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Abstract: Metal air batteries have gradually attracted public attention due to their advantages such 
as high power density, high energy density, high energy conversion efficiency, and clean and green 
products. Reasonable design of oxygen reduction reaction (ORR) catalysts with high cost-effective-
ness, high activity, and high stability is of great significance. Metal organic frameworks (MOFs) have 
the advantages of large specific surface area, high porosity, and designability, which make them 
widely used in many fields, especially in catalysis. This paper starts with regulating and optimizing 
the composition and structure of MOFs. A series of N, S co-doped electrocatalysts FeCuS-N-C were 
prepared by two high-temperature pyrolysis processes using N-doped carbon hollow nanorods de-
rived from ZIF-8 as the substrate. The one-dimensional nanorod material derived from this MOF 
exhibits excellent electrocatalytic ORR performance (Eonset = 0.998 V, E1/2 = 0.874 V). When used as 
the air cathode catalyst for zinc air batteries and assembled into liquid ZABs, the battery discharge 
curve was calculated and found to have a maximum power density of 142.7 mW cm−2, a specific 
capacity of 817.1 mAh gZn−1, and a cycling stability test of over 400 h. This study provides an inno-
vative approach for designing and optimizing non-precious metal catalysts for zinc air batteries. 
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1. Introduction 
Zn-air batteries (ZABs) have become an ideal solution for solving problems such as 

fossil fuel shortage and environmental degradation due to their advantages of high en-
ergy density, environmental friendliness, and abundant zinc sources. They are considered 
as a strong candidate for the next generation of energy storage devices [1–4]. The dis-
charge performance and stability of ZABs are closely related to the kinetics of oxygen 
reduction reaction (ORR) on the cathode side, and the four-electron reaction process of 
ORR is highly dependent on the catalytic performance of catalysts on the cathode side 
[5,6]. Developing efficient and low-cost catalysts for the four-electron reaction is an urgent 
need for ZABs [7]. However, the high energy demand for O=O bond breaking and 4 e−/4H+ 
transfer process results in suboptimal ORR performance for most catalysts [8,9]. Although 
catalysts based on platinum group metals (PGMs) have shown the most advanced activity 
in ORR, their large-scale commercial applications are limited by their high cost and scar-
city [10,11]. In the past few decades, a large number of carbon-based non-precious metal 
catalysts have been developed and explored as the most promising alternatives, among 
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which transition metal nitrogen carbon materials (M–N–C, M=Fe, Co, Cu, Ni, Mn, etc.) 
have the highest atomic utilization rate and lower cost, and are considered to be the most 
promising catalysts to replace PGM materials [12–14]. The coordinated nitrogen atom can 
regulate the electron cloud density of transition metals, and optimize the adsorption and 
desorption of intermediates [15–17]. Meanwhile, transition metal atoms and nitrogen at-
oms can form M-Nx species, which are synergistic active sites for ORR [18,19]. Among 
transition metal nitrogen carbon catalysts, Fe-N-C catalysts exhibit the maximum poten-
tial for commercial applications in ZABs, where the initial potential and half-wave poten-
tial are equivalent to 20%of the PGM electrocatalysts in alkaline systems [20,21]. However, 
further improving the electrocatalytic activity and durability of Fe-N-C catalysts by ad-
justing their electronic and morphological structures to meet practical applications re-
mains a huge challenge [22–24]. 

The stability degradation of Fe-N-C catalysts is mainly due to the oxidation of carbon 
substrates and poisoning of the active site Fe-Nx. In recent years, double single atom cat-
alysts (DSACs) with bimetallic active sites have been prepared by introducing a second 
type of transition metal (Co, Mn, Cu, etc.) and non-metallic elements (B, P, S, etc.). The M-
d band centers of the planar M-N4 structure dispersed in the carbon lattice have been op-
timized, which can effectively regulate the electronic structure of the active sites, optimize 
their adsorption strength with intermediate products, accelerate the cleavage of O=O 
bonds, and thereby improve ORR activity [5,25]. As reported by Wu et al. [26], Fe and Co 
single atoms are stabilized on two-dimensional carbon nanosheets by coordinating with 
nitrogen (N) and sulfur (S) heteroatoms, forming a FeN4S1/CoN4S1 configuration. Com-
pared with single atoms, the synergistic effect between Fe and Co double single atoms can 
reduce the absorption/desorption energy barrier of intermediates, enhance charge trans-
fer, and achieve stable and superior ORR activity of the catalyst. 

