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1. Introduction

Oxygen electrocatalysis, typically involving 
the heterogenous oxygen reduction reac-
tion (ORR) and oxygen evolution reaction 
(OER) on catalytic solid surface, plays 
critical roles in metal-air battery chem-
istry.[1] However, the sluggish kinetics of 
these proton-involved multistep-electron-
transfer reactions determine that ORR and 
OER need be well catalyzed to overcome 
the large-overpotential and low energy 
efficiency, thus to fulfill a fast, efficient, 
and durable conversion between chemical 
and electrical energies.[2] Therefore, high-
performance and cost-effective electrocata-
lyst has always been the research focus in 
this field. During the past few decades, 
tremendous efforts have been devoted in 
pursuit of effective ORR and OER cata-
lysts, yet highly efficient, low-cost, and 
robust bifunctional catalytic materials 
are still missing with their development 
remained challenging.[3]

Generally, the activity of a heterogenous electrocatalytic reac-
tion is highly subject to the surface/interface properties of the 
catalyst, which not only determines the adsorption strength 
toward the intermediates, but also affects the charge and mass 
transfer behaviors.[4] Given this, rational regulation on the inter-
face structure of heterogenous catalysts is regarded as a prom-
ising approach to boosting the intrinsic electrocatalytic activity. 
For instance, metal/metal oxide and oxide/oxide heterogenous 
structures[5] have shown enhanced ORR/OER catalytic prop-
erty due to the modulation of the binding strength between the 
intermediates and catalyst as a result of strong electronic inter-
actions occurring on the interface. Additionally, manipulation 
on the carbon/metal interface[1c,6] was reported with significant 
improvement in intrinsic activity attributed to a proposed elec-
tron penetration effect that activates the inert surface carbon. 
In spite of the considerable progress, several issues still remain 
to be well addressed: i) the poor conductivity of metal oxides 
impedes the release of their intrinsic activity completely; ii) the 
concurrent fulfillment of both good ORR and OER performance 
by a single catalyst is still challenging probably ascribed to the 
difficulty in balancing the adsorption–desorption kinetics for 
different reaction directions; iii) the tight contact between the 
interface components need be well maintained to guarantee the 
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structural and catalytic stability; and iv) the lack of insights and 
effective strategies that could power precise and controllable 
interface regulations at atomic level is obstructing the rational 
material designs with high electrocatalytic performance. 
Therefore, atomically controllable manipulation on the inter-
facial structure to well manage the intrinsic activity, electronic 
conductivity, and stability as well as gaining in-depth under-
standing on the underlying mechanism are highly requirable.

Herein, we developed a novel electronic modulation strategy 
to precisely manipulate an FeXNi alloy-Fe oxide-nitrogen doped 
graphitic carbon (FexNi-FeOy-NC) triphase interfacial structure 
towards well-managed electronic conductivity, site density, 
and interfacial electronic interaction. The simple Ni doping 
can regulate the Fe oxidation degree to form adjustable FeOy 
active surface layer specifically at the exposed surface area, 
which can balance the conductivity and exposed site density 
to guarantee the full expression of intrinsic activity as well 
as improve utilization of active sites. Besides, the electronic 
interaction occurring at interface could cooperatively boost the 
intrinsic activity. In addition, the subunits were further inter-
connected by continuous graphitic carbons to ensure fast long-
range charge transfer. Consequently, the optimized catalyst 
exhibited outstanding electrocatalytic properties in terms of 
half-wave potential of 0.890 V for ORR and overpotential at 
10 mA cm−2 of 308 mV for OER, surpassing the commercial 
noble-metal catalysts (Pt/C+Ir/C) and most of the reported 
noble-metal-free catalysts. The superior catalytic performance 
was further confirmed by Zn-air battery test, which showed a 
low charge–discharge voltage gap of 0.742 V and long lifetime 
over 500 cycles.

