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a b s t r a c t

Efficient electrocatalysts for the oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER) 
are of great importance for large-scale application of rechargeable zinc-air batteries. Iron-nitrogen-carbon 
materials are known for their excellent ORR catalytic activity, but it is their low OER performance that is 
responsible for poor charging operation causing slow market adoption of these energy storage devices. 
Herein, lanthanum (La) is applied to enhance OER electrocatalytic properties of iron-nitrogen-carbon ma
terials used as zinc-air battery electrodes. According to X-ray diffractometry, the presence of La alters the 
electronic structure of surrounding N and Fe elements, resulting in more negative N and positive Fe ions to 
appear on the surface and form Fe3N active species. Electrochemical analysis demonstrated enhanced bi- 
functional electrocatalytic performance of La-modified Fe3N carbon foam (La-Fe0.1:1/NFC) which total 
overpotential was among the lowest of previously reported metal-nitrogen-carbon materials. La-Fe0.1:1/NFC 
exhibited high power density and charge-discharge cycling stability in a real zinc-air battery cell.

© 2023 Elsevier B.V. All rights reserved. 
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1. Introduction

Increasingly serious global energy crisis and environmental pol
lution draw research attention towards developing green sustainable 
energy sources as alternatives to conventional fossil fuels [1–3]. The 
use of appropriate energy storage technologies is the key to large 

Journal of Alloys and Compounds 948 (2023) 169713

https://doi.org/10.1016/j.jallcom.2023.169713 
0925-8388/© 2023 Elsevier B.V. All rights reserved.  

]]]] 
]]]]]]

⁎ Corresponding authors.
E-mail addresses: wangh@qust.edu.cn (M. Wang), jishan@zjxu.edu.cn (S. Ji),  

wangxy@qust.edu.cn (X. Wang), vlinkov@uwc.ac.za (V. Linkov),  
maxianguo@git.edu.cn (X. Ma), rfwang@qust.edu.cn (R. Wang).

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2023.169713
https://doi.org/10.1016/j.jallcom.2023.169713
https://doi.org/10.1016/j.jallcom.2023.169713
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2023.169713&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2023.169713&domain=pdf
mailto:wangh@qust.edu.cn
mailto:jishan@zjxu.edu.cn
mailto:wangxy@qust.edu.cn
mailto:vlinkov@uwc.ac.za
mailto:maxianguo@git.edu.cn
mailto:rfwang@qust.edu.cn


scale application of solar and wind energy, due to its discontinuous 
nature. Among currently available energy storage devices, zinc-air 
batteries (ZAB) have great potential due to their high energy density, 
safety, and reliability [4]. Electricity storage and release in these 
batteries occurs through redox reactions between positive and ne
gative electrodes, namely the oxygen reduction reaction (ORR) and 
the oxygen evolution reaction (OER). However, ORR and OER are 
kinetically sluggish and involve multi-electron processes, resulting 
in high overpotentials, which can be overcome by efficient electro
catalysts [5,6]. Currently available PGM-based Pt/C and RuO2/IrO2 

commercial catalysts are not capable in simultaneous acceleration of 
both ORR and OER, are costly and scarce, which significantly restricts 
their large-scale energy storage applications [7–9]. At present, 
transition metal (TM) based materials are becoming strong alter
natives to PGM based OER and ORR electrocatalysts used in zinc-air 
batteries [10–13]. However, they have low catalytic surface site 
density and are prone to active site aggregation, which is overcome 
by the use of highly porous carbon materials with large specific 
surface areas as catalyst supports [14–16]. It was found that het
eroatom (Fe and N) doped carbons possess more catalytically active 
sites resulting in faster reaction kinetics [17,18]. Fe and N co-doping 
generates additional Fe-Nx active species and improves nitrogen 
fixation and graphitization of carbon materials [19]. Noteworthy, the 
carbons containing iron nitride demonstrated ORR catalytic perfor
mance similar to that of the state-of-the-art Pt-based catalyst [11]. 
While many studies were focused on developing porous carbons 
containing iron nitride species to replace PGM-based ORR and OER 
catalysts, most of them reported complex procedures and expensive 
precursors, such as metal organic frameworks [20] and iron phtha
locyanine [21]], significantly impeding possible practical applica
tions of resulting materials. Moreover, most of described Fe-N-C 
catalysts were successfully used to catalyze ORR but exhibited poor 
OER activity, which makes them unsuitable as air cathodes in zinc- 
air batteries. Low-cost high performance bi-functional Fe-N-C cata
lysts suitable for this important application are still to be developed.

