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Abstract

Nitrogen (N) doping of porous carbon materials is an effective strategy for enhancing the
electrochemical performance of electrode materials. Herein, we report on ex-situ (post)
nitrogen-doped porous carbons prepared using a biomass waste, peanut shell (PS) as a carbon
source and melamine as the nitrogen source. The synthesis method involved a two-step
mechanism, initial chemical activation of the PS using KOH and post N-doping of the activated
carbon. The effect of the activating agent/precursor ratio and the ex-situ N-doping on the
structural, textural, electrochemical properties of the porous carbons was studied. The ex-situ
N-doped porous carbon with an optimum amount of KOH to PS exhibited the best capacitance
performance with a specific surface area (SSA) of 1442 m? g and an enriched nitrogen content
(3.2 at %). The fabricated symmetric device exhibited a 251.2 F g specific capacitance per
electrode at a gravimetric current of 1 A g in aqueous electrolyte (2.5 M KNO3) at a wide cell
voltage of 2.0 V. A specific energy of 35 Wh kg™ with a corresponding specific power of 1
kW kg™ at 1 A gt was delivered with the device still retaining up to 22 Wh kg and a 20 kw
kg? specific power even at 20 A g. Moreover, long term device stability was exhibited with
an 83.2% capacity retention over 20 000 charge/discharge cycles and also a good rate capability
after 180 h of floating at 5 A g*. This great performance of the symmetric supercapacitor can
be correlated to the surface porosity and post nitrogen-doping effect which increased the

electrochemically-active sites resulting in a remarkable charge storage capability.
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1. Introduction

Porous carbons have received considerable attention in the scientific community over recent
years. They have been applied in various energy-related systems such as sensors, hydrogen
storage, supercapacitors and batteries [1]. This is due to their high electrical conductivity,
chemical and thermal stability, ease of processability and ability to tune their textural surface
properties [2,3]. More importantly, these properties are advantageous in the fabrication of
electrode materials for electrical double-layer capacitors (EDLCSs). In principle, EDLCs energy
storage mechanism entails an electrostatic interaction between the electrode/electrolyte
interface. Therefore, the performance of the EDLCs depends on the reversible ion adsorption
in the porous carbon electrode materials [4,5]. As such, the development of suitable porous
materials with improved electrochemical performance has received immense efforts. These
porous carbons can be derived from biomass [6,7], polymers [8,9], metal-organic frameworks
[10,11] and zeolites [12,13], using a wide range of synthesis techniques such as physical and
chemical activation [14], templating method [15], template-free method [16] and microwave

irradiation [17] among others. During the synthesis of porous carbons, it is possible to tune



their physicochemical properties and surface features and consequently impact on their

electrochemical performance.

Typically, the electrochemical performance of porous carbons is dependent on the surface area,
electrical conductivity and the surface interaction between the electrode and the electrolyte
interface [1]. Thus, several strategies have been developed to enhance the electrochemical
performance of porous carbon-based electrode materials. One of the approaches involves the
modification of the carbon surface chemistry by use of surface functionalization process [18-
20]. For instance, Wu et al. [20] synthesized porous carbons using rod-like hydroxyapatite (as
a template) and sucrose (carbon source) followed by an oxidation process using nitric acid

(HNO:3).

The authors suggested that the modification of the surface chemistry of the porous carbons
contributed to the improvement of the specific capacitance from 110 F g in the non-modified
carbons to 128 F g in the modified counterparts. They correlated it to the increase in the
oxygen content and the creation of new functional groups after acid treatment [20]. The surface
functional groups play an important role in the enhancement of the surface wettability at the
electrode/electrolyte interface and consequently improve the electrochemical performance of

the electrode materials.

A second approach for improving the electrochemical performance of porous carbons is the
two-step activation process that allows for the creation of a porous carbon network [21-23].
For example, Cheng et al. [21] used a two-step activation process to synthesize a porous
activated carbon with hierarchical pore network and improved surface features. The first step
involved the activation of shiitake mushroom with HsPO4 at 500 °C which exhibited a specific
surface area (SSA) of 1341 m?g* and a capacitance of 196 F g*. The second step was done by

further activation of the carbon with KOH at 800 °C which yielded an improvement of SSA



and specific capacitance of 2988 m?g™and 306 F g, respectively. The two-step process aided
in increasing the number of oxygenated functional groups on the carbon surface as well as the

surface area as compared to the one-step activation.

Lastly, heteroatom doping of porous carbons with nitrogen (N), boron (B), oxygen (O), sulfur
(S), and phosphorous (P) atoms has proved to enhance the electrochemical performance in
supercapacitors [24-27]. It is well known that the incorporation of heteroatoms in the carbon
matrix changes the electron-donating or accepting character and conductivity of carbons and
thus, influencing their capacitance and electrochemical properties [28]. Compared to other
heteroatoms, nitrogen is of great interest as its atomic size is comparable to that of carbon

(65pm vs 70pm).

Therefore, different nitrogen-containing precursors such as melamine, urea, ammonia,
polyaniline and polypyrrole have been used to synthesis N-doped porous carbons [29-32]. Two
main approaches are employed for nitrogen doping of carbons; in-situ and ex-situ doping
process [33]. In-situ doping treatment can be done either by direct pyrolysis of nitrogen-
containing precursors for example organics polymers [34], biomass [35], ionic liquids [36] or
by the growth of carbon nanomaterials in the presence of a nitrogen precursor [37]. In this
regard, in-situ nitrogen-doping of activated carbons can be carried out by direct activation of
nitrogen-containing biomass or by the activation of carbonaceous sources in the presence of a
nitrogen-containing precursor. The main drawback of this process is that most of the
oxygenated nitrogen groups are lost at higher temperatures (during activation) resulting in a

lower nitrogen content being incorporated within the carbon matrix.