2. Results and Discussion

2.1. Interfacial Structure Evolution

The triphase interfacial structure was fabricated by an 
electronic modulation strategy via direct pyrolysis of Prussian-
blue-analogue anchored on carbon nanotubes (PBA@CNTs) 
in composite with melamine, as illustrated in Figure S1 in 
the Supporting Information. PBA nanocrystals were first in 
situ grown on the surface of functionalized CNTs, which not 
only avoids the aggregation of PBA, but also interconnects 
the subunit to facilitate the long-range charge transfer for the 
obtained composite. The uniform dispersion of PBA nanocrys-
tals in size of 20–30 nm on CNTs was confirmed by scanning 
electron microscopy (SEM) as shown in Figure S2 in the Sup-
porting Information. Then, the PBA@CNTs hybrid was mixed 
with melamine and subsequently subject to pyrolysis under Ar 
atmosphere. The melamine serves as additional nitrogen and 
carbon sources, which decomposes and generates cyano envi-
ronment (e.g., C2N2

+, C3N2
+, and C3N3

+) during the thermal 
treatment to implement the partial encapsulation of N-doped 
graphitic carbon on the FexNi surface. Upon exposure to air, the 
uncovered FexNi was spontaneously and selectively oxidized to 
form a highly adjustable FeOy surface layer due to the stronger 
affinity of Fe to oxygen compared with Ni, thus contributing to 
the desired metal alloy-oxide-carbon (FexNi-FeOy-NC) triphase 
interfacial structure. The incorporation of Ni not only regulates 

the thickness of active FeOy surface layer to balance the exposed 
active site density and the electronic conductivity, but also mod-
ulates the electronic structure of FeOy through the interfacial 
charge transfer effect to boost the intrinsic catalytic activity 
(Figure 1a). With the rational management of active site den-
sity, conductivity and intrinsic activity, the as-prepared catalyst, 
denoted as Fe2Ni@NC, delivers great promise in significantly 
boosting the catalytic performance for oxygen redox reactions. 
To elucidate the crucial role of Ni incorporation in regulating the 
triphase interfacial structure, catalysts derived from precursors 
with different Fe/Ni ratios (denoted as FeNi@NC and Fe@NC)  
were investigated for comparison (Table S1, Supporting 
Information).

The X-ray diffraction (XRD) patterns confirm the successful 
conversion of the pristine PBA crystals into metallic catalysts after 
pyrolysis (Figure S3, Supporting Information and Figure 1b). In 
addition to the peak of (002) facet of graphitic carbon at 26.3°, 
predominated diffraction peaks attributable to FexNi alloy and 
Fe are clearly observed in the case of FeXNi@NC and Fe@NC,  
respectively. The strong intensity of these peaks suggests a 
good carbon graphitization (also confirmed by the relatively low 
Id/Ig values in Raman spectra in Figure 1c) as well as the high 
crystallinity of the obtained FexNi alloy or Fe, which guaran-
tees a good electronic conductivity of the final catalysts. Apart 
from that, another small diffraction peak can be perceived in 
the XRD pattern of the as-prepared catalysts, which is attrib-
uted to the FeOy (≈35° and 40°). Notably, this peak continu-
ously weakens along with the decrease of Fe/Ni ratio, and is 
significantly lower than that in Ni-free Fe@NC pattern. This 
result strongly suggests that the incorporation of Ni into Fe is 
capably of linearly lessening the oxidation of Fe, thus realizing 
an adjustable FeOy layer that facilitate the optimization of the 
metallic-carbon-oxide triphase interfacial structure for oxygen 
catalysis.

