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ABSTRACT

Doping and surface modification of porous carbon materials derived from biomass are part of the research
hotspots that promote high performance and low cost of electrode materials for supercapacitors, owing to
advantage of tunable unique structure of renewable biomass. Nitrogen-rich spirulina extract impregnated castor
shell was used to effectively regulate and modify the surface morphology of biomass carbon by KOH
activation and high-temperature calcination. The prepared porous carbon exhibits nitrogen-rich micro-
mesoporous carbon with unique interconnected network structure and higher specific surface area (1527
mZ2g~1) after the high temperature treatment for supercapacitor electrode. The nitrogen-rich organic functional
groups derived from extract of spirulina improve interaction of KOH and castor shells responsible for
formation of unique interconnected micro-mesoporous structure. The as-prepared nitrogen doped micro-
mesoporous carbon contributes to enhance charge transfer, and to decrease mass transfer resistance of
supercapacitor electrode. A good electrochemical performance with high specific capacitance of 333 Fg=1 at 1
A g~ was obtained. The charge/discharge cycling behavior shows only loss of 0.3 % of total capacity after
10,000 cycles at 10Ag~1. The two-electrode configuration of assembled CSSK material displayed a
remarkable energy density of 10 Wh kg~! at a power density of 600 W kg~ and good cycling behavior (after
10000 cycles 91.7 % retention of specific capacitance). Thus, strategy of the extract mediated synthesis is
facile and effective to improve the performance of porous carbon for promising candidates as low-cost
electrode materials for supercapacitors.
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INTRODUCTION

Supercapacitors are widely used in consumer electronics, electric vehicles, and pulsing technology among
others that required durability, and so special need for high performance electrode material. Particularly,
porous carbons excel in study as the main electrode material, owing to excellent property, including unique
large specific surface and chemical stability which essentially improves the performance at relatively low cost
for supercapacitor™2. Biomass as a precursor for new environmentally friendly carbon materials is converted
into various porous carbon materials as electrode for high performance in charge and discharge processes of
EDLCs®“. However, the biomass carbonization is a complex process which contains many chemical reactions
such as dehydration, decomposition, condensation and polymerization etc.® Introduction of an activation
reagent such as KOH®, CaCOs’, HsPO4® etc. in the carbonization process to obtain special structure of the
porous carbon electrode material has been a promising technology. Especially the rich micro-mesoporous
structure carbon shows good performance for supercapacitors, which is attributed to large specific surface area
and excellent charge transmission channel in efficient electrodes®*°. Heteroatoms doping (nitrogen and oxygen
etc.) can uniquely improve the performance of carbon electrodes by inducing pseudo-charge transmission
channel**?, Therefore searching for biomass as precursor and synthesis mothed of porous carbons has been
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very useful for advancing the supercapacitor performance'®!®. Sun et al.!® synthesized biomass-derived
nitrogen-doped micro-mesoporous carbons with high specific surface area from silkworm cocoon for electrode.
However, the carbonization activation process of lignin and cellulose based natural plants biomass is
conventionally complicated and difficult to form promising porous carbon structure. Furthermore, the limited
nitrogen content of conventional lignin and cellulose based biomass not conducive to synthesize high
performance nitrogen doped carbon materials.

Recently, Gao et al.!’” prepared micro-mesoporous carbon from algae (Enteromorpha prolifera) by a self-
template method. Algae contain carboxylic/hydroxyl groups and mineral salts as a precursor induced a special
porous carbon structure to enhance the performance of the electrode materials'®%°. The composition of algae
mainly includes proteins, polysaccharides and lipids etc. Especially, spirulina are easily liquefied into water-
soluble organic matter rich in nitrogen functional groups which similar to soluble organic reagents for nitrogen
doping as nitrogen sources?® 2L, Inspired by these studies, we attempted to design the extract of spirulina
induce the carbonization of natural nutshell biomass to form specific micro-mesoporous structure.

In this work, the novel nitrogen-rich extract of spirulina to impregnate castor shell powder derived from castor
processing waste for forming infiltrated networks as precursor with KOH to synthesize nitrogen doped micro-
mesoporous carbon was investigated. The organic groups of the spirulina extract improve the interaction
between KOH and castor shells to induce the formation of unique interconnected networks micro-mesoporous
structure with higher specific surface area by high temperature activation process was investigated. The as-
prepared nitrogen-rich micro-mesoporous carbon materials for electrode are studied to improve performance of
supercapacitor. The use of microalgae extract indeed contributes to improve the structure and surface
properties of porous carbons derived from biomass by more effective carbonization/activation and it is a
renewable green synthetic route for micro-mesoporous carbon electrode materials.

Experiment Section
Syntheses of Spirulina Extract

The purchased spirulina powder (Forrida bio-health technology Co. LTD, Beijing, China), without further
treatments, was characterized by FTIR and elemental analysis, and results are shown in Figure 5 and Table 1.
The amounts used for hydrothermal process, 2 grams of spirulina powder, were well dispersed in 50 mL
deionized water at room temperature. The completed heating process in autoclave for 4 h at 200 degree was
gradually cooled to room temperature, and extract concentration of 37.5 g L™ was obtained by filtration and
centrifugation and called water soluble spirulina extract (SE). As a nitrogen dopant, it contains 9.53 %
nitrogen (see table2).