Introduction of surface dopants into Fe-N-C catalysts is an ef
fective way to further enhance their ORR and OER performance 
[22–24] by altering electronic structures of adjacent atoms which 
improves reaction kinetics [25,26]. The rare earth element lan
thanum (La) has been shown to improve materials’ catalytic prop
erties due to its unique electronic structure and a stable valence 
state [27]. The difference in electronegativity between La and host 
carbon materials allows La atoms to provide additional electrons to 
adjacent C atoms, enhancing conductivity of the catalyst [28–30]. In 
addition, La can also tune surface charge distribution by forming 
oxygen vacancies and induce strong electronic interactions with 
transition metal atoms, which improves electrocatalytic activity [31]. 
In particular, Sun et al. [32] used La ions to modify the surface 
structure of IrO2 to enhance its OER activity. Furthermore, together 
with OER activation, La element can also be used to accelerate the 
ORR, like in the case of recently reported highly active and durable 
La-doped Pt nano-sized catalyst [33]. Therefore, it could be expected 
that the presence of La can simultaneously improve OER and ORR 
performance of a Fe-N-C electrocatalytic material.

In this study, a molten salt method was adopted to introduce La into 
the Fe and N co-doped carbon foam to produce bi-functional ORR and 
OER electrocatalysts for zinc-air batteries. The 4f outer orbital of La 
atom allows for easy partial delocalization of electrons and their 
combination with those of other atoms, improving electrocatalytic 
properties of novel materials [22]. The study demonstrated that La can 
effectively adjust electronic structures of N and Fe surface atoms re
sulting in the formation of highly dispersed Fe3N active species. The 
presence of La significantly improved Fe-N-C structure and the opti
mized bi-functional catalyst exhibited excellent ORR/OER activity and 
long-term stability in a rechargeable zinc-air battery cell.

2. Experimental section

2.1. Preparation of La-Fe0.1:1/NFC

0.202 g of Fe(NO3)3 
.9 H2O was dissolved in 50 mL of deionized 

water, and 1.62 g of La(NO3)2·6 H2O was dissolved in 50 mL of 
deionized water. 1 g of peptone, 3 mL (0.03 mmol) of Fe(NO3)3 and 
150 μL (0.003 mmol) of La(NO3)2 solutions were mixed with 15 mL of 
deionized water, followed by freeze drying for 48 h. The product was 
mixed with 10 g of NaCl and ball-milled at 550 rpm for 3 h. The 
resulting powder was transferred into a furnace and heated up to 
900 ℃ with a heating ramp of 2.5 ℃/min under the nitrogen at
mosphere. After heating at 900 ℃ for 1 h, the sample was cooled to 
room temperature and labeled as La-Fe0.1:1/NFC.

The samples with various ratio of Fe/La (0.03/0.001, and 0.03/ 
0.005) were also prepared under identical otherwise conditions, and 
labeled as La-Fe0.033:1/NFC and La-Fe0.17:1/NFC respectively.

2.2. Physical characterization

Crystalline structure of the materials was studied by X-ray elec
tron diffraction (XRD) using Cu-K α radiation, λ = 0.15418 nm, 
5° min−1, 5°− 90°. Their morphology and porous structure were 
observed by scanning electron microscopy (SEM) (Carl Zeiss Ultra 
Plus electron microscope) and transmission electron microscopy 
(TEM) (JEM-2000 FX microscope). Thermogravimetric analysis (TGA) 
was carried out on STA8000 Frontier SQ8 thermal analyzer, and the 
test temperature was as high as 800 ℃ in O2 atmosphere. Nitrogen 
adsorption-desorption isotherms and BET specific surface areas were 
obtained using automatic specific surface area and porosity analyzer 
(Quantachrome, Autosorb-iQ). Chemical states of surface elements 
were determined by X-ray photoelectron spectroscopy (XPS) (VG 
Escalab 210 spectrometer).

