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Highlights 

 

 

·Vanadium (V) doping and the introducing of nitrogen-containing ligands enhance 

the crystallinity of FexO nanoparticles 

·High crystallinity FexO nanoparticles facilitate rapid charge transfer and improve 

the conductivity of the catalyst. 

·The orderly arrangement of metal atoms in the FexO crystal structure effectively 

enhances the overall stability of the material. 

·At 10 mA cm⁻², the initial voltage attenuation rate of the V-FexO/NC-based ZAB 

was 93.6% after 280 h of discharge. 

 

Abstract: 

The crystallinity of metal oxides plays a pivotal role in regulating the arrangement of 

metal atoms and thereby influencing electrocatalytic performance. This study focuses 

on carbon-supported transition metal oxide catalysts (V-FexO/NC) and investigates 

how improved crystallinity impacts their performance in both oxygen evolution 

reaction (OER) and oxygen reduction reaction (ORR). It is demonstrated that doping 

with vanadium (V) and introducing nitrogen-containing ligands enhance the 

crystallinity of FexO nanoparticles in the V-FexO/NC catalyst. The high crystallinity 

of FexO facilitates efficient electron transfer within the material and sequentially 

resulting in superior electrical conductivity. Furthermore, electron paramagnetic 

resonance (EPR) analysis suggests a lower concentration of oxygen vacancies in V-

FexO/NC sample, attributed to the well-ordered crystalline structure of FexO, which 
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minimizes internal defects and improves catalyst stability. As a result, the V-FexO/NC 

composite demonstrates exceptional electrocatalytic efficiency, evidenced by a 

potential gap of merely 0.64 V, which surpasses the performance of the Pt/C+RuO₂ 

catalyst (0.66 V), while also exhibiting outstanding durability in both ORR and OER 

processes. Zinc-air batteries incorporated with V-FexO/NC exhibit a stable open-

circuit voltage (1.46 V) and high specific capacity (743.0 mAh g⁻¹). 

Keywords: High crystallinity; FexO nanoparticles; Oxygen electrocatalyst; Zinc-air 

batteries 

1. Introduction 

To meet the increasing need for sustainable energy storage solutions, 

rechargeable zinc-air batteries (ZABs) have emerged as highly promising devices for 

clean and efficient energy conversion [1, 2]. Nevertheless, the cathodic processes in 

zinc-air batteries, including the oxygen reduction reaction (ORR) as well as oxygen 

evolution reaction (OER), involve complex proton-coupled electron transfer 

mechanisms. These multi-step reactions exhibit slow kinetics, which significantly 

limit the total performance of the batteries [3]. Given that noble metal catalysts like Pt 

and Ir perform excellent in catalytic activity, their practical application is constrained 

by factors including limited availability, high cost, and poor stability [4]. As a result, 

the development of affordable and high-efficiency non-precious metal catalysts is 

crucial for enhancing the performance of zinc-air batteries. Among these, transition 

metal oxides (TMOs), particularly iron-based oxides, have garnered significant 

interest in electrocatalysis. This is attributed to their rich 3d electron configurations, 

exceptional catalytic activity, robust stability, and easily adjustable valence states [5, 

6]. In recent years, numerous approaches have been introduced to improve the 

catalytic efficiency of TMOs, including nanostructure design, elemental doping, and 

crystal phase engineering, all of which have been extensively explored [7-9] . One of 

the most effective strategies involves regulating crystallinity, which optimizes the 
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spatial arrangement of metal atoms. Adjusting crystallinity significantly influences 

surface adsorption properties and charge distribution, thereby enhancing electrical 

conductivity and catalytic activity [10-12]. For example, Jiang et al. [13] 

demonstrated a crystallinity-tuning strategy to improve the OER performance of 

electrocatalysts. They developed Ni-Bi@NB composite as a highly efficient OER 

catalyst, in which nickel boride (Ni₃B) nanoparticles as the core and nickel(II) borate 

(Ni-Bi) as the shell. Their findings revealed that partially crystalline Ni-Bi exhibited 

superior activity, with reduced electrochemical impedance and increased per-site 

activity as Ni-Bi transitioned from an amorphous to a polycrystalline state. This 

catalyst achieved a low overpotential of 302 mV at 10 mA cm⁻² and exhibited a Tafel 

slope of 52 mV dec⁻¹. Hu and co-workers [14] reported that well-crystallized FeNi 

alloys supported on a carbon shell combined with an active FeOy layer exhibited 

enhanced electronic conductivity and synergistic interfacial effects, significantly 

boosting the intrinsic activity of the oxygen electrocatalyst. Additionally, Hu et al. 