Stabilizing transition metals on specific carriers with defect sites, porous structures, 
or heteroatoms with lone pair electrons (such as N and S) is an effective method for pre-
paring DSACs [27–30]. Based on precise control of composition and morphology, ideal 
ORR electrocatalysts can be obtained. The one-dimensional (1D) form of carbon carrier 
has the advantages of large specific surface area, good electronic conductivity, and adjust-
able porosity. It can expose many active sites, expand the pores of the material, and thus 
improve catalytic activity and stability [31–33]. Due to the unique coordination connection 
of MOFs, various metal and organic ligands can be paired with them. Therefore, MOFs 
can exhibit structures of various sizes, making them excellent N-C precursors for the prep-
aration of DSACs [34–38]. 

Herein, Fe, Cu, and S were doped onto N-C nanorods derived from zeolitic imidazo-
late framework-8 (ZIF-8) to form co-doped hollow nanorod catalysts FeCuS-N-C with bi-
metallic active sites. The synergistic coupling of Fe and Cu bimetallic sites with N and S 
co-doping significantly regulates the electronic structure of Fe/Cu-Nx sites and improves 
the catalytic activity. Meanwhile, the one-dimensional carbon nanorods with high open 
pore structure and high conductivity can ensure effective exposure of active catalytic sites 
and enhance mass transfer performance. As expected, the synthesized FeCuS-N-C catalyst 
has excellent ORR activity, with an onset potential (Eonset) of 0.998 V and a half-wave po-
tential (E1/2) of 0.874 V. In addition, the catalyst also exhibits excellent stability, with a cur-
rent density (it) stability of 98.21% after 10,000 s of testing, which is superior to the Pt/C 
materials currently on the market. Rechargeable ZABs assembled with FeCuS-N-C as the 
cathode material can achieve an open-circuit voltage (OCV) of up to 1.58 V, demonstrating 
excellent power density (105.2 mW cm−2), specific capacity (807.4 mAh gZn−1), and charge–
discharge stability (over 250 h). Therefore, this study provides a new strategy for simulta-
neously adjusting the electronic and morphological structures of ORR DSAC electrocata-
lysts, offering a new approach for the manufacture of high-efficiency ZAB cathode mate-
rials. 
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2. Results and Discussion 
2.1. Structural Characterization of the Catalysts 

The preparation process of the hollow nanorod-shaped N, S-doped bimetallic cata-
lyst FeCuS-N-C is shown in Figure 1. Firstly, the self templating method based on ZIF 
phase transition is used to break the Zn-N bond through heating. After completing the 
structural reconstruction, ZIF-L nanorods with hollow internal structures were prepared, 
which were then transformed into N-doped carbon hollow nanorods with perfectly repli-
cated morphology [35]. Then, through a simple soaking and subsequent heat fixation pro-
cess, a certain amount of Fe and Cu single atoms (about 1 wt%) with different proportions 
of S element were coordinated into N-doped carbon nanorods to obtain FeCuS-N-C hol-
low nanorods. It should be noted that this surface soaking process and the unique highly 
open hollow structure of the carbon framework can ensure that most isolated iron atoms 
are distributed on the surface of the carbon nanorod framework, thereby exposing the 
active sites of Fe/Cu-N4 atoms. 

 
Figure 1. Illustration of the preparation of the electrocatalysts for Fe1Cu1Sx-N-C. 

