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1. Introduction

In recent years, electrochemical technologies have played a key
role in searching for reusable energy sources, including water split-
ting, fuel cells, and metal-air batteries to drive the development of
clean and sustainable energy storage and conversion [1,2].
Rechargeable Zinc-air batteries (ZAB) have been extensively stud-
ied due to their high theoretical energy density, low cost, and envi-
ronmental friendliness [3,4]. It is essential to develop cost-effective
and durable electrocatalysts with high ORR and OER electrocat-
alytic activities for advanced ZAB [3,5]. However, the slow kinetics
of OER and ORR impede excessively high electric potentials and
low energy efficiency: O2 + 2H2O + 4e� M 4OH� [6]. Currently,
batch mark OER and ORR catalysts used for ZAB are based on pre-
cious metals (Pt, Ru, and Ir) that have high costs and scarcity
greatly limiting their large-scale commercial applications [7,8].
Therefore, it is of great significance to develop non-noble metal-
based bifunctional electrocatalysts with high efficiency and dura-
bility for Zn-air batteries.

At present, the main challenge in catalyst design is to achieve
versatility while maintaining high bifunctional catalytic activity
at a low cost [9,10]. Alternative non-precious metal bifunctional
oxygen electrocatalysts have been developed as Zn air cathodes,
including metal-free carbon matrix composites, transition metal
oxides [11,12], sulfides [13,14], and phosphides [15,16]. Among
these electrocatalysts, cobalt-based transition metal-nitrogen-
carbon (CoANAC) composites are preferred owing to their low
cost, excellent activity, and good stability [17,18]. However, it
is difficult to prepare well-defined metal-nitrogen co-doped car-
bon catalysts due to the aggregation of metal atoms at high tem-
peratures during the synthesis [19,20] that places of interest in
low-temperature synthesis. Nevertheless, synthesizing ORR cata-
lysts with high activity at a mild temperature is often very chal-
lenging [11,21]. In addition, other cobalt-based materials, such as
cobalt oxides [22,23], cobalt sulfides [13,24], and cobalt phos-
phides [15,25] also have been studied, but suffer from poor cat-
alytic activity and stability attributable to the alkaline corrosion
during battery operation. Therefore, fabricating a single function
Co-based catalyst with an ORR or OER is a relatively easier pro-
cess owning to the less complicity. Nevertheless, there are still a
few reports on high-performance cobalt-based catalysts with
dual-functionalities [26,27]. For instance, Yu et al [28] described
Co nano-islands rooted on CoANAC nano-sheets derived from
electrodeposition with outstanding bifunctional property for
ZAB. The ZAB showed a small charge–discharge voltage
(0.82@10 mA cm�2), high energy density (132 mW cm�2), and
outstanding durability. The DFT studies revealed that the syn-
ergy between Co metal particles and Co-N species is responsible
for the high performance. However, it would be very difficult to
keep the Co at the metallic state due to the very low oxidation
potential. Especially when the Co is in the nano-form, the Co
particles will be oxidized immediately in the air and it could
cause a safety hazard, as the result the catalyst conductivity will
be reduced so as the catalytic performance. In summary, catalyst
aggregation and stability are the bottlenecks remaining unre-
solved in the field. Recent studies show that the cobalt nitride
(CoxN) possesses a unique advantage resulted from the Co-N
bonding including better electron conductivity and good alkaline
stability [29,30].

In the light of the above studies, we propose a novel strategy to
synthesize a self-supporting CoN-Nd nanosheet array on carbon
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cloth (CC) as a bifunctional oxygen electrocatalyst through a facile
hydrothermal process and in-situ thermal nitridation treat-
ment�NH3 gas was used as a nitrogen source and annealed at a
low temperature to ensure that the nanosheet structure of the cat-
alyst remains intact during the post-annealing process. The activity
of the catalyst was greatly promoted due to the high conversion of
Co into CoN and the abounded N atom defect sites in the material.
The optimized CoN-Nd-300 acts as an efficient bifunctional catalyst
with high activity and outstanding durability toward both ORR and
OER in alkaline solution (All potentials was calibrated to RHE,
Fig. S1). The rechargeable ZAB using CoN-Nd as an air cathode
showed a small potential voltage (0.79@10 mA cm�2), a high
power density (120 mW cm�2), and robust durability up to 260
cycles. This work provides guiding strategies for the construction
of bifunctional electrocatalysts.
2. Experimental section

