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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• A unique multichannel Bi-Fe2O3@NC 
mesoporous catalyst was synthesized for 
ORR. 

• Bi-Fe2O3@NC exhibits a higher half- 
wave potential and large limiting cur
rent density. 

• Bi-Fe2O3@NC based aqueous/flexible 
Zn-air batteries deliver high peak power 
densities. 

• Abundant oxygen vacancies regulate the 
electronic structure and provide new 
active sites on the catalyst surface.  
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A B S T R A C T   

Designing multi-channel mesoporous structure and introducing oxygen vacancies to synergistically enhance 
oxygen reduction reaction (ORR) activity is crucial for the practical application of zinc-air batteries (ZABs) in the 
field of energy storage and conversion. Herein, a novel multi-channel mesoporous Bi-Fe2O3 microsphere with 
abundant oxygen vacancies supported on nitrogen-doped carbon (denoted as Bi-Fe2O3@NC) is constructed and 
the designated catalyst demonstrates a higher half-wave potential (0.88 V), large limiting current density (5.8 
mA cm− 2@0.4 V), and superior stability. Besides, the aqueous ZAB utilizing Bi-Fe2O3@NC cathode achieves a 
high power density of 198.6 mW cm− 2 and maintains exceptional stability for 459 h at 5 mA cm− 2, superior to 
most previously reported catalysts. Furthermore, a solid-state ZAB assembled with Bi-Fe2O3@NC shows a power 
density of 55.9 mW cm− 2, highlighting its potential for flexible ZAB applications. The prominent ORR perfor
mance of Bi-Fe2O3@NC can be ascribed to its unique multi-channel mesoporous structure and abundant oxygen 
vacancies, which increase the exposure of active sites and facilitate efficient electron/mass transport. This work 
provides valuable insights for the rational design of advanced ORR catalysts for the practical requirements of 
aqueous/flexible ZABs in energy storage and conversion.  
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1. Introduction 

The ever-increasing energy demand has prompted researchers to 
explore and develop new technologies for clean energy storage and 
conversion [1–3]. Zinc-air batteries (ZABs) are considered a promising 
alternative power sources with the advantages of high energy density, 
safety and environmental benignity [4,5]. However, the energy output 
of these batteries is significantly limited by the slow kinetics of the ox
ygen reduction reaction (ORR) during discharge [6]. Typically, Pt-based 
materials are regarded as the most effective ORR catalysts [7]. Unfor
tunately, their scarcity, prohibitive cost, and poor durability severely 
hinder their large-scale application [8]. Therefore, there is an urgent to 
design and explore cost-effective, efficient, and stable non-precious 
metal ORR catalysts to enlarge the practical application of ZABs [9]. 

Recent studies have reported the effectiveness of metal oxides [10], 
nitrides [11], phosphides [12], and other materials as catalysts for ORR. 
Metal oxides, in particular, can provide chemisorption sites of oxygen 
molecules [13]. However, pure metal oxides exhibit low electrocatalytic 
activity due to their poor electrical conductivity [14]. It has been 
demonstrated that the construction of metal/metal oxide composites can 
facilitate charge redistribution between the adjacent components, 
resulting in enhanced electrical conductivity and accelerated charge 
transfer. This, in turn, optimizes the adsorption-free energy of the re
action intermediates, leading to efficient catalysis of the ORR [15]. 
Interestingly, introducing oxygen vacancies into pure metal oxides has 
shown the ability to increase the localization of metal 3d electrons near 
the Fermi level. This leads to an enhancement in carrier concentration 
and an improvement in the electrical conductivity of the catalyst 
[16,17]. Additionally, oxygen vacancies can generate defect-rich metal 
oxides, creating new active sites on the catalyst surface. These active 
sites play a crucial role in optimizing the adsorption and dissociation 
energy of oxygen-containing reactants, thereby significantly enhancing 
the catalytic activity of the material. Moreover, oxygen vacancies can 
also impact the stability and durability of the catalyst by preventing the 
aggregation and sintering of nanoparticles [18,19]. Reports suggest that 
coupling of metal/metal oxide catalysts with carbon materials yields 
admirable activity and durability [20]. Moreover, since ORR is an 
interfacial/surface reaction, designing and constructing catalysts with a 
high surface area and multi-channel pore structure is beneficial for 
exposing more active sites and facilitating rapid mass/charge transfer 
[21]. Surprisingly, the multi-channel mesoporous microsphere structure 
is a highly desirable morphology for enhancing electrocatalytic perfor
mance. It not only provides a large contact interface between the elec
trocatalyst and the electrolyte but also facilitates the rapid passage of gas 
[22,23]. Therefore, the design of a multi-channel mesoporous micro
sphere structure based on transition metal oxide composites with 
abundant oxygen vacancies represents a viable approach for improving 
electrical conductivity and enhance catalytic performance of ORR 
catalysts. 

