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The development of renewable carbon sources for sustainable energy storage applications is of significance

importance. Herein, we report the synthesis of three-dimensional N-doped carbons derived from lecithin

via a simple route. Hierarchical porous carbons with high surface area (up to 1803 m? g~ and nitrogen-

doping

level (up to 9.2 wt%) were successfully prepared by hydrothermal carbonization and

a subsequent thermal annealing. The electrochemical performance of the carbon electrodes was

examined with both two and three-electrode cell configurations in 1 M KOH and 1 M H,SO, electrolytes.

The as-prepared NC-800 electrode features a large specific capacitance (285 F g*1 at 0.5 A gfl),

high-rate capacitive behavior, and long-term cycling stability (8% loss after 20 000 cycles). Furthermore,
NC-800 exhibits an energy density of 24.7 W h kg™ at a power density of 500 W kg~tin 1 M H,SO,. The
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excellent electrochemical performance of N-doped carbons is attributed to the unique hierarchical

porous frameworks along with pseudocapacitive effect. This work opens up a new approach for

DOI: 10.1039/c7ra07984b

rsc.li/rsc-advances applications.

1. Introduction

Electrochemical supercapacitors (ESs), also known as electro-
double layer capacitors have received much attention due to
their high power density, fast charge-discharge rate, and long
cyclability."® ESs have been extensively implemented in
a variety of applications such as electronic devices, hybrid
electric vehicles, memory backup, etc.* ESs can be classified into
two types based on their charge storage mechanism: (a) electric
double layer capacitor (EDLC) in which energy is stored by
adsorption of ions on the electrode surface and (b) pseudo-
capacitor (also known as faradaic supercapacitor) in which
charge is stored through redox reactions on the electrode
material.?

The electrode material plays a key role in determining the
capacitance of a supercapacitor. To date, porous activated
carbons (PACs),>® metal oxides,” conductive polymers,® gra-
phene® and carbon nanotubes® have been utilized as potential
electrode materials in energy storage technologies.''> Among
these, abundant PACs present high surface area, excellent
stability, and moderate cost. However, pristine (or bare) PACs
suffer from low electron/ion conductivity, lacking of pseudoca-
pacitance contribution but also their mediocre electrochemical
performance lead to a poor energy/power density. In order to
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preparation of hierarchical N-doped porous carbon materials with tailored properties for supercapacitor

overcome these issues, pristine PACs have been modified by
introducing heteroatoms (such as N, S, P) into their framework
to further enhance the electrochemical activity, surface wetta-
bility, and electron/electrolyte conductivity through the pseu-
docapacitive contribution.”*** The induced electrochemical
activity may arise from shifting of the conjugation electrons
between heteroatom (lone-pair) and carbon framework, which
causes facilitation of electron transfer.'® Moreover, the high
surface area of PACs is mostly due to their overwhelmingly
microporous structure (i.e., micropore distributions ranging
from 0.5 to 1.1 nm). These narrow pores do not allow adequate
transport of ions which greatly hinder practical applications of
PACs as high energy/power density supercapacitors.””** There-
fore, it is essential to develop hierarchical porous architectures
with abundant micropores (to accumulate charge effectively),
interconnected mesopores (to reduce the ion diffusion
distance) and appropriate macropores (to serve as the ion-
buffering reservoirs for storing electrolyte ions).?*** In the last
decade, many template-based methods such as using silica
oxides or metallic compound have been reported for synthe-
sizing of hierarchical porous carbons.**** However, these
methods could not be commercialized due to the consumption
of high-cost templates and multistep synthesis process. Thus, it
is vital to develop a simple and inexpensive method for fabri-
cating of hierarchical porous carbon. In this work, we utilized
a straightforward chemical activation (with KOH) approach
which yields a 3D hierarchical porous structures. The successful
formation of hierarchical porous carbon using KOH activation

This journal is © The Royal Society of Chemistry 2017
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approach has been well-studied previously by Qie,* Fang® and
Wei* et al.