The morphological structure of the obtained catalysts 
was examined by SEM and transmission electron micro-
scopy (TEM). A 3D porous hybrid structure can be observed 
for Fe2Ni@NC with highly intertwined CNTs as shown in 
Figure S4a, b in the Supporting Information. Meanwhile, the 
TEM image clearly confirms the crosslinking between CNTs, 
which uniformly anchors abundant FexNi-FeOy-NC subunits 
(Figure S4c, Supporting Information). This hierarchical con-
figuration constructed by CNTs and the in situ grown gra-
phitic carbons not only favors the transfer of reactants, such 
as OH− and H2O, to the catalytic sites, but also ensures a fast 
electron conduction within both short and long range for facili-
tated catalysis process. The porous structure of Fe2Ni@NC 
was also investigated by Brunauer–Emmett–Teller (BET) tech-
nique, which reveals a micro/mesoporous structure with a high 
surface area of 287 m2 g−1 (Figure S5, Supporting Information). 
Deeper structural information of the as-developed material was 
further collected by high-resolution TEM (HRTEM). As shown 
in Figure 2a and Figure S4d in the Supporting Information, an 
FeOy island layer can be found decorating on the Fe2Ni alloy 
surface, which was confirmed by the fast Fourier transforma-
tion (FFT) pattern at the respective area as shown in Figure 2b,c. 
The scanning transmission electron microscopy coupled with 
electron energy-loss spectroscopy elemental mapping was per-
formed to further elucidate the component distribution on the 
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metallic nano particle, which clearly identifies the Fe2Ni alloy 
core, partial carbon wrapping, and the exposure of FeOy layer, 
providing a strong evidence for the exquisite triphase interfacial 
structure of the as-develop Fe2Ni@NC catalyst (Figure 2d–k). As 
for the sample without the Ni modulation, i.e., Fe@NC, similar 
hybrid morphology can be also obtained as shown in Figure S6 
in the Supporting Information. However, the HRTEM shows 
its much thicker FeOy shell in contrast to those of Fe2Ni@NC 
(≈1.4 nm, Figure 2a) and FeNi@NC (≈1.2 nm Figure S7, Sup-
porting Information), which could severely obstruct electron 
transfer during electrochemical process. These results indicate 
the key role of Ni modulation on the oxidation behavior of Fe 
upon the construction of triphase interfacial catalysts.

Furthermore, the electronic modulation effect of Ni on the 
triphase interfacial structure was investigated by X-ray photo-
electron spectroscopy (XPS), X-ray absorption near edge struc-
ture spectroscopy (XANES), and extend X-ray absorption fine 
structure (EXAFS) spectroscopy analysis. The XPS survey spectra 
confirm the presence of C, N, O, Fe, and Ni elements in the 
Ni-modulated samples as well as the absence of Ni in Fe@NC 
(Figure 3a). High-resolution N 1s XPS spectra of Fe2Ni@NC 
(Figure S8a–c, Supporting Information) can be deconvoluted 
into four subpeaks including pyridinic N (398.9 eV), pyrrolic N 
(399.5 eV) graphitic N (400.9 eV), and oxidized N (402.6 eV). 
Similar N species can be also detected for the Fe@NC and 
FeNi@NC sample (Table S2, Supporting Information). The 
incorporation of N in the carbon lattice can increase the charge 
density and spin density of the adjacent C atoms, which not 