In our previous work, we synthesized an in situ N-doped porous carbon by the direct pyrolysis
of a mixture of peanut shell waste biomass (carbon source) and urea (as a nitrogen source) at

600 °C followed by activation at high temperature (850 °C) [38]. We obtained a low nitrogen



(0.6 at%) content and this was attributed to the volatilization of the nitrogen-containing groups
during the activation step. To circumvent this problem, we propose the ex-situ N-doping of
porous carbons as it will allow the incorporation of larger nitrogen content within the carbon
matrix. Typically, the ex-situ N-doping process requires the introduction of nitrogen source
into the matrix of an already activated porous carbon nanomaterial via thermal treatment [39].
While the amount of nitrogen content incorporated in porous carbons can be controlled by the
precursor used, ammonia gas is the commonly used source of nitrogen which not only limits
the N-content but is also not environmental friendly [40]. Moreover, most of the studies on N-
doped porous carbons emphasize the effect of the mass ratio of carbon to nitrogen (C/N)
precursor as well as the doping temperature effects [39,41]. To this end, very few reports exist
on the effects of the mass ratio of activating agents on ex-situ N-doped activated carbons and

their application in supercapacitors.

In the present study, the properties of the ex-situ nitrogen-doped porous carbons obtained from
peanut shell are investigated. The synthesis method involved two steps mechanism: (1)
Chemical activation of the peanut shell using KOH, and (2) nitrogen doping of the porous
peanut activated carbon. Their electrochemical performances were evaluated in a three and
two-electrode configuration using an aqueous electrolyte (2.5 M KNO3). The effect of the
activating agent/precursor ratio (KOH/PS) and the ex-situ N-doping on the electrochemical
behaviour was studied. Despite the many reports on biomass-derived porous carbon materials
in the literature, to the best of our knowledge, studies on the strong influence of the chemical
activation ratio and ex-situ N-doping on the electrochemical performance of these materials
have been rarely reported. Thus, this study will not only provide a procedure for retaining the
relatively high N-doping concentration but also elucidate the vital role of textural and structural
parameters for optimum electrochemical properties of N-doped porous carbons in

supercapacitors.



2. Experimental section

2.1 Precursor materials

The peanut shell waste used in this study was collected from a marketplace in downtown Saint
Louis, Senegal. Argon gas, Ar (99%) was purchased from Afrox, South Africa. Potassium
hydroxide, KOH (99 %), melamine,CsHeNs (99%), hydrochloric acid, HCI (37%), potassium
nitrate, KNOs (99.99%), carbon acetylene black (99.95%), polyvinylidene fluoride, PVDF
(99%) and N-methyl-2-pyrrolidone, NMP (99%), were all purchased from Merck (Pty) Ltd,
South Africa. Polycrystalline nickel foam with an areal density of 420 g m? and 1.6 mm
thickness and microfiber filter paper (0.18 mm thickness) were procured from Alantum

Munich, Germany, and ACE chemicals, South Africa, respectively.

2.2 Preparation of pristine and ex-situ N-doped activated carbons

The peanut shell (PS) waste serving as a raw material (RM) was thoroughly washed with
deionized water (DI) and dried in an oven pre-set at 60 °C. The RM was ground and mixed
with potassium hydroxide activating agent (AA) in different mass ratios of 1:0.5, 1:1 and 1:2
(PS:AA). The mixture was transferred into a tubular furnace and heated-up to 850 °C at a
heating rate of 5 °C min™ under argon gas and held at the final temperature for 1 h. The obtained
product was impregnated with aqueous 3 M HCI to remove all traces of unreacted AA,
sonicated for 12 h and then washed with DI until a neutral pH was achieved. Thereafter, the
solid peanut shell activated carbon sample was filtered and labelled as PAC-0.5, PAC-1 and
PAC-2 for PS:AA mass ratios of 1:0.5, 1:1 and 1:2, respectively. These samples were dried for

further characterization.

An ex-situ-doping route was used to prepare the nitrogen-doped peanut shell activated carbon

(NPAC). Firstly, 5 g of melamine used as a nitrogen source was added to 1 g of the as-



synthesized PAC-0.5 sample in an optimized mass ratio. Pyrolysis of the sample at 850 °C was
carried out for 1 h under a stream of inert argon gas to produce NPAC-0.5. A similar ex-situ-
doping procedure was undertaken for the PAC-1 and PAC-2 samples to yield NPAC-1 and
NPAC-2, respectively. To further emphasize this unique ex-situ-doping concept applied in this
study, melamine was introduced prior to activation for a good comparison. The nitrogen

content in NPAC-samples was compared from characterization carried out.

2.3 Material characterization

The N2 sorption isotherms of the samples were measured at 77 K from 0.01 to 1.0 relative
pressure (P/P,) using a Micrometrics TriStar 11 3020 pore analyzer. The active surface area was
determined using the Brunauer-Emmett-Teller (BET) method and the Barrett-Joyner-Halenda
(BJH) method was used to describe the pore size distribution. A 532 nm laser-powered WITec
alpha300 RAS+ confocal Raman microscope (WITec, Germany) was used for the detailed
Raman analysis. A PANalaytical X’Pert Pro powder diffractometer with Co-Ka radiation
(A=1.789A) was used to collate the X-ray diffraction (XRD) patterns. The surface morphology
of the PAC and NPAC samples were characterized on a Zeiss Ultra-plus 55 field emission
scanning electron microscope (FE-SEM) operated at 1.0 kV. The chemical composition of the
NPAC samples was analyzed by X-ray photoelectron spectroscopy (XPS, VG Escalab 220i-

XL) coupled with a monochromatic aluminium Ko source of radiation.