With the depletion of fossil fuels and increasing environ-
mental pollution, there is a great demand to develop electrode
materials derived from the renewable, eco-friendly and low-cost
resources such as biomass and their derivatives. So far, the
efforts have been devoted to carbon electrode materials origi-
nated from willow catkins,*” pine cone,?® lignin,*-* fungi,** and
wood sawdust.®® In this work, we examine the utilization of
lecithin, an agricultural byproduct which is readily available
with high purity. Lecithin is a mixture of phosphatides
produced from a vegetable source such as soybean or an animal
source such as eggs,**** and is currently used as a natural
surfactant in the food, cosmetics, food emulsions and paints
industries.>* Since the annual supply of lecithin is in great
excess, it is desirable to find the alternative applications for
lecithin.

In this paper, we develop a facile and low-cost strategy to
produce hierarchical N-doped porous carbons from lecithin as
carbon precursor. Our proposed synthetic strategy focuses on (i)
utilizing the low-cost resources, (ii) creating high surface area
along with hierarchical porous networks, and (iii) enhancing
electrochemical performance. The electrochemical perfor-
mance will be examined with two and three-electrode cell
configurations in both acidic and basic electrolytes.

2. Experimental

2.1. Chemicals

Soybean lecithin was received from Stakich Inc. (Bloomfield
Hills, MI). The potassium hydroxide (KOH) and polytetrafluoro-
ethylene (PTFE, 60 wt% dispersion in H,0) were obtained from
Sigma-Aldrich. Carbon black was received from Alfa Aesar. Ni
foam was received from MTI Corporation. Chemicals were used
as received unless mentioned in the text. Water (18.2 MQ cm) was
used as a solvent in the hydrothermal treatments.

2.2. Synthesis of bio-char from lecithin

Bio-char was prepared by hydrothermal carbonization (HTC) of
lecithin using in situ ultra-sonication. In a typical synthesis, 10 g
of lecithin was mixed with deionized water (80 mL) into sonicated
Col-Int reactor. The temperature and pressure of the reactor were
maintained at 300 °C and 100 bar, respectively, for 30 min
reaction time.** The reactor was cooled to room temperature and
the resultant bio-char was isolated by filtration.

2.3. Synthesis of N-doped 3D hierarchically porous carbon

N-Doped 3D hierarchically porous carbon was synthesized by
thermal annealing of bio-char in the presence of KOH (surface
activating agent) and urea (a nitrogen source). In a typical
procedure, 3.32 g KOH was dissolved in 20 mL deionized water.
Then, urea (6.64 g) and bio-char (3.32 g) were added to the KOH
aqueous solution and stirred for 30 min. The reaction mixture
was transferred into an 80 mL Teflon-lined stainless autoclave
and then heated to 90 °C for 10 h. The obtained brown product
was filtered and dried at 80 °C overnight. The dried sample was
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heated to a given temperature 700, 800, or 900 °C at a heating
rate of 5°C min~" for 1 h under N, flow in a Carbolite (MTF250)
tubular furnace.

2.4. Physical characterization

FT-IR spectra of samples were obtained by using a Smart ATR
Nicolet Nexus 670 FT-IR spectrometer. A sample was placed
directly on a diamond tip and spectra collected from averaging
with operating 16 scans with a resolution of 4 em " scanned
from 4000 to 400 cm . The extent of graphitization was exam-
ined by Raman spectroscopy (Horiba LABRam HR; excitation
wavelength = 532 nm). The Brunauer-Emmett-Teller (BET)
specific surface area and pore size distributions were obtained
from an Autosorb iQ2 (Qantachrome) surface analyzer. Pore size
distribution maxima was calculated using N, isotherm at 77 K
on carbon model (slit/cylindrical pores and QSDFT method
using adsorption branch). The micro pore volume was deter-
mined by cumulative pore volume at 2 nm maxima of the PSD
assuming slit/cylindrical shaped pores and QSDFT model. Total
pore volume was measured at P/P, equal 0.95. Thermal stability
test of the synthesized materials was performed using a Perkin
thermo-gravimetric analyzer. Operating conditions were fixed to
a constant heating rate of 5 °C min~ " with the N, flow (ranging
from 20 °C to 1000 °C). Scanning electron microscope (SEM)
(Hitachi SU-70 FE-SEM) images were obtained at 5 kV to examine
the morphology of the materials. X-ray photoelectron spectros-
copy (ESCAlab 250) was conducted in order to examine the
chemical composition (C, O, N) and nature of the functionalized
groups on the surface of the prepared materials.

