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ABSTRACT: Pyridinic N-type doped at carbon has been known to have better electrocatalytic activity toward the oxygen reduction
reaction (ORR) than the others. Herein, we proposed to prepare pyridinic N doped at carbon aerogels (CaA) derived from biomass,
i.e., coir fiber (CF) and palm empty fruit bunches (PEFBs), by adjusting the pyrolysis temperature during carbonization of the
biomass-based-cellulose aerogels. The cellulose aerogels were prepared by the ammonia−urea system as the cellulose solvent, in
which ammonia also acted as a N source for doping and urea as the cellulose cross-linker. The as-prepared cellulose aerogels were
directly pyrolyzed to produce N-doped CaA. It was found that the type of N doping is dominated by pyrrolic N at pyrolysis
temperature of 600 °C, pyridinic N at 700 °C, and graphitic N at 800 °C. The pyridinic N exhibited better performance as an
electrocatalyst for the ORR than pyrrolic N and graphitic N. The ORR using pyridinic N follows the four-electron pathway, which
quantitatively implies a more electrochemically stable process. When used as a cathode for the Mg−air battery using a 3.5% NaCl
electrolyte, the pyridinic N CaA exhibited excellent performance by giving a cell voltage of approximately 1.1 V and delivered a high
discharge capacity of 411.64 mA h g−1 for CF and 492.64 mA h g−1 for PEFB corresponding to an energy density of 464.23 and
529.49 mW h g−1, respectively.

1. INTRODUCTION
The scarcity and high cost of the lithium precursor for lithium-
ion batteries (LIBs) that currently dominate the power source
market of advanced consumer electronics and electric vehicles
endanger the stable supply of LIBs.1 These have encouraged
many researchers to find new redox chemistries for batteries
that have high energy density, safety, and low cost. Metal−air
batteries (MABs) are one of the promising systems and have
been investigated tremendously due to their very high
theoretical energy densities, exceeding those of LIBs.2−4 In
addition, MABs can be operated using aqueous electrolytes,
sustainable and abundant raw materials, that make the system
intrinsically cost low, highly safe, and environmental
benign.5−8 Among the various MAB systems, seawater
batteries consisting of metal anode, air cathode, and seawater
electrolyte have drawn great attention because of their good
electrochemical performance and the sufficiently available of
seawater on earth with a relatively homogeneous geographic
distribution.9−11 One of the main obstacles in MABs is the

sluggish oxygen reduction reaction (ORR) in the three-phase
reaction zone of the air cathode that requires a highly active
electrocatalyst hosted in a highly porous material to overcome
the air diffusion resistance.12,13 Noble-metal-based electro-
catalysts are considered the benchmark electrocatalyst for the
ORR, but their practical applications are hindered by their
scarcity and expensive cost.14 Therefore, it is urgent to explore
new sorts of highly efficient, stable, and low-cost ORR
electrocatalysts replacing the noble-metal-based ones.15

Owing to their low cost, environment-benignity, and abundant
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reserves, N-doped carbon materials are considered as the
promising alternatives to the noble metals.12,16

Three types of N functional groups are generally observed in
the N-doped carbon materials such as graphene, carbon
nanotubes, fullerene, and graphite: pyrrolic N, pyridinic N, and
graphitic N.17,18 Among those three, pyridinic N is considered
as the most efficient for the ORR, and its activity is determined
by the N-doping concentration.18−22 Carbon materials with
abundant exposed edges that provide sites for N doping are
desirable to enhance ORR electrocatalysis and, thus, a new
type of carbon framework as the matrix for pyridinic N doping
is required to be explored.18,23 Carbon aerogel, which has a
three-dimensional porous network filled with 90−99% of gas,
can be an excellent candidate for such purposes. Its highly
porous network confers various unique properties such as
ultralow density, large specific surface area, and high electrical
conductivity that make carbon aerogel suitable for electrodes
for electrochemical energy storage and conversion devi-
ces.24−26 Carbon aerogel is typically prepared by pyrolysis of
a highly cross-linked polymeric gel obtained by the sol−gel
process with specific drying under an inert atmosphere. The
use of renewable natural-origin polymers such as cellulose and
lignin as precursors can significantly reduce cost and improve
sustainability.27 Moreover, pyrolyzing N-rich natural polymers
can produce N-doped carbon aerogel directly without
additional nitridation process, which is typically energy
intensive and time-consuming, for doping.24,28,29

