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Abstract: Hydrogen generation through water electrolysis is an efficient technique for hydrogen
production, but the expensive price and scarcity of noble metal electrocatalysts hinder its large-scale
application. Herein, cobalt-anchored nitrogen-doped graphene aerogel electrocatalysts (Co-N-C) for
oxygen evolution reaction (OER) are prepared by simple chemical reduction and vacuum freeze-
drying. The Co (0.5 wt%)-N (1 wt%)-C aerogel electrocatalyst has an optimal overpotential (0.383 V
at 10 mA/cm2), which is significantly superior to that of a series of M-N-C aerogel electrocatalysts
prepared by a similar route (M = Mn, Fe, Ni, Pt, Au, etc.) and other Co-N-C electrocatalysts that have
been reported. In addition, the Co-N-C aerogel electrocatalyst has a small Tafel slope (95 mV/dec),
a large electrochemical surface area (9.52 cm2), and excellent stability. Notably, the overpotential
of Co-N-C aerogel electrocatalyst at a current density of 20 mA/cm2 is even superior to that of the
commercial RuO2. In addition, density functional theory (DFT) confirms that the metal activity
trend is Co-N-C > Fe-N-C > Ni-N-C, which is consistent with the OER activity results. The resulting
Co-N-C aerogels can be considered one of the most promising electrocatalysts for energy storage
and energy saving due to their simple preparation route, abundant raw materials, and superior
electrocatalytic performance.

Keywords: aerogel; Co-N-C; DFT calculations; electrocatalysis; oxygen evolution reaction

1. Introduction

Hydrogen energy has been considered one of the most promising renewable energy
sources currently due to its ease of use and lack of pollution. Hydrogen generation through
water electrolysis, based on the future objective of reaching carbon neutrality or perhaps
carbon negative, has considerable potential for development and implementation among
the different methods of hydrogen preparation [1,2]. The water electrolysis reaction consists
of two half-reactions, one is the hydrogen evolution reaction (HER) in the cathode region,
and the other is the oxygen evolution reaction (OER) in the anode region. Different
from the two-electron transfer reaction of HER, OER is a four-electron proton coupling
reaction, which requires higher energy (higher overpotential) to overcome the kinetic
barriers of OER [3]. In recent decades, various catalysts have been developed to improve
the reaction kinetics and stability of electrodes. Noble metal-based oxides are widely used
OER electrocatalysts, such as RhIr alloys [4], IrO2 [5], and RuO2 [6]. The high stability
and catalytic activity of noble metal catalysts provide low overpotential and long-term
stability in highly corrosive acidic or alkaline electrolytes. However, the expensive prices
and scarce stocks of noble metal catalysts limit their application. Currently, many novel
nanomaterials, such as transition metals [7], non-metallic carbon-based materials [8], and
nano-carbon hybrids [9], have been investigated as alternatives to precious metal catalysts.
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Qiu et al. [10] used chemical vapor deposition to fabricate a three-dimensional graphene-
coated nanoporous metallic nickel catalyst with an OER overpotential as low as 0.36 V
at a current density of 10 mA/cm2. Lyu et al. [11] used pyrolysis to prepare a Co-N-C
catalyst with Co nanoparticles encased in an N-doped carbon layer that had a low OER
overpotential of 0.41 V at a current density of 10 mA/cm2. In addition, increasing the
specific surface area of the catalyst can expose more catalytic active sites, which is another
effective method to enhance the OER activity. The specific surface area of catalysts can be
considerably increased by altering the morphology or loading on porous substrates [12].

Aerogel is a nanomaterial made up of nanoparticles, nanowires, or nanosheets that
has a three-dimensional porous network-like structure. It is widely employed in the do-
mains of thermal insulation, adsorption, catalysis, and energy storage due to its coherent
pore structure and high specific surface area [13–15]. Aerogels used as electrocatalysts
for OER reactions can be broadly classified into two categories: catalyst barriers and
aerogel-structured catalysts. Aerogels used as catalyst barriers, such as carbon aerogels
and graphene aerogels, generally have high electrical conductivity, which compensates
for the poor electrical conductivity of semiconductor electrocatalysts. Furthermore, the
well-developed pore channels provide a wider exposure area for the catalyst, resulting in
more catalytic active sites being involved in the OER [16]. Fu et al. [17] uniformly dispersed
Ni/MnO particles in the nanopore channels of 3D graphene aerogel. The large specific
surface area and high conductivity resulted in a low OER overpotential of 0.37 V at a
current density of 10 mA/cm2. Cui et al. [18] loaded ZIF-67 derived hollow NiCo phos-
phate nanocages onto wastepaper-based carbon aerogel (NCP@WPCA). The NCP@WPCA
catalysts exhibited excellent OER activity (0.35 V at 10 mA/cm2) due to the enhanced
electrochemical surface area. Aerogel-structured catalysts, unlike aerogel catalyst barriers,
require a balance between conductivity and catalytic activity. As a result, metallic aero-
gels and hetero-element-doped carbon aerogels have become a hot research topic [19,20].
The network structure consisting of catalytically active units maximizes the OER area. In
addition, the synergistic interactions between transition metals and nonmetal elements
significantly adjust the electronic structures, and hence, the binding energy of the inter-
mediates and the active sites for the OER process [21]. Lu et al. [22] embedded nanoscale
nickel-cobalt-iron alloys onto conductive boron and nitrogen co-doped/biomass-derived
carbon aerogels. The synthesized electrocatalysts exhibited the lowest overpotential (0.32 V
at 10 mA/cm2) under calcination at 600 ◦C. Zhang et al. [23] directed the casting of carbon
aerogels with honeycomb structure, N and S double-doped and loaded with FeCo alloy
nanoparticles (NSCA/FeCo). The interaction between the bimetallic alloy and the double-
doped carbon resulted in excellent OER activity of NSCA/FeCo (0.34 V at 10 mA/cm2).
However, as is well acknowledged, few reports on graphene aerogel electrocatalysts co-
doped with metallic and non-metallic elements have been published. On the other hand,
the most mature aerogel preparation process is the sol-gel method assisted by supercritical
drying, but the expensive price and the complicated process also limit the application of
aerogel. To solve the above problems, many new techniques have been proposed in recent
years, such as chemical reduction self-assembly, the template method and 3D printing.
Meanwhile, atmospheric pressure drying and freeze-drying technologies are also devel-
oping rapidly and gradually replacing supercritical drying [13–15]. Among the graphene
aerogel preparation methods, freeze-drying assisted by chemical reduction self-assembly is
undoubtedly the simplest and most efficient method to achieve large-scale production by
using the property of the self-assembly of graphene sheet layers into three-dimensional
structures. However, further improvements are still needed to achieve the harmonization
of performance and structure.

