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Green synthesis of nitrogen-doped multiporous
carbons for oxygen reduction reaction using water-
caltrop shells and eggshell waste

Chun-Han Hsu,
Hong-Ping Lin,

+? Zheng-Bang Pan,® Hau-Ting Qu,°> Chuan-Ren Chen,”
*® |_Wen Sun,*® Ching-Ying Huang® and Chun-Han Li¢

A green synthesis method is proposed for the preparation of nitrogen-doped multiporous carbons (denoted
as N-MPCs) from water-caltrop shell (WCS) using eggshell waste as both a nitrogen-dopant and an
activating agent. It is shown that the surface area, porosity, yield and nitrogen content of the as-
prepared N-MPCs can be easily controlled by adjusting the activation temperature. Moreover, in oxygen
reduction reaction (ORR) tests performed in O,-saturated 0.1 M KOH,, electrolyte containing 1.0 M
methanol, the N-MPC catalysts show a high ORR stability and good resistance to methanol corrosion. In
addition, as a cathode material in Al—air battery tests, the N-MPCs achieve a power density of 16 mW g~*
in a saturated NaClq) electrolyte. Overall, the results show that the N-MPCs have a promising potential

rsc.li/rsc-advances

1. Introduction

As electric vehicles continue to develop and become more wide-
spread, fuel cells and metal-air batteries have emerged as
a mainstream technology for automotive applications."* However,
the performance of modern fuel cells and metal-air batteries is
limited by the slow reaction rate of the oxygen reduction reaction
(ORR) at the cathode.>® Although this problem can be solved by
using Pt catalysts to enhance the ORR activity, Pt is expensive, lacks
sufficient durability, and has low natural abundance.”®
Accordingly reducing Pt-based electrodes in fuel cells and
metal-air batteries has attracted significant attention in recent
years and has led to the development of many new ORR elec-
trocatalyst materials, including non-noble metal catalysts,’
carbon-supported metal composites,'® organic macrocycles,"
and nitrogen-doped carbons.’> Among these catalyst materials,
nitrogen-doped carbons have many advantages, including high
electrical conductivity, nanoporous structures, high stability and
strong catalytic activity.”*™* Notably, this enhanced performance is
evident under both neutral and alkaline pH conditions.'® However,
most existing methods for preparing nitrogen-doped carbon mate-
rials, e.g, the thermal decomposition of nitrogen-containing
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as a green and sustainable material for ORR catalysis applications.

precursors over metals such as Fe, Co and Ni, lead to the pres-
ence of residual metal species or impurities in the synthesized
carbons, which seriously degrade the ORR performance.”* Several
recent studies have shown that nitrogen-doped carbons can be
prepared as an electrocatalyst material for ORR without any metal
precursors.”** Thus, metal-free materials, including nitrogen-doped
carbons, have attracted growing interest as a catalyst material in
recent years on account of their excellent ORR electrochemical
properties, low cost, low side-reaction effects and good stability.®
Eggshell is a mainly inorganic material; consisting of
approximately 95 wt% CaCO; and 3.5 wt% protein organic matrix.”*
Around 7 billion eggs are consumed in Taiwan each year, and the
majority of the eggshells are simply thrown away. If the eggshells
were recycled and reused, this would not only ease the environmental
impact, but would also create a valuable green chemical resource. In
a previous study, the present group proposed an economic,
sustainable and green synthesis method for preparing multiporous
carbons (denoted as MPCs) from waste water-caltrop shell (denoted
as WCSs) using commercial CaCO; nanoparticles as a template.”
The WCS have been carbonized already to biochar by using a top-lit-
updraft method.” In the proposed method, the CaCO; nanoparticles
served both act as a spacer and an activating agent for the WCS
biochar. In many previous reports, nitrogen-containing compounds,
such as melamine,” chitosan,” or urea,”® have been used to react
with the carbon source under high temperature conditions to
produce nitrogen-doped carbons. In the present study, it is specu-
lated that eggshell waste can serve as both a template and an acti-
vating agent in place of the CaCO; and nitrogen-containing
compounds used in traditional MPC synthesis routes.
Accordingly, the present study prepares nitrogen-doped MPC
(N-MPC) using eggshell waste as a nitrogen-dopant and carbon-
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Fig. 1 Schematic illustration of synthesis for N-MPC material.