Castor shell powder (CSP) from Shandong Zibo Jiaxiang Castor Seed Industry Technology Co., Ltd, China,
with ground particles less than 200 mesh in 2 grams, was impregnated in 4 mL of the Spirulina extract at 40 °C
overnight. Subsequently, the functionally bonded extract/CSP was made paste with 2 mL of KOH (2 M)
activator, allowing intercalation of potassium ions into the coated structure for effective activation at 40 °C
overnight. The functional interactivity equilibrium was reached by drying the paste at 80 °C for 24 h. Then,
decomposition reaction was performed, using calcination temperature of 800 °C, and the process was
controlled under nitrogen atmosphere gas for 4 hours, also cooled down gradually to room temperature. All the
traces of inorganic salt were removed with 2 M hydrochloric acid, and the dried sample designated CSSK was
characterized structurally. Investigated contributions of the spirulina extract and KOH activator were
completed by elimination method to synthesize comparable samples designated CSS without KOH activator
and CSK without spirulina extract. The process of the syntheses are maintained like that of CSSK, and the
sample without extract and activator is designated CSC.

Characterization

Powder X-ray diffraction (XRD) was recorded on an X’Pert Pro X-ray diffractometer (PANalytical BV,
Netherlands) with Cu Ko radiation at a voltage of 40 kV and a current of 30 mA. The morphology and
structure of the samples were further analyzed by using LEO 1530 Scanning Electron microscope (SEM) and
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Philip Analytical FEI Tecnai 30 high resolution transmission electron microscope (TEM) at an accelerating
voltage of 300 kV. The Brunauer-Emmett-Teller (BET) specific surface area, pore volume and pore size
distribution were measured by ASAP 3020 Micromeritics instrument. Fourier transform infrared spectroscopy
(FTIR) was performed on a FTIR Nicolet Avatar 330 (Nicolet, USA) instrument. The spectra were recorded in
the region of 4000-400 cm™ using condition of 32 scans at a 2 cm™ resolution. Raman spectroscopy was
acquired using a HORIBA Xplo RA Raman spectrometer with a laser excitation wavelength of 532 nm and a
power of 16 mW. X-ray photoelectron spectroscopy (XPS) was carried out using a Qtac-100 LEISS-XPS
instrument with a monochromatized micro focused Al X-ray source. The binding energy was calibrated by C
1s peak at 284.8 eV. Organic elemental analysis was carried out using an Elementar analyzer (varioEL Il
Elementar).

Electrochemical Measurements

The electrochemical measurements were measured by cyclic voltammetry (CV), chronopotentiometry (CP),
and A.C. impedance techniques, using a computer-controlled potentiostat: CHI660D electrochemical
workstation at ambient temperature. The composition of the electrodes is the same for three-electrode and two-
electrode test systems. The working electrode was prepared by mixing the asprepared materials, acetylene
black, and polytetrafluoroethylene (PTFE) in a mass ratio of 8:1:1, the mixture was rolled into films of
uniform thickness (~0.1 mm) and followed by drying at 60°C for 12 h. Finally, the films were pressed into
nickel foam current collectors with a tablet press. Three different electrodes were formed with the activated
CSK, CSS and CSSK. They were wetted in electrolyte to equilibrium of electrolyte ions on the carbon
electrode surface, and the maximum wetting time is 1.5 h with 10 times rerun scan at rate of 5 mV s™.
Standard 6 M KOH electrolytic solutions were used for both systems.

In three-electrode system comprising counter, working, and reference (Hg/HgO tube) electrodes, the current
density was obtained within potential window of -0.5 to 0.2 V at various scan rates: 20, 40, 60, 80, and 100
mV s1. Galvanostatic charge-discharge (GCD) process was completed with usable potential range from -0.5 to
0.2 V versus time. Electrochemical impedance (EIS) of the electrodes was measured, the frequency range is
0.01 Hz to 10 kHz, and the alternating voltage amplitude is 5 mV. Parameters of capacitance for two-electrode
and three-electrode systems are stated in equation (5-1), respectively. Energy and power densities were
calculated using equation (2) and (3), respectively.

Cg=({* At)/ (m * AV) Equation 1

Where Cq (F g is the gravimetric capacitance, I (A) is the discharge current, m (g) is the mass of active
electrode, At (s) is the discharge time, and AV (V) is the potential window.

Specific energy density (E) is calculated as following; in a unit of watt-hour per kilogram (Wh kg™):
E = (1/ (2*3.6)) Cq V2 Equation 2

Where, E (Wh Kg™) is the specific energy density, V2 (V) is the operating voltage calculated from Vmax — Vimin
at IR drop.

P =E/At*3600 Equation 3
P (W Kg™) is the specific power density, and At (s) is the discharge time.

RESULTS AND DISCUSSION

Material Structure and Morphology

The fabrication process of micro-mesoporous carbon is shown in Figure 1. This means spirulina extract
impregnation makes the castor shell powder to form an internal wetting structure. The interaction of organic
functional groups derived from castor shells and extracts under the catalysis of KOH was effective. Through
condensation and dehydration reactions and so on, the nitrogen-rich organic group from spirulina extract
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infiltrated into castor shell particles, which confirms that distribution of KOH is more effective as activator to
promote biomass carbonization to form interconnected networks micro-mesoporous materials by high
temperature treatment in nitrogen atmosphere.