In this study, we prepared a Bi-Fe2O3@NC microsphere structure 
with abundant oxygen vacancies by depositing iron on the surface of 
BiOBr precursor, followed by high-temperature calcination. The unique 
surface wrinkled microsphere morphology of the catalyst results in a 
significantly large specific surface area and abundant porosity, pro
moting effective mass/charge transport. The formation of oxygen va
cancies enhances the electrical conductivity of the catalyst, contributing 
to its improved catalytic activity. The optimal Bi-Fe2O3@NC displays 
superior ORR performance, good methanol tolerance and robust sta
bility. Additionally, the Bi-Fe2O3@NC based ZAB demonstrates excep
tional performance, including high peak power density of 198.6 mW 
cm− 2, high specific capacity of 774.3 mAh g− 1

Zn , and robust charge/ 
discharge stability for 459 h. Notably, the flexible solid-state battery 
utilizing this catalyst achieves an open-circuit voltage of 1.32 V and 
provides a maximum power density of 55.9 mW cm− 2. These results 
confirm the great potential of Bi-Fe2O3@NC as an air cathode catalyst 

for aqueous/solid-state ZABs. 

2. Experimental section 

2.1. Chemicals and reagents 

Bismuth nitrate pentahydrate (Bi(NO3)3⋅5H2O, ≥99.0%), iron (III) 
chloride, anhydrous (FeCl3, ≥97.0%), patassium Bromide (KBr, 
≥99.0%), ethylene glycol (C2H6O2, ≥99.5%), zinc acetate dihydrate (Zn 
(Ac)2, 99.0%) and potassium hydroxide (KOH, 99.0%) were purchased 
from Guangxi Zoey Biotechnology Co., Ltd. Poly(vinylpyrrolidone) 
((C6H9NO)n, 99%, PVP), dopamine hydrochloride (C8H11NO2⋅HCl, 
98%), and tris(hydroxymethyl)aminomethane (C4H11NO3, ≥99.8%) 
were obtained from Aladdin Industrial Corporation. Nafion (5% solu
tion) and commercial Pt/C (20 wt% for platinum) was obtained from 
Alfa Aesar. The RuO2 powder was prepared by calcining RuCl3 in the air 
at 400 ◦C. 

2.2. Synthesis of BiOBr spheres 

The BiOBr spheres were obtained based on previously reported 
methods with slightly modification [24]. In a typical procedure, a so
lution was prepared by dissolving 300 mg of Bi(NO3)3⋅5H2O and 3 g of 
PVP in 20 mL of ethylene glycol. The solution was stirred for 30 min 
until a clear solution was obtained. Subsequently, 100 mg KBr was 
added and stirred for 10 min. The resulting mixture was transferred to a 
Teflon-lined stainless steel autoclave (50 mL) and maintained at 150 ◦C 
for 12 h. After cooling to room temperature, the light yellow powder was 
subjected to several rounds of centrifugation with methanol and 
deionized water, and dried overnight at 60 ◦C. 