The elemental composition and morphology of the prepared catalyst were studied 
by scanning electron microscopy (SEM) (Figure 2). The SEM images clearly display the 
nanostructures of ZIF-8 and ZIF-L (Figure 2a,b). ZIF-L exhibits a uniform rod-shaped mor-
phology, with a length of approximately 1 µm, which is different from the cubic shape of 
ZIF-8, indicating that the reaction in the mixed solution of N, N-dimethylformamide and 
ethanol changed the morphology of the sample. The morphology of Fe1-N-C, Fe1Cu1-N-
C, and Fe1Cu1Sx-N-C also exhibit nanorod-like morphology (Figure 2c–i). The results show 
that the doping of transition metals and heteroatoms does not affect the change of sample 
morphology. After two rounds of high-temperature pyrolysis, the morphology was also 
well preserved. The TEM image further confirms that Fe1Cu1S8-N-C is in the form of na-
norods, and crystalline metal nanoparticles are formed within the carbon matrix (Figure 
2j,k). High-resolution TEM imaging shows that the size of crystalline metal nanoparticles 
is about 15–20 nm (Figure 2l). This one-dimensional nanorod structure can increase spe-
cific surface area of the catalyst, expose more active sites, and increase its contact area with 
the electrolyte. This improves the electrocatalytic activity and also provides a direct flow 
path, which shortens the charge–discharge time. The corresponding element mapping di-
agram show that C, N, O, S, Fe, and Cu elements are uniformly distributed in Fe1Cu1S8-
N-C (Figure 2m), indicating that Fe, Cu, and S elements have been successfully doped into 
the catalyst. 
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Figure 2. SEM image of (a) ZIF-8, (b) ZIF-L, (c) Fe1-N-C, (d) Fe1Cu1-N-C, (e) Fe1Cu1S4-N-C, (f) 
Fe1Cu1S12-N-C, (g) Fe1Cu1S16-N-C, (h,i) Fe1Cu1S8-N-C; (j,k) TEM image of Fe1Cu1S8-N-C, (l) HR-TEM 
image of Fe1Cu1S8-N-C, and (m) elemental mapping images for Fe1Cu1S8-N-C. 

The prepared catalysts were analyzed by X-ray diffraction (XRD). The XRD patterns 
of Fe1-N-C and Fe1Cu1-N-C (Figure 3) show two broad peaks near 24° and 44°, belonging 
to the (002) and (100) faces of graphite carbon, respectively [39]. Fe1Cu1Sx-N-C shows new 
diffraction peaks at 27.1°, 28.5°, and 47.5°, corresponding to the three components of S, 
Cu8S5, and FeS, respectively. As the content of thiourea in the reaction increased, the peak 
intensity of the three diffraction peaks also increased, indicating that the amount of the 
three components increased with the increase of S content, and also proving the successful 
doping of S element in the catalyst, which is consistent with the results of the element map-
ping. Meanwhile, since thiourea also provides an N source, the diffraction peak intensity rep-
resenting the FeN at 3.61° increases accordingly [40]. The Cu8S5, FeS, and FeN can act as excel-
lent active sites for the catalysts, helping to improve the ORR catalytic activity. 

 
Figure 3. XRD patterns of Fe1Cu1Sx-N-C catalysts. 
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XPS was used to analyze the elemental composition and chemical valence state of the 
sample surface. The XPS spectra of Fe1Cu1-N-C and Fe1Cu1S8-N-C are shown in Figure 4a. 
Fe1Cu1-N-C and Fe1Cu1S8-N-C have similar peaks. In addition, Fe1Cu1S8-N-C has an addi-
tional S 2p peak, which also proves the successful doping of Fe, Cu, and S elements into 
the catalyst. The results are consistent with the XRD and EDS element mappings. Figure 
4b shows the comparison of C 1s XPS spectra between Fe1Cu1S8-N-C and the Fe1Cu1-N-C. 
For the two catalysts, the binding energy is located at ~284.7 eV, ~285.6 eV, and ~289.0 eV, 
corresponding to C-C, C-Nx, and C-O/C=O structures [41], respectively. There is an addi-
tional fitted peak at ~286.2 eV in Fe1Cu1S8-N-C, corresponding to the C-S bond [42], con-
firming that S element is doped into the Fe1Cu1S8-N-C catalyst. 

 
Figure 4. XPS spectra of Fe1Cu1-N-C and Fe1Cu1S8-N-C catalysts. (a) Full survey spectra, (b) C1s, (c) 
N1s, (d) Fe 2p, (e) Cu 2p, and (f) S2p. 

