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3D Nitrogen-Doped Graphene Encapsulated Metallic Nickel–Iron
Alloy Nanoparticles for Efficient Bifunctional Oxygen
Electrocatalysis
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Abstract: It is extremely desirable to explore high-efficient,
affordable and robust oxygen electrocatalysts toward re-

chargeable Zn–air batteries (ZABs). A 3D porous nitrogen-

doped graphene encapsulated metallic Ni3Fe alloy nanopar-
ticles aerogel (Ni3Fe-GA1) was constructed through a facile

hydrothermal assembly and calcination process. Benefiting
from 3D porous configuration with great accessibility, high
electrical conductivity, abundant active sites, optimal nitro-
gen content and strong electronic interactions at the Ni3Fe/

N-doped graphene heterointerface, the obtained aerogel

showed outstanding catalytic performance toward the
oxygen evolution reaction (OER) and oxygen reduction reac-

tion (ORR). Specifically, it exhibited an overpotential of

239 mV to attain 10 mA cm@2 for OER, simultaneously pro-
viding a positive onset potential of 0.93 V within a half-wave

potential of 0.8 V for ORR. Accordingly, when employed in
the aqueous ZABs, Ni3Fe-GA1 achieved higher power density
and superior reversibility than Pt/C@IrO2 catalyst, making it a
potential candidate for rechargeable ZABs.

Introduction

With the increasingly serious situation of the energy crisis and
environmental problems, it is tremendously urgent to develop

clean and sustainable energy conversion and storage technolo-
gies, such as water-splitting devices, acidic proton exchange

membrane fuel cells and rechargeable metal–air batteries.[1]

Among these known energy storage applications, rechargeable

Zn–air batteries (ZABs) are regarded as a promising candidate

for utilization in next-generation portable electronics because
of their appreciably high specific energy density
(1086 Wh kg@1), inexpensiveness, environmental friendliness
and inherent safety.[2] However, the unsatisfied power density,
low energy conversion efficiency and poor durability have

greatly impeded their usage for large-scale practical applica-

tions.[3] These drawbacks of ZABs are mainly generated from

the inherent sluggish kinetics of multiple electron-transfer pro-
cesses in the air electrode, including the oxygen evolution and

reduction reactions (OER/ORR) during the charge–discharge
process.[4] Noble-metal-based electrocatalysts, such as rutheni-

um/iridium-based and platinum-based catalysts, are viewed as
exceptional oxygen electrocatalysts.[5] Nevertheless, their scarci-
ty, high cost, inferior durability and insufficient bifunctional cat-

alytic activity greatly block the widespread applications.[6] With
this in mind, the rational design and construction of cost-effec-
tive, highly efficient and durable oxygen electrocatalysts fabri-
cated with earth-abundant elements is crucial.[7]

In the previous reports, 3d transition-metal (3d TMs)-based
materials like nickel, iron, cobalt, copper and their alloys with

nanostructures have been extensively studied as competent
candidates for ZABs owing to their earth-abundance, afford-
ability and excellent catalytic activity.[8] However, the bare 3d

TMs nanomaterials are typically exposed to self-aggregation,
which would bring about low specific surface areas within few

catalytic active sites. Moreover, this kind of catalysts are not
stable enough when measured in the harsh alkaline electro-

lyte.[9] It is a very effective strategy to strengthen the catalytic

activities and durabilities of electrocatalysts by integrating with
carbon materials, such as carbon quantum dots,[10] carbon

nanotubes,[11] graphene,[12] and graphdiyne.[13] Hybridizing with
high electrical conductivity of carbon materials, especially en-

capsulating in graphitized carbon shells, not only guarantees
rapid charge transport, but also protects the highly dispersible
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metallic core from corrosion by physical separation from the
harsh alkaline electrolyte. More importantly, the synergistic in-

teractions between catalysts and carbon matrix can modulate
the interfacial electronic environment, as well as optimize the

reaction intermediates adsorption to accelerate the catalytic ki-
netics.[12c, 14] Cui et al. developed a universal approach to pre-

pare several types of 3d TMs (Ni, Fe, Co and their alloys) en-
capsulated by single-layer graphene through a chemical vapor
deposition (CVD) technique.[12a] The optimized FeNi@NC cata-
lyst achieved the best OER catalytic activity in alkaline solution,
only requiring a low overpotential of 280 mV at 10 mA cm@2, as
well as exhibiting superior durability. Nevertheless, the CVD
method is not an economical route for large-scale production,

and the unsupported metal or alloys nanoparticles can easily
agglomerate during preparation.