2.3. Synthesis of BiOBr-PDA 

To synthesize BiOBr-PDA, 300 mg BiOBr spheres were dissolved in 
30 mL of deionized water. Sequentially, 300 mg of dopamine hydro
chloride was added under sonication. Afterwards, tris-buffer solution 
was added to the above solution to adjusted pH approximately to 8. The 
resulting solution was continuously stirred for 9 h at room temperature. 
Then, the precursor was collected by centrifugation and dried at 60 ◦C, 
resulting in the formation of a black powder designated as BiOBr-PDA. 

2.4. Synthesis of Bi-Fe2O3@NC 

To disperse the BiOBr-PDA powder, 250 mg of the aforementioned 
powder was added to 30 mL of 0.2 M (0.1 M, 0.3 M) FeCl3 solution with 
continuous stirring for 6 h at room temperature. The resulting product 
was washed by centrifugation and subsequently dried at 60 ◦C. The 
obtained product was then transferred to a tube furnace and then 
elevated to different temperatures (800, 900, 1000 ◦C) under N2 at a 
heating rate of 5 ◦C min− 1 to obtain Bi-Fe2O3@NC. 

2.5. Synthesis of Bi2O3@NC 

The Bi2O3@NC was obtained by direct pyrolysis of BiOBr-PDA at 
900 ◦C for 2 h. 

2.6. Synthesis of Fe-Fe3O4@NC 

The preparation process of Fe-Fe3O4@NC followed a similar pro
cedure to that of Bi-Fe2O3@NC, with the exception of omitting the BiOBr 
precursor. In detail, 300 mg of dopamine hydrochloride was dissolved in 
30 mL of deionized water. The pH of the solution was adjusted to 
approximately 8 by adding Tris-buffer. The mixture was stirred for 9 h at 
room temperature, then washed, centrifuged, and dried at 60 ◦C. Af
terwards, 250 mg of the dried powder mentioned above was added to 30 
mL of 0.2 M FeCl3 solution and stirred for 6 h. The resulting mixture was 
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subjected to centrifugation, and the black powder obtained after 
centrifugation was dried. Finally, the dried powder was heated at 900 ◦C 
for 2 h, resulting in the formation of Fe-Fe3O4@NC. 

3. Results and discussion 

3.1. Synthesis and structural analysis 

The synthesis strategy employed for the formation of Bi-Fe2O3@NC 
microsphere structure is illustrated in Fig. 1a. Initially, BiOBr spheres 
were synthesized using a modified hydrothermal method. These spheres 
were then coated with a layer of polydopamine (PDA)-coated Fe species 
and subjected to high-temperature pyrolysis, resulting in the formation 
of the multi-channel Bi-Fe2O3@NC structure. The phase composition of 
the catalysts was determined using X-ray diffraction (XRD). As presented 
in Fig. S2, the diffraction peaks of BiOBr spheres match those of BiOBr 
(JCPDS:03–0733) [25]. In Fig. 1b, the characteristic peaks of Bi- 
Fe2O3@NC correspond well to Bi (JCPDS: 05–0519). Additionally, 
several strong diffraction peaks at around 30.0◦, 32.2◦, 35.6◦, 43.5◦ and 
62.7◦ can be attributed to the (220), (221), (311), (400), (511) and 
(440) lattice planes of Fe2O3 (JCPDS: 04–0755) [26], indicating the 
successful synthesis of Bi-Fe2O3@NC hybrid. Furthermore, the XRD 
patterns of other comparison samples are presented in Fig. S3, corre
sponding Fe-Fe3O4@NC and Bi2O3@NC, respectively. The Raman 
spectra of Bi-Fe2O3@NC-T (T = 800, 900, 1000 ◦C) exhibit two distinct 
peaks at 1350 cm− 1 (D-band) and 1580 cm− 1 (G-band) in Fig. S4a, 
representing the sp2 vibration of graphitic carbon and sp3 structural 
defects, respectively [27]. The maximum relative intensity ratio (ID/IG) 
values in the D and G bands were observed at 900 ◦C, with a value of 
1.18, higher than Bi-Fe2O3@NC-800 (0.94) and Bi-Fe2O3@NC-1000 
(1.12). These results indicate that the orderliness of the carbon lattice 
decreases and structural defects increase at an annealing temperature of 
900 ◦C, effectively enhancing oxygen adsorption [28]. Compared to Bi- 
Fe3O4@NC (1.07) and Bi2O3@NC (1.03), Bi-Fe2O3@NC also exhibits the 
highest ID/IG, which facilitates the kinetics of ion transport (Fig. S4b) 
[29]. The N2 adsorption–desorption isotherm was plotted in Fig. 1c to 
evaluate the surface area and pore volume. The Brunauer–Emmett–
Teller (BET) specific surface area of Bi-Fe2O3@NC was approximately 