The N 1s XPS spectra of Fe1Cu1-N-C and Fe1Cu1S8-N-C are shown in Figure 4c. The 
N 1s peaks of both catalysts exhibit four fitting peaks: pyridine-N (~398.5 eV), pyrrole-N 
(~400.3 eV), graphite-N (~402.7 eV), and oxidation-N (~404.0 eV). There is also an addi-
tional fitting peak at ~399.2 eV, corresponding to the metal-Nx peaks of Fe-Nx and Cu-Nx 
[43–45]. The metal-Nx structure can serve as the active sites of the catalysts. 
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Figure 4d shows the Fe 2p XPS spectra of Fe1Cu1-N-C and Fe1Cu1S8-N-C. Compared 
with Fe1Cu1-N-C, the Fe1Cu1S8-N-C sample not only has a Fe 2p3/2 fitting peak at ~710.7 eV 
and a Fe 2p1/2 fitting peak at ~724.2 eV [46,47], but also presents a fitting peak at ~718.7 eV, 
corresponding to the Fe-S structure [48]. The Cu 2p XPS spectrum in Figure 4e also shows 
that in addition to the Cu 2p3/2 (~933.7 eV) and Cu 2p1/2 (~953.5 eV) peaks, there is also a 
Cu-S (~944.7 eV) peak in the Fe1Cu1S8-N-C sample [49,50]. Both Fe-S and Cu-S structures 
can serve as active sites for catalysts, indicating that Fe1Cu1S8-N-C have more active sites 
compared to Fe1Cu1-N-C. 

In the spectrum of S 2p in Fe1Cu1S8-N-C (Figure 4f), the peak at 161.4 eV is the peak 
of metal sulfides, the peak at 163.8 eV is C-S, and the peaks at 168.0 eV and 169.2 eV are 
sulfur oxide peaks [51,52]. This also confirms that sulfur atoms have been successfully 
doped into carbon materials, and the metal-S and C-S structures have been confirmed to 
be active sites for improving ORR performance. From the XPS analysis, it can be seen that 
Fe1Cu1S8-N-C has abundant C-Nx, and there are also graphite C, metal-N, and metal-S 
species as active sites, suggesting that the sample has excellent ORR performance. 

2.2. Electrochemical Performances 
The ORR performance of the FeCuS-N-C catalyst was evaluated due to its large spe-

cific surface area and abundant active sites. Firstly, the catalytic activity of all the samples 
was preliminarily evaluated by cyclic voltammetry (CV). As shown in Figure 5a, all cata-
lytic materials exhibit oxygen reduction peaks in their CV curves under O2 saturated 0.1 
M KOH, while there is no oxidation peak under N2 saturated environment. Among them, 
Fe1Cu1S8-N-C has the highest oxygen reduction peak, indicating its best ORR catalytic per-
formance among all catalytic materials. Accurate determination of ORR performance was 
performed using linear sweep voltammetry (LSV). Figure 5b shows the LSV test of ORR 
for various catalyst samples in a 0.1 M KOH solution saturated with O2 at 1600 rpm. It can 
be seen that the initial potential (Eonset = 0.998 V) and half-wave potential (E1/2 = 0.874 V) of 
Fe1Cu1S8-N-C sample are significantly higher than those of other samples, and the Eonset 
and E1/2 of Fe1Cu1-N-C samples are better than those of the Fe1-N-C sample, indicating that 
the addition of Cu and thiourea improves the catalytic activity of the catalyst. See Table 1 
for details. It is believed that the incorporation of S and N will induce the transition of 
spin polarization configuration for metal centers that act as the active site for oxygen re-
duction. This will promote the desorption of OH* species. 

Table 1. The electrocatalytic performance of catalysts in 0.1 M KOH solution. 