Castor shell | 4777

Micro-mes’porous
Activated carbon

Figure 1 Nitrogen doped micro-mesoporous carbon fabrication process. SE: spirulina extract

Figure 2 a-i represents SEM image of the samples. The CSSK sample obtained by simultaneous
decomposition and activation of spirulina extract impregnated castor shell powder with KOH activator, clearly
shows some uniformly dispersed pores and interconnected network structure. In comparison, the CSS sample
was prepared with castor shell powder as precursor containing the extract of spirulina without KOH, and it
shows spherical particle stacking. Blocky particles with irregular appeared on CSK sample which was prepared
without extract.

Figure 2 SEM images of all samples (a, b, ¢) CSSK, (d, e, f) CSS, (g, h, i) CSK

The TEM photos are shown in Figure 3 a-c. It is shown that there are overlaps between particles and some
pores with nanoscale unique interconnected network structure on the sample CSSK. For the CSS sample,
particles are densely with a few small holes and the CSK sample has a small amount of large pores. These
results suggest that the extract can be impregnated inside of the castor shell powders for forming internal
infiltrated structure, which may be beneficial to the interaction between the active agent KOH and the organic
groups of biomass, and tends to form smaller micro-mesoporous texture under high temperature. This means
that under the combined action of extract and KOH, the carbonization process of castor shell powder tends to
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be controlled to form more micro-mesoporous structures.

Figure 3. TEM images of all samples (a) CSSK, (b) CSS, (c) CSK

The XRD patterns of the obtained samples are displayed in Figure 4 a. It showed a broad peak at
approximately 24°and a weak band at around 44°corresponding to the (002) and (100) planes, respectively,
suggesting their typical amorphous graphitic structure. Obviously, it can be seen that the broad (002)
diffraction peaks of CSK and CSSK samples are shifted to a low angle, which may be attributed to the
activation process of KOH and the different surface doping amount of N and O heteroatoms of samples
derived from biomass®® 2%, The (100) peak intensity of CSSK and CSK is stronger than that of other samples,
which is due to the activation with KOH, promoting the degree of graphitization. Further, Raman spectra of the
samples are shown in Figure 4 b. Two peaks at 1344 cm™ and 1592 cm™ correspond to disordered and
defective texture (D band) and graphitic structures (G band), respectively. The relative intensity ratio of G band
to D band (lc/lp) represents the graphitization degree of carbon materials. The Ic/lp of CSS, CSC, CSK and
CSSK, is of 1.01, 1.04, 1.05, and 1.07, respectively with the gradual increase suggesting the enlargement of
degree of graphitization which is highest in CSSK. These results are in good agreement with XRD analysis.
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Figure 4 XRD pattern (a) and Raman spectra (b) of samples

Elemental analysis and infrared spectral data of Spirulina and castor shell powder are shown in Table 1 and
Figure 5, respectively. It can be seen that biomass contains inorganic salts and functional groups of
carbohydrates and proteins. Figure 6 shows FTIR spectra of samples pretreated with and without KOH at
40°C. The pure castor shell powder and spirulina extract in wave number 2000-500 cm™* range are shown in
the a and b curves, respectively. The infrared curve of the samples with KOH is shown as (c), (d) respectively.
It can be seen from the curves that the peaks at 1442 cm™ and 1160 cm™ were disappeared, which may be
attributed to the chemical interaction of KOH with COO", OH oxygen groups®*. The new nearly 1330 cm™ is
due to O-C-O band. The peaks at 1655 cm™ and 1550 cm™* are due to amide | (C=0 stretching vibration) and
amide Il (combination of C-N stretching vibration and N-H deformation vibration) from protein or polypeptide
respectively? This indicates that the interaction of amino group and carboxyl group of biomass catalyzed by
KOH promotes the connection between biomass. Compared with the curve (c), except for the peak at 1659 cm-
! the peaks shifted to lower wave number in the curve (d) indicate that the interaction between organic groups
and KOH is enhanced. This means that the extracts of spirulina further react with the castor shell organic
groups, forming an effective connection catalyzed by KOH. This could promote the formation of special
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micro-mesoporous structure in the further high temperature activation process.

Transmittance(%)

T T
4000 2500 2000

Wavenumber(cm™')

500

Figure 5 (a) Spirulina, (b) Castor seed shell

Table 1 EDS atomic percent data

C((%) | O(%) | N(%) | K(%) | S(%) | P(%) | Na(%) | Cl (%) | Si (%)

CSP 62.28 | 37.32 - 0.21 - - - 0.05 0.06

SE 56.03 | 27.49 15.10 0.28 0.14 | 0.15 0.64 0.11 0.04
S
5
=

T T T
1000 800 600

Wavenumber(cm™)

T T
2000 1800 1600 1400 1200

Figure 6. The infrared spectra of samples for (a) SE, (b) CSP, (c) CSP+KOH, (d) CSP+SE+KOH