393.2 m2 g− 1, with an average pore size of 7.5 nm (inset in Fig. 1c). The 
unique mesoporous structure enables the availability of abundant active 
sites and promotes efficient mass/electron transfer, thereby enhancing 
catalytic efficiency [30]. Electron paramagnetic resonance (EPR) mea
surements were conducted to characterize the O vacancies in the ob
tained catalysts, as shown in Fig. S5 and Fig. 1d. Among the comparative 
catalysts, Bi-Fe2O3@NC exhibited a more pronounced EPR signal (g =
~2.005) at an annealing temperature of 900 ◦C compared to Bi2O3@NC 
(g = ~2.003) and Fe-Fe3O4@NC (g = ~2.005). This observation sug
gests the presence of a higher concentration of oxygen vacancies in the 
Bi-Fe2O3@NC catalyst [31]. It is worth noting that slight peak shifts can 
be influenced by the binding forces of atoms surrounding the catalyst 
[32,33]. The existence of unpaired electrons, induced by oxygen va
cancies, can modulate the electronic structure and surface chemistry 
properties of the catalyst, ultimately enhancing its catalytic activity 
[34]. 

The morphology and structure of catalysts were further investigated 
using scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM). The BiOBr precursor exhibited a spherical structure 
composed of numerous uniform nanosheets (Fig. 2a). The SEM image in 
Fig. 2b revealed that the obtained Bi-Fe2O3@NC maintained its original 
spherical structure even after the loading of Fe species and the calci
nation process. The resulting structure formed a multi-channel meso
porous architecture, facilitating electrolyte transport and providing 
sufficient exposure of active sites during the electrocatalytic process 
[35]. The microsphere structure of Bi-Fe2O3@NC was further confirmed 
by TEM (Fig. 2c). High-resolution TEM (HR-TEM) images of Bi- 
Fe2O3@NC displayed distinct lattice fringes with a spacing of 0.292 nm 
corresponding to the (220) plane of Fe2O3 and lattice fringes with a 
spacing of 0.248 nm consistent with the (104) plane of Bi (Fig. 2d-f). 
These results provide further evidence for the successful preparation of 
Bi-Fe2O3@NC microspheres. Additionally, high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) in Fig. 2g 
confirmed the microsphere structure. The corresponding energy 
dispersive X-ray spectroscopy (EDS) pattern (Fig. S6) and elemental 
mapping confirmed the uniform distribution of Bi, Fe, O, C and N on the 
Bi-Fe2O3@NC structure. 

To gain further insights into the electronic structure and surface 

Fig. 1. (a) Schematic illustration of the synthesis process. (b) XRD pattern of Bi-Fe2O3@NC. (c) N2 adsorption–desorption isotherm with the inset pore size dis
tribution of Bi-Fe2O3@NC. (d) EPR spectra of as-synthesized samples. 
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chemical states of the synthesized catalysts, X-ray photoelectron spec
troscopy (XPS) analysis was conducted. The XPS survey spectrum 
confirmed the existence of Bi, Fe, C, N, and O in various catalysts 
(Fig. S7), which is consistent with the EDS-mapping results. The C 1s 
spectrum of Bi-Fe2O3@NC (Fig. S8) exhibited four distinct peaks at 
284.0 (C––C), 284.8 (C–C), 286.0 (C–O) and 289.3 eV (C––O), 
respectively [36]. The Fe 2p3/2 core level of Bi-Fe2O3@NC can be 
separated into two peaks at 712.8 and 720.5 eV, corresponding to Fe3+

