao, Liu, Wang,
et al., 2017). Fig. 8(c) demonstrates the first 20 charging-
discharging cycles of 1000 cycles for NaNC electrode, while
the first and last few cycles as a proof of their cycling stability
are shown in Fig. S3. These cycles have similar curves,
indicating stability and excellent electrochemical performance.
Fig. 8(d) shows 97.3% retention even after 1000 continuous
charging-discharging cycles, which confirms the high stability
of the NaNC sample. The specific capacitances of the three-
carbon electrodes, WANC, ZnNC, and NaNC are summa-
rized in the Table 2. The capacitance of NaNC (231.2 F g~)
mentioned in this study is comparable with the previously
reported carbon electrodes that derived from different biomass
feedstocks as described in Table 3.

Other important factors to demonstrate the electrochemical
performance of a SC are the energy and power densities. The
energy density and power density for NaNC electrode were
calculated from GCD profiles at different current densities
using Eqgs. (4) and (5), respectively. Fig. S4 shows the Ragone
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Table 2 Specific capacitances of the three-carbon electrodes, WANC, ZnNC, and NaNC.

Specific capacitance (F g”)
CV GCD
20 mV 5Ag"
WANC 359 19.1
ZnNC 53.4 30.3
NaNC 160.2 166.7
CV
5mV 10 mV 20 mV 50 mV
225.8 198.6 160.2 104.8
NaNC GCD
1Ag! 2Ag! 5Ag" 10Ag"
231.2 214.5 166.7 108.8

Table 3 The specific capacitances comparison of the of NaNC with that of previously reported carbon prepared from different

biomasses.

Biomass waste Activating agent SSA Specific capacitance Measurement conditions Reference

(carbon source) m?g) (Fgh

Giant Miscanthus KOH 2212 121 1 M TEABF4 0.5 mA/cm? (Han et al., 2018)
Onion KOH 19149 179.5 6 M KOH at 0.5 A (W. Zhang et al., 2018)
Urumgi oil-pressing mill ~ ZnCl, 1416.9 170.5 1 M H,SO4 SmV/s (X. Kang et al., 2018)
Bamboo leaves Manganese silicate  300.3 162.2 3MKOH05A g ! (Qiushi Wang et al., 2019)
Larch waste ZnCl, 36 213.7 1M KOH 02 A g! (Y. Zhang et al., 2020)
Locust seed K,FeO, 2010.1 333 6MKOH 1A g ! (Hou et al., 2019)

Tea seed KOH 1503.2 168 IM/LKOH0.5A g ! (Quan et al., 2020)
Glucose CO,/ KOH 3,657 175 EMIM-TFSI/AN 0.51 A g='  (Jung et al., 2018)
Grape seeds KOH 698 260 H,S0, 1 mA g~ (Guardia et al., 2019)
Syzygium cuminilLeaves =~ NaHCO; 1184.4 2223 1M H,S0, 1 Ag! (Deb Nath et al., 2019)
Albizia Procera NaHCO; 910 231 1M H,SO; 1 mA g! This work

plot of the NaNC electrode, where the NaNC attained a max-
imum energy density of 32 Wh kg~! at a power density of
625 W kg~' and retained 15 Wh kg~" at a higher-power den-
sity of 6250 W kg~ '(Fig. S4). The results mentioned above sug-
gest that the activated carbon NaNC is a promising electrode
material in the field of SCs.

4. Conclusion

N-doped carbon from Albizia plant leaves was successfully pre-
pared without and with the activating agents ZnCl, and
NaHCOj;. The SSA of the activated carbon by NaHCO3 was
observed to be three times greater than that of the non-
activated carbon. The three prepared carbon samples were
characterized using XRD, FESEM, Raman, and TEM. These

results confirmed the amorphous structure and porous nature
of the prepared carbon materials. The XPS and FTIR analysis
confirmed the availability of nitrogen and oxygen-containing
functional groups in the synthesized carbon materials. The
specific capacitance of the untreated and activated carbon
was studied through CV and GCD tests. The activated carbon
NaNC, which had the highest surface area, highest macrospor-
sity, highest nitrogen content, and sheet type morphology, had
the highest specific capacitance of the carbon samples. The
specific capacitance of NaNC was examined at various CV
scan rates and applied current densities, and the results demon-
strated the ideal EDLC behavior. Furthermore, the activated
carbon NaNC delivered remarkable energy and power densi-
ties and displayed very good charging-discharging cycle stabil-
ity (97.3% retained after 1000 cycles), which confirmed the
excellent supercapacitance efficiency of this material.
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