2.3. Electrochemical investigation

Electrocatalytic properties of the materials were studied in a 
three-electrode cell connected to a CHI-760E electrochemical 
workstation. The working electrode was prepared as follows: 5 mg 
of the catalyst was dispersed in 1 mL of Nafion / ethanol solution 
(0.25 wt%) by ultrasonic mixing over 30 min 8 μL of the ink con
taining 40 mg of the catalyst was dropped onto the surface of a 
polished glass-carbon rotating disc electrode and air-dried. ORR 
was examined in 0.1 M KOH solution with Ag/AgCl/ saturated KCl 
electrode and platinum wire as a reference and a counter electrode, 
respectively. All potentials obtained in the study were converted 
into standard reversible hydrogen electrode potentials (RHE) using 
the following equation: E RHE = E Ag/AgCl + 0.059 PH + 0.197 V. OER 
was probed in a three-electrode cell using 1.0 M KOH solution as an 
electrolyte. The working electrode was prepared by depositing 
3 mg of the catalyst on nickel foam. Carbon rod was used as a 
counter electrode and Hg/HgO electrode as a reference. The ob
tained potentials were also converted into reversible hydrogen 
electrode potentials by the formula: E RHE = E Hg/HgO + 0.059 
PH + 0.098 V.

A zinc-air cell was assembled using the prepared material as a 
cathode catalyst, zinc foil as an anode and a mixture of 6 M KOH and 
0.2 M Zn(CH3OO)2 as an electrolyte. The cathode was prepared as 
follows: 4 mg of the catalyst, 3 μL of PTFE and 4 mg of conductive 
carbon black were added to 350 μL of isopropanol and stirred to 
obtain uniform slurry. The slurry was dried at 40 ℃ and then rolled 
into thin slices; a slice was pressed onto the Ni foam under a pres
sure of 20 MPa.
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3. Results and discussion

The preparation procedure of La-modified Fe3N/carbon foam is 
illustrated in Scheme 1. In this study, peptone was chosen as a 
carbon and nitrogen source to prepare N-doped carbon. Peptone, 
inorganic metal salts (Fe(NO3)3, La(NO3)2) and the salt template 
(NaCl) were thoroughly mixed and pyrolyzed at a high temperature 
to form the porous carbon structure. Upon pyrolysis, NaCl melted to 
form nanodroplets and penetrated into the carbon precursor. The 
resulting carbon material attained rich porous structure, capable of 
facilitating charge transfer in an electrolyte and promoting the dis
persion of metal species. During pyrolysis, Fe ions are easily reduced 
to Fe particles by the newly formed carbon material, while La ele
ment promotes the formation of Fe3N species on the surface of 
porous carbon; this process can be described as a one-pot molten 
salt method to prepare the La-modified Fe3N/carbon foam. Com
pared with other hard templates previously used to prepare porous 
carbon materials, NaCl is cheap and can be removed without any 
complex and expensive treatments [11,34].

The crystalline structure of La-Fe0.1:1/NFC sample was in
vestigated by XRD as shown in Fig. 1a and S1 where diffraction peaks 
at 24.9° and 50.4° correspond to (002) and (102) planes of graphitic 
carbon, respectively (PDF#41–1487) [35]. Compared to diffraction 
peaks of (002) plane of Fe/NFC and La/NFC samples, the peak of La- 
Fe0.1:1/NFC sample became sharper and shifted to the right, in
dicating higher carbon graphitization resulting from La doping. The 
presence of the diffraction peak of La (PDF#51–1165) in the XRD 
pattern of La/NFC sample (Fig. S1a), but not in that of La-Fe0.1:1/NFC 
sample, is indicative of highly dispersed La nanoparticles (Fig. 1a). 
Compared to Fe/NFC sample (Fig. S1b), the diffraction peaks of Fe3N 
(PDF#49–1662) were observed in the XRD pattern of La-Fe0.1:1/NFC 
(Fig. 1a), suggesting that the La doping changes the outer electronic 
structure of N and promotes the formation of Fe3N species.

SEM images of Fe/NFC, La/NFC and La-Fe0.1:1/NFC samples shown 
in Fig. 1b and S2a, d demonstrate that a three-dimensional (3D) 
porous carbon network with an open structure was formed with the 
help of NaCl molten-salt medium at a high temperature. The absence 
of particles in Fig. 1c and S2 indicates the important role that the 
molten salt medium plays in the formation of the uniform porous 
carbon structure. Metal particles with diameters of less than 1 nm 
were observed in TEM images of La/NFC (Fig. S2b-c), congruent with 
the La phase structure detected in the XRD pattern of La/NFC sample. 
Fe3N nanoparticles of about 0.5 nm can be observed in the TEM 
image of La-Fe0.1:1/NFC (Fig. 1d-e), which basically accords with the 
particle size distribution in Fig. 1c. TGA curves (Fig. 1f) shows two 