species and satellite peak, respectively [37]. In contrast, the Fe- 
Fe3O4@NC spectrum exhibited four peaks at 709.3, 710.5, 712.8 and 
718.0 eV, assigned to Fe0, Fe2+, Fe3+, and satellite peak of Fe 2p3/2, 
consistent with the XRD results (Fig. 3a) [38]. Notably, the Bi 4 f high- 
resolution spectrum displayed two peaks at 157.2 and 162.5 eV, corre
sponding to Bi 4f7/2 and Bi 4f5/2 of metallic Bi0, confirming the presence 
of metallic Bi in Bi-Fe2O3@NC (Fig. 3b) [39]. In contrast, the peaks 
observed at 158.9 and 164.1 eV correspond to Bi3+ of Bi 4f7/2 and Bi 4f5/ 

Fig. 2. (a) SEM image of BiOBr precursor. (b) SEM image, (c) TEM image, (d-f) HR-TEM image, and (g) HAADF-STEM images and the corresponding elemental 
mappings of Bi-Fe2O3@NC. 

Fig. 3. High-resolution XPS spectra of (a) Fe 2p, (b-c) Bi 4f, (d) N 1s, and (e) O 1s in as-synthesized samples.  
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2 in Bi2O3@NC (Fig. 3c) [40,41]. The Bi-Fe2O3@NC composite com
prises Bi0 and Fe3+ ions, with Bi0 acting as an electron donor, providing 
more catalytic active sites and significantly elevating the catalytic ac
tivity. Moreover, the N 1s XPS spectra displayed three typical peaks 
attributed to pyridinic-N (397.9 eV), pyrrolic-N (400.4 eV), and 
graphite-N (402.6 eV) in Bi-Fe2O3@NC, Bi2O3@NC, and Fe-Fe3O4@NC, 
confirming successful N-doping during the high temperature calcination 
treatment (Fig. 3c) [42]. The O 1s high-resolution spectra (Fig. 3d) could 
be deconvoluted into four characteristic peaks, including lattice oxygen 
(OL), oxygen vacancies (OV), C–O bond, and surface adsorbed oxygen 
species (OA), respectively [43]. The presence of oxygen vacancies is 
consistent with the EPR results. 

3.2. ORR activity in alkaline media 

The ORR performance of the obtained catalysts was evaluated using 
the rotating disk electrode (RDE) and rotating ring disk electrodes 
(RRDE) techniques in O2/N2-saturated 0.1 M KOH electrolyte. To opti
mize the catalyst performance, different concentrations of encapsulated 
Fe and varying calcination temperatures were employed, as shown in 
Figs. S9-10, which present the corresponding performance parameters. 
Among the catalysts, the Bi-Fe2O3@NC demonstrated a more positive 
half-wave potential and limiting current density when the amount of 
FeCl3 and the pyrolysis temperature were 0.2 M and 900 ◦C, respec
tively. Hence, unless stated otherwise, the catalyst with the best per
formance from the optimization process was selected for further 
discussion. Distinct cathodic peaks were observed for all samples under 
O2 saturated electrolyte compared to N2 saturated solution, indicating 
an effective ORR process (Fig. 4a). The cyclic voltammetry (CV) curve of 
Bi-Fe2O3@NC displayed a clear oxygen reduction peak at 0.78 V, sur
passing that of Pt/C (0.75 V), and further confirming its superior cata
lytic activity for ORR [44]. Furthermore, the linear sweep voltammetry 
(LSV) curves are presented in Fig. 4b. Bi-Fe2O3@NC exhibited an onset 
potential (Eonset) of 1.03 V and a half-wave potential (E1/2) of 0.88 V, 
outperforming other control catalysts, including Fe-Fe3O4@NC (1.01 V, 
0.85 V), Bi2O3@NC (0.94 V, 0.82 V) and even Pt/C (1.01 V, 0.84 V). The 
ultimate current density of Bi-Fe2O3@NC exceeded that of the com
mercial 20% Pt/C (4.9 mA cm− 2). Notably, Bi2O3@NC catalyst dem
onstrates a redox peak at approximately 0.4 V (vs. RHE), which can be 