In this work, we anchor metallic cobalt in nitrogen-doped graphene aerogels by
chemical reduction and vacuum freeze-drying. It is found that 0.5 wt% of cobalt-anchored
and 1 wt% of nitrogen-doped graphene (Co-N-C) aerogel electrocatalyst has an optimal
OER overpotential of 0.383 V at a current density of 10 mA/cm2. It is noteworthy that the
OER overpotential of the Co-N-C aerogel electrocatalyst is significantly lower than that
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of the commercial RuO2 at a current density of 20 mA/cm2. In addition, we have also
prepared a series of M-N-C aerogel electrocatalysts (M = Mn, Fe, Ni, Pt, Au, etc.) by a similar
route, among which Co-N-C has the optimal OER activity. Meanwhile, electronic structures
are revealed by DFT calculations for Fe-N-C, Co-N-C, and Ni-N-C aerogel electrocatalysts
to explain the catalytic activity and mechanism pathways, keeping consistent with the OER
activity results.

2. Results and Discussion
2.1. Chemical Composition and Structural Analysis

The preparation process of the Co-N-C aerogel electrocatalyst is shown in Figure 1.
In brief, graphene oxide (GO), cobalt chloride (CoCl2), melamine, and vitamin C (VC)
are mixed in the desired proportions and the Co-N-C aerogel electrocatalyst is obtained
by chemical reduction at a reaction temperature of 95 ◦C and via further vacuum freeze-
drying. In our synthetic strategy, the graphene aerogel inherits the abundant vacancies of
GO, which can be used for the embedding of nitrogen and metal atoms [24,25]. Meanwhile,
both GO and metal ions can be reduced by VC as a strong reductant [26]. It is found that
the Co (0.5 wt%)-N (1 wt%)-C aerogel electrocatalyst has the optimal OER activity at a
current density of 10 mA/cm2, as shown in Figure S1.
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Figure 1. Schematic illustration of the preparation process of the Co-N-C aerogel electrocatalyst.

Overall, structural characterization and OER activity of the preferably selected Co-N-C
(0.5 wt% Co and 1 wt% N), Co-C (0.5 wt% Co), and GA are performed. Figure 2a shows the
X-ray diffractometer (XRD) patterns of GA, Co-C, and Co-N-C. The two diffraction peaks
at 2θ = 25◦ and 43◦ can be attributed to the (002) and (100) planes of reduced graphene
oxide, respectively [27]. As shown in the Fourier transform infrared absorption (FT-IR)
spectra of Figure 2b, the band at 3452 cm−1 corresponds to the stretching vibration of
O-H, which may be attributed to the adsorption of water under the air atmosphere. The
band at 1640 cm−1 corresponds to the stretching vibration of the aromatic C=C. The two
weak bands at 1726 cm−1 and 1080 cm−1 belong to the stretching vibrations of C=O and
C-O, respectively, which indicates that graphene oxide has been mostly reduced [28].
Unfortunately, probably due to the low content of Co and N, both of them are not detected
by the XRD pattern and FT-IR spectra. However, the presence of N is detected in further
X-ray photoelectron spectroscopy (XPS) (Figures 2d and S2a). After the charge calibration
of the XPS spectrum, the high-resolution spectrum of C 1s can be fitted with four peaks. In
Figure 2e, the four peaks at 284 eV, 284.47 eV, 285.79 eV, and 287.57 eV correspond to the
sp2 hybridized carbon of graphene, C-O bond, C-N bond, and C=O bond, respectively [29].
Meanwhile, the high-resolution XPS spectrum of N 1s is composed of three fitted peaks
at 398.86 eV, 399.73 eV, and 401.52 eV (Figure 2f), which can be assigned to the pyridine
nitrogen, pyrrole nitrogen, and graphite nitrogen, respectively [30]. In addition, the high-
resolution spectra of C1s and O1s of GA, Co-C, and Co-N-C aerogel electrocatalysts are
compared, and the results of the comparison are shown in Figure S3. The high-resolution
spectra of O1s of Co-N-C electrocatalysts can be fitted as two peaks at 530.83 eV (O-C) and
532.47 eV (O=C). Meanwhile the fitted peaks of C1s and O1s of all three electrocatalysts
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have a little displacement, which may be due to the introduction of Co and N changing
the electronic environment of C and O in the electrocatalyst [11]. According to Figure 2c,
the type IV isotherm indicates that the pore structure of the sample is heterogeneous with
the coexistence of mesopores and macropores. In addition, the hysteresis loop of type H4
reveals that there are narrow fractured pores in the sample. The Barrett–Joiner–Halenda
(BJH) pore size distribution diagram also shows that the pore structure of the electrocatalyst
is multilevel. It is noteworthy that all isotherms are not closed, which is probably since
graphene aerogels are flexible and undergo a slight expansion during the desorption
process [31]. The detailed pore structure data are shown in Table 1. The introduction
of Co and N elements may hinder the cross-linked assembly of graphene aerogels. The
macropores replace some of the mesopores, resulting in a slight decrease in specific surface
area, pore size, and pore volume. However, the coherent pore structure also exposes more
active sites, which is beneficial to enhancing the OER activity.
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Figure 2. (a) XRD, (b) FT-IR, and (c) N2 adsorption–desorption isotherms and the BJH pore size
distributions of GA, Co-C, and Co-N-C. XPS (d) survey, (e) C1s, and (f) N 1s spectrum of GA, Co-C,
and Co-N-C.

Table 1. Pore structures of GA, Co-C, and Co-N-C.

Catalyst
Micropore Pore

Volumes
(cm3/g)

BET Specific
Surface Areas

(m2/g)

BJH Adsorption
Average Pore

Diameters (nm)

BJH Adsorption
Pore Volumes

(cm3/g)

GA 0.12 69.73 6.81 0.11
Co-C 0.06 56.29 4.51 0.05

Co-N-C 0.04 42.93 3.50 0.03

Figure 3 shows the microstructure and elemental distribution of GA, Co-C, and Co-
N-C. Figure 3a–c shows the scanning electron microscope (SEM) images of GA, Co-C,
and Co-N-C, respectively, and the insets are the corresponding digital photographs. It
can be seen that the introduction of Co and N elements does not have a big impact on
the structure of the aerogel, which is visualized as a three-dimensional porous structure
assembled by graphene sheet layers. The structure is predominantly macroporous, which
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is consistent with the results of nitrogen adsorption and desorption tests. The lamellar
structure of graphene can be seen in Figure 3d, and the lattice stripes attributed to the
(100) plane of graphene can be distinguished at a higher magnification (Figure 3e). In
Figure 3f, the selected area electron diffraction (SAED) pattern of Co-N-C has two clear
concentric rings that can correspond to the (100) and (002) planes of graphene, respectively,
which is consistent with the XRD results. As shown in Figure 3g, the distribution ranges of
element C and element N are highly overlapping in the mapping diagram of Co-N-C. It is
noteworthy that the Co element is uniformly distributed in the sample, with an amount
of 0.41 wt% detected in the energy dispersive spectroscopy (EDS) of Figure S2b, which is
strong proof of the presence of the Co element in the sample.
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2.2. OER Performance Analysis