Previously, we had successfully prepared carbon aerogels
using coir fibers (CFs), an abundantly available agricultural
waste rich in cellulose, as carbon precursors by direct pyrolysis
of cellulose aerogel derived from the material.12,30 To enrich
cellulose aerogel with nitrogen as a source for N doping, an
aqueous ammonia−urea system was used as the solvent for
cellulose during the sol−gel process. This way, N-doped
carbon aerogel could be obtained in situ during pyrolysis which
is more straightforward and has greater potential to get high N
content and stable product.31 The N-doped carbon aerogel
exhibited an excellent electrocatalytic activity toward ORR in
alkaline media following a two-electron-transfer mechanism.12

However, peroxide emerges as an intermediate in the ORR in
this two-electron process, not directly converted into water
without side reactions as in the four-electron-transfer
process.23 Therefore, the four-electron pathway is preferable
due to the more efficient and favorable process for the ORR,
and the N-doped carbon aerogel should be designed to fulfill
this task.
During the carbonization process using slow pyrolysis of N-

containing cellulose aerogel, temperature is a critical factor
influencing the N content and the nature of N doping in
carbon materials.31 For example, the N-content of the residue
carbonaceous materials decreases with increasing temperatures,
and pyridinic N and pyrrolic N are cracked to produce HCN
and NH3 at high temperatures.

32−35 In general, the pyrolysis
process of cellulosic materials involves consecutive steps
including dehydration (<200 °C), volatilization (200−500
°C), and carbonization (>500 °C) by depolymerization of
hemicellulose, cellulose, and lignin. Carbonization occurs with
minimal weight loss as the temperature increases, but there are
essential changes in the solid structure. Therefore, it was
assumed that the nature of the N doping can be regulated by
adjusting the pyrolysis temperature during the carbonization
process.

In this work, we report on the preparation of N-doped
carbon aerogels using biomass, i.e., CFs and palm empty fruit
bunches (PEFB), as a carbon precursor for use as an
electrocatalyst for the ORR. The ammonia−urea system is
used as the cellulose solvent during the sol−gel process to
enrich the N-content in cellulose aerogel to increase the
content of N doped during pyrolysis. The effect of temperature
on the type of N doping and the structure of the carbon
aerogels produced is investigated. The electrocatalyst activity
of the N-doped carbon aerogel toward the ORR is examined in
a 3.5% NaCl electrolyte. Then, the N-doped carbon aerogels
are assembled as a cathode of a Mg−air battery with
magnesium alloy as the anode, and their performance is tested.

2. EXPERIMENTAL SECTION
2.1. Materials. CF was obtained from Tulungagung,

Indonesia, and PEFBs were obtained from PT. Polytech
Indonesia. The cellulose content of CF and PEFB, as
determined by the Chasson−Datta method, was 39.28 and
49.36%, respectively. The proximate composition of CF was
6.73% moisture, 3.36% ash, 56.05% fixed carbon, and 33.86%
volatile matter and of PEFB was 8.46, 3.86, 55.76, and 31.92%.
In addition, PEFB contained an oil content of approximately
0.39%. Sodium hydroxide (NaOH; reagent grade), ethanol
(99.9%; reagent grade), ammonia (NH3 25%; reagent grade),
and sodium chloride (NaCl; reagent grade) were purchased
from Merck. Urea [(NH2)2CO; commercial grade] was
provided by PT. Petrokimia Gresik, Indonesia. Polyvinylidene
fluoride (PVDF; reagent grade) and 1-methyl-2-pyrrolidinone
(NMP; reagent grade) were purchased from Sigma-Aldrich.
Nickel foam and magnesium alloy AZ31B sheet were used as
the current collector and negative anode, respectively, during
the electrochemical performance tests. Demineralized water
was used for all syntheses and for preparing electrolytes for
electrochemical performance tests. All chemicals were used as
received without further purification.