attributed to a valence state transition between Bi3+ and Bi5+ under high 
potential conditions. Furthermore, the CV curves (Fig. S11) of 
Bi2O3@NC in both N2 and O2-saturated electrolytes exhibited a redox 
peak, providing additional evidence of the intrinsic redox activity of 
Bi2O3@NC [45]. In addition, the kinetic current density (Jk) of Bi- 
Fe2O3@NC reached 34.2 mA cm− 2 at 0.8 V (Fig. 4c), outperforming 
Bi2O3@NC (7.27 mA cm− 2), Fe-Fe3O4@NC (9.48 mA cm− 2) and com
mercial Pt/C (10.63 mA cm− 2). The remarkable ORR activity of Bi- 
Fe2O3@NC was further evidenced by the lowest Tafel slope (76.2 mV 
dec− 1), lower than Bi2O3@NC (87.0 mV dec− 1) and Fe-Fe3O4@NC (95.4 
mV dec− 1), and comparable to commercial Pt/C catalysts (96.5 mV 
dec− 1), indicating fast ORR kinetics (Fig. 4d) [46]. The LSV curves of Bi- 
Fe2O3@NC at various rotational speeds from 400 to 2025 rpm are pre
sented in Fig. 4e. The current density increased with higher rotating 
rates, in accordance with the First order-dynamic equation [47]. The 
electron transfer number (n) for the ORR was determined by calculating 
the Koutecky-Levith (K-L) slope at different potentials (inset of Fig. 4e). 
The average electron transfer number of Bi-Fe2O3@NC was approxi
mately 3.7, confirming that oxygen can be reduced through a direct 
four-electron pathway [44]. Furthermore, according to the data vali
dated by the rotating ring disk electrode (RRDE) technique, the calcu
lated H2O2 yield is below 20% in the potential range of 0.2–0.8 V vs. 
RHE, and the n values were close to 4, except for a single Bi2O3@NC, 
further supporting the ideal four-electron pathway for Bi-Fe2O3@NC 
(Fig. 4f) [48]. Moreover, the activity of Bi-Fe2O3@NC surpassed most 
non-precious metal ORR catalysts (Table S1), highlighting its potential 
as a promising substitute for precious catalysts. 

The double-layer capacitance (Cdl) serves as a crucial parameter for 
assessing the active sites on catalyst surface. To determine the Cdl values, 
CV measurements were conducted at varying scan rates within the non- 
Faraday potential interval (Fig. S12), as the Cdl is linearly correlated 
with the electrochemically active surface area (ECSA). As shown in 
Fig. 5a, Bi-Fe2O3@NC exhibited the highest Cdl value of 18.14 mF cm− 2, 
surpassing Fe-Fe3O4@NC (6.12 mF cm− 2) and Bi2O3@NC (1.08 mF 
cm− 2). These findings indicate that Bi-Fe2O3@NC possesses a larger 
ECSA, exposing more active sites to enhance ORR activity [49]. Subse
quently, the ECSA was further confirmed by performing CV tests in a 
mixture of 0.5 mM K3[Fe(CN)6] and 0.1 M KCl at different scanning 
speeds (Fig. S13). In the CV curves of all samples, except Bi2O3@NC, a 