Overpotential at a certain current density is an effective technique to evaluate the OER
activity of electrocatalysts. As shown in Figure 4a, the Co-N-C has the lowest reaction
potential of 1.62 V at a current density of 10 mA/cm2. Based on the water oxidation
potential of 1.23 V and the IR compensation potential of 0.007 V (I0 = 0.7 mA, Rct = 10 Ω),



Gels 2023, 9, 313 6 of 14

the overpotential of Co-N-C aerogel electrocatalyst can be obtained as about 0.383 V,
which is lower than that of many reported Co-N-C electrocatalysts (Table S1). Notably,
the overpotential of Co-N-C is lower than that of the noble metal electrocatalyst (RuO2)
when the current density is increased to 20 mA/cm2. In addition, a series of M-N-C
aerogel electrocatalysts (M = Mn, Fe, Ni, Pt, Au, etc.) are prepared by a similar route,
among which Co-N-C has the optimal OER activity, as shown in Figure S4. The Tafel
slope of Co-N-C (95 mV/dec) is also significantly lower than that of Co-C (135 mV/dec)
and GA (533 mV/dec), and the lower slope is more favorable for the catalytic reaction
(Figure 4b). Figures 4c and S5 demonstrate the electrochemical surface area of aerogel
electrocatalysts. Based on the working electrode surface area of 0.07 cm2, the double-layer
capacitances of GA, Co-C, and Co-N-C aerogel electrocatalysts are 0.5369, 0.5418, and
0.5712 mF, respectively. The corresponding electrochemical surface areas are 8.95, 9.03,
and 9.52 cm2. Co-N-C has higher electrochemical surface areas than those of GA and
Co-C. In addition, a stability test was performed on a Co-N-C aerogel electrocatalyst, as
shown in Figure S6. By comparing the chronopotentiometric curve at a current density
of 10 mA/cm2, it can be found that the electrocatalyst has excellent stability with a stable
reaction potential of 1.62 V within 5 h. Although the Co-N-C aerogel electrocatalyst has the
largest impedance in the EIS spectrum of Figure 4d, it is significantly smaller than that of
other structures of Co-N-C electrocatalysts that have been reported so far [32].
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2.3. Theoretical Calculations

Based on the electrochemical experimental results, Co-N-C, Fe-N-C, and Ni-N-C aerogel
electrocatalysts are selected for DFT calculations. Taking the Co-N-C aerogel electrocatalyst as
an example, Figure 5 shows a schematic diagram of the structural changes of the electrocatalyst
during the OER transition through six stages. It should be noted that the *O2 intermediate
formation introduced in this calculation is a thermocatalytic primitive step and does not involve
the transfer of electrons and proton pairs [33]. From the calculations, it is known that the total
Gibbs free energy change of the reaction is 4.92 eV both for Co-N-C, Fe-N-C, and Ni-N-C aerogel
electrocatalysts, which is thermodynamically determined.
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As seen in Figure 6a, the Gibbs free energies of the five-step reaction of Ni-N-C are
2.14 eV, 2.06 eV, 0.88 eV, 0.24 eV, and −0.40 eV, which means that the rate-determining
step is the first reaction with the largest change in Gibbs free energy. It indicates that the
adsorbed state *OH formed by the release of one electron from the H2O molecule is not
easily bound to the polished surface of the catalyst. Similarly, the Gibbs free energies for
the five-step reaction of Co-N-C are 1.02 eV, 1.69 eV, 1.36 eV, 0.25 eV, and 0.58 eV, which
implies that the rate-determining step is the second reaction step. It indicates that *OH can
exist stably on the surface of Co-N-C, but it is difficult to form the adsorbed state *O by
releasing hydrogen ions and electrons. For Fe-N-C, the Gibbs free energies of the five-step
reaction are 0.60 eV, 0.74 eV, 2.25 eV, 0.39 eV and 0.90 eV, respectively. It means that the
rate-determining step is the third reaction step, implying that it is difficult for the *O formed
on the catalyst surface to release protons and electrons to form the adsorbed *OOH by
reacting with H2O molecules. Figure 6b shows the Gibbs free energy change of several
different aerogel electrocatalysts at U = 1.23 V for different primitive processes. At this
point, if the Gibbs free energy change of each reaction step is positive, the value is equal to
the overpotential of the reaction at that step. If the Gibbs free energy of the step is negative,
each step of the primitive reaction at that voltage is spontaneous and no additional work
is required to be input. From Figure 6b, it can be seen that the overpotential is 0.462 eV,
0.909 eV, and 1.215 eV for Co-N-C, Fe-N-C, and Ni-N-C, respectively. Therefore, it can
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be inferred that the Co-N-C aerogel electrocatalyst has the optimal OER activity, which is
consistent with the electrochemical performance results.
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To further investigate the electronic structure changes, the total density of states (TDOS
in Figure 6c) of Co-N-C aerogel electrocatalysts and the partial density of state (PDOS) of Co,
N, and C atoms have been calculated. As shown in Figure 6d, the spin-up and spin-down
electrons are asymmetric along with the energy levels, with the d-orbital electrons induced
by the Co atom occupying most of the top of the valence band and the spin-down d-orbital
electrons occupying most of the bottom of the conduction band. Furthermore, according to
Figure 6e,f, both C and N atoms in the N-doped graphene lattice show symmetric spin-up
and spin-down electrons, and the p-orbital electrons have a contribution to the Fermi
energy level of the electrocatalyst. It is noteworthy that the s-orbital electrons of the N
atom are slightly asymmetric near the Fermi energy level, which may be the influence of
the N atom by the Co atom close to it. In the PDOS of the electrocatalyst (Figure 6d–f), the
PDOS of Co, N, and C atoms near the Fermi energy level overlap, suggesting that there
is an interaction to enhance the catalytic performance of the OER. To better understand
the DOS of the electrocatalyst, a schematic illustration of the top of the valence band and
the bottom of the conduction band of spin-up and spin-down electrons are constructed, as
shown in Figure 7a–d. The spin-up electrons of C and N atoms and the spin-down electrons
of Co atoms form the top of the valence band and the bottom of the conduction band of the
electrocatalyst. The electron density difference of the electrocatalyst is further investigated
for the interactions between Co, N, and C elements. It can be seen from Figure 7e that
the electrons are mainly concentrated in the chemical bond and the electrons on the Co
atom migrate towards the N atom. In addition, the electron distribution on the Co atom is
consistent with the stretching direction of the 3d orbital of the Co atom [34].
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3. Conclusions