3D nitrogen-doped graphene aerogels anchored with transi-

tion-metal nanoparticles (3D TMNP/N-GAs) is an effective cata-
lyst configuration, which not only avoids self-aggregation and

shedding, but also possesses rich macroporosity with easy
wettability and provides multidimensional electron-transport

pathways.[15] The coordination types of nitrogen dopants are
mainly divided into pyridinic-N, pyrrolic-N, and graphitic-N.

Among them, pyridinic-N and graphitic-N are considered as

active sites for the ORR and OER.[6a, 16] In the previous theoreti-
cal calculation results, active sites in the graphene model with

higher nitrogen content are easily poisoned due to higher af-
finity for adsorbed oxygen.[17] Therefore, it is very important to

rationally design and construct the 3D TMNP/N-GAs with suit-
able nitrogen content for the development of bifunctional 3d

TM electrocatalysts toward rechargeable ZAB. Meanwhile, the

synergistic catalytic mechanism between metal and N-doped
graphene is still ambiguous.

Herein, we report the metallic Ni3Fe alloy nanoparticles en-
capsulated in 3D porous N-doped graphene aerogel (Ni3Fe-

GA1) with appropriate nitrogen content synthesized by a facile
hydrothermal assembly and subsequent calcination. The pre-
pared Ni3Fe-GA1 hybrid catalyst exhibited outstanding OER and

ORR catalytic performance. The reason for this electrocatalytic
behavior could be attributed to a 3D porous configuration
with great accessibility, high electrical conductivity, abundant

active sites, optimal nitrogen content, and regulation of charge
distribution in the Ni3Fe alloy/N-doped graphene interface. Cal-

culations using DFT verified that the Ni3Fe/N-doped graphene
models delivered stronger interfacial coupling induced by the

nitrogen dopants than that of the Ni3Fe/graphene model, as
well as obviously diminishing the electron density localization

around the metal atoms. Simultaneously, the d-band center
shifts downwards relative to Fermi level after coordinating

with graphene. This probably optimized the surface active cen-

ters and synergistically facilitated the adsorption/desorption of
oxygen intermediates to accelerate the OER/ORR kinetics. Im-

pressively, as bifunctional air cathode catalyst in rechargeable
ZAB system, Ni3Fe-GA1 exhibited higher power density and su-

perior reversibility than the Pt/C@IrO2 catalyst.

Results and Discussion

As illustrated in Scheme 1, Ni3Fe-GAs were prepared by a facile
hydrothermal assembly of NiFe layer double hydroxide (NiFe-

LDH) nanosheets and pyrrole monomer onto 3D GAs support
followed by a calcination process. In a typical experiment,

NiFe-LDH nanosheets were first synthesized by a simple hydro-
thermal method. Subsequently, the NiFe-LDH and a certain
amount of pyrrole monomer were ultrasonically mixed with

graphene oxide (GO) aqueous solution. Then, rGO/NiFe-LDH/Py
aerogel was constructed through a self-assembly hydrothermal
method, followed by a vacuum freeze-drying process. Finally,
Ni3Fe-GAs with various nitrogen content were obtained after a

thermal treatment at 700 8C in NH3 or H2/Ar atmosphere. As
shown in Figure S1, Supporting Information, rGO/NiFe-LDH/Py

aerogel possessed twice the volume of rGO/NiFe-LDH aerogel.

XRD patterns (Figure S2A–B, Supporting Information) and SEM
images (Figure S3, Supporting Information) confirmed that

NiFe-LDH nanosheets with an average size of 150 nm were
successfully assembled on the 3D graphene framework. The

HR-XPS) spectrum of Ni 2p and Fe 2p indicated the Ni2 + and
Fe3 + states in NiFe-LDH (Figure S4, Supporting Information). In

the FTIR spectra (Figure S2C) of rGO/NiFe-LDH/Py aerogel and

GA, the peaks located at 1562 and 1354 cm@1 were attributed
to the stretching vibrations of pyrrole rings and C@N stretching

Scheme 1. Illustration of the preparation of Ni3Fe-GA samples.
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vibrations, respectively.[18] In addition, the peak located below
1000 cm@1, such as 617 and 519 cm@1, could be ascribed to the

classical M@O stretching and bending vibrations of hydrotalcite
and further confirmed the existence of NiFe-LDH in the rGO/

NiFe-LDH/Py aerogel.[19] These results revealed that the pyrrole
was decorated on the surface of graphene support, which

could effectively suppress the self-stacking behavior of GO
during the self-assembly processes.[18b, 20] Accordingly, the 3D
graphene architecture with modified pyrrole exhibited thinner

connection walls and a more open porous network with con-
tinuous macropores.