Fig. 4. Electrochemical performance of different catalysts. (a) CV curves in N2 or O2-saturated 0.1 M KOH solution. (b) LSV polarization curves in O2-saturated 0.1 M 
KOH electrolyte, and (c) the corresponding half-wave potential (E1/2) and kinetic current density (Jk) at 0.9 V. (d) Polarization curves of Bi-Fe2O3@NC with various 
rotating speeds from 400 to 2500 rpm and the corresponding K-L plots (inset). (e) Tafel plots and (f) H2O2 yield (%) and electron transfer number (n) from 
various catalysts. 
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Fig. 5. (a) Double-layer capacitance (Cdl) values of Bi-Fe2O3@NC, Fe-Fe3O4@NC, and Bi2O3@NC. (b) CV fitting curves in 0.1 M KCl containing 5 mM K3[Fe(CN)6] 
solution at various scan rates. (c) Methanol tolerance tests of Bi-Fe2O3@NC and Pt/C (20 wt%) in 0.1 M KOH with the addition of 3 M methanol at around 400 s, and 
(d) the corresponding stability test in O2-saturated 0.1 M KOH solution at a rotating speed of 1600 rpm. 

Fig. 6. (a) Schematic configuration of assembled aqueous ZAB. (b) Discharge polarization curves and the corresponding power densities of the ZAB. (c) Comparison 
of Bi-Fe2O3@NC as air cathode with other recently reported excellent catalysts, in terms of specific capacity and power density. (d) Galvanostatic cycling at 5 mA 
cm− 2 (20 min for each cycle). (e) Sketch diagram of the flexible ZAB. (f) The discharge polarization and corresponding power density profiles of Bi-Fe2O3@NC and 
Pt/C (20 wt%)-based flexible ZABs. (g) Photographs of Bi-Fe2O3@NC-based flexible ZAB powered by LED panel at different bending angles. 
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distinct pair of redox peaks was observed. The corresponding fitted CV 
curves, as shown in Fig. 5b, align with the Cdl trend, confirming that Bi- 
Fe2O3@NC exhibits a higher ECSA compared to other catalysts. 

To evaluate the stability and methanol resistance, a chronoampero
metric response test was conducted at 1600 rpm in an O2 saturated 0.1 M 
KOH electrolyte. As depicted in Fig. 5c, Bi-Fe2O3@NC maintained a 
constant current density even after rapid injection of 3 M methanol into 
the electrolyte at 400 s, whereas the current density of Pt/C significantly 
decreased, indicating the high methanol resistance of Bi-Fe2O3@NC 
[50]. Moreover, the current density of Bi-Fe2O3@NC retained 92% of its 
initial value after approximately 44000 s, while commercial Pt/C 
maintained 66% at about 40000 s (Fig. 5d). The exceptional durability 
and methanol tolerance of Bi-Fe2O3@NC can be attributed to its robust 
multi-channel layered mesoporous structure and the abundant oxygen 
vacancies within Bi-Fe2O3@NC. 

3.3. Test for performance of assembled ZABs 

ZABs are highly regarded as promising energy storage systems due to 
their exceptional cleanliness, high efficiency, and safety. To evaluate the 
practicality of Bi-Fe2O3@NC, its remarkable ORR performance has been 
explored in alkaline ZABs. Fig. 6a presents a schematic diagram of the 
ZAB. As shown in Fig. S14a-b, the Bi-Fe2O3@NC-based ZAB exhibited a 
higher open circuit voltage (OCV) of 1.55 V and specific capacity of 
774.3 mAh g− 1

Zn ) compared to the Pt/C-based ZAB (OCV of 1.48 V, spe
cific capacity of 700.9 mAh g− 1