2.4 Electrochemical characterization

The working electrodes used for electrochemical analysis were fabricated with 80 wt% active
materials, 10 wt% carbon acetylene black and 10 wt% polyvinylidene difluoride (PVDF) in an

agate mortar with the final addition of few drops of N-methylpyrrolidone (NMP) to form a



slurry. The slurry was coated on clean Nickel foam (NF) grids followed by subsequent vacuum

drying of the electrodes for 12 h at 80 °C.

The electrode materials’ electrochemical performances in half- and full-cell configurations
were evaluated in 2.5 M KNO3 aqueous electrolyte using a Bio-Logic VMP-300 16-channel
potentiostat (Knoxville, USA) at room temperature. The three-electrode (half-cell)
measurements were performed using a Swagelok T-cell composed of silver (Ag)-disc reference

electrode, carbon disc counter electrode and a microfiber filter paper separator.

The symmetric devices were assembled in the Swagelok testing cell using similar materials
present on both electrodes with the charge/mass balancing taken into consideration. The cyclic
voltammetry (CV) profiles were evaluated at different scan rates (in mV s?) and the
galvanostatic charge-discharge (GCD) plots were obtained by varying the specific current (in
A g?). The electrochemical impedance spectroscopy (EIS) measurements were done on an

open circuit voltage, Voc at 100 kHz to 10 mHz frequency range.

The specific capacitance for the half cell Cs (in F g™*) and the single electrode for the symmetric
device Ce (in F g) was determined from the discharge slope of the GCD plots using the Egs.

(1) and (2), respectively [42,43]:

_ IAt
s mAvV (1)
IAt
Cel = 4mAV (2)

where | (in A) is the current, m (in g) represent the total mass of the electrode At (in seconds)

is the discharge time from the slop of GCD, and AV (in V) is the operating voltage.

The specific energy Eq (Wh kg™) and the specific power Py (W kg™) for the symmetric device

were evaluated according to the Egs. (3) and (4) [44]:
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3. Results and discussion

3.1. Morphological, Textural and Structural characterization

Fig. 1 shows the SEM images of the pristine and the N-doped PAC samples at low and high
magnification (see insets to images). All the synthesized carbon materials displayed an
interconnected porous structure with irregular-shaped pores. It can be seen that the activation
of the peanut shell with potassium hydroxide leads to the creation of a porous framework on
the structure of the carbons. This is expected to occur due to the release of carbon monoxide
(CO) and carbon dioxide (CO2) gases upon the reaction of KOH and carbon [45]. The
decomposition of the KOH generates potassium bicarbonate, metallic potassium and hydrogen
gas. At elevated temperatures (>700 °C) the decomposition of the potassium bicarbonate
produces CO, and CO gases which promotes further pore activation through carbon
gasification [46,47]. The as-prepared PACs display a tunable morphology and porous structure

as shown in Fig. 1(a), (c) and (e).

In addition, the increase of the mass ratio of KOH from 0.5 to 1 resulted in a more evident
porous morphology (PAC-1 in Fig. 1(c)). However, upon a mass ratio increase of KOH to 2, a
highly distorted interconnected porous structure in the PAC-2 was observed (Fig. 1(e)). After
nitrogen doping, the morphology of the NPACs materials exhibited a less porous structure as
compared to their pristine counterparts (Fig. 1(b), (d) and (f)). This could be ascribed to the
carbon and nitrogen (C/N) patches emanating from melamine decomposition that can block the

already existing pores on the carbon matrix during the ex-situ nitrogen doping step [18] [48].



The electron dispersive spectroscopy (EDS) elemental mapping was carried out to determine
the elemental composition of the N-PAC samples with an example of N-PAC-1 shown in Fig.
S1. This EDS mapping reveals a uniform distribution of the C, O and N elements which similar

to all N-PAC samples.

200 nm

Fig. 1. SEM images of the pristine (a) PAC-0.5, (c) PAC-1, (e) PAC-2 and N-doped (b) NAP-0.5, (d) NPAC-1
and (f) NPAC-2 samples at low magnification (insets showing the high magnification).
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The textural properties of the PAC and NPAC samples were investigated by nitrogen sorption
isotherms and the pore size distribution analysis. Fig. 2(a-b) revealed the N2 adsorption-
desorption isotherms of the PACs and NPACs samples with different mass ratios of (PS:AA)
1:0.5,1:1 and 1:2.

The isotherm curves of all the samples showed a hybrid type | and 1V characteristics with a H4
hysteresis loop suggesting the presence of micropores and mesopores [49]. At a low relative
pressure range, the isotherms of the obtained PACs and NPACs showed steep N. adsorption
exhibiting an abundant presence of micropores besides the hysteresis loop reflecting the
presence of mesopores. The pore size distribution plots illustrated in Fig. 2(c-d) confirm the
existence of both the micropores and mesopores in the pristine (undoped) and N-doped carbon

derived from peanut shell.