FTIR result of samples treated with high temperature is represented as Figure 7 for sample of CSC prepared
from pure castor shell (CS) with calcination, the peak at 1405 cm™ was assigned to C-OH bending vibration.
The peak at 1042 cm™ is assigned to C-O stretching vibration. The overall residual functional group of the
CSC is small, indicating effective decomposition of large molecules or inorganic groups of pristine castor shell
powder after treatment at 800 °C. In comparison, other samples have new peaks. The peaks at 1673 and 1587
cm ™ are due to amide 1 (C=0 stretching vibration) and amide 11 derived residues from biomass protein after
high temperature treatment. The absorption peak at 1462 cm™ corresponds to C-H bending vibration. The peak
at 1405 cm™is due to O-H. The peaks at 1300 and 1059 cm™ are attributed to C-O stretching vibration. The
peaks at 1113 and 930 cm™ are assigned to C-O-C stretching vibration. The peaks at 836, 767, 707, 664 and
622 cm™ are assigned to C-H bending vibration. The peak at 530 cm™ is assigned to M-O. The sample CSK
shows O-H at 1636 cm™ and C-H at 1384 cm™ after KOH treatment. The peak at 1042 cm™ is shifted to 1027
cmtand become stronger. The peak at 693 cm™ is contributed to C-H?®. For sample CSS, the peak at 1587 cm”
Lis due to amide II. The peak at 1430 cm™ is contributed to O-H. The peaks at 1087 and 1042 cm™ are
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attributed to C-O stretching vibration. The peaks at 600 and 565 cm™ are assigned to C-H and metal-O from
metals in spirulina extract respectively. For sample CSSK, the amide 1l at 1587 cm™ is maintained due to
nitrogen doped porous carbons derived from spirulina extract. The weaker peak at 1405 cm™ contributes to O-
H. The peak at 1019 cm? is shifted from 1042 cm™, indicating additional source of oxygen perhaps one or
more carboxylic acid form of the carbonyl?’. The metal-O bonds were eliminated after KOH treatment. It may
be attributed to the removal of inorganic groups with metal-O?. These results may be related to the interaction
between extract of spirulina and castor shell. The complexes formed by metal ions and organic functional
groups derived from the extracts, which promote the formation of the micro-mesoporous in the process of
KOH activation.

Intensity (a.u.)

1587

.
v — T v — T v o v .

2000 1800 1600 1400 1200 1000 800 600

Wavenumber (cm’)

Figure 7. FTIR spectra of samples (a) CSC, (b) SE, (c) CSK, (d) CSS, (e) CSSK.

Figure 8 displays that the samples exhibit the typical type 111 N2 adsorption-desorption isotherms according to
the IUPAC classification with H3 hysteresis loop. All samples present the hysteresis loops at a relative pressure
(P/Po) range of 0.4-0.9, suggesting the presence of numerous small sized micropores and mesopores. The
corresponding pore-size distribution curves demonstrated that the micro-mesopore sizes of CSK, CSS, and
CSSK are 1.7-10.6 nm, 1.7-8.5 nm, and 1.8-13.7 nm, respectively. CSSK sample has more micropores and
mesopores compared with other samples (see Figure 8 f and Table 2). The relative ratio of micropore to
mesopore is more appropriate, which is conducive to the storage of ionic charges. The corresponding specific
surface area are 891 m? g (CSK), 550 m? g (CSS) and 1527 m? g (CSSK), respectively (Table 1). This
shows CSSK with highest specific surface area. The estimated total pore volume of CSK, CSS and CSSK is
0.431, 0.306 and 0.743 cm?® g, respectively. These results mean that sample CSSK has a rich micro-
mesoporous texture and higher surface area. This phenomenon could be due to the fact that the interaction
between extracts and castor shell powders which is favorable for KOH activator to form more effective micro-
mesoporous structure at high temperature and coincides with the TEM results. This is conducive to the
adsorption and transfer of charge on the surface of the electrode material for supercapacitor.
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Figure 8 Nitrogen adsorption-desorption isotherms (a, ¢ and e) and pore-size distribution (b, d, and f).
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Table 2 Porosity data of all samples

Sample SBET (ng'l) Viot (ml3g'1) Vmicro (ml3g'1) Vmeso (ml3g'1) Vmicro/ Vot | Dac (nm)

CSK 891 0.431 0.364 0.037 0.845 1.933
CSS 550 0.306 0.176 0.101 0.575 2.221
CSSK | 1527 0.743 0.496 0.125 0.668 1.946

Sbet: BET specific surface area. Viot: Total pore volume, Vmicro: Micropore volume, Vimeso: Mesopore volume,
Dac: Average pore size.

Figure 9 a shows the XPS energy spectrum of the samples. For oxygen, the binding energies around 530 eV,
531 eV, 532 eV and 533 eV represent C=0 quinone type groups (O-1), C-OH phenol groups and/or C-O-C
ether groups (O-I1), and chemisorbed oxygen (COOH carboxylic groups) and/or water (O-111), respectively?®*°,
Compared with CSK and CSS, for CSSK samples, the fitting peak around 533 eV disappeared. New fitting
peak around 530 eV was appeared which is attributed to the corresponding C=0O chemical bonds. This may
suggest that the removal of organic groups is more effective for CSSK samples in the process of activation
promoting the increase of carbon content in the sample, which is conducive to the formation of the surface
property of the sample to promote charge transfer. In addition, the interaction between extract and castor shell
during high temperature activation facilitates the formation of carbon materials with micro-meso porous
enhancing charge transport.