[15] synthesized a high-crystallinity bi-nuclear phthalocyanine iron (bi-FePc) 

encapsulated in multi-walled carbon nanotubes (bi-FePc/MWNT). This material 

displayed exceptional performance as an ORR electrocatalyst, maintaining stable 

current density after 14 h of chronoamperometric testing, indicative of its outstanding 

stability. Furthermore, studies have shown that in iron-based oxides and hydroxide 

catalysts, β-FeOOH(Cl) nanorods with reduced dimensions and high crystallinity 

exhibit the best OER activity. Specifically, the highly crystalline β-FeOOH enhanced 

current density, whereas low-crystallinity β-FeOOH displayed inferior OER 

performance [16]. These findings underscore the critical influence of crystallinity on 

OER catalytic performance. 

This study presents the synthesis of an efficient oxygen electrocatalyst (V-

FexO/NC) through a straightforward pyrolysis method. The catalyst comprises FexO 

nanoparticles and vanadium anchored onto a porous carbon framework. Notably, the 
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crystallinity of FexO significantly impacts its oxygen catalytic activity. The 

incorporation of phenanthroline (PM) as a nitrogen-containing ligand effectively 

anchors metal ions during synthesis. The results reveal that the synthesized V-

FexO/NC contains highly crystalline FexO particles, which reduce electron transfer 

resistance and facilitate charge transport within the material, thereby enhancing 

electrical conductivity. Additionally, the well-crystallized FexO minimizes defects and 

vacancies within the crystal structure, resulting in improved structural integrity and 

cycling stability. Consequently, the highly crystalline V-FexO/NC catalyst exhibits 

outstanding catalytic performance and long-term stability for both ORR and OER. It 

attains an impressive E1/2 of 0.88 V and a minimal overpotential of only 288 mV at 10 

mA cm⁻² current density. When V-FexO/NC is incorporated, the assembled battery 

exhibits outstanding durability, with an 93.6% initial voltage retention rate after 

continuous discharge for 280 h, highlighting its significant potential for practical 

applications. 

2. Experimental  

2.1. N-Doped Porous Carbon (NC) sample 

The NC sample was synthesized as follows: 1 g of peptone was carefully blended 

with 10 g of calcium chloride using ball milling for 1.5 h. The resulting mixture was 

then placed in a tubular furnace and heated under a nitrogen (N₂) flow. The 

temperature was gradually raised to 900 °C at 5 °C/min, held for 1 h and subsequently 

cooled to 20 °C. The obtained sample was repeatedly washed with water and then 

subjected to three rounds of acid washing using 50 mL of hydrochloric acid (HCl, 1 

M). Finally, the sample was rinsed with water several times to produce the NC 

material. 

2.2. V-FexO/NC, FexO/NC, and V/NC samples 

The V-FexO/NC catalyst was synthesized using NC, FeCl₂·4H₂O, NH₄VO₃, and PM 

(C₁₂H₈N₂·H₂O) as raw materials in deionized water. Initially, 80 mg of NC was mixed 
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in 5 mL of deionized water to form a colloidal solution. Subsequently, 0.15 mL (0.015 

mmol) of Fe(PM)3
2+ solution and 0.15 mL (0.015 mmol) of VO(PM)2

+ solution were 

added under stirring for 1 h. Afterwards, the mixture was dried in an oven at 60 °C for 

3 h. The dried sample was subsequently heat-treated at 800 °C for 1 h in a tube 

furnace under N₂ protection. After cooling to room temperature, the resulting product 

was labeled as V-FexO/NC. 

Under identical conditions, FexO/NC and V/NC were synthesized by pyrolyzing 

Fe(PM)3
2+ and VO(PM)2

+, respectively. 

The solution of 0.1 M Fe(PM)3
2+ was obtained through dissolving 0.198 g of 

FeCl₂·4H₂O and 0.595 g of PM in 10 mL of water. Similarly, the solution of 0.1 M 

VO(PM)₂⁺ was prepared via mixing 0.117 g of NH₄VO₃ and 0.397 g of PM in 10 mL 

of water. 