Table 1. summarizes the textural properties of the PAC and NPAC samples. It is evident that
the BET specific surface area (SSA) increases with increasing mass ratio of KOH from 0.5 to
1 and decreases with a further increase to 2. A similar trend is noticed for the total pore volume
and the micropore volume of the carbon materials. The PAC-1 and NPAC-1 samples exhibit
the highest surface areas of 1557 m? g and 1442 m? g as well as the highest pore volumes of
0.76 cm® g* and 0.69 cm® g, respectively. These results demonstrate the creation of stable
pores that contribute to the SSA improvement with activation using a moderate KOH content.
However, the lowest SSA assigned to the PAC-2 and NPAC-2 materials (548 m? g™ and 437
m? g1) could be attributed to the excess amount of KOH as well as less extent of activation as
further affirmed by the decrease in the total pore volume and the micropore volume as depicted
in Table 1. The excessive amount of KOH may have resulted in saturation of the reaction sites
with unreacted KOH that inhibited the creation of extra pores after a particular point during the
process of pores creation. This leads to the inhibition of pore creation and also the collapse of

the interconnected carbon [50]. The SSA of the NPAC-1 and NPAC-2 materials was found to
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be slightly lower than that of the PAC-1 and PAC-2. As proposed earlier from the morphology

results, this can be ascribed to the decomposition of melamine into patches of nitrogen-

containing functionalities (carbon/nitrogen deposits) which can cover some of the pre-existing

pores in the PAC [19].
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In addition, the ex-situ N-doping of the carbons with melamine can cause the destruction of the

pore walls and the blockage of some of the pores by the functional groups [18]. Consequently,

NPAC-1 and NPAC-2 displayed lower pore volumes as compared to PAC-1 and PAC-2,

respectively. This decrease in surface area and pore volume upon ex-situ N-doping of PAC

12



materials has been observed elsewhere and is in agreement with those studies on N-doped

carbons [48,51,52].

Table 1. Textural properties and Raman data of the pristine and N-doped samples

Textural properties Raman data
Samples SgeT Viotal Vmico (cm®  D-band G-band  Ipf/lgratio
(m?gh)  (ecm*g?) g% (cm™) (cm™)

PAC-0.5 993 0.48 0.42 1339 1589 0.95

Pristine PAC-1 1557 0.76 0.63 1341 1590 0.96
PAC-2 548 0.38 0.19 1348 1591 0.98

NPAC-0.5 1048 0.50 0.43 1342 1590 1.02

N-doped NPAC-1 1442 0.69 0.59 1340 1591 1.03
NPAC-2 437 0.25 0.15 1344 1590 121

The structure of the as-prepared carbon samples was further investigated by Raman
spectroscopy and XRD. Fig. 3(a-b) display the Raman spectra of the pristine and the N-doped
carbon materials at different mass ratios of potassium hydroxide. The spectra of all samples
show the D peak (1339-1348 cm?) and G peak (1589-1591 cm™) bands attributed to the
disorder (defect) in the graphitic structure and the tangential vibration of the sp? carbon atoms,
respectively [53]. The ratio of the relative intensity of the D and G peaks (Ip/lg) is used to
determine the graphitization degree of the carbon materials [54]. The Io/lc values of PACs and
NPACs (as shown in table 1) indicate that increasing the mass ratio of the KOH led to a higher
degree of disorder (higher Ip/lg ratios) in the carbon matrix. These results suggest that the KOH
activation could generate more active sites in the carbon structure corresponding to other
previous reports on activated carbons [55,56]. Fascinatingly, the NPAC samples revealed even
higher Ip/lg values as compared to the pristine carbons (PAC). This can be ascribed to the
introduction of nitrogen in the carbon structure creating more structural distortions which affect
the intensity of the D band [57]. The presence of even more defective sites on the graphitic

lattice could aid electrochemical surface reactions.
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Fig. 3(c-d) show the XRD patterns of the as-prepared carbon samples. The PACs and NPACs
samples display two diffraction peaks at 26 values of 26° and 51° which correspond to the (002)
and (012) planes in the graphite structure, respectively. These peaks were broad indicating that
all the carbon materials are amorphous carbon confirming the low degree of graphitic
crystalline structure [58]. However, the diffraction peaks of N-doped carbon samples are
slightly shifted to higher 2 theta values compared those of undoped samples, which are due to

the incorporation of nitrogen in the carbon [59].
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Fig. 3. (a-b) Raman spectra and (c-d) XRD pattern of the pristine and the N-doped samples.

3.2 XPS analysis

The XPS analysis was performed to determine the chemical composition and surface chemistry
after the N-doping process of the pristine activated carbon materials. Fig. 4(a) displays the XPS
survey spectra of the NPAC-0.5, NPAC-1 and NPAC-2 samples which indicated the presence

of three peaks C1s (285 eV), N1s (399 eV) and Ols (533 eV) confirming the successful
14



incorporation of the nitrogen atoms into the carbon matrix. The atomic percentages (% at) of
each component calculated from the integral peak area of the XPS data is shown in Table 2. It
can be seen that as the KOH activation mass ratio increases, the nitrogen content decreases
from 6.4 at.% for NPAC-0.5 to 3.2 at.% for the NPAC-1 then increases to 8.9 wt.% for the

NPAC-2.

Table 2. Elemental composition of the NPAC materials

Elemental Composition (at.%0)

Samples

C 0 N
NPAC-0.5 87.9 5.8 6.3
NPAC-1 94.0 2.8 3.2
NPAC-2 80.5 10.6 8.9

The NPAC-1 showed the lowest N and O content owing to the creation of more pores on the
surface at the optimum activation ratio. NPAC-1 displayed the highest carbon content and the
lowest oxygen content suggesting that most of the nitrogen atoms were attached to the carbon
atoms in the form of pyrrolic-N, pyridinic-N and graphitic-N. The lowest oxygen content in
NPAC-1 is associated with the initial oxygen content in the undoped PAC-1 as recorded in the
supporting information (Table S1.). Similarly, the high N content for NPAC-2 could be
ascribed to the formation of carbon and nitrogen deposit over the collapsed carbon structure
thus increasing the amount of nitrogen and oxygen functionalities [18]. This is in agreement
with the lower surface area and pore volume values reported for the NPAC material. Moreover,
the high N and O content in NPAC-2 sample confirms the presence of a high number of

structural defects (high Io/lg) as observed from the Raman data.