2.5. Electrode preparation and electrochemical
measurement

The working electrodes were fabricated from a mixture of 80 wt%
active electrode material, 10 wt% carbon black and 10 wt% binder
(PTFE) in ethanol solution. The viscous slurry was casted onto
a current collector (nickel foam, 1.5 cm x 3 cm) and dried at 80 °C
for 12 h in vacuum. In order to achieve a good electronic contact,
dried electrode was uniaxially pressed at 5 tons. The geometric
exposed surface area of the prepared electrode was 0.32 cm”. The
amount of active material and thickness of electrode were about
1.6 mg and 45 pm so that the calculated densities of electrode
films are about 1.15 g cm ™. In a three-electrode cell configura-
tion, as-prepared electrodes operated as a working electrode, Pt
wire as auxiliary electrode and Ag/AgCl (1 M KCl solution) applied
to reference electrodes in 1 M KOH electrolyte within the potential
range of —1.0 to 0.0 V on a CHI 660E electrochemical workstation
(CH Instruments Inc.) at room temperature. Additionally, a two-
electrode cell testing was conducted in a 2025 coin cell with two
nearly identical electrodes and Fisher brand (P8) filter paper as
a separator. 1 M KOH and 1 M H,SO, aqueous solutions were
examined as electrolytes, within the potential range of 0 to 1.0 V.
The EIS data were collected in the frequency range of 0.01 Hz to
500 kHz with a 5 mV AC amplitude.

The gravimetric specific capacitance (C,, F g~ ") of the elec-
trodes was calculated from the galvanostatic charge-discharge
(GCD) curves according to the eqn (1) and (2):
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C = m(three-elec‘[rode cell) )]
2IAt
G = m(two-electrode cell) (2)

where I is the discharge current (A), AV is discharging voltage m
is the mass of the active electrode material (g) and At is the
discharge time.*

The volumetric specific capacitance (C,, F cm™®) was calcu-
lated by following equation:*”

C, = pC; 3)

where Cs is specific capacitance, p (g cm™?) is the packing
density calculated by eqn (4)*®
am

A (4)

p=

where m is amount of total material, « is the weight fraction of
the active material (0.8), [ is thickness of electrode and A is
geometric area of electrode.

The energy density (E, W h kg™') and the power density
(P, W kg™ ") of a supercapacitor in two cell-electrode configura-
tions obtained by the following equations:

1

E=3CA V2 (5)
E
P=4 (6)

3. Results and discussion

The schematic synthesis pathway of N-doped carbons derived
from soy lecithin via a two-step process is shown in Fig. 1. First,
soy lecithin was converted into bio-char via hydrothermal
carbonization (HTC) using the in situ ultra-sonication reactor.
In the second step, the bio-char was treated with urea and KOH
and then transformed to N-doped porous carbons via thermal
annealing. In this process, soy lecithin and urea were consumed
as carbon and nitrogen sources while KOH was used as a pore
forming agent. The carbons were labeled as NC-x, where N and
C denote the nitrogen and carbon, respectively and x refers to
the carbonization temperature in °C. For comparison, a pristine
lecithin-derived carbon (C-800) was processed in the same
manner but without the use of nitrogen source. We like to note
that our utilization of lecithin as precursor, without further
purification, is a sustainable method for the “green” production
of carbon materials. The environmentally-benign hydrothermal
carbonization together with relatively mild annealing process
and lack of toxic byproducts, offer a clean and easy way for the
production of nitrogen-doped porous carbons.

3.1. Physical properties

The scanning electron micrographs of NC-700, NC-800, NC-900
and C-800 are shown in Fig. 2a-e. Regardless of the annealing
temperature, N-doped carbons showed irregular 3D morphology
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Fig. 1 Schematic illustration for synthesis of hierarchical N-doped
porous carbons.

with various sizes. It is important to see that an abundant mac-
ropore channel structure exists in NC-800 sample at high
magnification, which may be attributed to the KOH etching
process.* As shown in Fig. 2f-h, energy-dispersive X-ray spec-
troscopy (EDX) elemental mapping of NC-800 reveals a homoge-
neous distribution of C, N, and O elements in the structure.