only favors a higher electrical conductivity but also contribute 
partially to the ORR activity enhancement.[7] Figure 3b shows  
the Fe 2p high-resolution spectra of the synthesized samples. 
The prominent peaks at 707.4 eV is assigned to metallic iron, 
while the peak centered at 709 and 710.9 eV is ascribed to the 
Fe2+ and Fe3+, respectively, corresponding to FeOx species. A 
strong dependence of ionic Fe intensity on initial Fe/Ni ratios 
can be perceived in the XPS analysis, where the incorporation 
of Ni decreases the intensity of the characteristic peaks for ionic 
Fe, in other words, slows down the oxidation of Fe. More inter-
esting is that the ionic Fe tends to be higher valence state when 
decreasing Fe/Ni ratios, despite the suppressed Fe oxidation 
content (Table S3, Supporting Information). Since the oxygen 
reactivity is highly depended on the electronic structure of the 
surface ionic species, the proper tuning on which can further 
increase the intrinsic activity. This suggests a facile strategy 
of manipulating an ideal triphase interfacial structure with  
controllable active species density, conductivity, and tailored 
electronic structure by simply adjusting the Fe/Ni ratios in 
precursor. Figure S8d in the Supporting Information displayed 
the Ni 2p spectra of Fe2Ni@NC and FeNi@NC, in which 
no distinguishable peak of Nin+ can be found except for the 
metallic Ni, confirming the selective oxidation of Fe on FexNi 
alloy in consistence with the TEM results. Further evidence 
for the electronic modulation effect of Ni can be obtained from 
the XANES analysis benefiting from its higher sensitivity to 
the valence state and coordination environment of the central 
atom. Obviously, the Fe K-edge XANES spectra show that the 
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Figure 1. a) Schematic illustration for the synthesis of Fe2Ni@NC catalysts, b) XRD, and c) Raman spectra of Fe@NC, Fe2Ni@NC, and FeNi@NC.
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energy absorption threshold value of Fe2Ni@NC is higher than 
that of Fe foil and lower than that of Fe2O3, in consistent with 
the co-existence of metallic Fe2Ni alloy and FeOy as observed in 
TEM and XRD (Figure 3c). By contrast, the Fe@NC displayed 
a positive shift of absorption energy compared with Fe2Ni@NC 
in Fe K-edge XANES spectra, implying the easier Fe oxidiza-
tion in absence of Ni. Correspondingly, the white line intensity 
of Fe K-edge in Fe2Ni@NC is slightly higher than that in the 
Fe foil, but lower than those in the Fe2O3 and Fe@NC. When 
further decreasing the Fe/Ni ratio to 1/1, the FeNi@NC catalyst 
exhibits a slightly lower intensity compared with Fe2Ni@NC, 
suggesting the lower oxidation state of Fe.

As for the Ni K-edge XANES, both Fe2Ni@NC and FeNi@NC 
displayed similar curves to Ni foil, demonstrating the metallic 
state of Ni in the as-prepared catalyst. The chemical states of Fe 
and Ni in the catalysts were also studied by the FT of EXAFS 
spectra, which provide abundant information on the first shell 
(MO) and second shell (FeFe, FeNi, or NiNi), the bond 
length and the coordination number. An additional peak at 
1.7 Å can be observed corresponding to FeO path in the FT-
EXAFS spectra Fe K-edge for the obtained catalysts in contrast 
to Fe foil (Figure S9, Supporting Information). It is noted that 
the FeO coordination number in FexNi@NC and Fe@NC 
was much smaller than that in FeO or Fe2O3 (Figure 3e-f and 
Table S4, Supporting Information), suggesting that only a small 
fraction of Fe on the surface was oxidized. The prominent peak 
in the spectra of Fe2Ni@NC, FeNi@NC, and Fe@NC is located 
at around 2.2 Å corresponding to Fe-Fe/Ni scattering with the 

average bond length of ca. 2.50, 2.52, and 2.47 Å, respectively. 
The slightly larger bond length of FexNi@NC than that in  
Fe@NC sample confirms the FexNi alloy characteristics. 
Accordingly, in Ni K-edge FT-EXAFS spectra (Figure S10, Sup-
porting Information), both Fe2Ni@NC and FeNi@NC samples 
consistently exhibit a predominant peak centered at a slightly 
negative R-space compared with that in Ni foil resulting from 
the evolution of FexNi alloy.