The different chemical environments of the carbon, nitrogen and oxygen atoms in the NPAC
samples were determined by deconvolution of the high-resolution XPS spectra of the C1s, N1s
and O1s peaks (Figs. 4(b-d) and S2). In addition, the XPS data of the undoped PAC-1 sample

IS given in the supplementary information (Fig. S4) as an example of all the PAC samples. It

15



is clear that for the pristine PAC samples, there is no nitrogen which confirms the presence of
the nitrogen in N-PAC samples is due to the melamine. The high resolution of the core level
C1s spectra (Fig. S2(a-c)) were deconvoluted into three component peaks. The main peak 284.4
eV is ascribed to the sp? hybridized carbon (C=C), while the two other peaks at 285.5 eV and
287.0 eV are associated to the sp? hybridized carbon (C-C) or C-N and O—C=0, respectively
[60,61]. Fig. 4(b-d) reveals the high resolution of the N1S spectra deconvoluted into four peaks
398.2, 399.8, 400.8 and 402.2 eV corresponding to pyridinic-N, pyrrolic-N, graphitic-N and

oxygenated pyridinic nitrogen (NOx) [62-64].

The average % concentration of the different N-configuration in N1s is summarized in

Supplementary Table S2.

The NPAC-0.5 was comprised of 37% pyridinic-N, 56.7% pyrrolic-N and 1.3 % graphitic-N
and 5% NOx while NPAC-1 had of 40% pyridinic-N, 31% pyrrolic-N and 28% graphitic-N
and 1% NOx. The high percentage of pyridinic-N and pyrrolic-N indicates that the nitrogen
atoms are bonded to the edges of carbon and sp® hybridized carbon. The NPAC-0.5 material
possessed the lowest graphitic N and highest NOx among all N doped samples meaning that
most of the nitrogen atoms reside on the edges as oxygenated nitrogen groups. However, the
NPAC-1 sample displayed the lowest NOx suggesting that the majority of the nitrogen atoms
were incorporated inside the carbon matrix and not on the edges. In contrast, the NPAC-2
sample had the highest graphitic-N content (31.5%) and a relatively higher NOx content (3.8%)
as compared to the NPAC-1. The high percentage of graphitic-N can be ascribed to the
replacement of the carbon by nitrogen atoms within the carbon lattice during the ex-situ doping
process. The deconvolution of the O1s core level spectra (Fig. S2 (d- f)) show three peaks at
530.5, 531.7 and 533.0 eV which can be assigned to C-O or, C=0/N-O and O-C=0 bonds,

respectively [65,66].

The XPS analysis clearly shows that the atomic composition of the NPAC samples is greatly

16



influenced by the mass ratio of PS:KOH. The surface chemistry of the NPAC materials plays
a major role in determining their physical, structural and electrochemical properties.
Specifically, the various nitrogen configurations in the N-doped carbons are known to play a
vital role in improving the material’s electrochemical performance [33]. The pyridinic and
pyrrolic nitrogen aid in increasing the overall amount of charge stored due to the enhanced
charge accumulation on the electrolyte/electrode interface and surface wettability of the
electrodes [67]. Meanwhile, the graphitic N and the oxidized pyridinic-N can enhance the

electron transport which improves the electrode materials’ electrical conductivity [33,64].
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Fig. 4. (a) XPS survey spectra of the N doped samples and XPS spectra of deconvoluted N1s peaks, (b) NPAC-
0.5, (c) NPAC-1 and (d) NPAC-2 materials.

3.3 Electrochemical analysis
To evaluate the electrochemical performance of the PACs and NPACS, the electrodes materials

were firstly performed in half-cell configuration as shown in Fig. 5. Fig. 5(a-b) show the cyclic
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voltammetry (CV) plots at a scan rate of 40 mV s for the PACs and NPACS, respectively with
different KOH mass ratios in both positive and negative potential window. All the CV curves
exhibited a quasi-rectangular shape revealing an electric double layer (EDL) capacitive
behaviour in both positive (0.0 - 0.9 V) and negative (-1.0 - 0.0V) operating potential windows.
A slight difference was noticed in the CV curve in positive potential for PAC-1 compared to
the other samples. The observed abnormality in the sample’s CV curve suggests some
difficulties in charge propagation resulting in the somewhat resistive behavior of its
voltammogram [68]. Nevertheless, the PAC-1 still preserved the highest value of current
response, being remarkably higher than for PAC-0.5 and PAC-2. The PAC-1 and NPAC-1
electrodes displayed a quasi-rectangular CV profile with a higher current response in both
operating potentials as compared to the PAC and NPAC at other KOH mass concentrations.
This higher current response could be attributed to the enhanced porous network, reactive
carbon material surface and the presence of nitrogen atom from ex-situ doping which aids in
charge accumulation and ions transport at the electrode/electrolyte interface.