The XRD pattern of the prepared Ni3Fe-GA1 sample is shown
in Figure 1 A. As observed, the diffraction peaks at 44.1, 51.4,

and 75.58 can be assigned to the (111), (200) and (220) lattice
planes of Ni3Fe (JCPDS No. 03-065-3244), respectively. The

weak peak at about 268 in 2q originates from the (002) graph-

itic diffraction of graphene. Based on TGA (Figure S5A, Sup-
porting Information) in air, the content of Ni3Fe in Ni3Fe-GA1 is

calculated to be 46 wt.%. From the N2 adsorption–desorption
analysis in Figure S5B, Ni3Fe-GA1 presents a high Brunauer–

Emmett–Teller (BET) specific surface area of 151.8 m2 g@1. SEM
images (Figure 1 B,C) show that the unique interconnected 3D

hierarchical structure with continuous macropores and thin

connection walls can be retained after annealing, which can
expose more active surface, favor charge/mass transport and

enhance the electrolyte accessibility. Obviously, the TEM

images (Figure 1 D,E) display that the sizes of the Ni3Fe alloy
nanoparticles encapsulated in N-graphene sheets are distribut-

ed at 15–30 nm. The selected area electron diffraction (SAED)
pattern clearly presents diffraction rings in Figure 1 F, which

can be indexed to polycrystalline Ni3Fe and N-graphene matrix.
The HR-TEM images (Figure 1 G) exhibit the fringe spacing of

0.177 and 0.204 nm, corresponding to the (200) and (111) crys-
tal plane of Ni3Fe, respectively. In addition, it also illustrates
that the N-graphene layers encapsulated Ni3Fe alloy nanoparti-

cles are in the range of 3 to 5 layers. The high angle annular
dark field (HAADF) image and corresponding element mapping
analysis are given in Figure 1 H, which obviously reveal uniform
distributions of Ni and Fe elements with an atomic ratio of
2.7:1 in the alloy particles. Meanwhile, it also verifies that N ele-
ment is homogeneously dispersed throughout the graphene

sheets, derived from pyrrole and NH3 as nitrogen sources.

For comparison, Ni3Fe-GA2, Ni3Fe-GA3, and Ni3Fe-GA4 samples
were also prepared through a similar annealing treatment in

NH3 or H2/Ar atmosphere. Their XRD patterns, SEM, and TEM
images are provided in Figures S6 and S7. Obviously, the aver-

age sizes of Ni3Fe nanoparticles calcined in NH3 are smaller
than those calcined in H2/Ar. The chemical composition, sur-

face valence state and interfacial interaction were further con-

ducted by XPS analysis. The XPS full spectrum in Figure 2 A
confirms the existence of Ni, Fe, C and N elements in the

Ni3Fe-GA samples. Ni3Fe-GA1 exhibits a N/C ratio of 6.40 at %,

Figure 1. (A) XRD pattern for Ni3Fe-GA1 sample. (B,C) SEM images. (D,E) TEM images. (F) SAED pattern. (G) HRTEM image. (H) STEM image and corresponding
elemental mapping.
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which is higher than that of Ni3Fe-GA2 (4.39 at %), Ni3Fe-GA3

(2.37 at %), and Ni3Fe-GA4 (0 at %). It can be simplified into four

peaks in the HR N 1 s spectrum (Figure 2 B), namely pyridinic
N, pyrrolic N, graphitic N, and oxidized N with binding energies
of 398.4, 400.2, 401.2, and 403.0 eV, respectively.[6a, 21] Moreover,

the percentages of various nitrogen species are provided in
Figure 2 C. It is obvious that the total nitrogen content and
concentration of pyrrolic-N are apparently improved via deco-
rating pyrrole on the surface of graphene followed by pyroly-

sis. Simultaneously, compared with that of Ni3Fe-GA2 after H2/
Ar pyrolysis, the concentration of pyridinic-N in Ni3Fe-GA1 in-

creases from 1.34 to 3.30 at %, while the percentage of pyrrol-
ic-N decreases from 44.7 to 31.4 %, demonstrating a transfor-
mation from pyrrolic-N to pyridinic-N during NH3 annealing

process. These results reveal that the proportion of various
specific nitrogen species in Ni3Fe-GA samples, especially for