2.1. Materials

Cobalt(II) acetate tetrahydrate (C4H6CoO4�4H2O, 99.5%),
Polyvinylpyrrolidone (PVP, K29, MW:58000), P123 (MW: 8400),
F127 (MW: 12600), Ethylene glycol (C2H6O2, AR), Methanol anhy-
drous (CH3OH, AR 99.5%) were analytical reagent and used without
further purification. Commercial Pt/C (20 wt% for platinum) was
purchased from Alfa Aesar. RuO2 powder is synthesized by directly
calcining RuCl3 in the air at 400 �C.
2.2. Synthesis of Co LDH/CC nanosheets

200 mg of Cobalt (II) acetate tetrahydrate and 400 mg of PVP
were dissolved in 7.5 mL of ethylene glycol under stirring. Then,
22.5 mL of methanol was added to the above solution and under
vigorous stirring for 0.5 h. A piece of carbon cloth (CC,
1 cm � 4 cm) was ultrasonically cleaned in 0.5 M H2SO4, deionized
water, and ethanol for 15 min to remove impurities, respectively.
Then the solution was transferred into a 50 mL Teflon-lined stain-
less steel autoclave containing the pretreated CC and kept at 120 �C
for 12 h. After the autoclave cooled down slowly at room temper-
ature, the resulting pink CC was taken out and further washed
three times with ethanol and dried under vacuum at 60 �C.

For comparison, PVP was replaced with an equivalent amount
of F127 or P123 during the synthesis process.
2.3. Synthesis of CoN/CC nanosheets

The obtained Co LDH/CC was placed in a tube furnace and
annealed at 200 �C, 300 �C, and 400 �C for 3 h with a ramp rate
of 5 �C min�1 under a flow of ammonia gas, respectively. The
obtained sample was denoted as CoN/CC-200, CoN-Nd/CC-300,
and CoN/CC-400, respectively. Note: Nd denotes N defect.
2.4. Synthesis of CoN-CoCH

We use the previous synthesis method to synthesize CoCH, only
replacing NF with carbon cloth (CC) [31]. The obtained sample is
then annealed in an ammonia atmosphere of 300 �C using the same
nitriding method described above.
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2.5. Synthesis of ZIF 67-N300

ZIF 67 was synthesized using previous laboratory synthesis
methods [32]. Then the obtained sample is annealed in an ammo-
nia atmosphere of 300 �C using the same nitriding method
described above.

2.6. Zn-air battery fabrication

The homemade Zn-air battery was assembled according to the
following process: the air electrode was made by loading catalyst
ink onto the carbon paper substrate (loading: 1 mg cm�2). The cat-
alyst ink was prepared by mixing electrocatalysts with 5% Nafion
solution and water/isopropanol solution (1:3 (v/v)). 6 M KOH and
0.2 M Zn(Ac)2 were served as electrolytes. Then a polished zinc
plate was used as the anode. As a comparison, Pt/C + RuO2 mixed
catalyst ink was prepared in the same procedure with a mass ratio
of 1:1. All electrochemical tests were conducted on an electro-
chemical workstation (CHI 760E) under ambient conditions. The
stability was tested by using the LAND battery testing system
(BT2016A) at a current density of 5 mA cm�2 with 20 min per cycle
(10 min charge and 10 min discharge). The specific capacity was
calculated from the following equation:

Specific capacity ¼ discharge current � time
weight of consumed Zinc
3. Results and discussion