The thermogravimetric analyses of lecithin and biochar are
shown in Fig. 3a. The small initial weight loss from room
temperature to 150 °C is due to the physical adsorption of water
in both the samples. The decomposition of lecithin and bio-
char started at around 200 °C and continued till 500 °C. The
residual mass content of the lecithin and bio-char was found to
be 17.1 and 27 wt%, respectively. FT-IR spectra of bio-char, NC-
800, C-800, as well as lecithin, are shown in Fig. 3b. Vibrational
peaks located between 3200 and 3600 cm ™" correspond to ~OH
stretching band, between 3010-2855 c¢m™ ' correspond to
aliphatic -CH and stretching of carbonyl groups fatty acids
C-C=O0 identified in the IR spectrum of lecithin appears at
1738 c¢cm™'. Additionally, the peaks located at 1217 and
1061 cm ™' assigns to phosphate functional groups, are char-
acteristic peaks for lecithin.*” The vibrations of the oxygen and
phosphate functional groups such as C-C=0, O=P-O, ob-
tained from lecithin and biochar, disappeared after thermal
annealing. It is worthwhile noting that C-N functional group
could not be detected due to the their low intensity or small
amount of C-N functional groups.

Raman spectroscopy is conducted to probe graphitization of
N-doped carbons (Fig. 3c). The D-band located at 1346 cm ™
corresponds to amorphous sp® hybridized carbon while the
G-band at 1587 cm™ " refers to the presence of a well-ordered sp>
hybridized graphite structure. The intensity ratio of the D band
to the G band (R = Ip/Ig) reflects the graphitization degree.*"*>
In the present study, the intensity ratio (R) was found to be 1.01,
0.98, 1.02 and 0.91 for NC-700, NC-800, NC-900 and, C-800,
respectively, indicating that the highest degree of graphitiza-
tion arises at 800 °C annealing temperature. It is worth noting

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 SEM images of (a) NC-700, (b and c) NC-800, (d) NC-900, and (e) C-800 carbons. Elemental mappings of NC-800: (f) carbon, (g)

nitrogen, (h) oxygen.

that the abundant defect sites on the carbon frameworks were
observed at 900 °C caused by KOH etching process and
decomposing of N and O functional groups at high
temperature.**

KOH surface activation used here follows a typical reaction
mechanism,*

—CH, + 4KOH — K,CO; + K,0... 7)
2C + 6KOH — 2K + 3H, 2K,COs... (8)

where the production of CO, from the decomposition of K,CO;
contributes to the porosity formation via carbon gasification.
Additionally, the reaction of potassium compounds (K/K,CO;/
K,O0) with carbon leads to decomposing of graphite sheets in
the carbon matrix,* forming amorphous carbon at elevated
temperatures, which is consistent with the Raman analysis.

This journal is © The Royal Society of Chemistry 2017

Nitrogen sorption measurements were carried out to inves-
tigate the porosity of carbons. The BET equation was applied to
the N, adsorption isotherms for obtaining the surface area
where the P/P, range was chosen by micropore BET assistant
software to yield a high R, value and a positive line intersect of
multipoint BET fitting. In general, N, adsorption isotherms
exhibit a combination of type I and type IV characteristics
(Fig. 3d). A steep increase of N, uptake at a relatively low pres-
sure indicates the presence of mostly micropores while the
broadening of the knee in the medium pressure range is a sign
of introducing narrow mesopores into the system.** The BET
surface areas were found to be 1264, 1803, 2695 and 1438 m> g~ "
for NC-700, NC-800, NC-900 and C-900, respectively (Table 1).
Micro and total (in parenthesis) pore volumes were 0.4 (0.56),
0.57 (0.8), 0.61 (01.2) and 0.44 (0.82) cm?® g~ for NC-700, NC-
800, NC-900 and C-900, respectively. It is worth mentioning

RSC Adv., 2017, 7, 42430-42442 | 42433
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Fig. 3 (a) TGA curves of lecithin and bio-char, (b) FTIR spectra of lecithin, bio-char and NC-800, (c) Raman spectra of N-doped carbons, (d) N,

isotherms of samples at 77 K, and (e) pore size distributions curves derived from N, isotherms.