The galvanostatic charge discharge (GCD) profiles for all the working material electrodes
displayed a symmetrical triangular characteristic with a small IR drop at 1 A g specific current
within a potential range of -1.0 - 0.0 V and 0.0 - 0.9 V as seen in Fig. S4(a-d). This triangular
behaviour confirms the typical double layer capacitive nature of the carbon materials as seen
from the CV curves. The storage mechanism in this study exhibits a clear EDLC signature with
a rectangular-like CV and quasi-symmetric GCD curve with respect to potential as a function
of discharge time. The quasi-behavior is linked to some pseudocapacitance contribution from
the functional groups on the carbon surface. The specific capacitance (Cs) as-calculated from
the slope of the discharge section of the GCD profiles using Eg. (1) in the positive and negative
operating potential windows is presented in Figs. 5 and S4 (e-f). Fig. 5(c-d) depicted the Csof
the PAC and NPAC electrodes materials in the negative potential window of -1.0 - 0.0 V while

Fig. S4 (e-f) displayed the Cs in the positive potential ranging from 0.0 to 0.9 V as function of
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the specific current ranging from 1 to 10 A g*. As clearly observed in these figures, the PAC-
1 and NPAC-1 exhibited higher Cs values of 167 F g™ and 216 F g, respectively at 1 A g.
These values demonstrate that after nitrogen doping the specific capacitance of the PAC-1
electrode was improved appreciably by 30% of the pristine value which agrees with the higher
current response recorded in the CV profiles. In addition, the low Cs of the PAC-2 and NPAC-
2 electrodes (80.77 F g and 76.4 F g, respectively) could be attributed to the low specific
surface area (~ 500 m? g1) resulting from the free carbon and nitrogen atoms that covered the

pores which limits the ion diffusion into the porous carbon.

Electrochemical impedance spectroscopy (EIS) was tested to further investigate ion diffusion
and transport kinetics of the pristine and N-doped PAC electrodes. Fig. 5(e-f) shows the
Nyquist plot of the pristine and N doped PACs material electrodes.

All the electrode materials displayed a vertical line slightly deviated from the —Z” axis
(imaginary impedance axis) at low frequency demonstrating an ideal capacitive behaviour. At
high frequency, the intersection with the real Z” axis represents the equivalent series resistance
(ESR) which consists of the intrinsic resistance within the electrolyte, resistance at
electrolyte/electrode interface and contact resistance between electrode and current collector
[69]. The presence of the semi-circle at the high to mid frequency reveals the charge transfer
resistance (Rc) due to the presence of the functional groups on the surface of the carbon
material [70]. From Fig. 5(e and f), it is clearly observed that the presence of nitrogen in the
carbon matrix reduce the ESR and R values of the PAC-0.5 and PAC-1 (inset to the Fig. 5(e-
f)) which indicating a fast ions transport into the electrode-electrolyte interface and less
resistance between the electrode and current collector. The ESR of the PAC-2 increased after
the incorporation of the nitrogen into the carbon network from 0.48 Q to 0.52 Q due to the
oxygen and nitrogen containing groups which increase the resistance of the electrode materials.

For all the electrodes materials, PAC-1 and NPAC-1 electrodes displayed the low internal
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resistance values which can be ascribed to the presence of fewer oxygen containing groups and
an abundant porous network enabling better accessibility of the pores to the electrolyte ions as
compared to the other PAC and NPAC electrodes. A similar trend was observed by Hulicova-
Jurcakova et al. where carbons with less oxygenated functional groups gave lower internal
resistance than carbons with higher oxygen-containing [6]. Moreover, the NPAC-1 electrode
showed a shorter diffusion length and smaller Rt among the other electrodes as observed from
the Nyquist plot. This smaller Retand the shorter diffusion length are associated with the good
surface wettability from the electrode-electrolyte interactions and the ion kinetic into the

electrode pores, respectively.

In general, the N PAC-1 electrode exhibited a relatively better electrochemical performance as
compared to the other doped and pristine material electrodes. Incorporating the nitrogen atom
(via ex-situ-doping) into the carbon matrix with a moderate quantity of KOH delivered
abundant electrochemically-active sites on the material electrode surface, which could create a
good interfacial contact between the electrode and electrolyte for ion dynamics. The
electrochemical performance of the NPAC-1 electrode is linked to their high degree of disorder
(Ip/lg ratio), resulting in their high degree of amorphous carbon state which provided good
surface hydrophilicity and surface wettability. Additionally, the high specific surface area and
the large pore size distribution of the material are favourable for easy ion diffusion to the active

electrode surface.
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Fig. 5. Electrochemical performance of the pristine and N-doped PACs in a three-electrode configuration: (a and

b) Cyclic voltammetry at scan rate of 40 mV s-1, (¢ and d) specific capacitance at various gravimetric current

values and (e and f) Nyquist plots.

Subsequently, a symmetric device was assembled using the NPAC-1 samples as both positive

and negative electrodes using the same electrolyte 2.5 M KNO:s.

Fig. 6(a) displays the cyclic voltammetry (CV) curves of the NPAC-1//NPAC-1 device in a

two-electrode cell fixture at different scan rates from 10 to 500 mV s,

The CV curves show a rectangular-like shape which indicates an ideal capacitive behaviour in
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an extended voltage window of up to 2.0 V. The rectangular-like behaviour is still maintained
even at high scan rate of 0.5 V s which reveals a good rate capability and also rapid ion
diffusion [71]. The galvanostatic charge discharge (GCD) profiles at various specific current
values (1 - 20 A g*) for the NPAC-1//NPAC-1 device are shown in Fig. 6(b). All the GCD
profiles exhibit a quasi-symmetric triangular pattern with a small IR drop suggesting an
excellent charge-discharge reversibility and good double layer capacitive charge storage in the
assembled symmetric supercapacitor. Fig. 6(c) represents the specific capacitance of the device
at different specific currents calculated from the GCD profiles using equation (2). It has been
seen that the ex-situ-doped NPAC-1//NPAC-1 possesses a relatively high specific capacitance
per electrode (Cel) of 251.2 F g at 1 A g. A Ce value of 158.4 F g™ was still retained even at
a high specific current of 20 A g* demonstrating a good electrode rate capability. Such Ce
value is comparable with those results reported in the literature on nitrogen doped carbon

materials from biomass [72-75].