The synthetic processes of the CoN-Nd/CC are illustrated in
Fig. 1a. The solvothermal method was used to prepare Co LDH
nanosheet arrays grown in situ on carbon cloth (CC). Then, the pre-
cursor Co LDH is transformed into CoN-Nd nanosheets composed of
nanoparticles by in-situ thermal ammonia treatment. The SEM
image of Fig. 1b shows that a smooth CC surface before the in-
situ growth of Co LDH species. After Co LDH is deposited, an inter-
connected sheet-like nanoarray is formed (Fig. 1c). After ammonia
treatment at different temperatures, the morphologies of the CoxN
series are consistent with these of the Co LDH precursors (Fig. 1d
and Fig. S2).. The abundant gaps between the array-like structures
facilitate the transport and release of electrolytes and gases,
thereby improving catalytic performance.

The precursors and the corresponding ammonia-treatment
products at different temperatures were analyzed by X-ray diffrac-
tion (XRD). After heating the Co LDH/CC under NH3 atmosphere at
different temperatures (200–400 �C), The Co LDH nanosheets were
converted to CoxN nanosheets. However, there is a significant dis-
crepancy in the crystal structure of the obtained CoxN at the differ-
ent annealing temperatures. Fig. 2a shows the XRD pattern of the
Co LDH precursor, which shows that the precursor has high crys-
tallinity. For comparison, Fig. 2b-d shows the XRD patterns of the
ammonia-treatment products. In Fig. 2b, the diffraction peak
located near 42.2� corresponds to the crystal plane of CoN (200),
while the other diffraction peaks correspond to the (001), (003),
(006), and (110) crystal planes of Co LDH, respectively. It shows
that CoN-200 is not completely nitridated at a temperature of
200 �C. The diffraction peaks of the annealed sample at 300 �C
are positioned at around 36.2, 42.2, 61.3, 73.3, and 76.8� corre-
sponding to (111), (200), (220), (311), and (222) crystal planes
of CoN (JCPDS: 16–0116), respectively [33,34]. Moreover, no
diffraction peaks of precursors and impurities were observed, sug-
gesting a complete phase conversion from precursor to CoN at
300 �C (Fig. 2c). The diffraction peaks in the sample revealed the
coexistence of CoN and Co5.47N (JCPDS: 41–0943) in CoN-400
(Fig. 2d), after further annealing at 400 �C [35]. The above XRD
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analysis indicate that the crystal structure of CoxN nanosheets
can be adjusted by changing the annealing temperature, which
provides an opportunity to evaluate the catalytic activities of CoxN
with different crystal phases.

Moreover, the influences of different surfactants on the CoN
crystallinity and morphology were also investigated. As depicted
in Fig. S3, the obtained Co LDH-s (s = PVP, F127, P123) and the series
of CoN-s have similar crystal structures. However, there are palpa-
ble differences in the micromorphology of CoN-s (Fig. S4). SEM
images show that CoN-P123 and CoN-F127 have granular and
stacked sheet-shaped structures, respectively, while the intercon-
nected sheet-like nanoarrays presented by CoN-PVP are more pro-
pitious to electrolyte diffusion and gas emission, thus contributing
to better electrocatalytic activity (Fig. S5).

Besides, we further discussed the nitrogen treatment products
of different cobalt-based precursors at 300 �C under an ammonia
atmosphere. XRD patterns found that only some of the orthorhom-
bic Co(CO3)0.5(OH)�0�.11H2O (CoCH) was converted to CoN, while
the crystal structure of ZIF-67 material hardly changed (Figs. S6-
a-c). These results indicate that only Co LDH can be converted com-
pletely to CoN by treatment in an ammonia atmosphere at 300 �C,
and shows better OER performance than other control materials
(Fig. S6d). The study found that the differences in the morphology
(Fig. S7), composition and crystal structure of CoN-CoCH and ZIF-
67-N300 are the key factors maximizing the results of ammonia
treatment.