that the BET surface area, pore size distribution, and pore
volume of the as-prepared carbons strongly depend on the
annealing temperature. At a relatively low temperature of
700 °C, the wide micropores (>1 nm) or any mesopores could
not develop properly due to insufficient KOH etching effect.*®
Increasing annealing temperature facilates the formation of
micro/meso structure due to the enhanced KOH etching. The
surface area and ratio of micro to total pore volume of NC-800
were approximately 20% higher than pristine (C-800), which is
caused by the volatilization of nitrogen-containing groups as
defects at early stages of annealing and leads to micro/
mesopore structure formation.*” The pore size distribution of
samples indicates the presence of micropore and mesopore
ranging from 0.8 to 3.2 nm as shown in Fig. 3e and summarized

42434 | RSC Adv., 2017, 7, 42430-42442

in Table 1. Such a hierarchically porous structure along with
high surface area is highly desirable for high capacitance, ion
transportation, and charge accumulation.*®

The surface chemical composition of samples was investi-
gated by XPS as shown in Fig. 4a. The carbon content of carbons
was found to be 75.3, 77.8, 79 and 82.5 at% for NC-700, NC-800,
NC-900 and C-800, respectively, as shown in Table 2. A higher
carbon content at elevated annealing temperatures is due to the
deoxygenation or releasing of high volatility nitrogen functional
groups. The nitrogen content is 9.2, 6.5 and 3.4 at% in NC-700,
NC-800 and NC-900, respectively. XPS results reflect the
successful nitrogen doping in bio-char by using urea. A small
amount of nitrogen presented in C-800 (pristine) is due to the
inherent nature of lecithin material. The small peak appeared

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra07984b

Open Access Article. Published on 01 September 2017. Downloaded on 2/7/2026 10:13:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
Table 1 Physicochemical and electrochemical properties of produced carbons
Pore volume
Sample Co(Fg™ Ipllg N/C ratio BET surface area” (m? g™?) PSD‘ (nm) Micro? (ecm® g ™) Total® (cm® g™ ")
NC-700 236 1.01 0.12 1264 0.8-2.2 0.4 (71) 0.56
NC-800 285 0.98 0.08 1803 1.1-2.4 0.57 (71) 0.8
NC-900 263 1.02 0.04 2695 1.1-2.5, 3.2 0.61 (51) 1.2
C-800 248 0.91 0.01 1438 0.9-2.3 0.44 (53) 0.82

“ Calculated at 0.5 A g~ current density. * Calculated in the partial pressure range which gives the best linear fitting. ¢ Pore size distribution
maxima calculated using N, isotherm at 77 K on carbon model (slit/cylinder. pores, by using QSDFT method and adsorption branch of N,
isotherms). ¢ Determined by cumulative pore volume at 2 nm maxima of the PSD assuming slit/cylindrical shaped pores and QSDFT model; the
values in parentheses are the percentage of micropores volume relative to total pore volume. ¢ Total pore volume at P/P, = 0.95.

in the survey plot at 446 eV may be attributed to indium, which main peak located at 284.6 eV assigned to C=C bonding. The

is used as a substrate for XPS analysis. A high-resolution
deconvolution of C sp® peak is shown in Fig. 4b with the
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(@) (b) RS NC-800
(o] C
NC-900 l n N -
E)
NC-800 I S
:'? C-CICHXIC=N
NC-700 2
'_—_-‘__J—‘—‘——-\J 9 L0 _eup S
C-800 £ arbonate
800 sl.)o 430 200 5 2;38 252 -
Binding Energy (eV) Binding Energy (eV)
(c) c=o  NC-800 (d) ~ Ne-Too
Pyrrolic
O1s N 1s
?, Pyridinic
2
2 \ Quarternary N
2
=
- Oxidized N
0-C-0/C-OH / X120

Binding Energy (eV)

Binding Energy (eV)

T T T T T
6 398 400 402 404 406 408

(e) NC-800

—» Pyrrolic
N1s

Quarternary N
Oxidized N

Intensity (a.u)

(f)

L yrrolic

Pyridinic
Quartern

NC-900
N1s

ary N
Oxidized N

Binding Energy (eV)

6 398 400 402
Binding Energy (eV)

T T
404 406

Fig. 4 XPS analyses of produced carbons: (a) survey spectra of NC-700, NC-800 and NC-900, (b) C 1s core level analysis of NC-800, (c) O 1s core
level analysis of NC-800, (d) N 1s core level analysis of NC-700, (e) N 1s core level analysis of NC-800, and (f) N 1s core level analysis of NC-900.
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Table 2 Elemental and surface composition of samples®
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Sample C (Wt%) N (Wt%) O (Wt%) Pyridinic (at%) Pyrrolic (at%) Oxidized (at%) Quarternary (at%)
NC-700 75.3 9.2 15.5 37.7 46.9 6 9.2