pyridinic-N, can be optimized by adopting suitable pyrolysis at-
mosphere and modification with pyrrole. According to previ-

ous studies, it has been known that pyridinic-N species can be

conducted as active sites for OER and ORR.[16a, 22] As for the HR
spectrum of C 1s in Figure S8A, Supporting Information, it can

be fitted into three peaks at about 284.6, 285.4, and 286.3 eV,
which are derived from C@C, C@N, and C=O species, respec-

tively.[11c, 14a, 15c] The observation of C@N bonding further con-
firms the formation of nitrogen-doped carbon. The O 1s spec-

trum in Figure S8B reveals the presence of metal–O (529.8 eV),
O=C (531.4 eV), and C@OH (533.4 eV). As shown in Figure 2 D,
the Raman spectrum of Ni3Fe-GA samples show two promi-
nent peaks at 1330 and 1590 cm@1, corresponding to the disor-

dered carbon (D-band) and graphitic carbon (G-band), respec-
tively. Furthermore, the intensity ratios of D and G-bands (ID/IG)
are calculated and they exhibit a decreasing trend in the order
of Ni3Fe-GA1 (1.62)>Ni3Fe-GA2 (1.54)>Ni3Fe-GA3 (1.31)>Ni3Fe-

GA4 (1.25). This result indicates that more defects on the sur-
face of graphene are generated by modifying pyrrole followed
by NH3 pyrolysis along with the increase of nitrogen content,

which can contribute to the reinforced electrocatalytic activi-
ty.[23]

As shown in Figure S9A, the peaks located at 852.9, 855.4,
861.2, 870.5, 873.4, and 879.6 eV in the high-resolution XPS

spectra of Ni 2p can be assigned to the metallic Ni, oxidized Ni

species and satellite peaks, respectively.[14a] Similarly, for the
Fe 2p spectra (Figure S9B, Supporting Information), the peaks

located at 707.3 and 719.5 eV are ascribed to Fe 2p3/2 and
Fe 2p1/2, respectively, corresponding to metallic Fe.[14a] The

binding energy centered at 711.7 and 724.6 eV are attributed
to oxidation state of Fe species (Fe3+). The peaks at 715.6 and

729.6 eV can be attributed to satellite peaks. The oxidized Ni

and Fe species reveal that the surfaces can be partially oxi-
dized when Ni3Fe nanoparticles are exposed in the air, which is

similar to the previous results on alloys. It is worth noting that
the binding energies of both Ni and Fe in Ni3Fe-GA1 deliver a

positive shift of 0.3 and 0.5 eV, compared with that of Ni3Fe, re-
spectively. The shifts of Ni and Fe binding energy indicate the

existence of strong electronic interactions between Ni3Fe and

N-doped graphene. To further understand the interfacial
charge behavior of the Ni3Fe/N-doped graphene interface, DFT

was performed to calculate the charge density of four models,
including Ni3Fe/Pyridinic N-Graphene, Ni3Fe/Pyrrolic N-Graph-

ene, Ni3Fe/Graphitic N-Graphene, and Ni3Fe/Graphene models.
The electronic density of states of Ni3Fe/N-Graphene models

indicate the metallic nature with strengthened carrier densities

near the Fermi level than that of Ni3Fe (Figure S10, Supporting
Information). As confirmed from the comparison of charge
density differences in Figure 3, after nitrogen doping in graph-
ene, stronger charge redistribution and polarization occur at

the interface region, significantly increasing the electronic dis-
tribution asymmetry degree.[24] Meanwhile, the sliced electron

localization function (ELF) analysis exhibit that the electron
density localization around the metal atoms adjacent to N-
doped graphene can be decreased by the difference of the

electronegativity between C (2.55) and N (3.04), compared
with that of Ni3Fe/Graphene model. Notably, the d-band center

of Ni3Fe, Ni3Fe/Pyridinic N-Graphene, Ni3Fe/Pyrrolic N-Graph-
ene, Ni3Fe/Graphitic N-Graphene, and Ni3Fe/Graphene models

are calculated to be @2.03, @2.28, @2.18, @2.15, and @2.21 eV,

respectively, suggesting the d-band positions shift downwards
relative to the Fermi level after coordinating with graphene

(Figure S11, Supporting Information). According to the d-band
theory, the metal@O bonding strength is decreased due to the

lower antibonding energy states, facilitating the desorption of
adsorbates.[25] The above-mentioned results verified the strong