Furthermore, the nitrogen adsorption–desorption isotherms of
the series of CoN-Nd (Scraped off the CC) show a typical type-IV
behavior (Fig. 2e). Among all samples, the CoN-Nd-300 nanosheets
have the largest Brunauer–Emmett–Teller (BET) surface area
(74.3 m2 g�1), which is higher than those of Co LDH (18.4 m2 g�1),
CoN-200 (24.0 m2 g�1), and CoN-400 (24.3 m2 g�1) nanosheets.
The average BJH pore diameters of Co LDH, CoN-200, CoN-Nd-300,
and CoN-400 are 3.3, 3.9, 3.7, and 3.9 nm, respectively (Figs. S8a-
c). This change may be due to the different crystalline forms of
CoN at different ammonia-treatment temperatures, thus showing
different porosity. The high porosity of CoN-Nd-300 facilitates the
mass transfer and exposes more active sites, which greatly pro-
motes electrocatalytic performance [36,37].

Electron paramagnetic resonance (EPR) spectra were employed
to determine the formation of defects (Fig. 2f). A broad signal (g at
2.088) can be assigned to the contribution from unpaired electrons,
indicating N defects exist in the CoN-Nd [31,38,39]. It can be found
that the signal intensity of CoN-Nd-300 is significantly higher than
those of Co LDH nanosheets, CoN-200 and CoN-400, indicating that
the array-like CoN-Nd-300 has a higher degree of defects. The stud-
ies confirmed that the N defects create free electrons resulting in
higher conductivity and additional active sites, thereby increasing
the catalytic activity [38,40]. In addition, as shown in Fig. S9, the
HRTEM image of CoN-Nd revealed many discontinuities presenting
in the lattice fringes (marked with red dashed circles), indicating
that there are abundant defects in CoN-Nd. These results indicate
that the ammoniate temperature of 300 �C is the optimal condition
for the formation of abundant nitrogen defects.

Transmission electron microscopy (TEM) is used to study the
structural features of the CoN/CC. Fig. 3a shows that the CoN-Nd

nanosheets are composed of nanoparticles with an average particle
size of ca. 10 nm. The selected area electron diffraction (SAED)
mode (Fig. 3b) shows the diffraction spots of CoN (111), (220)
and (331) [40]. The HR-TEM image presents three types of lattice
fringes (Fig. 3c), corresponding to the interplanar spacings of
0.248 nm (111), 0.151 nm (220), and 0.214 nm (200) of the cubic
CoN crystal plane, respectively, corroborating the successful syn-
thesis of CoN crystal [40]. Notably, the HRTEM images of CoN-Nd

have many discontinuity points (marked by a white dotted circle),
indicating the presence of a defect-rich structure on the base



surface. A locally disordered arrangement of atoms causes a large
number of defects on the substrate, and thus amorphous structures
are observed in the catalyst, which leads to the formation of the
secondary active sites [38,39]. Meanwhile, the high-angle annular
dark field (HAADF) TEM element mapping shows that Co and N
are uniformly distributed throughout the CoN-Nd/CC (Fig. 3d), fur-
ther demonstrating the CoN-Nd nanosheet formation.

X-ray photoelectron spectroscopy (XPS) was used to detect
the chemical states of surface elements in CoN-x synthesized
at different temperatures. The XPS survey spectrum reveals the
presence of Co, N, C, and O elements in all samples (Fig. S10a).
Three typical peaks at 284.0, 284.8, and 286.0 eV observed in
C 1 s spectra are deconvoluted to C@C, CAC, and CAO as a
calibration standard (Fig. S10b) [32,41]. By examining the
hydrothermal sample as shown in Fig. S10c, the Co 2p3/2 spectral
deconvolution of Co LDH nanosheets can be performed as three
components locating at 780.7, 782.2 and 786 eV, belonging to
the Co3+, Co2+, and satellite peaks, respectively, which are consis-
tent with two kinds of coordination environments of Co species
in Co LDH [42,43]. Meanwhile, a weak single peak of pyrrolic-N
was found in the high-resolution N 1 s of Co LDH due to a small
number of PVP molecules adsorbed on the surface of the sample