2.2. Preparations of N-Doped Carbon Aerogels. N-
Doped carbon aerogels were prepared from either CF or PEFB
raw material following our previous method with some
modifications.12 Briefly, the raw material was first converted
into cellulose aerogel and then pyrolyzed at high temperature
under a nitrogen environment. To prepare the cellulose
aerogel, the raw material was milled, sieved to 120 mesh (125
μm), and digested in 6% NaOH solution under atmospheric
reflux for 4 h to produce pulp. For the PEFB raw material, it
was first pretreated with a 4% NaOH solution to eliminate the
oil content.36 The resulting pulp was filtered, washed, and
dissolved in an aqueous ammonia−urea solution consisting of
5.0 mL of water, 4.0 g of urea, and 11 mL of 25% aqueous NH3
solution under ultrasonication for 30 min. Then, the mixture
was cooled at a temperature of −5 °C for 24 h to allow for
gelation. The gel was thawed at room temperature for 1 h,
immersed in ethanol 98% for 24 h for coagulation, and soaked
in water to exchange ethanol with water. The cellulose aerogel
was obtained by freezing the hydrogel at −20 °C for 24 h,
followed by vacuuming to 20 Pa at −40 °C in a freeze-dryer
(EYELA FDU-1200) for 24 h. The cellulose aerogel was
pyrolyzed in a furnace under the nitrogen atmosphere at a
temperature varied from 600 to 800 °C. The pyrolysis vessel
was purged with nitrogen for 15 min before heating. The
heating was carried out in steps, starting from 150 °C for 30
min to remove moisture, 400 °C for 30 min to decompose
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cellulose and lignin, and the pyrolysis temperature for 2 h to
carbonize cellulose.

2.3. Characterization. The chemical functional groups of
the samples were identified by Fourier transform infrared
spectroscopy (FTIR; Thermo Scientific Nicolet iS10) at
wavenumbers ranging from 4000 to 400 cm−1. The
morphology and atomic composition were observed by
scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM−EDS; Hitachi FlexSEM 1000). The
crystalline phase was identified by X-ray diffraction (XRD;
PANalytical, X’pert Pro) in the 2θ interval of 20−80°. The
specific surface area was determined from the N2 adsorption
isotherms (Nova 1200, Quantachrome) using the multiple-
point Brunauer−Emmett−Teller (BET) method at P/P0 < 0.3.
Prior to the measurement, the sample was degassed by heating
at temperature of 300 °C under flowing nitrogen for 3 h. The
porosity of aerogel was calculated using

= 1 b

t (1)

where ϕ is the porosity, ρb is the bulk density of aerogel
obtained by measuring the mass and the bulk volume of
samples, and ρt is the true density of cellulose (=1.528 g
cm−3).37

2.4. Electrochemical Performance Test of N-Doped
Carbon Aerogel. The electrocatalytic activity of the prepared
N-doped carbon aerogel was studied for the ORR using cyclic
voltammetry (CV) and linear sweep voltammetry (LSV)
methods in a three-electrode setup. The three electrodes were
connected to a potentiostat/galvanostat instrument (Autolab
PGSTAT 302, Metrohm). The catalyst ink was prepared by
mixing 10 mg of carbon aerogel with 1 mg of PVDF binder and
0.3 mL of NMP solvent. Then, 0.010 mL of the carbon ink was
drop-casted onto a surface of 3 mm glassy carbon (geometric
area = 0.071 cm2) and dried at 50 °C with a catalyst loading of
0.8 mg. Pt coil and Ag/AgCl were used as the counter and the

reference electrodes, respectively. All measurements were
performed under ambient conditions.
The electrochemical measurements were performed in an

oxygen-saturated 3.5% sodium chloride (NaCl) solution. Prior
to the measurements, the NaCl solution was purged with
oxygen for 30 min and maintained under an oxygen
atmosphere during the electrochemical test. The CV measure-
ment was performed by scanning the potential between −1.0
and +1.0 V (vs Ag/AgCl) at a scan rate of 10 mV s−1. LSV was
performed on a rotating disc electrode (RDE) by varying the
rotation speed from 400 to 3600 rpm, and the potential was
scanned from −0.7 to 0.0 V (vs Ag/AgCl) at a scan rate of 10
mV s−1. The number of transferred electrons and the kinetics
of current density were predicted using the Koutecky−́Levich
(K−L) equation

= +
i B i
1 1 1

1/2
k (2)