2.3. Other Samples 

The molar ratio of Fe to V in V-FexO/NC-X (Table S1) was varied under identical 

conditions to understand the effect of Fe/V ratio. The temperature effect of pyrolysis 

was also examined on the properties of V-FexO/NC-Tx (Table S2) under the optimal 

molar ratio conditions. Detailed information regarding these parameters is provided in 

the Supporting Information. 

3. Results and Discussion 
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Fig. 1. (a) Schematic process for preparing V-FexO/NC sample. (b) XRD pattern of 

V-FexO/NC sample. (c) EPR spectrum of Fe2+ at g = 4.72. (d) EPR spectrum of 

oxygen vacancies at g = 2.0. (e) Schematic of the modulation of FexO crystallinity. 

Fig. 1a illustrates the key steps in the synthesis of the V-FexO/NC catalyst. The NC 

substrate was first prepared via pyrolysis after mixing peptone and calcium chloride 

by ball milling. The metal ions were chelated with PM to facilitate their effective 

anchoring on the porous carbon framework. A second pyrolysis step was performed to 

obtain the V-FexO/NC catalyst containing highly crystalline FexO nanoparticles. The 

prepared catalyst samples were characterized in Fig. 1b through X-ray diffraction 

(XRD) analysis. It is evident that all samples display a broad diffraction peak near 

25.1°, which corresponds to the (002) plane of amorphous carbon (PDF#41-1487) 

[17]. The characteristic peaks at 30.10°, 35.42°, 43.05°, 56.94°, and 62.52° in the V-

FexO/NC sample are attributed to Fe+2Fe2+3O4 (PDF#19-0629) at the (220), (311), 

(400), (511), and (440) planes, respectively. However, the FexO/NC sample shows 

only faint diffraction peaks for Fe+2Fe2+3O4, indicating poor crystallinity. No V-

related diffraction peaks are observed in the V-FexO/NC and V/NC samples, 

suggesting that V exists in an amorphous state. Through Lorentzian function fitting of 
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the diffraction peak of Fe+2Fe2+3O4 in the XRD pattern (Tables S3S4), it was 

found that the full width at half maximum (FWHM) of the (311) plane of FexO/NC is 

2.49°, while the FWHM of V-FexO/NC significantly decreased to 0.18°. This 

indicates that V-doping effectively improves the atomic arrangement and order. The 

introduction of V also caused a shift in the diffraction peak of the (311) plane from 

35.1° to 35.5°. Based on Bragg's law, it was calculated that the d-spacing of the 

crystal plane decreased by 0.004 nm, and the lattice constant (a) shrunk from 8.36 Å 

to 8.20 Å, indicating that a small amount of V was incorporated into FexO. 

Furthermore, according to the Scherrer equation, it was calculated that the average 

crystallite size of FexO increased significantly from 8.6 nm (without V-doping) to 

40.9 nm with V-doping. This suggests that V-doping not only promotes the ordered 

growth of the crystallites but also reduces the grain boundary density and facilitates 

the rapid transfer of charges. Additionally, the XRD patterns of samples prepared by 

different pyrolysis temperatures (Fig. S1) indicate the presence of diffraction peaks 

for Fe+2Fe2+3O4, with increased crystallinity as the pyrolysis temperature rises. 

Electron paramagnetic resonance (EPR) spectroscopy was deployed to examine the 

transition metal valence states and defect levels in the samples. Fig. 1c shows a peak 

near a g-factor of 4.27, which is assigned to Fe2+. The V-FexO/NC sample exhibits a 

higher concentration of Fe2+ compared to other samples. Fig. 1d presents a peak at a 

g-factor of 2.0, corresponding to oxygen vacancy defects. Notably, the weak oxygen 

vacancy signal in V-FexO/NC suggests a low concentration of oxygen defects in this 

sample [18]. This result is mainly attributed to the high crystallinity of FexO in V-

FexO/NC, which possesses an intact crystal structure and effectively reduces defect 

formation. Fig. 1e illustrates the differences in crystallinity of the synthesized FexO 

particles. During the synthesis, the doping of V and the efficient metal anchoring by 

the nitrogen-containing PM ligand led to the successful formation of highly 

crystalline FexO particles, where the metal atoms exhibited a highly ordered 
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arrangement. In contrast, the FexO with lower crystallinity displayed a disordered 

arrangement of metal atoms. 