The N 1s spectra of samples are shown in Figure 9 b, the N 1s spectrum signal can be fitted into four sub-
peaks, corresponding to pyridinic N (ca. 399.0 eV), pyrrolic N (ca. 399.7 eV), graphitic N (ca. 400.5 eV) and
quaternary N (ca. 401.5 eV)3L. It can be seen that nitrogen atoms with conjugated bonds on the skeleton of
porous carbon at high temperatures were formed. Compared with CSK samples, the nitrogen spectrum peaks
of CSS and CSSK samples with extract of spirulina shows shift to low binding energy, which means the
density of electronic cloud be increased with electron donating properties. This has significant benefits to
improve the charge transfer rate and CSSK is expected to own the best capacitance performances.

CSK SK
(a) (b) CSK
532.56 apt
C-OH or C-O-g 400 399.7
2y Py ridi
“ 399.0
gy oy
= =
= =
= £
S =
@
= ey
= =
p—

CSSK

531.44

T =0
532.46

C-OH or C-0O.C

530.07

o8

Figure 9. XPS survey spectra of samples (a) O1s spectra, (b) N1s spectra

Elemental analysis was performed to determine the chemical compositions of the raw material, activated
samples with and without spirulina. The results in Table 3 show that the carbon content of samples increases
by high temperature activation, while the amount of heteroatoms decreases compared with that of raw
materials. The sample CSSK has a moderate carbon content of 72.15 % compared to the sample CSC 75.95 %,
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CSS 53.65 %, CSK 83.48 % and higher doped nitrogen of 1.83 % than CSC 1.16 %, CSS 1.13 %, CSK 0.62 %.
Therefore, based on the results, the existence of heteroatoms can improve the hydrophilicity/wettability of the
carbon surface to electrolyte and thus increase the electrochemical activity and good cycle stability.

Table 3. Elemental analysis of castor shell derived porous carbons.

samples C (%) H (%) N (%) 02 (%)
SE 40.33 9.23 9.53 40.91
CS 48.18 9.87 1.13 40.82
CSC 75.95 3.46 1.16 19.41
CSS 53.65 6.28 1.13 38.94
CSK 83.48 1.97 0.62 13.93
CSSK 72.15 3.36 1.83 22.66

02 is estimated by difference. SE: spirulina extract; CS: castor shell; CSC: castor shell carbon; CSS: spirulina-
mixed castor shell carbon; CSK: KOH-mixed castor shell carbon; CSSK: spirulina-KOH mixed castor shell
carbon

Electrochemical Performance

The capacitive performance of as-prepared materials was evaluated by using cyclic voltammetry (CV),
galvanostatic charge—discharge (GCD), and electrochemical impedance spectroscopy (EIS) techniques in 6.0
M KOH aqueous solution in a three-electrode system. The cyclic voltammograms are shown in Figure 10 a.
Based on a fixed potential window (- 0.5 -0.2 V) and constant scan rate of 20 mV s*. All the as-prepared
samples present an approximately rectangular CV shape, suggesting an ideal double-layer capacitance based
on ionic adsorption and desorption. It can be seen clear that the CV curve of the CSSK electrode exhibits a
larger area than other electrodes, indicating it has a highest specific capacitance. Figure 10 b, ¢, and d,
present the CV curves of samples at scan rates from 20 to 100 mV s and the rectangle-like shapes of CV were
observed without large distortion even at 100 mV s*. Compared with CSS and CSK sample electrodes, the
CSSK electrode quasi-rectangles are consistently with high current densities. It implies that the CSSK sample
has fast kinetics for EDLC formation over the surface of micro-mesoporous carbons, which should improve
rate capacity and stability®?,
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Figure 10. (@) CV curves of CSK, CSS, and CSSK, (b), (c), and (d) corresponding consistent quasi-rectangle
test with varied scan rate.
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Figure 11 a, shows the galvanostatic charge-discharge curves of different samples at 1.0 A g™*. All samples
display symmetrically shaped GCD curves, indicating a high degree of the reversibility for charge storage and
delivery®. Correspondingly, the GCD curves of electrodes of CSK, CSS, and CSSK at various current
densities are shown in Figure 11 b, ¢ and d, respectively. The corresponding specific capacitance was
calculated based on the galvanostatic charge-discharge method, and the correlation between the specific
capacitances. The CSSK electrode shows excellent specific capacitance of 333 F g* at a current density of 1.0
Agt, which is significantly higher than that of CSK (243 F g) and CSS (151 F g2).
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Figure 11 (a) GCD curves of CSK, CSS, and CSSK at 1 A g%, (b, ¢, d) consistent charge-discharge test at
different current densities

The data related to electrode performance of the three electrode system are shown in Figure 12. As seen from
Figure 12 a, with the increase of current density, the specific capacitance of the electrode is decreasing
gradually. In comparison, the specific capacitance of CSSK electrode decreases slowly in range of 10-20 A g
current density of three electrodes. Even at a high current density of up to 20 A g, CSSK still exhibits a
superior specific capacitance of 138.43 F g%, while CSK and CSS are 84.86 and 64.27 F g1, respectively. The
excellent rate capability of CSSK could be due to the effective ion diffusion channels and nitrogen doping
improved hydrophilicity/wettability in micro-mesoporous carbon. Capacitance cycle stability graph is shown
in Figure 12 b. After 10,000 cycles at 10 A g* CSSK still retains 99.7 % of the initial capacitance, indicating
maintained structural pores stable. The preserved nitrogen doped interconnected networks micro-mesoporous
carbon with spirulina allows for unobstructed electron and ion transport within the composites, thereby
generating reversible capacitive behavior even at high charging/discharging rates.