activating agent, and the WCS biochar (WCSB) as the carbon
source (see Fig. 1). The thermal stability, microstructure,
morphology and electrochemical properties of the resulting N-
MPCs are investigated for various activation temperatures in
the range of 800-950 °C. The practical application of the
synthesized N-MPCs as a cathode catalyst material for ORR is
then evaluated both directly in O,-saturated 0.1 M KOH()
electrolyte containing 1.0 M methanol and in Al-air battery tests
performed with saturated NaCl,q electrolyte.

2. Experimental section
2.1 Synthesis of N-MPCs via physical blending method

WCSB (surface area >200 m* g~ ') were purchased from FanC
Recycling International Ltd., Taiwan.>> To synthesize the N-
MPCs, 8.0 g of the WCSB, 8.0 g K,CO; and 16.0 g of the
eggshell waste were homogeneously ground and mixed in
a blender (Lab Use Grinder, SRT-02, Fu-Lian Food Machinery)
for 3 minutes. The resulting powder was sealed in a stainless-
steel container (150 mL), heated to a temperature of 750 °C at
a heating rate of 8 °C min " for 2 h and then activated at higher
temperatures in the range of 800-950 °C for 3 h. After cooling to
room temperature, the black powder was washed with water to
remove the alkali salt and then immersed in 1.0 M HClq)

solution to remove the residual Ca(OH), and other inorganic
residues. After stirring overnight under pH conditions of less
than 1.0, the solution was filtered, and the product was washed
repeatedly with DI water. The resulting N-MPCs were dried at
100 °C until required for testing and analysis. For comparison
purposes, additional samples were also prepared using only
WCSB and K,CO; or WCSB and eggshell, respectively, (see
MPC-K,CO; and MPC-eggshell in Table 1). Both samples were
activated at a temperature of 900 °C.

2.2 Characterizations

The thermal stability of the various samples was characterized
using a thermal gravimetric analyzer (TA Instruments Q50, USA)
at temperatures of 100-800 °C and a ramp rate of 20 °C min ™"
under an air atmosphere. The specific surface areas of the MPCs
were determined from the nitrogen sorption isotherms
acquired by a Micromeritics Tristar II 3020 surface area analyzer
using the Brunauer-Emmett-Teller (BET) method. The XRD
patterns of the N-MPCs activated at different temperatures were
recorded with an X-ray diffractometer (Rigaku MultiFlex) (40
kv, 20 mA) using Cu Ka radiation. The carbon structures of the
samples were identified using a Renishaw micro- Raman spec-
trometer using a He-Ne laser source with a wavelength of

Table 1 Textural properties, structure properties and yield of MPC samples prepared using different activation temperatures

Sample Sper®/m> g~ ! Smic’/m? g1 Smeso/m* g ! Sheso/ SBET Nitrogen content®/wt% Yield/%
Biochar 292 259 33 13% 1.2 —
MPC-K,CO3 836 697 139 17% — 51
MPC—eggshell 677 394 283 58% — 68
N-MPC-800 839 459 380 45% 4.3 39
N-MPC-900 1273 660 593 47% 3.8 31
N-MPC-950 1524 737 787 52% 3.4 28
MPC 1499 584 915 61% 1.1 31

“ BET surface area. ” Micropore surface area. © Mesoporous surface area. ¢ Nitrogen content is from elemental analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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633 nm. The morphologies of the MPC samples were charac-
terized using a JEOL JEM6700 field emission scanning electron
microscope (FESEM) with an operating voltage of 10 kV. The
pore structures of the various samples were observed using
a JEM-2100F Electron Microscope (HR-TEM) with an acceler-
ating voltage of 200 kV. Finally, X-ray photoelectron spectros-
copy (XPS) measurements were conducted using a VG Scientific
ESCALAB 210 electron spectrometer with Mg Ko radiation and
a vacuum of 2 x 10 Pa.