NC-800 77.8 6.5 15.8 15.1 68.4 5.3 11.3

NC-900 79.0 3.4 17.5 16.1 70.8 7.2 5.7

C-800 82.5 0.6 11.9 — — —

¢ Elemental analysis was run by XPS.

scans over smaller energy windows at a high resolution of the O
1s are presented in Fig. 4c where two types of oxygen functional
groups are identified. The main peak located at 531.1 eV refers
to C=0 bond while the small peaks at 532.9 eV correspond to
O-CO/C-OH bonds. The high-resolution deconvolution of the N
1s spectrum was also used to analyze the nature of the N atoms/
functionality which revealed four distinct types of nitrogen
functionalities: pyridinic-N (398.4 eV), pyrrolic-N (400.1 eV),
quarternary-N (401) and oxidized-N (402.5 eV),**** as shown in
Fig. 4d-f. The initial active sites for pseudocapacitive interac-
tions could be facilitated by easily accessible pyridinic/pyrrolic
and quarternary nitrogen groups.*®

3.2. Electrochemical performance

The electrochemical performance of the as-prepared electrodes
was evaluated using cyclic voltammetry (CV) in 1 M KOH elec-
trolyte solution and a three-electrode cell configuration. At
20 mV s~' scan rate, all of the carbon electrodes displayed
rectangular-like cyclic voltammograms between —1 to 0.2 V,
indicating a nearly perfect capacitive performance (Fig. 5a). The
CV curves of carbons with appreciable N-doping feature a slight
deviation from perfect rectangular shape and reveal a slight
bump within —0.7 to —0.2 V. This is because of the presence of
nitrogen functional groups which lead to enhanced surface
wettability and pseudocapacitance.'* A clear upward trend in CV
plot of C-800 (at 0 V) can be observed which is due to the higher
intrinsic resistivity. The CV curves of NC-800 are slightly devi-
ated from the rectangular shape at high scan rates (>50 mv s )
as shown in Fig. 5b. This deviation can be linked to the poor
penetration/distribution of applied potential through the
material pores, the inherent resistance of the electrode mate-
rial, electrolyte diffusion resistance, and the contact resistance
between the current collector and the active material.>> To
further examine the electrochemical performances of the
carbon electrodes, the galvanostatic charge/discharge (GCD)
measurement was carried out within —1 to 0 V at a current
density of 1 A g~ (Fig. 5¢). The long discharging time recorded
for NC-800 sample is an indicative of a superior capacitive
performance similar to the CV result. Additionally, the GCD
curves for NC-800 at various current densities are shown in
Fig. 5d and e. Although the IR drop is present at relatively high
current densities, the anodic charging and cathodic discharging
segments in NC-800 formed symmetric triangles, which is
suggesting a fast dynamics charge-discharge process and
proper capacitive characteristics. The specific capacitance (Cs)

42436 | RSC Adv., 2017, 7, 42430-42442

was calculated from the GCD curves using eqn (1) (Fig. 5f). The
C; of electrodes were measured as 236, 285, 263 and 248 F g~ 'for
NC-700, NC-800, NC-900 and C-800, respectively at a current
density of 1 A g~ '. The specific capacitance contributed by
nickel substrate was less than 0.1%. Among all studied elec-
trodes, NC-800 sample exhibited the best capacitive behavior.
Following reasons may be speculated for superior performance
of NC-800. First, the C; of NC-800 was 21% higher than NC-700
because of a significant enhancement in the surface area of
NC-800 (1803 m* g~ ') as compared to NC-700 (1264 m* g~ ). A
high surface area (or total pores volume) enhances the mass
transport through the porous framework increasing access to
the ion-accessible surface area and the number of electroactive
sites.”*** Second, the C; slightly decreases when the annealing
temperature is increased from 800 to 900 °C, which is related to
a decrease in the N/C ratio and in micro/total pore volume ratio.
Third, the Cs for NC-800 is 15% more than the pristine electrode
(C-800), which is due to the higher BET surface area and
nitrogen doping level of the former.>*** Following pseudoca-
pacitance reaction takes place in nitrogen-containing func-
tional groups®*

—CH-NH, + 20H™ < -C=NH + H,0 + 2¢~ 9)

~C-NH, + 20H™ + 2H" < -C-NHOH + H,0 +2¢~  (10)

The C, of NC-800 remained as high as 270, 264, 245, 226 and
200 F g’1 at various current densities 1, 2, 5, 10 and 20 A g’l,
respectively, indicating a quick charge propagation capability
and facile ion transport within electrode surface.