The electrochemical impedance spectroscopy (EIS) was also carried out on the as-fabricated
NPAC-1//NPAC-1 symmetric device. Fig. 6(d) presents the Nyquist plot of the symmetric cell
which exhibited an almost linear vertical line in low frequency. This confirms the ideal EDLC
behaviour as seen from the CV and GCD curves. The inset of Fig. 6(d) showed the ESR and
Rt 0f 0.79 Q and 0.17 Q, respectively. These small values are an indication of fast ion transport
and good charge transfer process within the electrodes. Fig. 6(e) exhibited the Bode curve of
the symmetric device which displayed the plot of the phase angle against the frequency. It can
be seen that at low frequency region, the phase angle of the cell is - 87 ° close to an ideal
capacitor of -90 °. This result of the cell device suggested a low ion diffusion resistivity [76].
In Fig. 6(f), the complex capacitance (C (w)) of the as-prepared device was plotted as a function

of the frequency.

The complex capacitance C(w) represents the real part and the imaginary part of the complex
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capacitance and was determined by using the Eqgs. below [77,78].

C(w) = C'"(w) —jC"(w) (5)
SR 0
o= g g

where Z'(w) and Z"(w) represent the real and imaginary part of the complex impedance Z(w)

respectively given by Z(w) = Z'(w) — jZ"(w), w is the angular frequency (w = 27xf).

At low frequency, the real part of the complex capacitance C'(w) corresponds to the
capacitance delivered of the cell measured via constant-current discharge. While the imaginary
part of the capacitance, C"(w) is related to the energy loss by dissipation during irreversible
process at electrode/electrolyte interface [79,80]. From Fig. 6(f), the C'(w) decreases gradually
when the frequency increases. On the other hand, the C"(w) versus frequency exhibit a

maximum peak at a frequency f, of 1.1 Hz corresponding to the relaxation time toof the device.

1o IS defined by 1/27rf0 which represented the minimum time required to charge the symmetric

cell [81]. The device shows a small constant time of 0.87 s which indicated the symmetric cell
can be fully charged within a relatively short period of time. This small value of the relaxation
time suggests also a good electrical conductivity as well as a higher pores accessibility for fast
ions transport into the electrode/electrolyte interface [82]. These results could be attributed to
the synergistic effect of the nitrogen doping and improved surface porosity of the porous carbon

matrix.
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Fig. 6. Electrochemical performance of the NPAC-1// NPAC-1 symmetric device: (a) Cyclic voltammetry at
different scan rates, (b) galvanostatic charge-discharge plots at various specific current, (c) specific capacitance
as a function of specific current, (d) Nyquist plots, (€) Bode plot and (f) capacitance C’ and C” variation as a

function of frequency

Fig. 7(a) displays the Ragone plot of the NPAC-1//NPAC-1 symmetric supercapacitor. The
fabricated device delivers a specific energy of 35 Wh kg corresponding to a specific power
of 1 kW kg* at specific current of 1 A gL,

Moreover, the specific energy was still maintained at 22 Wh kg* with a specific power of 20
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kW kg? even at high specific current of 20 A g. These values of the specific energy and
specific power for the NPAC-1//NPAC-1 device are higher than most recently reported values
in the literature on nitrogen doped activated carbon derived from biomass as shown in Table 3.
and Fig. 7(a). Until now, limited reports exist in the literature on biomass-based nitrogen doped
activated carbon from using KNOs electrolyte. Hui and co-workers [83] reported the nitrogen-
doped porous carbon nanosheets from pomelo mesocarps (N-PMNC). The preparation of the
N-PMNC was done by an in-situ doping procedure by mixing the pomelo mesocarps with
CaCl; and urea. The symmetric device fabricated possesses a specific energy of 14.7 kW kg
with specific power of 90 W kg™ in 0.5 M Na.SO4 at 0.25 A g specific current. Recently, Hao
et al. [84] synthesized a porous nitrogen-doped orange peel (PN-OPNC) by an in situ-doping
method using FeCls and urea as activating agent and nitrogen source, respectively. The PN-
OPNC//PN-OPNC symmetric device was tested in a potential window of 1.6 V using 0.5 M
Li.SOs electrolyte. The device exhibited a specific energy of 16 kW h kg™ with specific power
of 400 W kg? at specific current of 0.5 A g?. Donglin and co-authors [41] prepared a 3D
nitrogen-doped porous carbon (3DNPC) via two steps by pyrolyzing the mixture taro stems
with KOH followed by an post doping with melamine. The specific energy of the symmetric
cell was 5.56 Wh kg with a specific power of 5000 W kg? in polyvinyl alcohol (PVA)/KOH
as electrolyte at 10 A g. The good electrochemical performance of the NPAC-1//NPAC-1
could be ascribed to the good surface chemistry of the porous carbon material with a moderate
mass ratio of the KOH followed by the incorporation of the nitrogen atom in the carbon matrix.
The cycling stability of the symmetric device was evaluated after continuous charging and
discharging of the device over several cycles (~ 20 000) at specific current of 5 A g. As
observed in Fig. 7(b), the symmetric cell exhibits a columbic efficiency of 99% and a
capacitance retention of 83.3% after 20 000 constant galvanostatic cycles. The observed sharp
drop in capacitance at around 4000 cycles of cycling test is due to the electrochemical

degradation of the electrode material as a result of the wide operating potential (2.0 V) and
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Table 3. Comparison of the electrochemical performance of nitrogen doped activated carbon from biomass