 

Fig. 2. (ab) SEM images of V-FexO/NC sample. (c) TEM image of V-FexO/NC 

sample. (de) HRTEM images of V-FexO/NC sample, with SAED pattern (e inset). (f) 

EDS elemental spectrum with enlarged pattern (inset). (g) Elemental mapping images. 

(hi) Water and bubble contact angle measurements after 3 h of reaction at ORR and 

OER potentials, respectively. 

The scanning electron microscopy (SEM) images from V-FexO/NC sample are 

presented in Fig. 2ab. The three-dimensional open nanostructure expose more active 

sites and accelerates the mass as well as charge transport [19]. The transmission 

electron microscopy (TEM) images in both Fig. 2c and Fig. S2a reveal well-dispersed 

metal particles within V-FexO/NC. The average particle size of the FexO nanoparticles 

in V-FexO/NC was calculated to be 10.6 nm (Fig. S2b). The further high-resolution 

transmission electron microscopy (HRTEM) images in Fig. 2de clearly display 
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lattice spacing values of 0.49, 0.16 and 0.29 nm. They are corresponding to the (111), 

(511), and (220) planes of Fe+2Fe2+3O4, respectively. The two diffraction rings 

observed in the selected area electron diffraction (SAED) pattern (Fig. 2e, inset) 

correspond to the (440) and (511) planes of Fe+2Fe2+3O4, with interplanar spacings 

of 0.20 nm and 0.14 nm, respectively. Therefore, this observation goes well with the 

XRD results by confirming the high crystallinity of FexO nanoparticles in V-FexO/NC 

sample. Additionally, the TEM images of FexO/NC sample in Fig. S3 exhibit 

nanoparticles of varying sizes with severe agglomeration. In comparison, the particle 

size of FexO/NC is significantly larger at 7.07 nm (Fig. S3b) than that of V-FexO/NC. 

This phenomenon suggests that the doping of V and the anchoring effect of the ligand 

reduce the particle size, resulting in a high-density distribution of active sites within 

the carbon matrix and significantly mitigating the agglomeration of metal particles. 

The energy dispersive spectroscopy (EDS) spectrum (Fig. 2f) confirms the presence 

of various elements in the V-FexO/NC catalyst. In the inset of Fig. 2f, the 

characteristic peaks of V and Fe can be further observed. The quantitative EDS 

analysis (Table S5) shows that the weight percentages of V and Fe in V-FexO/NC are 

0.20% and 0.32%, respectively. This confirms the presence of V and Fe in the V-

FexO/NC composite sample. The elemental mapping (Fig. 2g) further shows that C, 

N, O, V and Fe are the major components of the catalyst. Contact angle measurements 

were performed to evaluate the mass transport effects during ORR and OER. As 

illustrated in Fig. 2h, the contact angle of oxygen on sample surface was 88.13° after 

3 h of the ORR process, which implies that O2 can easily reach the solid catalyst layer 

and promotes mass transport of the oxygen reactants in the gas diffusion layer. After 

the OER reaction, the water contact angle on the electrode surface decreased to 85.48° 

(Fig. 2i). Clearly, the hydrophilicity increases in comparison to the water contact 

angle of 113.1° during the ORR process. This promotes better contact between the 

catalyst layer and the electrolyte. Moreover, the contact angle of oxygen bubbles 

increased by approximately 28.48°, providing a fast gas diffusion channel for O2 [20]. 
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Therefore, the V-FexO/NC catalyst is expected to achieve a well-balanced gas-liquid 

mass transfer within the catalytic layer during the ORR/OER processes. 

Raman spectroscopy further revealed two distinct peaks in the samples (Fig. S4a), 

and they are corresponding to the G band (sp2 hybridized carbon) and D band 

(disordered graphite structure) of the carbon structure, respectively. The D band 

appears at 1374.8 cm-1, while the G band is located around 1594.5 cm-1. The defect 

density of the materials was evaluated by calculating the intensity ratio of ID/IG. The 

ID/IG ratios for V-FexO/NC and FexO/NC samples were 0.99 and 0.92, respectively. 