This series of structural characterizations strongly demo-
nstrate that the incorporation of Ni is capable of adjusting 
the oxidation degree of surface Fe as well as the electronic 
structure of the in situ formed iron oxide, thereby contrib-
uting to the tunable FexNi-FeOy-NC triphase interfacial struc-
ture. In-depth understanding on the evolution mechanism was 
further investigated by density functional theory calculations. 
Commonly, a phase change will occur on the Fe surface during 
the oxidation process, i.e., from metallic iron phase to the iron 
oxide phase. Therefore, we employed Fe vacancy formation 
energy (Ef) to evaluate the complexity to be oxidized (Figure 4). 
As the Ef of Fe vacancy decreases, the surface structure will be 
destroyed by easily.[8] Obviously, Fe2Ni (111) surface displays 
a much higher Fe vacancy formation energy than Fe (110), 
revealing that the oxidation was suppressed by alloying with Ni. 
Furthermore, we found that it becomes more difficult to form 
Ni vacancy compared with Fe vacancy on the Fe2Ni (111) surface 
by showing a much higher Ef of Ni (3.33 eV), corresponding 
to the formation of Ni-free oxide on the surface. These calcula-
tion results were in line with the decreased FeOx portion in the 
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Figure 2. a) HRTEM, b, c) FFT patterns derived from area 1 and 2 regions in a); d–k) aberration-corrected EELS elemental maps of Fe2Ni@NC, e) Fe, 
f) Ni, g) O, h) C, and overlaid of i) Fe, Ni signal, j) Fe, O signal, and k) Fe, Ni, C, and O signal.
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derived tri-phase interfacial structure upon Ni doping. To fur-
ther investigate the interfacial electronic effect on the surface 
FeOy, we examined the electronic structure of the separated  
surface Fe atom. In partial density of state (PDOS) of the 
separated Fe atom, it can be found that the d-band center of 
separated Fe on Fe2Ni is closer to Fermi level than that of 
Fe. This indicates that separated Fe atom on Fe2Ni will show 
stronger affinity to the other O atoms, therefore, the separated 
Fe atom shows higher valence state in the oxidant layers on 
Fe2Ni, in consistent with the XPS analysis that the binding 
energy of Fe in surface FeOy shifts to higher energy. Con-
sequently, this will lead to enhanced intrinsic activity as the 
higher valence state Fe species have been regarded more active 
to catalyze oxygen redox reaction.[9]

2.2. Catalytic Performance

To assess the bifunctional catalytic activity, the ORR and OER 
performances based on the obtained catalysts were evaluated 
in a typical three-electrode electrochemical cell by steady-state 

linear sweep voltammetry in 0.1 m KOH electrolyte at a rotating 
speed of 1600 rpm. To demonstrate the superiority of the well-
designed interfacial structure, Fe@NC and FeNi@NC were 
also investigated for comparison. Besides, the state-of-the-art 
Pt/C and Ir/C catalysts were measured as ORR and OER bench-
marks, respectively. All potentials are provided versus revers-
ible hydrogen electrode. As shown in Figure 5a and Table S5  
in the Supporting Information, Fe2Ni@NC delivers the highest 
ORR activity by showing more positive onset potential (Eonset) 
of 1.02 V and half-wave potential (E1/2) of 0.89 V than those of 
Fe@NC (Eonset: 0.98 V and E1/2: 0.84 V) and FeNi@NC (Eonset: 
1.0 V and E1/2: 0.87 V). This is attributed to the optimal FeOy 
portion in the Fe2Ni@ NC and the interfacial electronic transfer 
between Fe2Ni alloy and FeOy, which not only overcomes the 
intrinsically poor conductivity of metal oxide-based catalysts, 
but also boosts the intrinsic activity synergistically. Besides, the 
electronic modulation effect of Fe2Ni core can activate the sur-
face graphitic carbon and thus further contributes to electrocat-
alytic activity.[6g,10] It should be noted that the optimal catalyst, 
Fe2Ni@NC also outperforms the commercial Pt/C catalyst and 
most of the reported non-precious metal catalysts (NMPCs) in 
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Figure 3. a) The survey and b) high-resolution XPS of Fe@NC, Fe2Ni@NC, and FeNi@NC samples; c) Fe, d) Ni K-edge XANES spectra; corresponding 
Fourier transform k3-weighted χ(k)-function of the EXAFS spectra and corresponding EXAFS fitting curves at R space of e) Fe@NC and f) Fe2Ni@NC, 
and g) FeNi@NC.
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catalyzing ORR (Table S6, Supporting Information). The ORR 
catalytic selectivity was also evaluated by rotating ring disk 
 electrode (RRDE) measurements as shown in Figure 5b. The 
H2O2 yield of Fe2Ni@NC remains below 3.3% in the poten-
tial range 0.05–0.9 V corresponding to a high electron-transfer 
number of 3.93–4.00, which approaches the theoretical value 
for the 4e− ORR process. This result is in good agreement with 
the calculation based on the Koutecky–Levich (K-L) equations 
(Figure S11, Supporting Information). The H2O2 yield is even 
lower than that of Pt/C (Figure S12, Supporting Information). 
In comparison, the n-value is 3.85–4.00 and 3.79–4.00 for the 
FeNi@NC (Figure S13, Supporting Information) and Fe@NC 
(Figure S14, Supporting Information), respectively, indicating 
the easier access to the desirable four-electron ORR pathway 
on the Fe2Ni@NC. Moreover, the enhanced ORR kinetics on 
Fe2Ni@NC is also confirmed by the smaller Tafel slope of 
43 mV dec−1 (Figure 5c) compared with those of FeNi@NC  
(52 mV dec−1), Fe@NC (53 mV dec−1), and Pt/C (52 mV dec−1), 
further manifesting the superior ORR performance of 
Fe2Ni@NC electrocatalyst. These results demonstrate the con-
struction of triphasic interfacial structure with optimal surface 
oxide can efficiently improve ORR activity and accelerate ORR 
kinetics.