Specific

Raw Operating  Specific ener Specific
. Precursors Electrolyte  Potential current 9y power Ref
Materials - 1 (Wh 1
windows (Ag?) kg ) (Wkg™)
In-situ doping
Pomelo 05M
CaCl,/ urea 1.8V 0.25 14.7 90 [83]
mesocarps Na SO,
0.5M
Orange peel FeCls/urea ) 16V 0.5 16 400 [84]
LI2504
Pine Nut ) 1M
KOH/melamine 1.8V 1 11.9 463.6 [72]
shell Na>SO,
Dumpling
KOH/urea 6M KOH 1.2V 0.5 15.92 358.28 [87]
flour
) KOH/imidazole 1M
Cauliflower . 1.8V 0.5 20.5 448.8 [88]
dinone Na>SO,
. K.COs/
Pueraria . 6M KOH 1V 0.5 8.46 123 [75]
melamine
1M
Cellulose NaOH/urea 1.8V 0.5 17.24 452 [89]
Na,SO4
Cycas leaves KOH/urea 6 M KOH 1V 0.5 9.13 125 [90]
2.5M
Peanut shell KOH/urea 1.8V 1 25.2 900 [38]
KNO;
Ex-situ doping
Taro stems KOH/melamine  PVA/KOH 1Vv 10 5.56 5000 [41]
Ginkgo KOH+
. 6 M KOH 1V 0.5 7.8 241.1 [91]
leaves K>COs/ureophil
25M 1 34.9 1000 This
Peanut shell KOH/melamine 2V
KNO:s 10 25.9 10000 work

high specific current applied to the device [85]. Nonetheless, the device was observed to

become stable after about 7000 cycles and could maintain this stable condition even for a very

large cycle number of over 20 000 cycles. Fig. S5(a-b) in supporting information reveals the

comparison of the CV curves and Nyquist plot of the device before and after the cycling of

over 20000 cycles. The CV curves of the cell at a scan rate 40 mV s-! (Fig. S5(a)) show a

similar behaviour with no significant level of degradation. These could be due to consumption

of some of the active sites in the electrode material that results in some subsequent capacitance
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loss [86]. An increase of the ESR and R values of 1.07Q and 0.21Q from the initials values
has been observed in Fig. S5(b). These small increases and the shorter diffusion length

demonstrated that NPAC-1 electrode did not deteriorate significantly after the cycling stability.

The notable stability of the cell can be confirmed after investigating the specific capacitance
for each floating test (voltage holding) as shown in Fig. 7(c). The floating test analysis showed
the specific capacitance for each 10 h period of holding at a maximum operating cell voltage
(2.0 V) for 180 h. Fig. 7(c) shows a specific capacitance increase for the first 60 h of floating

after which the specific capacitance was retained constant value for the next 120 h.
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Fig. 7.(a) Ragone plot for the NPAC-1//NAPC-1 device, (b) Columbic efficiency and specific capacitance

retention vs. cycle number and (c) specific capacitance as function of voltage holding time for a period of 180 h.
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The increased specific capacitance value for the device can be ascribed to the opening of small
pores, surface wettability and enhanced surface interaction of the electrode ions with the carbon
electrode upon voltage holding. The large micropore of the NPAC-1 play a role in the charging
of the double layer capacitor and the mesopores volume provide charge propagation pathways
during process. The surface functionalities on the NPAC-1 influence the surface chemistry and
interactions of the electrolyte ions with the carbon electrode leading to lower electrolyte ion
resistance and improved charge storage capability during the voltage holding process. In
addition, the excellent capacitance retention portrayed by the NPAC-1 electrode material
reveals a stable electrolyte ion interaction with the carbon surface. Thus the voltage holding

test is beneficial for pore opening and faster ion transport and charge storage.

The specific capacitance of the symmetric device was enhanced to 350 F gt by 69.5% from the
initial value of 206.4 F g™ up to 180 h (1 week and 12 h) holding time at 5 A g*. This
improvement is also emphasized with an increase in the device specific energy value from 28.7
to 48.6 Wh kg* after the floating test. Noteworthy, the specific energy of the cell obtained after
holding test at 5 A g is higher than that of the cell at 1 A g* (35 W h kg™) before the holding
test. Thus, this device demonstrated an excellent electrochemical stability over a long period

of time (~7+ days) in 2.5 M KNO3z aqueous electrolyte.

4. Conclusion

Ex-situ nitrogen-doped porous carbons have been successfully prepared through two steps
process: chemical activation of the peanut shell with different mass ratios of KOH as an
activating agent followed by nitrogen-doping with melamine. The experimental results
obtained show the effect of the mass loading of activating agents on the properties of ex-situ
N-doped activated carbon. The nitrogen-doped carbon yielded with the optimum mass ratio of

1:1 (PS:KOH) was found to be the best electrode material which displayed a high specific
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surface area of 1442 m? g and varying nitrogen configurations (40% pyridinic-N, 31%
pyrrolic-N, 28% graphitic-N and 1% NOx). The assembled supercapacitor (NPAC-1//NPAC-
1) based on the ex-situ nitrogen-doped peanut shell activated carbon electrode showed an
excellent specific energy and power of 34.9 Wh kg™ and 1 kW kg™, respectively in a wide
potential range of 2.0 V with a capacitance retention of 83.2% up to 20 000 cycles. NPAC-
1//INPAC-1 also presented good stability through voltage holding analysis up to 180 h
displaying a high specific capacitance and specific energy which demonstrated that the cell
device performed better after the voltage holding test. This study revealed that the ex-situ
nitrogen-doped porous carbon process is a promising and sustainable route for the synthesis of

relatively high nitrogen content N-doped AC for outstanding energy storing capability.
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