2.3 Electrochemical measurements

Electrochemical measurements were taken using a CHI-608A
potentiostat/galvanostat and a conventional three-electrode
test cell. 5.0 mg MPCs, 20 uL polytetrafluoroethylene (PTFE,
Sigma-Aldrich, 5 wt% dispersion in water) and 1.0 mL N-methyl-
2-pyrrolidone (NMP) were uniformly mixed to form a carbon
slurry. 20 pL of the slurry was dropped onto a glassy carbon
electrode (5 mm diameter, Pine) and left to dry under room
temperature conditions. An aliquot of catalyst suspension was
then transferred onto a carbon substrate; resulting in a catalyst
loading of 0.51 mg catalyst cm 2. Cyclic voltammetry (CV) tests
were performed over a voltage range of —1.0 to 0.2 V using an
Ag/AgCl reference electrode and O,-saturated 0.1 M KOH elec-
trolyte solution. The measured potentials vs. Ag/AgCl were
converted to the reversible hydrogen electrode (RHE) scale
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according to the Nernst equation. Following the CV tests, linear
sweep voltammograms (LSVs) were obtained using a rotating
disk electrode (RDE) with rotation rates in the range of 400-
3000 rpm. All the electrochemical measurements were per-
formed using a scan rate of 0.01 Vs ™.

3. Results and discussion

3.1 N-MPC samples prepared using different activation
temperatures

Fig. 2(a) shows the thermal gravimetric analysis (TGA) curves of
pure WCSB, pure eggshell, and the WCSB/eggshell blend,
respectively. As shown, the eggshell, which consists mainly
consisted of CaCOs, begins to decompose and form CaO and CO,
at a temperature of approximately 650 °C. It is well known that CO,,
reacts with carbon materials at a high temperatures (e.g., 850 °C);*
and thereby increasing their porosity. Accordingly, the present
study deliberately adopted a two-stage thermal treatment process
for activation and nitrogen-doping to synthesize the desired N-
MPCs. In particular, an initial activation and nitrogen-doping
process was performed at 750 °C to completely decompose the
CaCO; to generate CO, and convert the proteins in the eggshell
waste to nitrogen-doping components for insertion into the carbon
structure. A second activation process was then performed at
a higher temperature in the range of 800-950 °C to enhance the
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(a) TGA curves for WCSB (i), eggshell (i) and WCSB/eggshell blend (iii). (b) Nitrogen sorption isotherms. (c) XRD patterns and (d) Raman

spectra for N-MPC samples prepared using activation temperatures of (I) 800 °C, (ll) 900 °C and (lll) 950 °C.
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reaction of the added K,CO; with the carbon to form porous
carbons with a large surface area and high porosity.>*® It is noted
that while a higher temperature is beneficial in increasing the
surface area and pore volume of the resulting porous carbons, it
decreases the nitrogen content and product yield.**** Thus, in
practice, an appropriate choice of the activation temperature is
essential in optimizing the porous properties of the obtained N-
MPCs.

As shown in Fig. 2(b), the N, adsorption-desorption plots of
all the N-MPC components exhibit type-IV isotherms; indicating
the existence of mesopores in every component. The BET
surface area of the biochar was found to increase from 292 m>
g ' in the pristine (i.e., non-activated) condition to 839-1524 m*>
g™' in the synthesized N-MPC condition (see Table 1).
Furthermore, both the surface area and the ratio of the meso-/
micropore surface area of the N-MPCs increased with an
increasing activation temperature due to the improved activa-
tion effect of the CO, at higher temperatures.***' Notably, the
use of eggshell as the nitrogen precursor allowed the
nitrogen wt% content of the N-MPCs to be easily adjusted in the
range of 3.4-4.3 wt% simply by controlling the activation
temperature. When using only K,CO; as the activating agent
(i.e., MPC-K,COjs in Table 1), the sample had a BET surface area
of 836 m” g~ . However, the mesoporous surface area ratio had
a low value of 17% despite the relatively high activation
temperature of 900 °C. By contrast, the use of only eggshell
waste as the activating agent resulted in a much higher meso-
porous surface area ratio of 48% to 52%. In other words, the
eggshell waste served not only as an effective N-dopant, but also
as an effective means of enhancing the mesoporosity of the
porous carbons. Overall, the results presented in Table 1 show