=B nFC D0.201 O O
2/3 1/6

2 2 (3)

where i is the current density (mA cm−2), ω is the electrode
rotation speed (rpm), ik is the kinetic current density (mA
cm−2), n is the number of electrons involved in ORR, F is the
Faraday constant, COd2

is the saturated oxygen concentration
(9.38 × 10−5 mol cm−3),38 DOd2

is the diffusion coefficient of
oxygen in the electrolyte (2.17 × 10−5 cm2 s−1),39 and ν is the
kinematic viscosity of the electrolyte (8.61 × 10−2 cm2 s−1).38

The CV measurement was also carried out in a nitrogen-
saturated 3.5% NaCl solution. In this case, prior to the
measurements, the NaCl solution was purged with nitrogen to
remove oxygen and maintained under a nitrogen atmosphere
during the electrochemical test using conditions the same as
those for an oxygen atmosphere.
The as-prepared carbon aerogels were also used as cathode

materials for Mg−air seawater battery full-cell testing. First,
carbon aerogel powder and PVDF binder were mixed in the

Figure 1. (A1−C1) Morphology of CF cellulose aerogels; (A2−C2) morphology of CF carbon aerogels (CaA) pyrolyzed at 700 °C; (A3−C3)
morphology of PEFB cellulose aerogels; and (A4−C4) morphology of PEFB CaA pyrolyzed at 700 °C.
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NMP solvent in a weight ratio of 10:1:1 to obtain a
homogeneous paste. The catalyst paste was then cast into a
nickel foam. The Mg alloy AZ31B anode and carbon aerogel@
nickel foam cathode with active areas of 1 cm2 (1 cm × 1 cm)
were assembled in a cell with a 3.5% NaCl electrolyte for the
Mg−air full-cell testing. The full-cells were analyzed using a
battery analyzer (model BST8-MA, MTI Corporation, USA).

3. RESULTS AND DISCUSSION

3.1. Characteristics of N-Doped Carbon Aerogel. The
color of the cellulose aerogel derived from CF and PEFB
changed from light brown to black after pyrolysis at 700 °C
without changing their shape significantly (Figure S1). It is
likely that the microstructure of cellulose aerogel could be
maintained during the pyrolysis at high temperature. This is
confirmed by the SEM images, as shown in Figure 1, showing

Figure 2. SEM images of coir fiber-based CaA pyrolyzed at various temperatures: (A1) 600; (A2) 700; and (A3) 800 °C and PEFB-based CaA
pyrolyzed at various temperatures: (B1) 600; (B2) 700; and (B3) 800 °C.

Table 1. Specific Surface Area of Carbon Aerogels Pyrolyzed at Various Temperatures and the Corresponding Cellulose
Aerogel

raw materials samples pyrolysis temperature (°C) surface area (m2 g−1) fiber diameter (μm) internal pore size (μm)
CF cellulose aerogel 86

carbon aerogel 600 2510 61.21 ± 14.79 6.15 ± 1.84
carbon aerogel 700 3603 55.67 ± 15.85 5.43 ± 1.41
carbon aerogel 800 1951 48.88 ± 12.93 4.08 ± 0.96

PEFB cellulose aerogel 130
carbon aerogel 600 3591 54.53 ± 21.11 5.47 ± 1.95
carbon aerogel 700 4568 49.50 ± 19.93 4.72 ± 1.98
carbon aerogel 800 2824 33.23 ± 20.80 3.36 ± 1.85

Figure 3. XRD patterns of aerogels derived from (a) CF: (a1) raw material, (a2) CeA, and (a3,a4) carbon aerogel pyrolyzed at 600 (a3), 700 (a4),
and 800 °C (a5); (b) PEFB: (b1) raw material, (b2) CeA, and (b3,b4) carbon aerogel pyrolyzed at 600 (b3), 700 (b4), and 800 °C (b5).
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that the microstructure of cellulose aerogel (A1−C1) and the
corresponding carbon aerogel (A2−C2) is similar. The
cellulose aerogel and carbon aerogel have a porous structure
composed of a three-dimensional network of interconnected
fibers with a porosity of approximately 92.7% for cellulose
aerogel and 96.2% for carbon aerogel. However, the size of
fibers in carbon aerogel is smaller than that in cellulose aerogel.
Observing the cross-sectional view of individual fibers, the
internal pores of the fibers in carbon aerogels are larger than
those of the corresponding cellulose aerogel.
Pyrolysis at different temperatures, i.e., 600 and 800 °C,