In summary, cobalt-anchored nitrogen-doped graphene aerogels are prepared by a
simple chemical reduction and vacuum freeze-drying. The coherent pore structure and
uniformly distributed active sites of the aerogels are favorable for the improvement in
electrocatalytic performance. After ratio adjustment and performance testing, Co (0.5 wt%)-
N (1 wt%)-C has an optimal OER reaction overpotential (0.383 V at 10 mA/cm2), a small
Tafel slope of (95 mV/dec), a large ECSA (9.52 cm2), and excellent stability. It is noteworthy
that the overpotential of Co-N-C is already lower than that of the commercial RuO2 at
a current density of 20 mA/cm2. Moreover, the OER activity of the Co-N-C aerogel
electrocatalyst is superior to a series of M-N-C aerogel electrocatalysts (M = Mn, Fe, Ni,
Pt, Au, etc.) prepared by a similar route and other Co-N-C electrocatalysts that have been
reported. Theoretical calculations are performed for Fe-N-C, Co-N-C, and Ni-N-C aerogel
electrocatalysts to derive the Gibbs free energy and the rate-determining step required
for each original step of the OER processes. The results confirm that the metal activity
trend is Co-N-C > Fe-N-C > Ni-N-C, which is consistent with the OER performance test
results. Due to the simple preparation method, abundant raw materials, and superior
electrocatalytic performance, Co-N-C aerogel electrocatalysts can be considered to be one
of the most promising electrocatalysts for energy storage and energy saving.

4. Materials and Methods
4.1. Materials

The cobalt chloride (CoCl2, 99.5%), vitamin C (VC, 99.0%), deionized water (H2O, 99.9%),
and melamine (C3H6N6, 99.8%) used in the experiments were all from Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China. The graphene oxide aqueous solution (GO, 2 mg/mL)
was provided by Suzhou TanFeng Graphene Technology Co., Ltd., Nanjing, China. The above
chemicals were used directly as raw materials without further purification.
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4.2. Method

The resulting Co-N-C aerogel samples were obtained by chemical reduction and
vacuum freeze-drying. Different masses of CoCl2 and melamine were dissolved into 10 mL
of graphene oxide aqueous solution, and then 80 mg of VC was added and stirred for
30 min. The mixed solution was further reacted in an oven at 95 ◦C for 6 h for the self-
assembly of the graphene oxide aqueous solution. The formed wet gel was subsequently
washed with deionized water to remove impurities inside the pore structures. Finally,
Co-N-C aerogel electrocatalysts were prepared by the vacuum freeze-drying technique.
Pristine graphene aerogel (GA) and cobalt-anchored graphene aerogel (Co-C) were also
prepared by a similar route.

4.3. Characterizations

An X-ray diffractometer (XRD), D8 Advance (Bruker, Bremen, Germany), was used
for the physical phase analysis of the composite aerogel materials. A Fourier transform
infrared absorption spectrometer (FT-IR), Nicolet iS5 (Thermo Fisher Scientific, Waltham,
MA, USA), was used to determine the infrared spectra of the aerogel materials. An X-ray
photoelectron spectrometer (XPS), ESCALAB 250XI (Thermo Fisher Scientific, Waltham,
MA, USA), was used to analyze the composition of the aerogel materials. A scanning
electron microscope model (SEM), Sigma 500 (Zeiss, Oberkochen, Germany), was used to
observe the morphology and structure of the aerogel materials. A transmission electron
microscope model (TEM), FEI Talos F200S (Thermo Fisher Scientific, Waltham, MA, USA),
was used to analyze the microscopic morphology and energy dispersive spectroscopy
(EDS) of the aerogel materials. A specific surface area analyzer, V-Sorb 2800P (Gold APP
Instruments Co., Beijing, China), was used to determine the specific surface area and pore
structure distribution of the aerogel materials.

4.4. Electrochemical Measurements

A three-electrode system was used for the experiments, in which Hg/HgO (1 M
NaOH) was used as the reference electrode, platinum wire as the counter electrode, glassy
carbon electrode loaded with catalyst as the working electrode, and 1 M KOH as the
electrolyte. A total of 4 mg of catalyst was homogeneously dispersed in a mixture of
1 mL of ethanol and 40 µL of nafion. A total of 5 µL of catalyst solution was applied
dropwise to a 3 mm-diameter glassy carbon electrode (the surface area was about 0.07 cm2),
which was dried with an infrared baking lamp and used as the working electrode. The
electrocatalyst was first activated by cyclic scanning voltammetry (CV) with a scanning
potential range of 0–1 V (E vs. Hg/HgO) at a rate of 100 mV/s for 20 cycles. Linear scanning
voltammetry (LSV) was performed over a potential range of 0–1 V (E vs. Hg/HgO) at a
rate of 5 mV/s. The chronopotentiometric curve was used to indicate the stability of the
electrocatalyst with a constant operating current of 0.7 mA (current density of 10 mA/cm2).
Electrochemical impedance spectroscopy (EIS) was performed with a scan frequency range
of 0.01–100,000 Hz and an amplitude of 5 mV without applied voltage. The electrochemical
surface area (ECSA) was measured with CV over a potential range of 1.1–1.2 V vs. RHE.
The double-layer capacitance (Cdl) was estimated by plotting the current density difference
(∆J = Ja − Jc at 1.15 V vs. RHE) versus the scan rate. ECSA has a linear relationship with
Cdl, as shown in Equation (1) [35].

ECSA =
Cdl

60 µF·cm−2 (1)

4.5. Theoretical Calculations

The electronic structures and Gibbs free energies of aerogel electrocatalysts were
calculated by the DFT calculations of the Dmol3 package. For exchange-correlation, the
Perdew–Burke–Ernzerhof method with a generalized gradient approximation (PBE-GGA)
was utilized. The vacuum layer was set to 15 Å with periodic boundary conditions,
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which were used throughout the calculation process to ensure that the regularly repeated
structures did not interact. The Brillouin zone was sampled using a 4 × 4 × 1 Monkhorst–
Pack k-points mesh during the geometry optimization process, and the thresholds were
set at 1.0 × 10−5 eV/atom, 0.03 eV/Å, 0.05 GPa, and 0.001 Å, respectively. The Grimme
method was used to consider the weak van der Waals interaction [24,36].