As for the OER activity, the Fe2Ni@NC also outperformed 
all other comparison catalysts, with an onset overpotential 
(Eonset) of only 0.23 V and an overpotential to reach current den-

sity of 10 mA cm−2 (Ej = 10) of only 0.308 V (Figure 5d). These 
values were significantly lower than those of the state-of-the-
art Ir/C catalysts (Eonset: 0.238 V and Ej=10: 0.358 V, consistent 
with reported values), commercial IrO2 black (Ej=10: 0.331 V,  
Figure S15, Supporting Information) and the leading NMPCs 
ever reported (Table S7, Supporting Information), mani-
festing its great promise in developing non-noble metal 
and cost-effective catalysts. The improved catalytic kinetics 
on Fe2Ni@NC can be also confirmed by its lowest Tafel 
slope of 49 mV dec−1 for OER (Figure 5e). The bifunctional 
activity is assessed by the voltage difference between E1/2 for 
ORR and Ej=10 for OER (ΔE = Ej=10 − E1/2), where the smaller 
ΔE indicates the limited electrochemical polarization and 
better bifunctional activity. The thermodynamic potential  
(Eo(OH

−
/O2) = 1.23 V) is used as the reference to reflect each 

overpotential with respect to ORR and OER. As depicted 
in Figure 5f, Fe2Ni@NCx exhibits the smallest ΔE of ca. 
0.648 V, which surpasses the commercial Pt/C–Ir/C cata-
lysts and reported excellent bifunctional catalysts.[11] Further 
evidence for the superior bifunctional activity of Fe2Ni@
NC is provided by its highest kinetic current density at fixed 
potentials for both ORR and OER, as shown in Figure 5g. 
Besides, the intrinsic activity was compared by normalized 
the kinetic current density to the electrochemically active 
surface areas, where Fe2Ni@NC shows the highest intrinsic 
activity (Figures S16 and S17, Supporting Information). It 
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Figure 4. a) Fe atom vacancy formation energy on Fe (110) surface; b) Fe, c) Ni vacancy formation energy on Fe2Ni (111) surface; and d,e) Fe 3d PDOS 
of surface oxidized Fe atoms.



www.advenergymat.dewww.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1903003 (7 of 10)Adv. Energy Mater. 2019, 1903003

should be noted that either increasing or decreasing the Ni 
portion in the precursor, the resultant FeNi@NC or Fe@NC 
demonstrate inferior catalytic activity to the optimal Fe2Ni@
NCx. This is due to the balance among intrinsic activity, active 
site density and electronic conductivity achieved with a mod-
erate Ni doping, which further reveals the critical role of inter-
facial structure in determining the final catalytic property.