The higher ID/IG ratio in V-FexO/NC indicates a greater number of carbon structure 

defects. A higher density of edge defects is beneficial for enhancing inherent charge 

activity, which positively impacts the material's performance [21]. In addition, the 

specific surface area and pore structure of the samples were determined through 

analysis using a BET analyzer. As displayed in Fig. S4b, all samples exhibit an IV-

type N2 adsorption-desorption isotherm, which suggests the co-presence of both 

micropores and mesopores within the material [22]. This observation is consistent 

with the pore size distribution from Fig. S4c. More specifically, The V-FexO/NC 

sample in Fig. S4d displays a larger BET surface area (864.41 m2 g-1) and a relatively 

higher pore volume (1.08 cm3 g-1). Fig. S5 shows that the two parameters increase 

with the rising pyrolysis temperatures. The enhanced surface area of the V-FexO/NC 

sample is anticipated to reveal a greater number of active sites and accessible O2 

diffusion sites [23]. The abundant pore structure of the V-FexO/NC sample will 

enable improved electrolyte to contact with the catalyst surface, thereby promoting 

the adsorption of reactants and the dissociation of intermediates [24]. 
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Fig. 3 (ab) UPS spectra of V/NC and FexO/NC catalysts. (c) Diagram of electron 

transfer before and after contact between V/NC and FexO/NC. XPS spectra of (d) Fe 

2p and (e) V 2p. (f) Schematic illustration of the inter-metal electron transfer. 

 

The work function (Φ) of V/NC and FexO/NC catalysts was calculated using 

ultraviolet photoelectron spectroscopy (UPS) to be 5.70 eV and 5.95 eV, respectively 

(Fig. 3ab). The difference in the Fermi energy levels between the two is a necessary 

condition for the interfacial electron transfer observed in V-FexO/NC (Fig. 3c). In 

other words, the lower Φ of V/NC requires a reduced energy barrier for electron 

transfer between oxygen intermediates and catalyst surface [25]. This not only results 

in the formation of iron in lower oxidation states but may also cause a downward 

bending of the conduction along with valence bands in the FexO phase [26]. The full 

X-ray photoelectron spectroscopy (XPS) spectrum of V-FexO/NC sample in Fig. S6a 

shows the presence of C, N, O, V, and Fe elements. Fig. 3d illustrates the high-

resolution Fe 2p spectrum of V-FexO/NC sample. The peaks at 709.95 eV and 723.39 

eV can be attributed to Fe 2p3/2, Fe 2p1/2 along the nearby satellite peaks. Specifically, 

the peaks at 709.72 eV and 723.19 eV are attributed to Fe3+, while those at 711.99 eV 

and 726.12 eV correspond to Fe2+[27, 28]. Compared with FexO/NC sample, the Fe3+ 

peaks in V-FexO/NC sample shift by about 0.30 eV and 0.38 eV towards lower 
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binding energies. This indicates that Fe in V-FexO/NC has gained electrons, which 

reduced its oxidation state and increased the electronic density of Fe-Nx. The high-

resolution V 2p XPS spectrum in Fig. 3e displays peaks for V 2p3/2 and V 2p1/2 at 

approximately 516.18 eV and 523.28 eV, respectively. The peaks at 515.52 eV and 

522.36 eV are assigned to V3+, while those at 516.78 eV and 523.56 eV correspond to 

V4+[29]. Notably, compared with V/NC sample, the binding energy of V 2p in V-

FexO/NC composite shifts to higher binding energies by approximately 0.28 eV and 

0.49 eV. This suggests a strong electronic interaction between the bimetallic V and Fe, 

with electrons transferring from the V sites to the Fe sites. The V-doping effectively 

regulates the electronic structure of Fe, which is crucial for accelerating catalytic 

activity [30]. Fig. 3f illustrates the process of interfacial electron transfer, which helps 

reduce the energy barrier for the reaction intermediates, optimizing the 

adsorption/desorption process of oxygen intermediates, thereby improving ORR and 

OER electrochemical performance [1, 20]. Similar electron transfer processes have 

been reported in the literature [31, 32]. Moreover, the high-resolution C1s spectrum 

(Fig. S6b) provides additional evidence of nitrogen doping in the sample, indicated by 

the presence of the C-N group. The N 1s spectrum in Fig. S6c shows four peaks at 

397.36 eV, 398.47 eV, 400.21 eV, and 403.64 eV, which belong to pyridinic-N, 

pyrrolic-N, graphitic-N, and N-oxide, respectively [33]. The binding energy shifts 

between V-FexO/NC, FexO/NC, and V/NC indicate the electron transfer between 

metal surface and NC substrate. A comparison of the N species content across the 

three samples (Fig. S6d) reveals that pyridinic-N and graphitic-N together constitute 

about 66% of the total N content in V-FexO/NC sample. The high content of graphitic-