Samples 
LSV 

IT 
Eonset E1/2 

Fe1-N-C 0.880 V 0.765 V / 
Fe1Cu1-N-C 0.924 V 0.816 V 97.32% 

Fe1Cu1S4-N-C 0.964 V 0.839 V / 
Fe1Cu1S12-N-C 0.969 V 0.848 V / 
Fe1Cu1S16-N-C 0.960 V 0.841 V / 
Fe1Cu1S8-N-C 0.998 V 0.874 V 98.21% 

To understand the ORR electron transfer pathway, the linear sweep voltammetry 
(LSV) curves of Fe1Cu1S8-N-C at different rotational speeds (400~2025 rpm) were investi-
gated (Figure 5c). The Koutecky–Levich (K–L) curve based on LSV curve has a good linear 
relationship in the range of 0.3~0.7 V, which conforms to the first-order reaction kinetics. 
The average electron transfer number (n) of Fe1Cu1S8-N-C catalyst is 3.96, indicating that 
the majority of ORR catalytic reactions on the Fe1Cu1S8-N-C catalyst follow a direct 4e 
transfer pathway. Fe1Cu1S8-N-C not only has excellent ORR performance, but also has 
high stability. The stability of Fe1Cu1S8-N-C and Fe1Cu1-N-C was studied through i-t test-
ing. It was found that after continuous testing for 10,000 s, the stability of Fe1Cu1S8-N-C 
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remained around 98.21% under the condition of a current density of 5 mA cm−2, which 
was better than the 97.32% of Fe1Cu1-N-C (Figure 5d), indicating that the doping of S ele-
ment improved the stability of the catalyst. 

  

(a) (b) 

  
(c) (d) 

Figure 5. The electrocatalytic performance of catalysts in 0.1 M KOH solution. (a) CV curve, (b) ORR 
LSV diagram with a speed of 1600 rpm, (c) LSV curves of Fe1Cu1S8-N-C at different rotational 
speeds, (d) IT stability curve. 

2.3. Zn-Air Battery Performance 
Considering the excellent ORR catalytic performance of the Fe1Cu1S8-N-C catalyst, 

we constructed a self-made rechargeable ZAB and compared with the ZAB constructed 
from the control sample Fe1Cu1-N-C to evaluate its practical application. A self-made re-
chargeable ZAB was assembled using a carbon cloth supported catalyst as the air cathode, 
a zinc plate as the anode, and 6 M KOH solution containing 0.2 M Zn(Ac)2 as the electro-
lyte. 

As shown in Figure 6a, the open circuit voltage of the battery assembled with 
Fe1Cu1S8-N-C is as high as 1.54 V, which is higher than the open circuit voltage of the zinc 
air battery assembled with Fe1Cu1-N-C (1.51 V). Subsequently, the peak power density of 
the zinc air battery assembled with two catalysts was compared (Figure 6b), and the 
Fe1Cu1S8-N-C-based battery exhibited excellent peak power density, reaching up to 142.7 
mW cm−2, which was much higher than the Fe1Cu1-N-C-based battery (82.8 mW cm−2). 
Based on the normalization of zinc quality, the specific capacity of Fe1Cu1S8-N-C-based 
zinc air batteries reached 817.1 mAh gZn−1, which also exceeded that of Fe1Cu1-N-C bat-
teries (792.3 mAh gZn−1) (Figure 6c). The battery assembled with Fe1Cu1-N-C exhibits a 
constant current charge–discharge cycle curve of over 250 h, indicating its high durability 
in zinc air batteries, while the constant current charge–discharge cycle curve of Fe1Cu1S8-
N-C-based batteries exceeds 400 h (Figure 6d,e), exhibiting more significant cycling sta-
bility than Fe1Cu1-N-C batteries. This excellent cycling stability indicates that Fe1Cu1S8-N-
C has potential application value in ZABs. 
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(a) (b) (c) 

 

(d) 

 
(e) 

Figure 6. Electrochemical performance of flexible ZABs. (a) OCV curves, (b) discharge polarization 
curves and power density curves, (c) specific capacity curves at 20 mA cm−2, Galvanostatic 
charge/discharge cycling curves of (d) Fe1Cu1-N-C and (e) Fe1Cu1S8-N-C at 10 mA cm−2. 