Fig. 3. (a) TEM image, (b) SAED and (c) High-Resolution TEM images, and (d) HAADF-STEM image and corresponding elemental mappings of CoN-Nd/CC (color online).
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the peaks at 779.9 and 781.9 eV for Co 2p3/2 indicate the chemical
features of Co3+ and Co2+. Anecdotally, the percentage of Co3+ grad-
ually increases with the rise of nitriding temperature (Fig. 4a).
Fig. 4b illustrates the XPS spectrum of N 1 s for CoN-x. The high-
resolution N 1 s spectrum of CoN-Nd-300 indicates that the peak
of N-Co located at 398.2 eV was observed in addition to the NAH
surface terminal group from NH3 treatment [45,46]. Moreover,
compared with CoN-200 and 400, when the nitriding temperature
was 300 �C, the relative peak strength of Co-N was the strongest
and the surface percentage was as high as 89.1%, indicating that
the condition of 300 �C was most favorable for the formation of
Co-N bond.

The OER behavior of the catalysts was measured by using a
standard three-electrode system in 1.0 M KOH at a scan rate of
2 mV s�1. Fig. 5a shows the current density of CoN-Nd-300 catalyst
increases rapidly with potential, indicating the excellent OER per-
formance. A significant effect of the N-defect was presented itself
in OER performance, where the CoN-Nd-300 demands a lower
overpotential of 243mV to reach the current density of 10mA cm�2.
It is much lower than these of Co LDH (243 mV), CoN-200
(291 mV), CoN-400 (310 mV), and RuO2 (257 mV), and most
recently reported electrocatalysts (Table S1). Another critical reac-
tion of OER electrocatalytic activity is the small Tafel slope. As
shown in Fig. 5b, the Tafel slope of 70.8 mV dec�1 for CoN-Nd-
300 is smaller than those of Co LDH (74.6 mV dec�1), CoN-200
(74.0 mV dec�1), CoN-400 (75.8 mV dec�1), and RuO2 (73.3 mV
dec�1), suggesting faster reaction kinetics [32]. To further elucidate
the intrinsic mechanism for the enhancement of OER activity, per-
site turnover frequency (TOF) is employed to compare the practical
performance of catalysts. The TOF value is calculated based on the
assumption that all metal atoms are active sites, and the number of
metal atoms is obtained by ICP-AES (Table S2) [47]. The potential-
dependent TOF curve of CoN-Nd-300 catalyst shows the enhanced
intrinsic activity per site compared to Co LDH, CoN-200, and CoN-
400 (Fig. 5c). As expected, the CoN-Nd-300 catalyst possesses the
largest electrochemically active surface area (ECSA) of 6208 cm2

(normalized per cm2 of electrode area), which is much higher than
those of Co LDH (4386 cm2), CoN-200 (4328 cm2), and CoN-400
(1121 cm2) (Table S3).

Electrochemical impedance spectroscopy (EIS) (Fig. 5d) shows
that CoN-Nd-300 has the smallest charge transfer resistance (Rct)
2070
than others, verifying that CoN-Nd-300 catalyst exhibits a faster
electron transfer rate during the electrocatalytic OER process. Gen-
erally, the electrochemical double-layer capacity (Cdl) is directly
proportional to the ECSA. The Cdl value can be calculated using cyc-
lic voltammetry (CV) curves in the non-Faradaic region (Fig. S11)
[48]. As shown in Fig. 5e, the Cdl values of CoN-Nd-300 is 372.5
mF cm�2, which is significantly higher than those of Co LDH
(263.2 mF cm�2), CoN-200 (259.7 mF cm�2), and CoN-400 (67.3
mF cm�2), indicating more active sites in CoN-Nd/CC-300. Notice-
ably, using CoN-Nd/CC-300 as the working electrode, the durability
of the catalyst was probed through constant current electrolysis at
100 mA cm�2 for 100 h (Fig. 5f). The stability of the catalyst dete-
riorates slightly over time, which may be caused by the change of
the destruction of the microstructure (Fig. S12) and the surface
chemical state (Fig. S13). Nevertheless, the CoN-Nd/CC-300 showed
way better stability as compare to Pt/C (Fig. 6f).