Zn ). Notably, the liquid ZAB based on Bi- 
Fe2O3@NC achieved an impressive peak power density of 198.6 mW 
cm− 2 (Fig. 6b), significantly outperforming Pt/C + RuO2 at 132.4 mW 
cm− 2. Satisfactorily, the Bi-Fe2O3@NC-based ZAB exhibited higher 
OCV, maximum power density, and specific capacity compared to 
recently reported ZABs (Fig. 6c and Table S2). The discharge curves of 
Bi-Fe2O3@NC-based ZAB showed negligible voltage drop at various 
current densities (Fig. S14c), indicating exceptional rate performance 
and reversibility [51]. Stability tests were performed at 5 mA cm− 2 to 
investigate the cycle life of the ZAB. The Bi-Fe2O3@NC-based ZAB 
operated continuously for 459 h with a negligible charge/discharge 
voltage gap (ΔE) (Fig. 6d). In contrast, the Pt/C-based ZAB significantly 
declined after only 158 h, demonstrating the superior round-trip effi
ciency of the former. Significantly, a sandwich-structured all-solid-state 
ZAB was assembled to explore the feasibility of Bi-Fe2O3@NC as an air 
electrode for flexible devices, as illustrated in Fig. 6e. The flexible ZAB 
based on Bi-Fe2O3@NC exhibited an impressive OCV of 1.32 V 
(Fig. S15). Apparently, the Bi-Fe2O3@NC-based flexible ZAB provided a 
maximum power density of 55.9 mW cm− 2 (Fig. 6f), surpassing most 
recently reported solid state ZABs (Table S3). These results highlight the 
tremendous potential of Bi-Fe2O3@NC as a viable alternative for pow
ering flexible ZAB devices. Furthermore, the flexibility of the Bi- 
Fe2O3@NC-based flexible ZAB device was demonstrated by measuring 
its performance in both an unbent state and at various bending angles 
(30◦, 60◦, 90◦, and 180◦) to power a red LED display, suggesting its 
potential application under external mechanical stress (Fig. 6g) [52]. 
These results underscore the significant potential of Bi-Fe2O3@NC in 
practical energy conversion applications. 

The exceptional ORR catalytic activity and ultrahigh durability of Bi- 
Fe2O3@NC can be attributed to the compositional synergy and archi
tectural advantages resulting from the following aspects: (i) The inclu
sion of metallic Bi in the Bi-Fe2O3@NC composite serves to enhance 
electrical conductivity and expedite electron transfer processes. Simul
taneously, Fe2O3 promotes the adsorption of oxygen-containing reaction 
intermediates, consequently reducing the reaction energy barrier [53]. 
Additionally, the NC skeleton protects the active site, improves the 
stability of the catalyst, and synergistically enhances the ORR kinetics; 
(ii) Abundant oxygen vacancies regulate the electronic structure and 
provide new active sites on the catalyst surface during the ORR process 
[54]; (iii) The unique multi-channel mesoporous structure enhances 

electrode–electrolyte contact and provides an effective pathway for 
rapid electron/mass transfer [55,56]; (iv) The surface-wrinkled micro
spheres expose more catalytic active site, accelerating mass transfer and 
achieving high ORR electrocatalytic performance. 

4. Conclusions 

In conclusion, the Bi-Fe2O3@NC catalyst exhibits exceptional per
formance and shows promising potential for various energy conversion 
applications. Its outstanding ORR catalytic activity, along with its ul
trahigh durability and flexibility, make it a highly desirable candidate 
for alkaline ZABs and solid-state ZAB devices. The Bi-Fe2O3@NC-based 
ZAB demonstrates higher open circuit voltage, specific capacity, and 
peak power density compared to traditional Pt/C-based systems, along 
with excellent rate performance and reversibility. Moreover, the Bi- 
Fe2O3@NC-based ZAB exhibits superior stability and round-trip effi
ciency, making it a reliable energy storage solution. Furthermore, the 
flexibility of the Bi-Fe2O3@NC-based ZAB device enables its application 
under external mechanical stress, opening up possibilities for powering 
flexible devices. The exceptional performance of Bi-Fe2O3@NC can be 
attributed to its compositional synergy, including the role of metallic Bi 
and Fe2O3 in enhancing conductivity, promoting electron transfer, and 
reducing the energy barrier for ORR. The NC skeleton provides stability, 
while the presence of oxygen vacancies and the unique mesoporous 
structure contribute to enhanced electrocatalytic performance. Overall, 
the promising properties of Bi-Fe2O3@NC make it a highly favorable 
catalyst for practical energy conversion applications. 
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