N results in delocalized electron distribution in the carbon, which facilitates the 

adsorption/desorption process of O-containing species and positively influences the 

material's electronic conductivity [34]. Additionally, the conductivity values of the 

prepared samples are recorder in Fig. S7. In contrast, V-FexO/NC sample exhibits the 

highest conductivity value of 10.14 S mm-1 among the several catalyst samples, which 
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facilitates efficient and rapid charge transfer. This can be attributed to the high 

crystallinity of the FexO nanoparticles and the elevated levels of graphitic nitrogen 

present within V-FexO/NC sample. 

 

Fig. 4. (a) LSV curves for ORR. (b) The limit current density (JL), current density at 

0.85 V (J@0.85V), and kinetic current density (JK). (c) The RRDE curve with an inset 

showing the H2O2 yield and electron transfer number. (d) LSV curves for OER. (e) 

The overpotential values at 10 and 50 mA cm-2. (f) A bar chart of the bifunctional 

performance, while the inset compares the performance of this study’s bifunctional 

catalysts with those reported in recent literature [21, 30, 35-52]. 

The ORR catalytic performance of the prepared samples was assessed using a 0.1 

M KOH electrolyte. The V-FexO/NC sample exhibits an excellent O2 reduction ability 

in Fig. S8 with the most positive oxygen reduction peak under O2-saturated 
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conditions [53]. Clearly, the LSV curves from the V-FexO/NC sample in Fig. 4a and 

Fig. S9a show the highest E1/2 of 0.88 V, along with a kinetic current density of 18.92 

mA cm⁻² at 0.85 V, outperforming Pt/C (E1/2=0.87 V, Jk=10.40 mA cm⁻²) and other 

catalyst samples. This indicates that V-doping optimizes the electronic structure of Fe, 

reconstructs the interfacial charge distribution, and enhances the adsorption of oxygen 

intermediates, thereby improving its ORR catalytic activity. Fig. 4b compares the 

current densities of the three samples, showing that V-FexO/NC sample exhibits 

higher values and surpasses the performance of other catalysts. These results 

underscore the crucial role of V-doping in enhancing the activity of the ORR pathway. 

The Tafel curve fitting shown in Fig. S9b reveals that the Tafel slope of V-FexO/NC 

(52.4 mV dec⁻¹) sample is lower than that of Pt/C (64.2 mV dec⁻¹), which suggests 

that V-FexO/NC sample exhibits a faster electron transfer rate. The incorporation of V-

doping enhances the crystallinity of FexO, improves charge transfer capabilities, and 

effectively optimizes the ORR kinetics of V-FexO/NC. As shown in Fig. 4c, the H2O2 

yield, and electron transfer number (n) were assessed using a rotating ring-disk 

electrode (RRDE) setup. The inset reveals that the H2O2 yield for V-FexO/NC is as 

low as 2.50%, indicating the catalyst's high selectivity for the intermediate OH- and its 

electron transfer number close to 4. The LSV curves at different rotation speeds are 

presented in Fig. S10a, and the electron transfer number (n) is calculated to be 4 in 

Fig. S10b using the Koutecky-Levich (K-L) equation. Therefore, V-FexO/NC 

facilitates an efficient four-electron transfer process. In evaluating the stability of V-

FexO/NC catalyst during the ORR process, the LSV curves before and after 5500 

cycles (Fig. S11) show that the E1/2 of the catalyst decreased by about 18 mV, and this 

performance results from the high crystallinity of FexO in V-FexO/NC sample, which 

enhances the structural stability of the material. Furthermore, a comparison of the 

ORR performance for samples with varying molar ratios of Fe and V-doping (Fig. 

S12) reveals that the V-FexO/NC sample exhibits a high starting potential (E1/2) and a 
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lower Tafel slope. Similarly, catalysts obtained by controlling the pyrolysis 

temperature confirmed that V-FexO/NC has the best ORR performance (Fig. S13).  