The electrochemical impedance spectroscopy (EIS) of samples was employed in 6 M KOH solution at a
frequency range from 0.01 Hz to 10 KHz under amplitude potential of 5 mV yields the Nyquist plots. Figure
12 ¢ shows Nyquist plots of the as-prepared CSK, CSS, and CSSK electrodes. The electrolytic contact
resistance and the charge transfer resistance are identified at high frequency region, the intercept on real axis,
while the mass transfer resistance is identified by Warburg at low frequency region, all differs for each sample.

Each of their EIS data was fitted, simulated in accordance with the equivalent circuit (Figure 12 ¢, and Table
4), with the three components. The EIS Nyquist plots exhibit small semicircle in the high frequency region
related to charge transfer resistance (Rct), 45°Warburg section in the middle frequency region (Warburg
impedance Zw) associated with the porous structure of the electrode, double-layer capacitance (Ca) and
pseudocapacitive element (C;)3*. At very high frequency, the intercept on X-axis represents a combined internal
resistance (Rs) of electrolyte solution resistance, intrinsic resistance of active materials and interfacial contact
resistance of active materials and current collectors®. From the data of Table S2 equivalent circuit simulation,
it can be seen that Rs of CSK, CSS and CSSK is 0.64, 0.77 and 0.53 ohms respectively, the corresponding, Rct
is 0.69, 0.70, 0.55 ohms respectively. These consistent lowest values of mass transfer resistances coincided
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with shortened ion diffusion distance in modified abundant networked micro-meso pores structure. This
observation implies that the CSSK sample has a low diffusion resistance in the pores, indicating the good
electrical properties of the material. When considered that CSK performance is better than CSS, the
decomposed functional carbon-carbon at interface of spirulina extract and castor shell had significant role,
much better in presence of the KOH activator responsible for better performance of CSSK.
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Figure 12 (a) varied specific capacitance at varied current density calculated from GCD curves, (b) cycling
stability of CSSK-based supercapacitor upon charging/discharging at constant current density of 10 A g2, (c)
EIS Nyquist plot of CSK, CSS, and CSSK

Table 4. Summary of circuitry components

Samples Rs (ohm) Rct (ohm) Zw (ohm) Ca (Farad) C1 (Farad)
CSK 0.64 1.34 0.122 0.0012 0.035
CSS 0.77 1.54 0.177 0.0017 0.051
CSSK 0.53 0.88 0.062 0.0009 0.033

Figure 13 a, b and c show the corresponding GCD curves of the samples supercapacitor at different current
densities, demonstrating nearly symmetric triangle shapes for all current densities from 1 to 3 A g*. Cyclic
voltammetry curves of two-electrode system in same 6M KOH from 0 to 1.2 V when scan rate is 20 mV s is
shown in Figure 14. All the as-prepared samples present an approximately rectangular CV shape indicating
the behavior of an electrical double-layer capacitor. It can be seen clear that the CV curve of the CSSK
electrode exhibits a larger area than other electrodes, suggesting it has a highest specific capacitance.
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Figure 13 Two-electrode system GCD repeated at varied current density (a-c), and compared CSK, CSS, and
CSSK at low current density (d). The specific capacitance at 0.3 A g-1.
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Figure 14. (a) Cyclic voltammetry curves of two-electrode system in same 6M KOH from -0.7 to 0.3 V when
scan rate is 20 mV s, (b) Ragone plots of energy verses power of two-electrode system

In order to compare energy density of CSSK electrode to other biomass-derived carbons electrode, Fig. 10a
and 10b show two-electrode configuration GCD and CV results. The GCD curves of the two-electrode
configuration at various current densities from 1 to 5 A gt (Figure 15 a). In addition, it can be obtained from
the Figure 15 a that the specific capacitance of the two-electrode configuration is 50, 40.8, 37, 36.6 and 32 F
glatl, 2 3, 4and 5 Ag? respectively. Figure 15 b shows that the shape of the CV curves does not change
significantly as the scan rate increases, indicating a good fast charge and discharge performance for two-
electrode configuration. The result in Figure 15 ¢ produced both high energy and power densities as nitrogen
doped biomass-derived carbon. The CSSK maintained high energy density of 10 Wh kg at a power density of
600 W kg and energy density of 8.2 Wh kg™ at a power density of 1200 W kg, still remains 6.4 Wh kg™at a
power density of 3000 W kg. This excellent performance is significantly higher than the previously reported
literatures®®® such as activated biomass carbon made from bamboo (10.9 Wh kg? at 63 W kg™?), bio-based
nitrogen- and oxygen-doped porous carbon derived from cotton (9.95 Wh kg at 236 W kg), nitrogen-doped
porous activated carbon for supercapacitor derived from pueraria (8.46 Wh kg' at 123 W kg*) and
heteroatom-doped porous carbons derived from moxa floss(10 Wh kg™ at 70.3 W kg?) (as summaries in Table
5).The cyclability of the symmetric supercapacitor displays 91.7 % capacitance retention after 10000 cycles at
5 A g! (Figure 15 d), demonstrating excellent electrochemical cyclability. It can be seen from the above
comparison, the performance of two-electrode configuration is superior. Considering that the renewable
microalgae and bio-carbon source, simple preparation method and low cost as well superior performance, the
CSSK has great potential in carbon materials for supercapacitor.
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Table 5 Electrochemical performance of carbon-based supercapacitors