View Article Online
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that an activation temperature of 900 °C yields an N-MPC
material with a large specific surface area (1273 m”> g'), an
acceptable yield (31%) and a high nitrogen content (3.8 wt%).
Fig. 2(c) presents the X-ray diffraction (XRD) patterns of the
N-MPCs prepared with different activation temperatures. All of
the patterns exhibit broad diffraction peaks centered at 26 =
25° and 43°, respectively, which suggests a graphite structure
with (002) and (100) crystal planes.* As the activation temper-
ature increases, the width of the peak at 26 = 25° broadens and
the intensity reduces. In other words, a higher activation
temperature prompts a lower crystallinity of the N-MPCs, which
leads in turn to a higher porosity and surface area of the porous
carbons. Usually, higher temperatures result in increased
graphitization, i.e., higher crystallinity. However, in the present
study, a higher temperature increases the porosity of the
prepared material due to activation with CO, and a greater
number of defects, and decreases the crystallinity accordingly.
The degree of graphitization of the N-MPC samples was
further analyzed by Raman spectroscopy, as shown in Fig. 2(d).
According to previous studies,* the Raman spectra of carbon
materials show two broad peaks near 1350 cm ™ * and 1580 cm ™ *
corresponding to the D-band and G-band of the carbon struc-
ture, respectively. The D-band arises from disordered sp®
hybridized carbon, while the G-band is associated with highly
ordered pyrolytic graphite, and indicates the presence of sp*
hybridized carbon. The extent of defects in carbon materials can
be quantified by the intensity ratio of the D to G bands (i.e., Ip/
Ig).** In particular, a small value of the Ip/I; ratio implies an
improved graphitization (i.e., a lower number of defects). An
inspection of Fig. 2(d) shows that, for the present N-MPC
samples, the Ip/I; ratio has values of 0.82, 0.72 and 0.83 for

Fig. 3

© 2021 The Author(s). Published by the Royal Society of Chemistry

(a) SEM image for WCSB; (b) SEM image and (c), (d) TEM images of N-MPC material.
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activation temperatures of 800 °C, 900 °C and 950 °C, respec-
tively. In other words, the maximum degree of graphitization is
obtained at an activation temperature of 900 °C. As the
temperature is further increased to 950 °C, the surface area
increases as a result of the higher activation efficiency. Conse-
quently, the degree of defects also increases and causes the Ip/Ig
value to rise accordingly.

Fig. 3(a) and (b) show SEM images of the WCSB and N-MPC
samples carbonized at 900 °C, respectively. The WCSB sample
has a smooth surface (even under high magnification), as shown
in Fig. 3(a). However, the N-MPCs have a porous structure with
a nanometer scale, as shown in Fig. 3(b). In addition, a detailed
inspection of the TEM image presented in Fig. 3(c) shows that the
N-MPCs have a highly porous structure. The higher-magnification
image presented in Fig. 3(d) reveals that the N-MPCs have a worm-
like structure and contain some lattice stripes of graphite. The
irregular arrangement of the worm-like structure indicates that the
N-MPCs have an amorphous structure.

The chemical structure of the N-MPCs synthesized at 900 °C
was analyzed by XPS. The XPS spectra presented in Fig. 4(a) and
(b) show the presence of an N 1s peak (~398 eV) in addition to
a C 1s peak (~285 eV), and therefore confirm the successful
doping of nitrogen in the synthesized material. However, in
addition to carbon and nitrogen, the N-MPCs also contain many
oxygen-containing functional groups, as evidenced by the O 1s
peak located at around 532 eV in Fig. 4(c). The atomic
percentages of C, N and O are determined to be 90%, 2.4% and
7.6%, respectively. Notably, the high-resolution N 1s XPS spec-
trum presented in Fig. 4(d) shows that the N-MPCs not only
contain pyridinic-N (398.3 eV) and pyrrolic-N (399.8 eV), but also
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graphitic-N (401.3 eV) and oxidized-N (403.7 eV). According to
previous studies,* a mixed pyridinic-N and graphitic-N struc-
ture is beneficial in enhancing the catalytic activity of carbon
toward ORR. Accordingly, the ORR activities of the biochar,
MPCs and N-MPCs were further evaluated and compared, as
discussed in the following sub-section.