3. Experimental Section 
3.1. Chemicals 

Hexadecyltrimethylammonium bromide (C19H42BrN, CTAB, Macklin, Shanghai, 
China), 2-Methylimidazole (C4H6N2, Adamas, Shanghai, China), Nafion (5%, Alfa Aesar, 
Shanghai, China), Nine hydrated iron nitrate (Fe(NO3)3·9H2O, Sinopharm, Shanghai, 
China), copper nitrate trihydrate (Cu(NO3)2·3H2O, Sinopharm, Shanghai, China), zinc ni-
trate hexahydrate (Zn(NO3)2·6H2O, Sinopharm, Shanghai, China), thiourea (CH₄N₂S, Si-
nopharm, Shanghai, China), N, N-dimethylformamide (AR, Sinopharm, Shanghai, 
China), isopropanol (HPLC, Sinopharm, Shanghai, China), potassium hydroxide (AR, Si-
nopharm, Shanghai, China), and anhydrous ethanol (AR, Sinopharm, Shanghai, China) 
were used as starting materials. 
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3.2. Synthesis of Materials 
3.2.1. Preparation of ZIF-L 

Masses of 2 g Zn(NO3)2·6H2O, 3 g C4H6N2, and 50 mg CTAB were added into 200 mL 
of deionized water. The system was then stirred at room temperature for 2 h. Subse-
quently, the solution was filtered and the solids were washed with deionized water. The 
collected white solids were added into a mixed solution of 120 mL N, N-dimethylforma-
mide and 40 mL ethanol, and the solution was stirred at 70 °C for 2 h. The solution was 
then filtered, the solids were thoroughly washed with water, and the obtained solids were 
heated to 800 °C at 5 °C/min in a tube furnace under the protection of high purity nitrogen. 
White solid ZIF-L was obtained. 

3.2.2. Preparation of Fe1Cu1S8-N-C 
Masses of 100 mg of ZIF-L, 10 mg of Fe(NO3)3·9H2O, 5 mg of Cu(NO3)2·3H2O, and 14 

mg of CH₄N₂S were dissolved in isopropanol. The solution was stirred at room tempera-
ture for 2 h. The solution was filtered and the collected solids were dried to obtain 
Fe1Cu1S8-ZIF-L. The Fe1Cu1S8-ZIF-L was heated to 800 °C at 5 °C/min in a tube furnace 
under the protection of high purity nitrogen. Fe1Cu1S8-N-C was obtained. 

3.2.3. Preparation of Comparison Samples 
Comparison samples of Fe1Cu1-N-C, Fe1Cu1S4-N-C, Fe1Cu1S12-N-C, and Fe1Cu1S16-N-

C were obtained according to the procedure mentioned in Section 3.2.2, where the mass 
of CH₄N₂S was replaced by 0, 7, 21, and 28 mg, respectively. Similarly, Fe1-N-C was ob-
tained by without adding CH₄N₂S and Cu(NO3)2·3H2O. 

3.3. Characterization 
Crystal phase and specific composition of the synthesized catalysts were character-

ized by X-ray diffractometer (XRD, Bruker D-8, Billerica, Massachusetts, Germany, Cu Kα, 
λ = 1.5418 Å) with a scanning rate of 7° min−1 and range of 2θ 10~80°. Morphology, micro-
structure, and element distribution of the catalysts were characterized by scanning elec-
tron microscopy (SEM, JSM-6480, JEOL, Akishima, Tokyo, Japan) and transmission elec-
tron microscopy (HRTEM, JEM-200CX, JEOL, Akishima, Tokyo, Japan). Surface element 
composition and bonding status of the catalysts were characterized by X-ray photoelec-
tron spectroscopy (XPS, PHI 5000, ULVAC-PHI, Chigasaki, Japan, Al Kα). 