Biomass precursor Electrolyte Energy density | Power  density | References
(Whkg) (W kg)

bamboo 3 M KOH 10.9 63 40

cotton 0.5 M NazSO4 9.95 236 41

shengli lignite 6 M KOH 8.11 90 42

argy wormwood 6 M KOH 8.1 480 43

sugar cane bagasse 1 M H2SO4 10 - 44
spirulina mediated castor shell 6 M KOH 10 600 This work

Cost Analysis and Life Cycle Assessment

Usually, due to the conventional synthesis processes, carbon materials lack surface modified nitrogen. The
nitrogen functional groups present on the carbon materials generally existed by direct synthesis from a
nitrogen-containing precursor or by post-treatments of the material with a nitrogen-containing reactant, such as
NH; and HCN [45]. Figure 16 summarizes the main nitrogen groups found on the surface of carbon materials
[45].

The global production of ammonia (NH3) was estimated as being 160 million tons in 2020 (147 tons of fixed
nitrogen) [46]. China accounted for 26.5% of that, followed by Russia at 11.0%, the United States at 9.5%, and
India at 8.3% [46]. In particular the extra cost of producing ammonia from urea and calcium hydroxide or
through Harber process involving atmospheric nitrogen (N,) and hydrogen (H,), compared with the direct use
of bio-source nitrogen precursor, deters frequent use of ammonia as nitrogen-doping source. Other preparation
methods such as adding acid to cyanide salt of alkaline metals and using Andrussow oxidation to produce
nitrogen cyanide still add to the cost than the direct synthesis with the bio-source nitrogen precursor.

The nitrogenous materials in Spirulina include the amino acids that readily involve in breakdown of peptide
bonds for effective nitrogen-doping. More amino groups are also available during the breakdown of the
peptide bonds in pyrolysis to favor carbon surface modification. Arthrospira Platensis type used in the self-
nitrogen doped mesoporous carbon is autotrophic, meaning that it is able to make its own food, and do not
need a living energy or organic carbon source. This type of Spirulina commonly grows anytime of the seasons
making the nitrogen source cost effective and no further cost is required to prepare the nitrogenous group for
doping process.

In practice, 500g Arthrospira Platensis (Spirulina powder) costs 26 US dollar and only 2 g was used to
produce 13 times the nitrogenous extract used in doping the carbon. Thus, the cost of the nitrogenous extract
contributed only 0.4 % to the total cost of the Spirulina, cheaper than the ammonia gas source of nitrogen
usually flown at 100 cm3/min. throughout the pyrolysis time. The ammonia gas fed at continuous rate for 4 hrs.
contributed 48 % cost to the total cost of 50 L of ammonia gas. Thus, the bio-source based Spirulina provided
a cheaper process and high availability of nitrogenous amino acids.

However, the cost of chemical potassium hydroxide still remains general challenge in preparing mesoporous
carbon. In this work the glutenous property of arginine in Spirulina was explored and only small amount of
potassium hydroxide was used in the pyrolysis for ionic intercalation purposes and indirectly reduced the total
cost of KOH used.
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Figure 16. Nitrogen functional groups present on the surface of carbon materials: (A) pyridine, (B) N-oxidized
pyridine, (C) nitrosyl, (D) nitro, (E) imine, (F) nitrile, (G) pyrrole, (H) primary amine, (1) secondary amine, (J)
tertiary amine, (K) amide, (L) lactam, (M) pyridone, (N) quaternary nitrogen at the basal plane, and (O)
quaternary nitrogen at the edge of the layer.

For life cycle assessment, the inventory collection of materials in Table 6 lists material information about the
synthesis process.

Table 6. List of material and relevant information

Material name Units Material quantity
Spirulina powder gram 2
Deionized water ml 50
Castor shell powder gram 2
Spirulina extract ml 4
Potassium hydroxide solution ml 2

Table 7. Scenario descriptions for materials by life cycle stage

Life cycle module Material scenarios
Spirulina powder Deionized Castor shell | Spirulina | KOH solution
water powder extract
A4: Transport Transport materials from grocery store to the laboratory
A5: 1. Incubate Spirulina powder for 4 hrs. @ 200 degrees Celsius in an electric

Construction/synthesis oven with 15 min of preheating.

2. Extract the Spirulina solution by filter in beaker. No additional energy beyond
human labor is needed.

3. Pyrolysis of spirulina extract mixed castor shell powder and KOH for 4 hrs.
@800 degree Celsius.

4. Waste: Solution that originally contained the soluble salt ingredients
(materials) is disposed in the drainage.
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5. Water use: Assume that 1 gallon of deionized, unheated water is used to clean
the mixing and experimental devices.

B1: Use Smell of Spirulina extract and castor shell powder in general will be emitted into
surrounding environment. Assume that these smells have a negligible
environmental impact.