A typical OER reaction under alkaline conditions was generally considered to be
composed of four elementary steps.

OH− + ∗ → OH ∗+ e− (2)

OH ∗+ OH− → O ∗+H2O + e− (3)

O ∗+ OH− → OOH ∗+ e− (4)

OOH ∗+ OH− → O2 + H2O + e− + ∗ (5)

The reaction involved three intermediates in the adsorbed state, *OH, *O, and *OOH.
In addition, each of the four steps involves the coupling transfer of one electron and one
proton. Therefore, the calculation of the Gibbs free energy for each elementary step could be
performed using Norskov’s standard hydrogen electrode approximation [37]. In addition,
according to Equation (6), for an ideal OER electrocatalyst at pH = 14, the Gibbs free energy
for each step of the primitive reaction was 0.401 eV. In fact, the conclusion of the rate control
step does not change regardless of the acidic or basic conditions, but only the same amount
was added or subtracted to each step of the elementary reaction at the same time.

G(H+) + G(e−) = 0.5GH2 − 0.0592pH (6)

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/gels9040313/s1, Figure S1. (a) LSV curves of Co-C with different
cobalt doping amounts (wt%); (b) LSV curves of Co-N-C with different nitrogen doping amounts
(wt%). Figure S2. (a) Co 2p high-resolution XPS spectrum and (b) EDS of Co-N-C. Figure S3. C1s
(a) and O1s (b) high-resolution XPS spectrum of GA, Co-C, and Co-N-C. Figure S4. LSV curves of
M-N-C aerogel electrocatalysts (M = Mn, Fe, Ni, Pt, Au, etc.). Figure S5. Typical CV curves of (a)
GA, (b) Co-C, and (c) Co-N-C at different scan rates. Figure S6. The chronopotentiometric curve
for the Co-N-C at 10 mA/cm2. Table S1. Comparison of Co-N-C aerogel and some previously
reported Co-N-C electrocatalysts in terms of OER performance. References [38–51] are cited in the
supplementary materials.

Author Contributions: Conceptualization, X.W.; methodology, S.H.; software, X.C.; validation,
C.N., X.W. and T.D.K.; formal analysis, S.H.; investigation, C.N.; resources, X.C.; data curation,
C.N.; writing—original draft preparation, S.H.; writing—review and editing, X.W., T.D.K., X.S. and
C.N.; visualization, C.N. and S.C.; supervision, X.W. and S.C.; project administration, X.S.; funding
acquisition, X.W., X.S. and S.C.; All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant No.
52202367), Natural Science Foundation of Jiangsu Province (Grant No. BK20200711), Postgraduate
Research & Practice Innovation Program of Jiangsu Province (Grant No. KYCX22_1287), and the Key
Laboratory of Advanced Functional Composites Technology, China (Grant No. 6142906210508).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also form part of an ongoing study.

https://www.mdpi.com/article/10.3390/gels9040313/s1
https://www.mdpi.com/article/10.3390/gels9040313/s1


Gels 2023, 9, 313 12 of 14

Acknowledgments: The financial support of National Natural Science Foundation of China (Grant
No. 52202367), Natural Science Foundation of Jiangsu Province (Grant No. BK20200711), Postgradu-
ate Research & Practice Innovation Program of Jiangsu Province (Grant No. KYCX22_1287), and the
Key Laboratory of Advanced Functional Composites Technology, China (Grant No. 6142906210508)
are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zou, X.; Zhang, Y. Noble metal-free hydrogen evolution catalysts for water splitting. Chem. Soc. Rev. 2015, 44, 5148–5180.

[CrossRef] [PubMed]
2. Jiao, Y.; Zheng, Y.; Jaroniec, M.; Qiao, S.Z. Design of electrocatalysts for oxygen- and hydrogen-involving energy conversion

reactions. Chem. Soc. Rev. 2015, 44, 2060–2086. [CrossRef] [PubMed]
3. Suen, N.T.; Hung, S.F.; Quan, Q.; Zhang, N.; Xu, Y.J.; Chen, H.M. Electrocatalysis for the oxygen evolution reaction: Recent

development and future perspectives. Chem. Soc. Rev. 2017, 46, 337–365. [CrossRef] [PubMed]
4. Guo, H.; Fang, Z.; Li, H.; Fernandez, D.; Henkelman, G.; Humphrey, S.M.; Yu, G. Rational Design of Rhodium-Iridium Alloy

Nanoparticles as Highly Active Catalysts for Acidic Oxygen Evolution. ACS Nano 2019, 13, 13225–13234. [CrossRef] [PubMed]
5. Silva, G.C.; Fernandes, M.R.; Ticianelli, E.A. Activity and Stability of Pt/IrO2 Bifunctional Materials as Catalysts for the Oxygen

Evolution/Reduction Reactions. ACS Catal. 2018, 8, 2081–2092. [CrossRef]
6. Chen, S.; Huang, H.; Jiang, P.; Yang, K.; Diao, J.; Gong, S.; Liu, S.; Huang, M.; Wang, H.; Chen, Q. Mn-Doped RuO2 Nanocrystals

as Highly Active Electrocatalysts for Enhanced Oxygen Evolution in Acidic Media. ACS Catal. 2020, 10, 1152–1160. [CrossRef]
7. Han, L.; Dong, S.; Wang, E. Transition-Metal (Co, Ni, and Fe)-Based Electrocatalysts for the Water Oxidation Reaction. Adv. Mater.

2016, 28, 9266–9291. [CrossRef]
8. Hu, C.; Paul, R.; Dai, Q.; Dai, L. Carbon-based metal-free electrocatalysts: From oxygen reduction to multifunctional electrocataly-

sis. Chem. Soc. Rev. 2021, 50, 11785–11843. [CrossRef]
9. Zhang, L.L.; Xiao, J.; Wang, H.Y.; Shao, M.H. Carbon-Based Electrocatalysts for Hydrogen and Oxygen Evolution Reactions. ACS

Catal. 2017, 7, 7855–7865. [CrossRef]
10. Qiu, H.J.; Johnson, I.; Chen, L.; Cong, W.; Ito, Y.; Liu, P.; Han, J.; Fujita, T.; Hirata, A.; Chen, M. Graphene-coated nanoporous

nickel towards a metal-catalyzed oxygen evolution reaction. Nanoscale 2021, 13, 10916–10924. [CrossRef] [PubMed]
11. Lyu, D.; Du, Y.; Huang, S.; Mollamahale, B.Y.; Zhang, X.; Hasan, S.W.; Yu, F.; Wang, S.; Tian, Z.Q.; Shen, P.K. Highly Efficient