The electrocatalytic performance of CoN-Nd for ORR was
assessed by rotating disk electrode (RDE) and rotating ring disk
electrode (RRDE) methods in 0.1 M KOH electrolyte. Fig. 6a
depicted the CV curves of CoN and Pt/C in O2 and N2-saturated
0.1 M KOH solution. CoN showed a well-defined cathodic peak at
about 0.78 V vs. RHE comparable to Pt/C, indicating the favorable
ORR catalytic activity. The LSV curves and Tafel slopes of CoN-Nd

and Pt/C were shown in Fig. 6b, c. The half-wave potential (E1/2)
of CoN-Nd (0.77 V) was only 0.07 V lower than that of Pt/C
(0.84 V), while it’s limit current density (JL = 5.2 mA cm�2) was
0.3 V higher than that of Pt/C (JL = 4.9 mA cm�2), and the Tafel slope
was comparable to Pt/C [49]. Simultaneously, CoN-Nd showed a
smaller charge transfer resistance compared to Pt/C (Fig. S14),
illustrating CoN-Nd possesses a faster charge transfer rate [26].
The above results suggested that the robust ORR activity of CoN-
Nd. To further understand the reaction mechanism, the LSV curves
were recorded at different rotational speeds from 400 to 2025 rpm
(Fig. S15a). The obtained Koutecky-Levich (K-L) diagram revealed
an excellent linear relationship within the potential range of 0.3–
0.6 V vs RHE, indicating that the number of electrons transferred
per oxygen molecule was the same in the ORR process
(Fig. S15b) [50]. Besides, the H2O2 yield of CoN was less than 15%
and the electron transfer number (n) was �4 in the potential range
of 0.2–0.8 V, which further proves the four-electron process of ORR
(Fig. 6d). The potential difference (DE) between E1/2 of ORR and







practical application of ZAB. As illustrated in Fig. 7f, the CoN-Nd-
based ZAB displayed superior cycling stability about 260 cycles
with loss of discharge voltage was hardly observed, demonstrating
it exhibited outstanding stability. In contrast, ZAB based on Pt/
C + RuO2 emerged a remarkable decline after 150 cycles. The above
results prove that CoN-Nd is a promising electrocatalyst for metal-
air battery application.

The abundant N-defect sites in the CoN-Nd sheet-like array cat-
alyst are beneficial to enhance the adsorption capacity of OH– and
reduce the Gibbs free energy of the reaction intermediate, thus
improving the catalytic activity of OER. Many studies have con-
firmed that the Co-N active sites play a key role in ORR activity
[20,54]. Typically, the synergy between the N-deficient Co-N active
site and the carbon black mixture can not only improve the elec-
tron transport efficiency but also reduce the reaction energy bar-
rier of the active site, thereby increasing the ORR activity [54-56].
4. Conclusion

In summary, we have successfully synthesized highly efficient
bifunctional CoN-Nd electrocatalysts using a simple and scalable
low-temperature pyrolysis approach. This study is the first to
observe that only Co LDH materials can be fully converted to
CoN-Nd compared to other Co-based precursors under the same
nitridation conditions. TEM and EPR affirmed the presence of abun-
dant N defect sites in CoN-Nd at the pyrolysis temperature of
300 �C. SEM confirmed that the use of surfactants gave rise to dif-
ferences in morphology and catalytic activity of CoN-Nd. More
importantly, the as-prepared CoN-Nd sheet-like array catalyst indi-
cated superb OER and ORR performances in alkaline media. The
results are comparable to most of the recently reported transition
metal catalysts. Besides, the Zinc-air batteries assembled with
CoN-Nd as the air cathode achieved a high peak power density of
120 mW cm�2 and outstanding stability. The excellent perfor-
mance is attributed to the unique structure providing abundant
active sites, faster charge transfer rate, electrolyte diffusion rate,
and gas release. This work provides a facile strategy of constructing
nitrogen defects rich bifunctional-electrocatalysts and proves its
promising application prospects in metal-air batteries.
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