Occasional cleaning may be required, but environmental impact of cleaning is
ignored due to lack of data and method to report.

B4: Replacement No replacement No No Spirulina | Potassium
needed for replacement replacement | extract hydroxide
Spirulina powder | needed for needed for | replaced | replaced 1

deionized castor shell | 1 time time
water

C2: Transport Transportation to the drainage facility will be performed by a | KOH will be
collection piping over a distance of 20 miles taken by

collection pipe
to the
recycling
facility, over a
distance of 10
miles.

C4: Disposal At the recycling facility, the remains of the soluble salt will join | Not applicable
the stream feedstock, which will be allowed to transform under | (final product
ideal conditions will be used to

make new
KOH)

The environmental impact factors used for this synthesis process are shown in Table 8 and considers global
warming potential (GWP) as the only environmental impact measure. Note that the energy taken to raise
Spirulina powder to 20°C is 0.00002324 Kwh and 0.000928 Kwh for raising castor shell/Spirulina
extract/KOH mixture to 800 °C . At 4 hours total of 0.00009296 Kwh and 0.003712 Kwh were spent to release
CO2 from spirulina powder and castor shell powder/spirulina extract/KOH mixture respectively. The emission
factor for biomass used is generally considered as 0.0249 kg CO,/Kwh. Thus, the potential release of CO, to
environment can be calculated.

CO, emission = total energy (Kwh) * emission factor (kg CO,/Kwh) * (1 - ER/100)
Where ER is the emission reduction efficiency approximately 98% desired.

Only two materials undergoing heating: Spirulina powder for extract and castor shell powder/Spirulina
extract/KOH mixture are considered for the environmental impact factor.

Table 8. Environmental impact factors of materials

Material Units Global warming potential [kg CO2e/unit of material]
Production | Construction Use stage (B1-B7) End-of-life
stage (Al- | stage (A4-Ab5) stage (C1-

A3) C4)
Spirulina powder | gram | 2.315 * | No additional | under ~ module  B4: | 1.158 * 10~
for extract 107° energy beyond | Replacement, which is
human labor is | within the Use stage is
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needed calculated below
Castor shell gram | 9.243 * 1 No additional | under ~ module  B4: | 4.622 * 10~°
powder/Spirulina 1075 energy beyond | Replacement, which is
extract/KOH human labor is | within the Use stage is
mixture needed calculated below

The carbon material will have to be replaced over the required service life (and RSP) of 1250 days for
supercapacitors. The number of replacements required for the Use stage:

For electrode carbon bonded with polytetrafluoroethylene (PTFE), its life span is 416 days. Only 2 gram of the
carbon mixture was used. After the initial installation, the carbon mixture will have been replaced two times
over the 1250 days required service life of the supercapacitor LCA.

Number of replacements required

= (1250 days) / (416 days life span) — 1 instance for initial installation

=3.005-1

= 2 replacements

Total quantity of carbon mixture to be replaced = (2 gram) * (2 replacements) = 4 gram

Now we can apply the environmental impact factors from Table 8 to the material quantities.

The Use stage will need to include the production and end-of-life stage impacts.

Global warming potential, GWP of production stage = (2 * 10-° kg) * (9.243 * 10> kg CO2e/kg)
=1.849 * 10° kg CO2e

GWP of Use stage = (4 * 10° kg) * [(9.243 * 10 kg CO2e from product stage + 4.622 * 106 kg CO2e
from end-of-life stage)/ kg]

= (4* 105 kg) * (9.243 * 105 + 4.622 *10F)
=3.882 * 10° kg CO2e
GWP of end-of-life stage = (2 * 10° kg) * (4.622 * 10% kg CO2e/kg)
=9.244 * 10t kg CO2e
The final global warming potential results for the synthesis process and life cycle stages are shown in Table 9.

Table 9. Global warming potential results by life cycle stage

Material Global warming potential [kg CO2e]
Production Construction stage Use stage End-of-life stage
stage (A1-A3) (A4-A5) (B1-B7) (C1-C4)
Castor shell 1.849 * 10° No additional energy | 3.882 * 10 9.244 * 101
powder/Spirulina beyond human labor
extract/KOH mixture IS needed
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CONCLUSION

Herein, novel extract of spirulina was infiltrated into the castor shell powder as precursor. Extract of spirulina
contained nitrogen-rich mediated KOH activation of castor shell. The modified particles were activated at high
temperature to form a unique nitrogen doped micro-mesoporous structure material (CSSK) with higher specific
surface area of 1527 m? g compared with that of castor shell without spirulina extract as precursor. CSSK
showed enhanced electrochemical behaviors, and the capacitance is up to 333 F gt at 1 A g*. Further
charge/discharge cycling behavior shows only loss of 0.3 % of total capacity for CSSK after 10,000 cycles at a
current load of 10 A g. The as-prepared sample promotes transfer of charge and reduction of resistance,
improves mass Kkinetics of electrolytic supercapacitor. This symmetric supercapacitor (CSSK) has
demonstrated a remarkable energy density of 10 Wh kg™ at a power density of 600 W kg™ and good cycling
behavior (after 10000 cycles 91.7 % retention of specific capacitance). These results will contribute to
development of modified biomass carbon derived from biomass extracts for carbon electrode materials.
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