major weight losses, corresponding to water evaporation at 150 ℃ 
and carbon decomposition at 430 ℃, and the residual weight re
presents the metal mass load. TGA analysis shows that the metal 
loading in La-Fe0.1:1/NFC sample is ca 0.10.65 wt%. Low metal loading 
can increase the high temperature sintering resistance of metal 
nanoclusters, and avoids the loss of ORR/OER active area of particle 
clusters [36]. Uniform dispersion of Fe and La in La-Fe0.1:1/NFC 
sample is evident from the elemental mapping shown in Fig. 1g-i. 
However, the absence of Fe and La distribution overlap indicates the 
separation between the species containing these elements.

Specific surface area and pore size distribution of as-prepared 
samples were measured using N2 adsorption/desorption isotherms 
as shown in Fig. 2 and S3. According to the IUPAC classification, all 
isotherms were of type II with the N2 uptake at relatively low 
pressures and hysteresis loops at relatively high pressures. Clear 
nitrogen uptake visible in low pressure regions of Fig. 2a indicates 
the presence of micropores in La-Fe0.1:1/NFC sample. Calculated BET 
surface areas of Fe/NFC, La/NFC and La-Fe0.1:1/NFC samples were 785, 
763 and 696 m2 g−1, respectively, with more mesopores present in 
La-Fe0.1:1/NFC than in Fe/NFC and La/NFC samples (Table S1). 
Abundant mesopores in La-Fe0.1:1/NFC sample provide more active 
surface sites [37,38] and are beneficial for mass transfer during 
electrocatalytic processes [11,39].

Chemical states and composition of Fe/NFC, La/NFC and La- 
Fe0.1:1/NFC samples were determined by X-ray photoelectron spec
troscopy (XPS) and C, O, N, Fe and La contents are listed in Fig. S4 and 
Table S2. N 1 s spectra of Fe/NFC, La/NFC and La-Fe0.1:1/NFC samples 
were fitted into five peaks (Fig. 3a), namely pyridine-N (398 eV), 
metal-N (398.7 eV), pyrrole-N (399.7 eV), graphite-N (400.8 eV) and 
oxide-N (405 eV) [6,40,41]. Pyridine-N (398 eV) and metal-N 
(398.7 eV) species, which are usually considered active ORR sites, 
were more prevalent in La-Fe0.1:1/NFC sample than in other two 
samples [42,43]. It was previously reported that partial conversion of 
pyridine-N and pyrrole-N into M-N species after the coupling with 
metal atoms enhanced both ORR and OER electrocatalytic properties 
[44]. The abundance of pyridine-N and M-N species in La-Fe0.1:1/NFC 
sample indicates that the La doping could promote the combination 
of Fe and N elements, in agreement with the high N content (5 %) 
presented in Table S2. As shown in Fig. 3b, Fe 2p spectra were fitted 
into 2p3/2 (710.4 eV, 711.7 eV), 2p1/2 (723.2 eV, 724.6 eV) and satellite 
(716.7 eV) peaks [45]. Fe3+ peaks at 711.7 eV and 724.6 eV represent 
Fe-N bonds and Fe2+ peaks at 710.4 eV and 723.2 eV are due to air- 
oxidized iron species. No obvious signals of La were detected in the 
high-resolution XPS spectrum of La-Fe0.1:1/NFC (Fig. 3c), indicative of 
its low content and high dispersion inside the carbon matrix. The 

Scheme 1. Schematic illustration of La-Fe0.1:1/NFC synthesis process. 
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high-resolution C 1 s spectrum in Fig. 3d was deconvoluted into five 
peaks, i.e. C-C, C-OH, C-N, C]O and COOH [46]. The content of C-N in 
La-Fe0.1:1/NFC was 11.4%, higher than those in other two samples, 
implying that positively charged C ions have immobilized more 
negatively charged N ions, which is beneficial for the promotion of 
intermediates adsorption and electron transfer [47,48].