The OER activity of the catalyst was subsequently investigated in a 1 M KOH 

electrolyte. The OER LSV curves in Fig. 4d, reveal that the V-FexO/NC catalyst 

exhibits an overpotential of 288 mV at 10 mA cm-2 and 360 mV at 50 mA cm-2, 

respectively, which are comparable to the OER performance of commercial RuO2 

(285 mV, 354 mV) and lower than that of other catalysts (Fig. 4e). This indicates that 

the V-FexO/NC catalyst possesses excellent OER catalytic activity. The 

electrochemical impedance spectroscopy (EIS) fitting results, depicted in Fig. S14a, 

indicate that the V-FexO/NC catalyst displays the smallest semicircle. This 

observation implies that V-FexO/NC possesses the lowest charge transfer resistance 

(Rct), signifying a comparatively higher rate of charge transfer [54]. The OER 

catalytic kinetics of the catalyst were assessed through Tafel fitting (Fig. S14b), and 

the results show that the Tafel slope of V-FexO/NC (123.0 mV dec-1) is lower than 

those from RuO2 (129.7 mV dec-1), indicating faster OER kinetics for V-FexO/NC. 

The stability of the V-FexO/NC catalyst during the OER process was evaluated 

through LSV tests after 5500 cycles (Fig. S15). The V-FexO/NC catalyst exhibited a 

minimal shift of only 11 mV at 50 mA cm⁻², highlighting its excellent OER stability. 

The OER performance of samples with different bimetallic molar ratios are tested 

under identical conditions in Fig. S16, where V-FexO/NC once again exhibits the 

highest OER activity [55]. The bifunctional catalytic efficiency of the electrocatalysts 

was assessed through the potential difference (△E) between ORR and OER, 

calculated as ΔE = Ej = 10 - E1/2) (Fig. 4f). The V-FexO/NC catalyst shows a lower 

potential difference of 0.64 V compared to that of commercial Pt/C+RuO2 (ΔE = 0.66 

V) and other prepared catalysts. Moreover, compared to recently reported ORR/OER 

electrocatalysts (Fig. 4g, Table S3), the V-FexO/NC catalyst exhibits excellent 

bifunctional oxygen electrocatalytic activity. Double-layer capacitance (Cdl) 

measurements of the catalyst (Fig. S17) reveal that V-FexO/NC sample achieves the 
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highest Cdl value of 7.68 mF cm⁻², which surpasses the values recorded for V/NC 

(5.04 mF cm⁻²), FexO/NC (6.47 mF cm⁻²), and NC (0.67 mF cm⁻²) samples. 

Apparently, V-doping improves the crystallinity of FexO particles and facilitates 

interfacial charge transport, ultimately increasing the electrochemically active surface 

area of the V-FexO/NC catalyst. Furthermore, XRD analysis conducted post-ORR and 

OER in Fig. S18 confirms that diffraction peaks corresponding to the Fe+2Fe2+3O4 

phase (PDF#19-0629) remain present in the V-FexO/NC sample. This signifies that its 

bulk crystalline structure remains intact without undergoing phase transitions or 

structural degradation during the reactions. Nevertheless, continuous oxidation-

reduction cycling (e.g., Fe3+ ↔ Fe2+ transitions) on the material’s surface throughout 

the ORR/OER processes gradually reduces its crystallinity. 

 

 

Fig. 5. (a) OCV curves. (b) The charge-discharge polarization curves. (c) The 

discharge polarization curves and corresponding power density curves. (d) The 
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variation in battery voltage over time at different current densities. (e) The discharge 

curve and specific capacity at 10 mA cm-2. (f) The constant current discharge curve. 

(g) The long-term charge-discharge cycling curves for the V-FexO/NC-based ZAB. 

 

The V-FexO/NC-based ZAB was assembled to test the performance of the catalyst 

in practical ZABs and the Pt/C + RuO2-based ZAB was used as a benchmark. As 

seen, the open circuit voltage (OCV) of the V-FexO/NC-based ZAB (1.51 V) in Fig. 

5a is higher than that of the Pt/C + RuO2-based ZAB (1.47 V). The charge-discharge 

polarization curve of the battery (Fig. 5b) reveals that the voltage difference for the V-

FexO/NC-based battery is 2.45 V, which is lower than the 2.60 V observed for the 

Pt/C+ RuO₂-based battery. This suggests that the V-FexO/NC-based battery undergoes 

reduced energy loss during the charge-discharge cycle. The observed improvement is 

mainly attributed to V-doping, which promotes the formation of highly crystalline 