Multifunctional Co N C Electrocatalysts with Synergistic Effects of Co N Moieties and Co Metallic Nanoparticles Encapsulated in
a N -Doped Carbon Matrix for Water -Splitting and Oxygen Redox Reactions. ACS Appl. Mater. Interfaces 2019, 11, 39809–39819.
[CrossRef] [PubMed]

12. Wang, K.X.; Wang, X.Y.; Li, Z.J.; Yang, B.; Ling, M.; Gao, X.; Lu, J.G.; Shi, Q.R.; Lei, L.C.; Wu, G.; et al. Designing 3d dual
transition metal electrocatalysts for oxygen evolution reaction in alkaline electrolyte: Beyond oxides. Nano Energy 2020, 77, 105162.
[CrossRef]

13. Cai, B.; Eychmuller, A. Promoting Electrocatalysis upon Aerogels. Adv. Mater. 2019, 31, 1804881. [CrossRef] [PubMed]
14. Huang, S.T.; Tai, J.X.; Hao, W.K.; Lu, J.X.; Liu, S.J.; Wu, X.D.; Cui, S. A novel magnetic ZnFe2O4 aerogel photocatalyst for visible

light reduction of Cr(VI) at high concentrations: Facile synthesis, enhanced activity and photocatalytic mechanism, combined
with first-principles calculations. Ceram. Int. 2022, 48, 3974–3984. [CrossRef]

15. Yan, W.Q.; Zhu, K.M.; Cui, Y.; Li, Y.H.; Dai, T.; Cui, S.; Shen, X.D. NO2 detection and redox capacitance reaction of Ag doped
SnO2/rGO aerogel at room temperature. J. Alloys Compd. 2021, 886, 161287. [CrossRef]

16. Bai, X.J.; Lu, X.Y.; Ju, R.; Chen, H.; Shao, L.; Zhai, X.; Li, Y.N.; Fan, F.Q.; Fu, Y.; Qi, W. Preparation of MOF Film/Aerogel Composite
Catalysts via Substrate-Seeding Secondary-Growth for the Oxygen Evolution Reaction and CO2 Cycloaddition. Angew. Chem. Int.
Edit. 2021, 60, 701–705. [CrossRef]

17. Fu, G.T.; Yan, X.X.; Chen, Y.F.; Xu, L.; Sun, D.M.; Lee, J.M.; Tang, Y.W. Boosting bifunctional oxygen electrocatalysis with 3D
graphene aerogel-supported Ni/MnO particles. Adv. Mater. 2018, 30, 1704609. [CrossRef]

18. Cui, C.; Lai, X.X.; Guo, R.H.; Ren, E.H.; Qin, W.F.; Liu, L.; Zhou, M.; Xiao, H.Y. Waste paper-based carbon aerogel supported
ZIF-67 derived hollow NiCo phosphate nanocages for electrocatalytic oxygen evolution reaction. Electrochim. Acta 2021, 393,
139076. [CrossRef]

19. Yan, S.; Zhong, M.X.; Wang, C.; Lu, X.F. Amorphous aerogel of trimetallic FeCoNi alloy for highly efficient oxygen evolution.
Chem. Eng. J. 2022, 430, 132955. [CrossRef]

20. Gu, Y.; Chen, S.; Ren, J.; Jia, Y.A.; Chen, C.M.; Komarneni, S.; Yang, D.J.; Yao, X.D. Electronic Structure Tuning in Ni3FeN/r-GO
Aerogel toward Bifunctional Electrocatalyst for Overall Water Splitting. ACS Nano 2018, 12, 245–253. [CrossRef]

21. Anantharaj, S.; Kundu, S.; Noda, S. “The Fe Effect”: A review unveiling the critical roles of Fe in enhancing OER activity of Ni
and Co based catalysts. Nano Energy 2021, 80, 105514. [CrossRef]

22. Lu, R.Q.; Sam, D.K.; Wang, W.B.; Gong, S.H.; Liu, J.; Durairaj, A.; Li, M.X.; Lv, X.M. Boron, nitrogen co-doped biomass-derived
carbon aerogel embedded nickel-cobalt-iron nanoparticles as a promising electrocatalyst for oxygen evolution reaction. J. Colloid
Interf Sci. 2022, 613, 126–135. [CrossRef] [PubMed]

http://doi.org/10.1039/C4CS00448E
http://www.ncbi.nlm.nih.gov/pubmed/25886650
http://doi.org/10.1039/C4CS00470A
http://www.ncbi.nlm.nih.gov/pubmed/25672249
http://doi.org/10.1039/C6CS00328A
http://www.ncbi.nlm.nih.gov/pubmed/28083578
http://doi.org/10.1021/acsnano.9b06244
http://www.ncbi.nlm.nih.gov/pubmed/31668069
http://doi.org/10.1021/acscatal.7b03429
http://doi.org/10.1021/acscatal.9b04922
http://doi.org/10.1002/adma.201602270
http://doi.org/10.1039/D1CS00219H
http://doi.org/10.1021/acscatal.7b02718
http://doi.org/10.1039/D1NR02074A
http://www.ncbi.nlm.nih.gov/pubmed/34128521
http://doi.org/10.1021/acsami.9b11870
http://www.ncbi.nlm.nih.gov/pubmed/31596068
http://doi.org/10.1016/j.nanoen.2020.105162
http://doi.org/10.1002/adma.201804881
http://www.ncbi.nlm.nih.gov/pubmed/30536681
http://doi.org/10.1016/j.ceramint.2021.10.184
http://doi.org/10.1016/j.jallcom.2021.161287
http://doi.org/10.1002/anie.202012354
http://doi.org/10.1002/adma.201704609
http://doi.org/10.1016/j.electacta.2021.139076
http://doi.org/10.1016/j.cej.2021.132955
http://doi.org/10.1021/acsnano.7b05971
http://doi.org/10.1016/j.nanoen.2020.105514
http://doi.org/10.1016/j.jcis.2022.01.029
http://www.ncbi.nlm.nih.gov/pubmed/35033759


Gels 2023, 9, 313 13 of 14

23. Zhang, Y.W.; Zhang, X.F.; Li, Y.T.; Wang, J.; Kawi, S.; Zhong, Q. FeCo alloy/N, S co-doped carbon aerogel derived from
directional-casting cellulose nanofibers for rechargeable liquid flow and flexible Zn-air batteries. Nano Res. 2023, 1, 193. [CrossRef]