Electrocatalytic activity of newly prepared materials was studied 
in a three-electrode cell using 0.1 M KOH as an electrolyte. Initially, 
the effect of La content on the ORR performance was established as 
shown in Fig. S5, where La-Fe0.1:1/NFC sample has the highest onset 

and half-wave potentials corresponding to superior electrocatalytic 
activity. Since electrocatalytic reactions are surface bound, a larger 
electrochemical active surface area (EASA) usually represents a 
higher electrocatalytic activity, and is directly proportional to elec
trochemical double layer capacitance (EDLC). The highest EDLC of 
La-Fe0.1:1/NFC sample indicates it largest EASA, which accom
modates more catalytic sites (Fig. S6a).

ORR LSV responses of the samples at an electrode rotation rate of 
1600 rpm are presented in Fig. 4a where La-Fe0.1:1/NFC sample ex
hibits the highest onset potential (0.99 V) and half-wave potential 

Fig. 2. (a) N2 adsorption-desorption isotherm; (b) pore size distribution of La-Fe0.1:1/NFC sample. 

Fig. 1. (a) XRD pattern; (b) SEM image; (c, d) TEM images; (e) HTEM image; (f) TGA analysis; (g) STEM image; (h-j) corresponding EDS element mapping of La-Fe0.1:1/NFC sample. 
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(0.88 V) of ORR, even higher than corresponding values of the 
commercial Pt/C catalyst (Fig. 4b). Furthermore, La-Fe0.1:1/NFC 
sample has the lowest among all samples Tafel slope of 55.3 mV 
dec−1 (Fig. S6b), indicative of the fastest ORR kinetics. La-Fe0.1:1/NFC 
reached the reaction equilibrium at 0.8 V at a current density of 
5.9 mA cm−2, demonstrating high diffusion rate and rapid adsorp
tion/desorption of surface O2. LSV curves recorded at different ro
tation rates were used to calculate the ORR electron transfer number 
according to the Koutechky-Levich (K-L) equation (Fig. 4c). At 3.8, 
the electron transfer number of La-Fe0.1:1/NFC sample at 0.45–0.60 V 

was close to that of commercial Pt/C catalyst (Fig. S6c-d), re
presenting a highly efficient four-electron process. After 6000 con
tinuous CV cycles, the half-wave potential of La-Fe0.1:1/NFC sample 
shifted negatively by only 21 mV, lower than that of Pt/C catalyst 
(Fig. S6e-f), indicating higher ORR stability of the new electro
catalyst.

The OER activity of La-Fe0.1:1/NFC sample was also evaluated in a 
three-electrode cell containing 1.0 M KOH as an electrolyte. 
According to Figs. S7, 4d-e and S8a, La-Fe0.1:1/NFC sample exhibited 
superior OER performance to those of NFC, Fe/NFC, La/NFC and RuO2 

Fig. 3. XPS spectra of (a) N 1s; (b) Fe 2p; (c) La 3d; (d) C 1s of Fe/NFC, La/NFC and La-Fe0.1:1/NFC samples. 

Fig. 4. (a) LSV curves; (b) onset (Eonset) and half-wave (E1/2) potentials of NFC, Fe/NFC, La/NFC, La-Fe0.1:1/NFC and Pt/C samples; (c) polarization curves of La-Fe0.1:1/NFC sample at 
different rotation rates and corresponding K-L plot of ORR. (d) LSV curves; (e) overpotentials at 10 and 50 mA cm−2; (f) 24 h chronoamperometric (CP) curve of La-Fe0.1:1/NFC 
sample at 50 mA cm−2 (inset: initial and 24 h LSV curves at 50 mA cm−2) of OER.
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samples, manifested by its lower overpotentials and Tafel slopes at 
current densities of 10 and 50 mA cm−2. According to Nyquist plots 
shown in Fig. S8b, where the arc radius of La-Fe0.1:1/NFC sample is 
smaller than those of other samples, this electrocatalyst has low 
charge transfer resistance, a crucial feature of an active electro
catalyst [49]. The relationship between ECSA and electrochemical 
double-layer capacitance (Cdl) allows to calculate the former using 
Cdl values derived from CV scans obtained in the non-Faradaic re
action region (Fig. S9) [12]. At 30.7 mF cm−2, Cdl of La-Fe0.1:1/NFC 
sample was significantly higher than those of other samples (Fig. 
S8c), pointing to more active surface sites in this new material.

Electrocatalyst stability under OER conditions was evaluated by 
chronoamperometry as shown in Fig. 4f, where the overpotential of 
La-Fe0.1:1/NFC sample increased by only 23 mV after 24 h operation 
at 50 mA cm−2, demonstrating corrosion resistance superior to that 
of commercial RuO2 catalyst (Fig. S8d). Since the morphology, 
structure and composition of the catalyst are closely related to the 
ORR/OER performance, the SEM images of Fig. S10 and XRD spectra 
of Fig. S11 show that the La-Fe0.1:1/NFC has a good structural stability 
during long-time cycle test.