3.2 Electrochemical catalytic activity of N-MPC samples

The ORR electrocatalytic performance of the biochar, MPC and
N-MPC materials was measured in alkaline electrolyte (0.1 M
KOH). The tests commenced by measuring the activity of the N-
MPCs in saturated O, and N, environments by means of CV
tests. As shown in Fig. 5(a), the N-MPCs exhibited a strong
catalytic performance for ORR in the O,-saturated 0.1 M KOH
environment, but only a weak performance in the saturated N,
environment. Neither CV curve shows any additional reduction
peaks. Hence, it is inferred that the N-MPCs have good stability
and initiate no side-reactions. As shown in Table 1, the WCSB and
MPCs both contain nitrogen elements due to the nitrogen content
of the pristine WCS. Therefore, the ORR catalytic activity of both
materials was also measured for comparison purposes, as shown
in Fig. 5(b). For both materials, oxygen reduction peaks are
observed; indicating a strong catalytic activity. Generally speaking,
the intensity of the ORR reaction activity can be judged by the
initial reaction potential and current density of the CV curve. Thus,
observing Fig. 5(b), it is found that, of the three materials, the N-
MPCs exhibit the best catalytic performance, with the highest
initial potential (0.10 V vs. RHE) and current density (0.74 mA
em~?) (see Table 2). It is additionally noted that the MPCs have
a higher initial potential and current density (0.05 V, 0.58 mA
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Fig. 4 XPS analysis results for C 1s, O 1s and N 1s binding energies of N-MPC material.
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Table 2 Catalytic performance of various samples in ORR and Al-air battery tests

ORR Al-air battery
Sample Onset potential/V Current density/mA cm™> Initial voltage/V Initial current/A
Biochar —0.03 0.04 0.50 0.03
MPC 0.05 0.58 0.80 0.25
N-MPC 0.10 0.74 0.91 0.39

cm?) than the biochar (—0.03 V, 0.04 mA cm 2. It is hence
inferred that the increased surface area of the MPCs exposes
a greater number of active sites to the reactant and therefore
improves the overall catalytic performance.

The catalytic efficiency of the N-MPCs for ORR was further
studied using an LSV and rotating disk electrode (RDE) voltammetry
technique with different rotation speeds in the range of 400-
3000 rpm. As shown in Fig. 6(a), as the rotation speed increased, the
diffusion-limited current density also increased.* It is hence infer-
red that a higher rotation speed results in a thinner diffusion layer,
which allows the oxygen in the N-MPCs to diffuse to the electrode
surface more rapidly, and hence increases the reaction current.

The number of electrons transferred during ORR can be
determined from the LSV measurements obtained at different
rotation speeds using the following Koutecky-Levich (K-L)
equation:*’

1J = 1Jg + 1, = g + 1/(Bw®™) (1)

B = 0.2nFCo(Dg)* v (2)

where J is the measured current density, J is the kinetic current
density, Jy, is the limiting diffusion current density, w (rpm) is
the electrode rotation speed, n is the number of electron
transfers per oxygen molecule, and F is the Faraday constant
(96 485 C mol ). In addition, C, is the bulk concentration of
oxygen (1.2 x 10~® M), Dy is the diffusion coefficient of oxygen
(1.9 x 107% em?® s 1), and v is the kinematic viscosity of the
electrolyte (1.0 x 10~> cm? s~ ). Fig. 6(b) shows the K-L plot for
Fig. 6(a), where the number of electrons transferred at each
voltage is indicated in the lower-right corner of the figure. (Note
that the number of electrons is determined from the slope of the
corresponding K-L plot.) The average number of electron transfers
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is seen to be 3.6. Generally, in fuel cells, it is expected that the ORR
reaction occurs through a four-electron transfer process, which is
conducive to increasing the reaction rate and providing more
power.*** Overall, the results presented in Fig. 5 and 6 confirm
that the present N-MPCs have a high activity in ORR and are
consistent with this expected reaction mechanism.