24. Fei, H.L.; Dong, J.C.; Feng, Y.X.; Allen, C.S.; Wan, C.Z.; Volosskiy, B.; Li, M.F.; Zhao, Z.P.; Wang, Y.L.; Sun, H.T.; et al. General
synthesis and definitive structural identification of MN4C4 single-atom catalysts with tunable electrocatalytic activities. Nat.
Catal. 2018, 1, 63–72. [CrossRef]

25. Lin, L.C.; Grossman, J.C. Atomistic understandings of reduced graphene oxide as an ultrathin-film nanoporous membrane for
separations. Nat. Commun. 2015, 6, 8335. [CrossRef]

26. Tsang, C.H.A.; Hui, K.N.; Hui, K.S.; Ren, L. Deposition of Pd/graphene aerogel on nickel foam as a binder-free electrode for
direct electro-oxidation of methanol and ethanol. J. Mater. Chem. A 2014, 2, 17986–17993. [CrossRef]

27. Razmjooei, F.; Singh, K.P.; Yang, D.S.; Cui, W.; Jang, Y.H.; Yu, J.S. Fe-Treated Heteroatom (S/N/B/P)-Doped Graphene Electrocat-
alysts for Water Oxidation. ACS Catal. 2017, 7, 2381–2391. [CrossRef]

28. Xu, L.M.; Zhang, Y.Y.; Zhou, W.Q.; Jiang, F.X.; Zhang, H.; Jiang, Q.L.; Jia, Y.H.; Wang, R.; Liang, A.Q.; Xu, J.K.; et al. Fused
Heterocyclic Molecule-Functionalized N-Doped Reduced Graphene Oxide by Non-Covalent Bonds for High-Performance
Supercapacitors. ACS Appl. Mater. Interfaces 2020, 12, 45202–45213. [CrossRef]

29. Gupta, S.; Qiao, L.; Zhao, S.; Xu, H.; Lin, Y.; Devaguptapu, S.V.; Wang, X.L.; Swihart, M.T.; Wu, G. Highly Active and Stable
Graphene Tubes Decorated with FeCoNi Alloy Nanoparticles via a Template-Free Graphitization for Bifunctional Oxygen
Reduction and Evolution. Adv. Energy Mater. 2016, 6, 1601198. [CrossRef]

30. He, D.P.; Xiong, Y.L.; Yang, J.L.; Chen, X.; Deng, Z.X.; Pan, M.; Li, Y.D.; Mu, S.C. Nanocarbon-intercalated and Fe-N-codoped
graphene as a highly active noble-metal-free bifunctional electrocatalyst for oxygen reduction and evolution. J. Mater. Chem. A.
2017, 5, 1930–1934. [CrossRef]

31. Zou, H.Y.; Li, G.; Duan, L.L.; Kou, Z.K.; Wang, J. In situ coupled amorphous cobalt nitride with nitrogen-doped graphene aerogel
as a trifunctional electrocatalyst towards Zn-air battery deriven full water splitting. Appl. Catal. B-Environ. 2019, 259, 118100.
[CrossRef]

32. Kang, Q.L.; Lai, D.W.; Su, M.F.; Xiong, B.R.; Tang, W.Y.; Lu, Q.Y.; Gao, F. Tailored dodecahedral polyoxometalates nanoframes
with in situ encapsulated Co, N, C for oxygen evolution reaction. Chem. Eng. J. 2022, 430, 133116. [CrossRef]

33. Liang, Z.Z.; Kong, N.N.; Yang, C.X.; Zhang, W.; Zheng, H.Q.; Lin, H.P.; Cao, R. Highly Curved Nanostructure-Coated Co,
N-Doped Carbon Materials for Oxygen Electrocatalysis. Angew. Chem. Int. Edit. 2021, 60, 12759–12764. [CrossRef] [PubMed]

34. Jiang, Q.Q.; Gan, C.Q.; Wu, X.D.; Liu, Z.Z.; Tang, J.G. Facile synthesis of black phosphorus directly grown on carbon paper as an
efficient OER Electrocatalyst: Role of Interfacial charge transfer and induced local charge distribution. Adv. Powder Technol. 2022,
33, 103371. [CrossRef]

35. Xu, Z.H.; Fan, H.L.; Zhou, X.X.; Huang, G.P.; Wu, X.; Shen, M.R. Coating of Ni on Fe (oxy)hydroxide: Superior Catalytic Activity
for Oxygen-Involved Reaction During Water Splitting. ACS Sustain. Chem. Eng. 2019, 7, 19832–19838. [CrossRef]

36. Guan, J.Q.; Duan, Z.Y.; Zhang, F.X.; Kelly, S.D.; Si, R.; Dupuis, M.; Huang, Q.G.; Chen, J.Q.; Tang, C.H.; Li, C. Water oxidation on a
mononuclear manganese heterogeneous catalyst. Nat. Catal. 2018, 1, 870–877. [CrossRef]

37. Lu, Q.; Wu, H.; Zheng, X.R.; Chen, Y.A.; Rogach, A.L.; Han, X.P.; Deng, Y.D.; Hu, W.B. Encapsulating Cobalt Nanoparticles in
Interconnected N-Doped Hollow Carbon Nanofibers with Enriched Co-N-C Moiety for Enhanced Oxygen Electrocatalysis in
Zn-Air Batteries. Adv. Sci. 2021, 8, 2101438. [CrossRef]

38. Sam, D.K.; Gong, S.H.; Durairaj, A.; Sam, E.K.; Liu, J.; Lv, X.M. Fabrication of highly dispersed Mo2C coupled with Co-N-C via
self-template as bifunctional electrocatalysts. Int. J. Energy Res. 2021, 45, 10989–11001. [CrossRef]

39. Xu, G.; Xu, G.C.; Ban, J.J.; Zhang, L.; Lin, H.; Qi, C.L.; Sun, Z.P.; Jia, D.Z. Cobalt and cobalt oxides N-codoped porous carbon
derived from metal-organic framework as bifunctional catalyst for oxygen reduction and oxygen evolution reactions. J. Colloid
Interf Sci. 2018, 521, 141–149. [CrossRef]

40. Wang, D.; Yang, P.X.; Xu, H.; Ma, J.Y.; Du, L.; Zhang, G.X.; Li, R.P.; Jiang, Z.; Li, Y.; Zhang, J.Q.; et al. The dual-nitrogen-source
strategy to modulate a bifunctional hybrid Co/Co-N-C catalyst in the reversible air cathode for Zn-air batteries. J. Power Sources
2021, 485, 229339. [CrossRef]