Since the durability is another significant criterion particularly 
for practical applications, the obtained catalysts were further 
subject to accelerated durability tests (ADT) and chronoamper-
ometry (CA) for stability evaluation. For ORR, the Fe2Ni@NC  
catalyst shows only 5 mV negative shift in half-wave potential 
after 10 000 potential cycles (Figure 5h), whereas the 
counterpart commercial Pt/C catalyst shows a much higher 
shift of 13 mV (Figure S18, Supporting Information). The 
Fe2Ni@NC also outperforms the Fe@NC and FeNi@NC 
catalysts (Figure S19, Supporting Information). Moreover, the 
Tafel slope of Fe2Ni@NC after ADT test is close to its intimal 
value (Figure S20, Supporting Information). The excellent sta-
bility can be also supported by CA curve, where Fe2Ni@NC 
retains 95.1% current after 10 h test in O2-saturated electro-
lyte, preponderant than that for the Pt/C catalyst (24% decay in 

current density). Even under the harsh conditions for OER, the 
Fe2Ni@NC also demonstrates impressive stability with a lim-
ited overpotential increase of 10 mV (to 0.318 V) to approach 
the current density of 10 mA cm−2 after 3000 continuous poten-
tial cycles, which is significantly smaller than that for commer-
cial Ir/C catalyst (64 mV positive shift, Figure S21, Supporting  
Information). It should be noted that Fe2Ni@NC also exhibits 
the highest stability among the Fe@NC, FeNi@NC, and 
Fe2Ni@NC catalysts (Figure S22, Supporting Information). The 
CA profile also spotlights the prominent stability of Fe2Ni@NC  
catalyst by showing well maintained current response upon 
the 10 h test (Figure 5i, inset). Furthermore, the Tafel slope 
of Fe2Ni@NC after ADT test confirmed its superior stability 
(Figure S23, Supporting Information). The impressive electro-
chemical stability of Fe2Ni@NC catalyst is probably ascribed to 
the tight contact of the well-designed triphase interfacial struc-
ture and the strong electronic coupling effect among them. 
The morphology and composition of Fe2Ni@NC after the 
durability test is investigated (Figure S24, Supporting Infor-
mation), which exhibit a retained morphology and a slight dis-
solution of surface Fe species after the harsh electrochemical 
process.

Figure 5. a) The ORR polarization curves of all samples in 0.1 m KOH solution; b) H2O2 yield and corresponding electron transfer number calculated by 
using RRDE method; c) Tafel plots for ORR; d) the OER polarization curves of all samples; e) Tafel plots for OER; f) potential differences between the 
E1/2 of ORR and Ej=10 of OER for the as-prepared catalysts; g) kinetic current density of ORR and OER for the synthesized catalysts at fixed potentials 
for the as-prepared catalysts; h) ORR polarization plots of Fe2Ni@NC catalysts before and after 10 000 potential cycles, inset shows the i–t curve at 
0.8 V; and i) OER polarization plots of Fe2Ni@NC catalysts before and after 3000 potential cycles, inset shows the i–t curve at 1.55 V.
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2.3. Zn-Air Battery Test

To assess the practical applicability of the as-developed bifunc-
tional Fe2Ni@NC catalyst, a homemade single-cell Zn/air bat-
tery was fabricated consisting of a zinc plate as anode, a gas 
diffusion layer coated with Fe2Ni@NC catalyst as cathode 
(Figure 6a). The Pt/C+Ir/C couple was also employed as the  
air cathode for comparative study. The cell with Fe2Ni@NC 
cathode clearly exhibits a higher open-circuit voltage of 1.493 V 
than that based on Pt/C+Ir/C (1.441 V). Moreover, upon the 
current increase from 10 to 100 mA cm−2, Fe2Ni@NC cathode 
shows a constantly higher voltage with a smaller voltage fading 
of 0.505 V than Pt/C+Ir/C (0.569 V) (Figure 6b), signifying its 
superior rate capability. As illustrated in Figure 6c, the Fe2Ni@
NC-based battery outperforms that with Pt/C+Ir/C by yielding 
a significantly higher peak power density (126 mW cm−2 versus 
97 mW cm−2). Furthermore, the Fe2Ni@NC exhibits admi-
rable discharge capacities of 770 and 720 W h kgZn