yielded the same results for aerogels derived from both CF and
PEFB. The shape and size of aerogels were relatively
unchanged, and the microstructure of cellulose aerogels
could be maintained after pyrolysis (Figure 2). The difference
is on the fiber diameter and the internal pore fiber size of the
resulting carbon aerogel, which for all cases tends to decrease
with the increase of pyrolysis temperature. The fiber diameter
of CF carbon aerogel pyrolyzed at 600, 700, and 800 °C was,
respectively, 61.21, 55.67, and 48.88 μm, and the internal pore
size was 6.15, 5.43, and 4.08 μm. For PEFB carbon aerogel, the
fiber diameter for 600, 700, and 800 °C was, respectively,
54.53, 49.50, and 33.23 μm, and the internal pore size of the
individual fiber was 5.47, 4.72, and 3.36 μm. The surface area
of carbon aerogels was significantly increased from that of their
corresponding cellulose aerogels after pyrolysis (Table 1). The
surface areas of PEFB cellulose were higher than those of CF
cellulose aerogel at the same pyrolysis temperature, with the
highest-surface area obtained at a pyrolysis temperature of 700

°C for both materials. Observing the individual fibers of carbon
aerogels shown in the SEM images of Figure 2, the internal
pores of carbon aerogel pyrolyzed at 800 °C are larger than
that of pyrolyzed at 700 °C. This may explain why the carbon
aerogel pyrolyzed at 800 °C has smaller surface area.
Figure 3 shows the XRD patterns of cellulose aerogels and

their corresponding carbon aerogels derived from CF and
PEFB materials pyrolyzed at various temperatures. The
diffraction patterns for both CF and PEFB have two
characteristic peaks, a sharp peak at 22.1° (2 0 0) and a
broad peak at 16.0° (1 1 0), which match the pattern of
cellulose I.40 The two peaks disappeared after their conversion
into cellulose aerogels, replaced by four characteristic peaks at
11.7° (0 1 0), 16.6° (0 0 2), 22.2° (0 1 2), and 34.5° (1 2 0),
which belong to cellulose III.40 It is apparent that the
dissolution and reprecipitation of cellulose in an aqueous
NH3−urea solvent changed the cellulose phase from cellulose I
to cellulose III. After pyrolysis at either 600, 700, or 800 °C,
the diffraction peaks changed to two broad peaks at 22.5° (0 0
2) and 42.5° (1 0 1), which can be indexed to amorphous
carbon.12 The broad diffraction peaks indicate that carbon
experiences an exfoliation into few layers and long-range
disorders.12 The exfoliation may cause the doping of nitrogen
into the carbon structure, resulting in C�N functional groups,
as shown by the FTIR spectra, which will be discussed later.
The (1 0 1) plane of carbon aerogel pyrolyzed at 700 °C
appears to be less developed compared to the others, and the
intensity of the (0 0 2) plane is the highest for both CF and
PEFB carbon aerogels. These results suggest that the

Figure 4. Compositions of the original CeA and CaA pyrolyzed at a temperature of 600, 700, and 800 °C: (a) CF and (b) PEFB.

Figure 5. FTIR spectra of aerogels derived from (a) CF: (a1) CeA and (a2−a4) CaA pyrolyzed at 600 (a2), 700 (a3), and 800 °C (a4); (b) PEFB:
(b1) CeA and (b2−b4) CaA pyrolyzed at 600 (b2), 700 (b3), and 800 °C (b4).
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crystalline regularity is distorted, which may be due to the
presence of C−N bonding, as shown by the FTIR spectra that
will be discussed later.
Figure 4 shows the atomic compositions of carbon aerogels