In catalytic reactions, the stability of the catalyst is one of the
most important factors affecting the entire reaction system.
Generally, in direct methanol fuel cells, the concentration
gradient prompts molecular diffusion or electroosmotic drag,
which causes the methanol to penetrate the proton exchange
membrane from the anode side to the cathode side.*® Many
studies have shown that commercial ORR catalysts (Pt/C) have
a low catalytic activity for oxygen reduction due to the methanol
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cross-over effect, and therefore limit the performance of the fuel
cell.**** Consequently, the stability and resistance of the
present N-MPCs to the methanol cross-over effect was investi-
gated by adding 5.0 mL of methanol to the test electrolyte
(150 mL of 0.1 M KOH). The resulting CV curve (see Fig. 7(a))
shows no obvious change or additional redox peaks compared
to the original curve. In other words, the catalytic performance
of the N-MPCs is robust to the methanol cross-over effect. To
verify the stability of the N-MPC catalyst, the CV curves were
plotted over 1000 continuous cycles. As shown in Fig. 7(b), the
CV curve after 1000 cycles was very similar to that after the
initial cycle. Hence, the catalytic activity stability of the N-MPCs
in ORR was confirmed.
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Fig. 8 Photographs of (a) assembled Al-air battery and (b) Al-air battery-mechanical motor demonstration module. (c) LSV curve for N-MPC

obtained at rotation speed of 2500 rpm in O, saturated NaCl(,q and
battery.
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3.3 Aluminum-air battery performance of N-MPCs as
cathode material

Metal-air batteries have a theoretical energy density much
higher than that of existing batteries (e.g., lithium batteries,
lead-acid batteries, and so on), and have thus attracted
significant attention in the literature.*>** Accordingly, the
present study fabricated three Al-air batteries using N-MPC,
WCSB and MPC as cathode materials, respectively, and satu-
rated NaCl,q aqueous solution as the electrolyte (see
Fig. 8(a)). As shown in Fig. 8(b), each battery was assembled
with a motor for demonstration purposes. Among the three
batteries, that with the N-MPC cathode exhibited the highest
initial voltage (0.91 V) and current (0.39 A), as shown in Table
2. The LSV curve (Fig. 8(c)) similarly exhibited a high catalytic
performance, with a high initial potential (0.10 V vs. RHE) and
current density (1.5 mA cm™?). The performance of the N-
MPCs is similar to that reported in the literature for other
nitrogen-containing carbon materials for ORR.**™** Fig. 8(d)
shows the polarization curve and power density curve of the
Al-air battery with the N-MPC cathode. As shown, the N-MPC
cathode developed a maximum power density of 16 mW g *,
which enabled the motor to be driven for more than 4 h. The
enhanced electrocatalytic activity of the N-MPC catalyst can be
tentatively explained as follows: (1) the high surface area and
accessibility of the N-MPCs increase the availability of
enhanced reaction sites, (2) the nitrogen-doped sites serve as
effective oxygen reaction activation sites, and (3) the low
number of structural defects results in an improved electrical
conductivity. Notably, the second point suggests that the
presence of nitrogen species in the high surface area N-MPC
catalyst plays an important role in enhancing the reaction
activity of the catalyst for ORR.

4. Conclusions

N-MPCs have been successfully synthesized by activated WCSB
with eggshell waste. It has been shown that the N-MPC nano-
composites activated at a temperature of 900 °C have a high
surface area (>1200 m* g ') and a low number of structural
defects. Moreover, the N-MPCs have a mixed pyridinic-N and
graphitic-N structure with a N content of 3.8 wt%. In electro-
catalytic ORR activity tests, the N-MPCs have shown a high
electrocatalytic activity with an average electron transfer
number of 3.6 in alkaline NaOH,q) electrolyte. Furthermore,
when used as the cathode material in an Al-air battery, the N-
MPCs have exhibited a maximum power density of 16 mW g *
and have enabled a small motor to be driven for more than 4 h.
Overall, the N-MPCs synthesized in the present study are ob-
tained through a simple, scalable and green route and have
significant potential as a future cathode material for ORR
electrodes in energy conversion devices.
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