FexO nanoparticles. This modification also alters the local electronic structure of Fe, 

facilitating a faster charge transfer pathway and enhancing the dual-function catalytic 

activity in the ZAB. The discharge polarization curves, and the associated power 

density (Fig. 5c) reveal that the V-FexO/NC-based ZAB reaches a peak power density 

of 104.7 mW cm−2. In contrast, the Pt/C+RuO2-based ZAB delivers a lower peak 

power density of 85.2 mW cm−2. These results indicate that V-FexO/NC catalyst 

demonstrates excellent battery performance [56]. A stable voltage platform is 

observed in Fig. 5d from the V-FexO/NC-based ZAB as the discharge current 

increases from 1 mA cm-2 to 60 mA cm-2. Nearly no voltage decay is noticed when the 

current density switches from high to low, which suggests an excellent reversibility 

[57]. Furthermore, discharge tests in Fig. 5e show that the specific capacity of the V-

FexO/NC-based ZAB is as high as 712.8 mAh g-1 at 10 mA cm-2, and this 

significantly surpasses the Pt/C+RuO2-based ZAB (474.2 mAh g-1). Remarkably, 

under the discharge condition of 10 mA cm-2, the V-FexO/NC-based ZAB exhibited 

excellent stability during a constant current discharge lasting up to 280 h, with an 
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initial voltage decay rate of only 93.6% (Fig. 5f). The long-term charge-discharge 

cycling curve in Fig. 5g indicates that the voltage difference of the V-FexO/NC-based 

ZAB decreased by only 0.01 V after 100 h of continuous cycling, highlighting the 

exceptional cycling stability of this battery. This durability is attributed to the strong 

FexO crystal structure formed through V-doping, which plays a crucial role in 

preserving the structural integrity of the catalyst and ensuring the battery's stability 

during prolonged cycling. Moreover, by comparing the performance of the V-

FexO/NC-based ZAB with recently reported similar catalyst-based ZABs (Table S7), 

it is confirmed that V-FexO/NC sample exhibits superior bifunctional oxygen activity 

and application potential in ZABs.  

The improved bifunctional oxygen catalytic activity of V-FexO/NC can be 

attributed to four primary factors. Firstly, the material’s three-dimensional nanoscale 

architecture offers an extensive surface area, effectively accommodating a higher 

number of active sites [58]. Additionally, the rich porosity of the structure facilitates 

rapid ion/electron transfer, aiding in efficient gas diffusion/electrolyte mass transport 

[59]. Secondly, the highly crystalline FexO nanoparticles play a critical role in the 

material's performance. On one hand, they promote rapid charge transfer, improving 

the conductivity of the catalyst. On the other hand, the ordered arrangement of metal 

atoms in the FexO crystal structure effectively enhances the overall stability of the 

material. Third, V-FexO/NC has a high content of pyridinic nitrogen and graphite 

nitrogen. Pyridinic nitrogen serves as an effective active site, while graphite nitrogen 

induces electronic redistribution of surrounding carbon atoms, improving charge 

transfer. These factors positively impact catalytic activity. Furthermore, a strong 

electronic interaction is evident between the V and FexO phases in V-FexO/NC in 

promoting interfacial electron transfer and optimizing the oxygen adsorption as well 

as activation at the active sites. 

 

4. Conclusion 
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In summary, this study successfully synthesized a bifunctional oxygen 

electrocatalyst, V-FexO/NC, through the doping of vanadium (V) and the chelation 

effect between metal ions and ligands. The results demonstrate that the FexO particles 

in the V-FexO/NC catalyst exhibit good crystallinity, which significantly improves the 

material's conductivity while enhancing the charge transfer rate. Additionally, the high 

crystallinity of FexO, with its low concentration of defects, preserves the integrity of 

the crystal structure, thereby effectively improving the material's stability. 

Additionally, the incorporation of vanadium significantly alters the electronic 

configuration of the active Fe sites within FexO. This modification enhances the 

adsorption and desorption processes of oxygen intermediates, ultimately promoting 

faster reaction kinetics. Consequently, under alkaline conditions, the bifunctional 

potential gap of V-FexO/NC is only 0.64 V, which outperforms Pt/C+RuO2 (0.66 V) 

and surpasses most previously reported bifunctional electrocatalysts. The V-FexO/NC-

based ZAB also exhibits excellent performance and durability. This study provides a 

feasible strategy for tuning catalytic activity by adjusting the crystallinity of metal 

oxides, which is valuable for the synthesis of highly efficient and stable oxygen 

electrocatalysts. 
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