pyrolyzed at various temperatures and the starting materials of
the corresponding cellulose aerogel derived from CF and PEFB
with SEM−EDS. The carbon content of carbon aerogels
increased after pyrolysis both for the aerogels derived from CF
and PEFB, and it was higher by the increase of temperature.
The high carbon content in the carbon aerogels made the color
change from light brown to black. Moreover, the N content of
carbon aerogels also tended to increase with the increase of
pyrolysis temperature. Observing the FTIR spectra of cellulose
aerogels and the resulting carbon aerogels after pyrolysis
(Figure 5), some functional groups disappeared and new
groups appeared. Most of the characteristic bands in the
spectra that belong to cellulose disappeared, and new bands
that belong to carbon and its related compounds appeared.
The bands that belong to cellulose are at wavenumbers
between 3334 and 3340 cm−1 (O−H), 2895 cm−1 (C−H
stretch), between 1423 and 1455 cm−1 (C�C bond), 1031
cm−1 (C−O bond), between 1591 and 1624 cm−1 (C�O
bond), between 3210 and 3263 cm−1 (N−H stretch), and
between 1056 and 1058 cm−1 (C−N bond).41 The last three
bands indicate the cross-link of cellulose molecules with urea
molecules. The bands disappeared after pyrolysis because of
the cellulose conversion into carbon, and they were replaced
by new bands indicating the emergence of N-doped carbon.
The nature of doping will be discussed in detail in the
following.
The existence of N in the carbon aerogel has been evidenced

by the characteristic bands in the FTIR spectra discussed
earlier. At the pyrolysis temperature of 600 °C, the FTIR
spectra of both CF and PEFB carbon aerogels show the
presence of pyridinic N and pyrrolic N. The pyridinic N is
indicated by the bands between 1568 and 1593 cm−1 (C�N
bond) along with the bands at 1425 cm−1 (C�C bond) and at
880 cm−1 (C−H aromatic bond), and the pyrrolic N is
indicated by the bands at wavenumbers of 1080 cm−1 (C−N
bond), 1607 cm−1 (N−H bond), and 3359 cm−1 (N−H
stretching).42 The band indicating pyrrolic N at 1080 cm−1

(C−N bond) disappeared when both the CF and PEFB
cellulose aerogels were pyrolyzed at 700 °C. Instead, a new
band indicating other aromatic C−H bond at a wavenumber of

3015 cm−1 appeared. These signals indicate that pyrrole N has
been replaced by pyridinic N in the carbon aerogels at a
pyrolysis temperature of 700 °C for both CF and PEFB carbon
aerogels. When the pyrolysis temperature was increased to 800
°C, the bands indicating pyridinic N weakened for both CF
and PEFB carbon aerogels, and for the CF aerogel, a band at
1080 cm−1 that can be attributed to graphitic N appeared.
These results suggest that the nature of N doping on the
carbon aerogels produced from CF and PEFB by direct
pyrolysis is influenced by the pyrolysis temperature. Pyrrolic N
tends to be formed at pyrolysis temperature of 600 °C,
pyridinic N at 700 °C, and graphitic N at 800 °C (see Figure
S3 for the chemical structure). It appears that the nature of N
doping can simply be tuned by adjusting the pyrolysis
temperature. It has been demonstrated in the published
literature that the electrochemical active sites are generally
derived from the vacancy defects of the π system provided by
pyrrolic N and pyridinic N.23,43,44 Therefore, it could be
expected that the N-doped carbon aerogels containing both
types of N doping would have a high electrochemical reactivity.

3.2. Electrocatalytic Activity toward ORR. As a
potential oxygen catalyst in the air−cathode of seawater
batteries, the electrocatalytic activity of the prepared N-doped
carbon aerogels was evaluated toward the ORR by CV and
LSV measurements. Figure 6 shows the CV curves of the N-
doped carbon aerogel pyrolyzed at various temperatures in O2-
and N2-saturated 3.5% NaCl solutions at a scan rate of 10 mV
s−1. No peak can be observed in the CV curves of all N-doped
carbon aerogels for a N2-saturated 3.5% NaCl solution (Figure
6). The curves can provide a clean background for the O2-
saturated electrolyte. On the contrary, all N-doped carbon
aerogels showed a higher cathodic peak in an O2-saturated
electrolyte. The peak potentials are at −0.67 V (vs Ag/AgCl)
for all carbon aerogels except for CF carbon aerogel pyrolyzed
at 600 °C. The peak potential for CF carbon aerogel pyrolyzed
at 600 °C is approximately 0.5 V (vs Ag/AgCl). These indicate
that the N-doped carbon aerogels have high electrocatalytic
activity for the ORR. Another important criterion to evaluate
ORR activity is onset potential.45 N-doped CF and PEFB
carbon aerogels pyrolyzed at 700 °C showed a larger shifted
positively onset potential at −0.29 V (vs Ag/AgCl) and a
higher current peak, implying that they have a higher
electrocatalytic activity than the other samples. As discussed
earlier, these samples have higher surface areas and contain