To further understand the capacitive properties for the
practical applications, the asymmetric two-electrode cell is
assembled to evaluate NC-800 and C-800 electrodes in 1 M KOH
and 1 M H,SO, electrolytes. Fig. 6a shows typical quasi-
rectangular shape in both acidic and basic electrolytes at
20 mV s~ . NC-800 exhibited slightly higher CV area along with
a bump when compared to C-800. NC-800 displays a symmetric
shape over the entire voltage range up to 200 mV s~ in both
acidic and basic electrolytes, indicating a good rate perfor-
mance as shown in Fig. 6b and c. It is noted that the deviation of
CV curve in two-electrode cell is different from three-electrode
cell which is probably due to counter electrode and potential
window sweeping in three-electrode cell. Fig. 6d illustrates
a symmetric triangular GCD curves for NC-800 and C-800 at
a current density of 1 A g ' in the acidic/basic electrolyte. The

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Electrochemical performance of the as-prepared electrodes tested in three-electrode cell in 1 M KOH electrolyte: (a) cyclic voltam-
mograms (CV) curves of NC-700, NC-800, NC-900 and C-800 at 5 mV s~ ! scan rate, (b) CV curves of NC-800 at different scan rate from 1 to
50 mV s, (c) the GCD curves of as-prepared electrodes at 1 A g~ current density, (d and e) GCD curves of NC-800 at from 2to 20 Ag~?, and (f)

specific capacitance of as-prepared electrodes.

GCD curves of NC-800 at various current densities are depicted
in Fig. 6e and f. Only a slight IR drop has been observed at high
current densities implying that the faradaic pseudocapacitance
is still present in the nitrogen-doped sample. NC-800 and C-800
exhibited a capacitance of 156 and 130 F g~' in 1 M KOH and
178 and 132 F g~ ' in 1 M H,SO, electrolyte, respectively, at
0.5A g " current density (Fig. 7a). The induced C in NC-800
originates from improved faradaic characteristics caused by
nitrogen and oxygen doped functional groups. In addition, the
superior electrochemical performance the electrodes could be
attributed to a unique hierarchical porous structure of the
material. Similarly, Fang et al. suggested that the optimal
design of hierarchical porous architecture in the electrode
material can enhance the electrochemical activity for the energy
storage applications where micro pores are responsible for the

This journal is © The Royal Society of Chemistry 2017

charge accumulation, interconnect porosity for rapid ion
diffusion, and macroporosity for ion-buffering in the electro-
lyte.”***57 The fact that NC-800 sustains a capacitance value as
high as 95 F ¢~ * (in 1 M KOH) and 104 F g~ (in 1 M H,S0,) at
15 A ¢! current density suggests a proper capacitive perfor-
mance with a favorable reversibility. We further measured the
volumetric capacitance (C,) of NC-800 and C-800 (pristine)
using eqn (3) and a two-electrode cell configuration. The C,
values are found to be 179, 174, 149 and 128 F cm > for NC-800
and 150, 143, 114 and 104 F cm > for C-800 a current density of
0.5,1,5 and 10 A g~ ', respectively. The volumetric capacitance
of NC-800 was notably much higher than C-800.

The Ragone plots from the GCD experiments in a two-
electrode configuration are compared for NC-800 and C-800 in
Fig. 7b. The N-doped sample displayed higher power and energy

RSC Adv., 2017, 7, 42430-42442 | 42437
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in1M H2804.

densities than the pristine sample in both KOH and H,SO,
electrolytes. NC-800 displays (calculated from eqn (5) and (6)) an
energy density of 21.6 W h kg™ at a power density of 500 W kg "
while C-800 exhibits an energy density of 18 W h kg™ at a power
density of 500 W kg™" in 1 M KOH electrolyte. In 1 M H,S0,
electrolyte solution, NC-800 displays an energy density of
24.7 W h kg™' at a power density of 500 W kg~ " while C-800
exhibits an energy density of 18.3 W h kg™ ' at a power density
of 500 W kg ', which higher or comparable to the reported
values for other biomass-derived carbon materials summarized
in Table 3.