−1 at 10 and 

50 mA cm−2 (Figure S25, Supporting Information), respec-
tively, higher than the commercial noble metal counterpart and 
approaching to the theoretical capacity. Figure 6d displays the dis-
charge and charge polarization curves for Zn/air batteries with 
Fe2Ni@NC and Pt/C+Ir/C cathode. Obviously smaller charge-
discharge voltage gap can be observed with Fe2Ni@NC cathode 
compared with the commercial counterparts. Specifically, the 
charge–discharge voltage gap for the Fe2Ni@NC cathode-based 
Zn-air battery is 0.805 V at a current density of 50 mA cm−2, 
which is significantly lower than that of the Pt/C+Ir/C cathode 
(1.075 V), indicating the great capability of Fe2Ni@NC catalyst 
in promoting the oxygen redox efficiency and kinetics. When 
cycled at a constant current density of 10 mA cm−2, the Fe2Ni@
NC cathode-based battery shows an initial voltage gap of 0.742 V 
and a high round-trip efficiency of 62.1%. After 500 cycles, the 
Fe2Ni@NC cathode undergoes only a slight performance loss 
with a small increase in the voltage gap by 0.064 V, whereas the 
commercial counterpart suffers from a severe increase in voltage 
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Figure 6. Performance of rechargeable Zn-air batteries based on of Fe2Ni@NC catalyst and Ir/C+ Pt/C catalysts. a) Schematically depicts the structure of 
assembled rechargeable Zn-air batteries; b) polarization curves of the Zn-air batteries using Fe2Ni@NC or Ir/C+ Pt/C as air electrode at different current 
density; c) polarization and power density curves of the Zn-air batteries using Fe2Ni@NC or Ir/C+ Pt/C catalysts; d) charge and discharge polarization 
curves of the rechargeable Zn-air batteries use Fe2Ni@NC and Ir/C+ Pt/C catalysts as cathode, respectively; and e) cycling performance of Zn-air bat-
teries assembled using Fe2Ni@NC as air electrodes with the galvanostatic discharge-charge current at 10 mA cm−2 and a duration of 60 min per cycle.
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gap (0.123 V) after 50 cycles (Figure S26, Supporting Informa-
tion). In order to quantify the variation of charge and discharge 
voltages with cycling, the voltage fading rate is calculated on both 
Fe2Ni@NC and Pt/C+Ir/C electrodes, with an extremely low 
voltage fading rate of 0.128 mV per cycle on Fe2Ni@NC, while 
the Pt/C+Ir/C counterpart exhibits a much severer  degradation 
with voltage fading rate of 2.46 mV per cycle. The severe activity 
degradation of Pt/C+Ir/C benchmark is probably due to the dis-
solution and/or aggregation of noble metal nanoparticles as a 
result of carbon corrosion and Ostwald ripening. Besides, the 
metallic Pt nanoparticles tends to be oxidized in the charge pro-
cess, leading to the formation of inactive PtOx species. These 
results strongly demonstrate the superiority of the as-developed 
Fe2Ni@NC catalyst in the development of highly durable zinc-air 
battery (Figure 6e, and Figure S26, Supporting Information). The 
home-made Zn-air battery can easily power a mini-fan, as illus-
trated in Figure S25c in the Supporting Information. These good 
performances in real battery evaluations reveal the intriguing 
potential of our catalyst in practical application.

3. Conclusion

In summary, we have developed an exquisite FexNi-FeOy-NC 
tri-phase interfacial structure by an electronic modulation 
strategy, in which Ni regulates the oxidation degree of Fe and 
contributes to an optimal FeOy portion with tailored electronic  
structure on the surface. Benefiting from the interfacial charge 
transfer effect and the compositional optimization of interface 
structure, well-managed intrinsic activity, active site density, 
and conductivity can be achieved, leading to unprecedent 
catalytic activity and stability for oxygen electrocatalysis, with an 
ultrahigh half-wave potential of 0.890 V for ORR and low over-
potential of 308 mV at j = 10 mA cm−2 for OER. Furthermore, 
when integrated within an air electrode, a low voltage gap of 
0.742 V was achieved in the charge–discharge process with neg-
ligible activity decay after 500 cycles, revealing its promising 
application in practical Zn-air batteries.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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