Figure 6. CV curves of N-doped aerogel in a 3.5% NaCl solution with a scan rate of 10 mV s−1 from (a) carbon aerogel based on CF pyrolyzed at
600 (a1), 700 (a2), and 800 °C (a3); (b) carbon aerogel based on PEFB pyrolyzed at 600 (b1), 700 (b2), and 800 °C (b3). The solid-line curves
were measured in an O2-saturated solution, and dashed-line curves were measured in a N2-saturated solution.
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more pyridinic N that plays an important role in improving the
ORR due to the vacancy defects. Therefore, they can provide
more exposed active sites for the ORR than the other samples.
To further study the ORR activity of the prepared N-doped

carbon aerogels, LSV measurements were performed in an O2-
saturated 3.5% NaCl solution using an RDE at a scan rate of 10
mV s−1. Figure 7 shows the RDE voltammograms of CF and
PEFB carbon aerogel samples prepared at different pyrolysis
temperatures for the ORR at various rotation speeds. All N-
doped carbon aerogel samples show an onset potential of
approximately −0.2 V (vs Ag/AgCl). The kinetic current
density and the number of electrons involved during ORR
were further calculated by the K−L equation, and the results

are shown in Table 2. The fitting lines of the K−L plots
(Figure S4) are near parallel each other, indicating that the
reactions are kinetically first-order with respect to the dissolved
oxygen and have similar electron transfer numbers for the ORR
at different potentials.46 The kinetic current density of both CF
and PEFB carbon aerogel samples pyrolyzed at 700 °C showed
the maximum value, namely, 0.65 mA cm−2 for CE and 0.50
mA cm−2 for PEFB. As discussed earlier, the carbon aerogel
samples pyrolyzed at 700 °C contain more pyridinic N than
the other samples, and thus, we speculate that the kinetic
current density increased positively with the amount of
pyridinic N. The calculated electron transfer numbers (n) for

Figure 7. LSV curves of (a) CaA-CF-600, (b) CaA-PEFB-600, and (c) CaA-CF-700, (d) CaA-PEFB-700, (e) CaA-CF-800, and (f) CaA-PEFB-800
with a 3.5% NaCl electrolyte.
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both CF and PEFB carbon aerogels pyrolyzed at 600 and 700
°C approach 4 following the reaction47

+ +O 2H O 4e 4OH2 2 (4)

For both CF and PEFB carbon aerogels pyrolyzed at 800 °C,
the calculated electron transfer numbers approach 2 following
the reactions47

+ + +O H O 2e HO OH2 2 2 (5)

+ +H O HO 2e 3OH2 2 (6)

Again, the electron transfer numbers of carbon aerogel samples
pyrolyzed at 700 °C approach 4, i.e., the ORR follows the four-
electron pathway, which quantitatively implies a more
electrochemically stable process.47 These LSV results are
consistent with the results of CV analysis, indicating that
samples with the highest proportion of pyridinic N could
improve an ORR by changing the ORR mechanism to direct
the four-electron pathway to water. Although both CF and
PEFB carbon aerogel samples pyrolyzed at 800 °C have similar
proportion of N (Figure 4), their ORR performance is less
enhanced than those pyrolyzed at 700 °C. The type of N
doping on these carbon aerogels is dominated by graphitic N,
not pyridinic N, which does not have many vacancy defects
that serve as the electrochemical active sites.
In general, pyridinic N is the main active site for the O2

adsorption reduction that facilitates ORR by creating Lewis
base to adsorb oxygen molecule at the carbon atom next to the
pyridinic N followed by protonation of the adsorbed O2.