The Electrochemical Impedance Spectroscopy (EIS) analysis
is performed in the frequency range of 0.01 Hz to 500 kHz to
investigate the charge-transfer resistivity and ion diffusion

42438 | RSC Adv., 2017, 7, 42430-42442

performance of the electrodes (Fig. 7c). Near vertical straight
lines in a low frequency are an illustration of the ideal capacitive
behavior. In addition, the slope of the curves at a low frequency
region also called as Warburg impedance (W) is very short
which is indicative of a short diffusion pathway and an efficient
access of the electrolyte ions to the electrode surface.®® The
x-axis intercept on the real axis (Z') in the high-frequency region
corresponds to ohmic resistivity (Rs) which is derived from
contact resistance between the current collector and the active
material. The R, values were calculated as 2.9 and 4.1 Qin 1 M
KOH and 4.8 and 5.3 in 1 M H,SO, for NC-800 and C-800,
respectively, confirming a higher contact conductivity of NC-
800 as compared to the pristine electrode. The Nyquist plot of
both electrodes showed a semicircle in the high-frequency

This journal is © The Royal Society of Chemistry 2017
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Table 3 Activation method, textural properties and specific capacitance of electrodes prepared from various precursors

Surface area Capacitance Measurement

Carbon precursor Activation method (m*g ™) (Fg™ Electrolyte condition Ref.
Lecithin HTC/KOH 1803 285 1 M KOH 05Ag" This work
Chicken eggshell KOH 221 297 1 M KOH 02Ag" 58
N-Doped graphene oxide 144.6 0.1 M KOH 02Ag" 59
Rice ZnCl, 2106 398 6 M KOH 0.2 A g71 60
Seaweeds Thermal 1307 264 1 M H,S0, 02Ag" 61
Lignin TEOS 1115 260 6 M KOH 0.5A g71 62
Sucrose NH4NO; 518 277 1 M H,SO, 0.5 mA 63
Watermelon KOH 2936-3420 150.6 6 M KOH 0.2 A g71 64
Glucosamine Hydrothermal 200 56 1M H,SO, 2mvs ! 65
Fish scale KOH 2273 168 7 M KOH 0.05 A g71 66
Tobacco waste Self-activation 1104 170 6 M KOH 05Ag" 67

range known as the charge transfer resistance R... The R values
were found to be 1.4 and 5.6 Q in 1 M KOH and 4.8 and 4.3 Q in
1 M H,SO, for NC-800 and C-800, respectively. The small charge
transfer resistance can ensure the superior ability for rapid
electron transportation in the electrode surface.*®*

In order to evaluate the cycling stability of NC-800, the GCD
was carried out in 1 M KOH and 1 M H,SO, electrolyte at 5 Ag™"
in a two-cell electrode configuration as shown in Fig. 7d. The
capacitive performance of NC-800 resulting in a retention of
about 81.3% over 10 000 continuous cycles in 1 M H,SO, which
is caused by releasing of active material from the current
collector. In 1 M KOH electrolyte, the capacitance retention of
NC-800 is yet 92% over 20 000 cycles, reflecting a long-term

This journal is © The Royal Society of Chemistry 2017

stability of NC-800 as an electrode material in the basic
electrolyte.

4. Conclusions

This work reports a facile method for the preparation of
hierarchical N-doped porous carbons derived from farm-
based renewable precursors. NC-800 sample exhibited the
highest specific capacitance of 285 Fg " at1Ag ' in 1 M KOH
due to the collaborative effects of nitrogen functional groups,
high surface area and the well-developed hierarchy of pores.
Moreover NC-800 delivered a maximum energy density of
21.6 W h kg™ " and power density of 500 W kg™ . In addition,

RSC Adv., 2017, 7, 42430-42442 | 42439
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NC-800 electrode featured outstanding capacitance retention
over 20 000 cycles. The proposed strategy offers an efficient
and economically reasonable utilization of lecithin to
generate N-doped carbons for energy storage applications.
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