41. Wang, R.; Cao, J.Y.; Cai, S.C.; Yan, X.M.; Li, J.S.; Yourey, W.M.; Tong, W.; Tang, H.L. MOF@Cellulose Derived Co-N-C Nanowire
Network as an Advanced Reversible Oxygen Electrocatalyst for Rechargeable Zinc-Air Batteries. ACS Appl. Energ. Mater. 2018, 1,
1060–1068. [CrossRef]

42. Xin, W.L.; Lu, K.K.; Zhu, D.R.; Zeng, H.B.; Zhang, X.J.; Marks, R.S.; Shan, D. Highly reactive N,N’-carbonyldiimidazole-tailored
bifunctional electrocatalyst for oxygen reduction and oxygen evolution. Electrochim. Acta 2019, 307, 375–384. [CrossRef]

43. Xiang, F.; Yang, J.; Gong, W.X.; Zou, J.; Liu, Y.Z.; Li, Y.L.; Guo, H.; Wang, L.P.; Niu, X.B. Facile Synthesis of Graphene-like Porous
Carbon with Densely Populated Co-N-x Sites as Efficient Bifunctional Electrocatalysts for Rechargeable Zinc-Air Batteries. ACS
Appl. Energ. Mater. 2021, 4, 11545–11554. [CrossRef]

44. Hao, Y.X.; Kang, Y.M.; Mi, Y.J.; Wang, W.; Lei, Z.Q. Highly ordered micro-meso-macroporous Co-N-doped carbon polyhedrons
from bimetal-organic frameworks for rechargeable Zn-air batteries. J. Colloid Interf Sci. 2021, 598, 83–92. [CrossRef] [PubMed]

45. Wei, L.C.; Qiu, L.J.; Liu, Y.Y.; Zhang, J.M.; Yuan, D.S.; Wang, L. Mn-Doped Co-N-C Dodecahedron as a Bifunctional Electrocatalyst
for Highly Efficient Zn-Air Batteries. ACS Sustain. Chem. Eng. 2019, 7, 14180–14188. [CrossRef]

http://doi.org/10.1007/s12274-023-5409-4
http://doi.org/10.1038/s41929-017-0008-y
http://doi.org/10.1038/ncomms9335
http://doi.org/10.1039/C4TA03138E
http://doi.org/10.1021/acscatal.6b03291
http://doi.org/10.1021/acsami.0c13377
http://doi.org/10.1002/aenm.201601198
http://doi.org/10.1039/C5TA09232A
http://doi.org/10.1016/j.apcatb.2019.118100
http://doi.org/10.1016/j.cej.2021.133116
http://doi.org/10.1002/anie.202101562
http://www.ncbi.nlm.nih.gov/pubmed/33646597
http://doi.org/10.1016/j.apt.2021.11.023
http://doi.org/10.1021/acssuschemeng.9b05176
http://doi.org/10.1038/s41929-018-0158-6
http://doi.org/10.1002/advs.202101438
http://doi.org/10.1002/er.6583
http://doi.org/10.1016/j.jcis.2018.03.036
http://doi.org/10.1016/j.jpowsour.2020.229339
http://doi.org/10.1021/acsaem.7b00204
http://doi.org/10.1016/j.electacta.2019.03.196
http://doi.org/10.1021/acsaem.1c02288
http://doi.org/10.1016/j.jcis.2021.03.142
http://www.ncbi.nlm.nih.gov/pubmed/33892444
http://doi.org/10.1021/acssuschemeng.9b02884


Gels 2023, 9, 313 14 of 14

46. Ding, Y.J.; Yang, W.Y.; Gao, S.; Sun, W.Z.; Sun, C.X.; Li, Q. Strongly Cooperative Nano-CoO/Co Active Phase in Hierarchically
Porous Nitrogen-Doped Carbon Microspheres for Efficient Bifunctional Oxygen Electrocatalysis. ACS Appl. Energ. Mater. 2020, 3,
1328–1337. [CrossRef]

47. Hu, E.L.; Ning, J.Q.; He, B.; Li, Z.P.; Zheng, C.C.; Zhong, Y.J.; Zhang, Z.Y.; Hu, Y. Unusual formation of tetragonal microstructures
from nitrogen-doped carbon nanocapsules with cobalt nanocores as a bi-functional oxygen electrocatalyst. J. Mater. Chem. A.
2017, 5, 2271–2279. [CrossRef]

48. Sarkar, S.; Biswas, A.; Siddharthan, E.E.; Thapa, R.; Dey, R.S. Strategic Modulation of Target-Specific Isolated Fe,Co Single-Atom
Active Sites for Oxygen Electrocatalysis Impacting High Power Zn-Air Battery. ACS Nano 2022, 16, 7890–7903. [CrossRef]

49. Tian, Y.H.; Xu, L.; Bao, J.; Qian, J.C.; Su, H.N.; Li, H.M.; Gu, H.D.; Yan, C.; Li, H.N. Hollow cobalt oxide nanoparticles embedded
in nitrogen-doped carbon nanosheets as an efficient bifunctional catalyst for Zn-air battery. J. Energy Chem. 2019, 33, 59–66.
[CrossRef]

50. Shen, M.X.; Gao, K.; Xiang, F.K.; Wang, B.B.; Dai, L.; Zheng, L.Q.; Baker, F.; Duan, C.; Zhang, Y.H.; Sun, S.H.; et al. Nanocellulose-
assisted synthesis of ultrafine Co nanoparticles-loaded bimodal micro-mesoporous N-rich carbon as bifunctional oxygen electrode
for Zn-air batteries. J. Power Sources 2022, 450, 227640. [CrossRef]

51. Pei, Z.X.; Huang, Y.; Tang, Z.J.; Ma, L.T.; Liu, Z.X.; Xue, Q.; Wang, Z.F.; Li, H.F.; Chen, Y.; Zhi, C.Y. Enabling highly efficient,
flexible and rechargeable quasi-solid-state zn-air batteries via catalyst engineering and electrolyte functionalization. Energy
Storage Mater. 2019, 20, 234–242. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1021/acsaem.9b01660
http://doi.org/10.1039/C6TA09943B
http://doi.org/10.1021/acsnano.2c00547
http://doi.org/10.1016/j.jechem.2018.08.007
http://doi.org/10.1016/j.jpowsour.2019.227640
http://doi.org/10.1016/j.ensm.2018.11.010

	Introduction 
	Results and Discussion 
	Chemical Composition and Structural Analysis 
	OER Performance Analysis 
	Theoretical Calculations 

	Conclusions 
	Materials and Methods 
	Materials 
	Method 
	Characterizations 
	Electrochemical Measurements 
	Theoretical Calculations 

	References