20 As
discussed earlier, the ORR of both CF and PEFB carbon
aerogels pyrolyzed at 700 °C followed the four-electron
pathway due to the higher proportion of pyridinic N. In the

four-electron pathway, the other two protons attach to the
oxygen atoms, which break the O−OH bond up to form OH
species (Figure S5). The adsorbed OH species then reacts with
the additional proton to form H2O. The presence of carbon
atoms next to pyridinic N with Lewis basicity plays an
important role in providing active sites for the adsorption of
oxygen molecules as the initial step of the ORR.
Although not as active as pyridinic N, pyrrolic N and

graphitic N can also serve as active sites for the ORR following
a two-electron pathway. In this case, pyrrolic N and graphitic
N facilitate ORR by creating Lewis base as the active sites for
the adsorption of oxygen molecule as the initial step of the
ORR followed by protonation of the adsorbed oxygen to form
O−OH (see Figures S6 and S7). Then, H2O2 is formed by the
reaction of the adsorbed O−OH species with another proton,
followed by readsorption of H2O2 and its reduction by two
protons to generate H2O.

20

3.3. Performance of Mg−Air Battery Using the
Pyridinic-N Carbon Aerogels. To demonstrate the practical
performance of the N-doped carbon aerogels as an ORR
catalyst in seawater batteries, we assembled Mg−air batteries
using commercial Mg alloy as the anode and N-doped carbon
aerogels (CF and PEFB pyrolyzed at 700 °C) as the cathode
(Figure S8). The electrolyte was a 3.5% NaCl solution. As
shown in Figure 8, using a galvanostatic discharge current of 1
mA cm−2, the Mg−air batteries using a 3.5% NaCl electrolyte
showed a relatively constant voltage of approximately 1.1 V for
both CF and PEFB carbon aerogels for relatively long time.
The discharge voltage dropped sharply after the discharge tests
of 15.5 and 18.9 h for CF- and PEFB-carbon aerogels,
respectively. The Mg−air batteries using the CF- and PEFB-N-
doped carbon aerogels delivered a high discharge capacity of,
respectively, 411.64 and 492.64 mA h g−1, corresponding to an
energy density of 464.23 and 529.49 mW h g−1. These high-
power densities are considered to be successfully rapid oxygen
transport on the catalyst layer, which plays an important role as
a water-flooding three-phase boundary. The sudden drop in
voltage after the long discharge time might not be caused by
the exhausted catalyst layer but might be caused by the
formation of a passive layer at the Mg anode. We observed the
formation of white precipitate, more likely Mg(OH)2, during
the discharge process, leading to covering up the surface of Mg

Table 2. Average Number of Electron Displacement (n) and
Kinetic Current Density (ik) of the Carbon Aerogels Are
Based on the Koutecky ́−Levich Equation

sources of cellulose pyrolysis temperature (°C) n (−) ik (mA cm−2)

CF 600 3.36 0.61
700 3.54 0.65
800 2.20 0.26

PEFB 600 3.01 0.11
700 3.96 0.50
800 2.86 0.19

Figure 8. (a) Discharge voltage and (b) discharge capacity of seawater battery were tested for the discharge process at a constant current density of
1 mA cm−2 with N-doped carbon aerogel of CaA-CF-700 and CaA-PEFB-700 as the air cathode, magnesium alloy as the anode, and electrolyte of
NaCl 3.5%.
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anode and electrically separating the anode from the
electrolyte.

4. CONCLUSIONS
We have demonstrated that the nature of N doping on carbon
aerogels derived from biomass, i.e., CF and PEFB, can be
tuned simply by adjusting the pyrolysis temperature of the
prepared cellulose aerogels. The type of N doping is
dominated by pyrrolic N at pyrolysis temperature of 600 °C,
changes to pyridinic N at 700 °C, and finally to graphitic N at
800 °C. Electrochemical tests show that pyridinic N can serve
as active sites to facilitate the ORR and has better performance
as the electrocatalyst for the ORR than pyrrolic N and
graphitic N. The ORR using pyridinic N follows the four-
electron pathway, which quantitatively implies a more
electrochemically stable process. Another type of N-doped
carbon is required in providing active sites for the adsorption
of oxygen molecules as the initial step of the ORR. Assembling
the pyridinic N carbon aerogels into the Mg−air battery with a
3.5% NaCl electrolyte gives a cell voltage of approximately 1.1
V. The battery cell can deliver a high discharge capacity of
411.64 mA h g−1 for CF and 492.64 mA h g−1 for PEFB
corresponding to an energy density of 464.23 and 529.49 mW
h g−1, respectively. The biomass-based N-doped carbon
aerogels may be also used as the matrix for its counterpart
oxygen evolution reaction to fabricate a bifunctional electro-
catalyst for rechargeable seawater batteries.
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