3.4. Electrochemical Measurements 
All electrochemical measurements were conducted on the CHI 730E electrochemical 

workstation using a three-electrode system at room temperature. The preparation of cat-
alyst suspension in this work is as follows: 95 µL 5 wt% Nafion solution and 350 µL etha-
nol are added to every 10 mg of catalyst and mixed in a glass bottle, then ultrasonic treat-
ment is performed, and the mixture is stirred for a total of 1 h. Then, a 4.5 µL catalyst 
suspension is dropped onto the surface of the GC electrode (~0.8 mg/cm2), with a saturated 
Hg/HgCl2 electrode (SCE) and a carbon rod as the reference electrode and counter elec-
trode, respectively. All electrode potentials are converted to reversible hydrogen electrode 
potentials (RHEs) by correcting the equation ERHE = ESCE + 0.244 + 0.0591 × pH. In the ORR 
test, N2 (or O2) is bubbled through the electrolyte for 30 min and kept bubbling during the 
measurement period to maintain N2 or O2 saturation in the solution. In a 0.1 M KOH so-
lution, the cyclic voltammetry (CV) curve at 50 mV/s and the linear sweep voltammetry 
(LSV) at 10 mV/s are recorded at 400 to 2025 rpm and 0–1.2 V (ERHE). The final LSV curve 
is obtained by subtracting the background current measured in the N2 purified electrolyte 
from the background current measured in the O2-saturated electrolyte. According to the 
Koutecky–Levich equation, the electron transfer number n and dynamic current density 
JK are calculated: 
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1
J = 

1
JL

 + 
1
JK

= 
1

Bω1/2 + 
1
JK

 

B = 0.62nFC0(D0)2/3υ−1/6 
where J is the measured current; JL is the diffusion limit current; ω is the angular velocity 
of the disk; F is the Faraday constant (96485 C mol−1); C0 is the volumetric concentration 
of oxygen (1.2 × 10−6 mol cm−1); D0 is the diffusion coefficient of oxygen (1.9 × 10−5 cm2 s−1); 
υ Is the dynamic viscosity (0.01 cm2 s−1 at 0.1 M KOH); and n is the number of electrons 
transferred during the ORR process. 

3.5. Zn-Air Battery Test 
For the liquid ZABs, the anode is a polished 0.5 mm thick zinc sheet, the air cathode 

is a carbon cloth loaded with a catalyst, and the electrolyte is a 6.0 M KOH aqueous solu-
tion containing 0.2 M Zn(Ac)2. The preparation method of cathode electrode catalyst ink 
is as follows: the 5 mg catalyst was added to a mixture of 200 µL water, 200 µL ethanol, 
and 40 µL 5 wt% Nafion solution, followed by ultrasonic treatment and stirring for a total 
of 1 h. The mass load of the active substance was approximately 2 mg cm−2. The open 
circuit voltage, discharge polarization curve, and power density curve of the battery were 
measured on the electrochemical workstation (CHI 730E). 

Using the Land 3001A battery test system, the constant current charge–discharge cy-
cle curve and specific capacity of the battery were tested at room temperature. In each 
constant current cycle, the zinc-air battery was discharged for 10 min and charged for 10 
min at a current density of 10 mA cm−2. At the same time, the specific capacity was tested 
at the current density of 20 mA cm−2. 

4. Conclusions 
Firstly, the self template method based on ZIF phase transition was used to prepare 

ZIF-L hollow nanorods as carbon substrates. Then, one-dimensional MOF-supported N, 
S co-doped bimetallic active site oxygen electrocatalyst FeCuS-N-C was prepared through 
two high-temperature pyrolysis processes. The catalyst exhibits good electrochemical per-
formance (Eonset = 0.998 V, E1/2 = 0.874 V) and stability. When used as a cathode catalyst for 
liquid ZAB batteries, it also exhibits excellent catalytic ability and has the highest power 
density, which is up to 142.7 mW cm−2 and a specific capacity of 817.1 mAh gZn−1, and it 
can pass long-term cycle stability testing for over 400 h. The reasons why this catalyst has 
excellent ORR performance are: (1) Its highly hollow structure ensures effective exposure 
of active catalytic sites. (2) The morphology of one-dimensional carbon nanorods deter-
mines their high conductivity and rapid mass transport. (3) The doping of S element can 
regulate the electronic structure of Fe/Cu-N4 active sites, thereby significantly reducing 
the energy barrier of the four-electron transfer step in the ORR process. This study pro-
vides an innovative approach for designing and optimizing non-precious metal catalysts 
for zinc air batteries. 
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