ORR/OER bi-functional activity of electrocatalysts is represented 
by the ΔE value (△E = Ej=10 mA cm

−2-E1/2), which, at 0.62 V, was lower 
for La-Fe0.1:1/NFC sample than those for most of similar materials 
reported in the literature (Fig. S12 and Table S3). Excellent bi-func
tional electrocatalytic performance of La-Fe0.1:1/NFC sample can be 
attributed to its large specific surface area and a porous structure 
with plenty of Fe3N active surface sites.

OER and ORR performance of La-Fe0.1:1/NFC was studied under 
the real world conditions of a fully functional zinc-air cell, sche
matically illustrated in Fig. 5a, which was benchmarked against the 
similar cell containing Pt/C+RuO2 as an air electrode. According to 
Fig. 5b, the La-Fe0.1:1/NFC cell has an open voltage of 1.42 V, higher 
than that of the Pt/C+RuO2 cell. The polarization and power density 
curves shown in Fig. 5c demonstrate that the La-Fe0.1:1/NFC cell’s 
power density of 121 mW cm−2 at 250 mA cm−2 was superior to 
115 mW cm−2 exhibited by the cell assembled with Pt/C+RuO2.

According to the rate performance results shown in Fig. S13a, the 
voltage of the La-Fe0.1:1/NFC cell was higher than that of the Pt/ 
C+RuO2 cell across the whole tested current range, possibly due to 

faster ORR kinetics of La-Fe0.1:1/NFC. When the current density re
turned to 1 mA cm−2, the voltages of both cells resumed their ori
ginal values, further confirming good rate performance. According to 
charge/discharge curves of both cells plotted in Fig. S13b, the La- 
Fe0.1:1/NFC cell has a higher discharge voltage platform accompanied 
by a lower potential in the tested current range, possibly due to 
abundant active sites on the electrocatalyst surface, which facilitate 
charge and electron transfer during both OER and ORR pro
cesses [50].

Long term stability of La-Fe0.1:1/NFC in the real world zinc-air cell 
was studied by 6000 continuous cycles at 20 mA cm−2, as shown in 
Fig. 5d. After 5983 cycles, an initial potential charge/discharge gap of 
0.794 V (Fig. 5e) increased by only 0.05 V (Fig. 5f), indicating ex
cellent stability of La-Fe0.1:1/NFC in a zinc-air cell. The discharge 
stability of the La-Fe0.1:1/NFC air cathode was evaluated during 
prolonged cell operation at 10 mA cm−2, which required six zinc foil 
refills, achieving 250 h of total discharge time (Fig. S13c). This re
markable cell stability resulted from strong anchoring of metallic 
active sites on its electrode’s carbon surface, which effectively pre
vented their aggregation.

4. Conclusion

La modified Fe and N-doped carbon foam with highly dispersed 
Fe3N active surface sites was successfully synthesized via a molten 
salt method, and its structure was determined using XRD, TEM, and 
XPS. The presence of La adjusts electronic structure of surrounding C 
and N atoms, which manifests itself by enhanced graphitization and 
increased nitrogen content, both beneficial to charge transfer during 
electrochemical processes. The La doping promotes more N ions to 
combine with Fe ions to form high-density well dispersed Fe3N ac
tive sites on the surface of carbon foam, thereby improving its 
electrocatalytic performance. In KOH electrolyte, the newly prepared 
La-Fe0.1:1/NFC material exhibited ORR and OER electrocatalytic ac
tivity higher than those of commercial Pt/C and RuO2. When used in 
a real zinc-air cell, La-Fe0.1:1/NFC demonstrated superior charge/ 
discharge stability, which makes it a promising air cathode candi
date for practical battery applications.

Fig. 5. (a) Schematic illustration of zinc-air cell; (b) open circuit voltages; (c) polarization and power density curves of La-Fe0.1:1/NFC and Pt/C+RuO2 containing cell; (d) gal
vanostatic charge/discharge cycling curves at 20 mA cm−2; comparison of energy efficiency at (e) 1st and (f) 5983th cycles of La-Fe0.1:1/NFC containing zinc-air cell.
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