Figure 2. XPS spectrum (A), high-resolution XPS N 1s spectra (B) and Raman
spectra (D) of Ni3Fe-GA1, Ni3Fe-GA2, Ni3Fe-GA3, and Ni3Fe-GA4. Percentage of
various nitrogen species among different simples (C).
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electronic interactions at the Ni3Fe/N-doped graphene hetero-
interface, which can induce the redistribution of charge on the

interface, modulate the electronic structure of catalyst surface,

tailor the d band center relative to Fermi level, and optimize
the adsorption energy of reaction intermediates to accelerate

the catalytic kinetics.[25]

The OER performances of the prepared Ni3Fe-GA1, Ni3Fe-GA2,

Ni3Fe-GA3, Ni3Fe-GA4, and IrO2 catalysts are measured by a
three-electrode system in O2-saturated 1.0 m KOH electrolyte.

Figure 4 A and Figure S12A, Supporting Information, present

the linear sweep voltammetry (LSV) curves with iR-compensa-
tion at a sweep rate of 5 mV s@1 recorded by rotating disk elec-

trode at 1600 rpm. As a contrast, the LSV curves without iR-
compensation are shown in Figure S13, Supporting Informa-

tion. Ni3Fe-GA1 requires an overpotential of only 239 mV to
reach a current density of 10 mA cm@2, which is lower than
that of Ni3Fe-GA2 (274 mV), Ni3Fe-GA3 (284 mV), Ni3Fe-GA4

(293 mV), Ni3Fe (313 mV), and IrO2 (297 mV). Meanwhile, the
Tafel plots in Figure 4 B and Figure S12B, Supporting Informa-
tion, can be obtained by fitting the corresponding LSV curves.
Ni3Fe-GA1 possesses the lowest Tafel slope of 44.8 mV dec@1, in-
dicating its fast catalytic rate and favorable OER kinetics. Fur-
thermore, electrochemically active surface area (ECSA) was

evaluated by the double layer capacitance (Cdl) determined
from cyclic voltammetry (CV) plots in the non-Faradaic poten-
tial window. As illustrated in Figure 4 C and Figures S12D and

S14, Supporting Information, the Cdl of Ni3Fe-GA1 was calculat-
ed to be 10.78 mF cm@2, which is much higher than that of

Ni3Fe-GA2 (4.15 mF cm@2), Ni3Fe-GA3 (5.65 mF cm@2), Ni3Fe-GA4

(3.20 mF cm@2), and Ni3Fe (1.35 mF cm@2), demonstrating the

higher active surface area. The ECSA-normalized LSV plots are

displayed in Figure 4 D and Figure S12F, Supporting Informa-
tion, which are utilized to highlight the intrinsic catalytic activi-

ty.[26] It is clear that Ni3Fe-GA1 with ECSA-normalized delivers
the best intrinsic catalytic activity compared with other sam-

ples, suggesting the enhancement in activity originates not
only from the improvement of active surface area but also the

introduction of moderate nitrogen content, which can intrinsi-
cally optimize the interfacial catalytic behaviors. Figure S15,

Supporting Information, presents the OER activities of Ni3Fe/
GA synthesized with different volume (0, 10, 20, 30, 100, and
1000 mL) of pyrrole in NH3 pyrolysis. It is obvious that Ni3Fe-GA
using 20 mL of pyrrole delivers the best catalytic performance.

The nitrogen-doped content can be raised by increasing the
pyrrole mass. However, excessively high nitrogen content will

lower the electrical conductivity of graphene, decreasing the
catalytic activity.[27] Electrochemical impedance spectroscopy
(EIS) was conducted to investigate the charge transfer kinetics

during the OER process. As shown in Figure 4 E, Ni3Fe-GA1 ex-
hibits the smallest charge-transfer resistance (Rct) among the

samples, indicating more desirable electron-transport and
faster reaction kinetics for OER catalysis. The catalytic stability

which is also an important factor for evaluating an outstanding

electrocatalyst was appraised by chronoamperometry measure-
ment. The lower overpotential of Ni3Fe-GA1 compared with

IrO2 in Figure 4 F can be maintained for 36 000 s. Meanwhile,
the morphology and element distribution are retained well

after OER stability (Figure S17, Supporting Information). All the
results reveal the excellent OER durability of Ni3Fe-GA1 sample.

Figure 3. Side and top view for the isosurfaces of local charge density differ-
ence of Ni3Fe/Pyridinic N-Graphene (A), Ni3Fe/Pyrrolic N-Graphene (B), Ni3Fe/
Graphitic N-Graphene (C), and Ni3Fe/Graphene models (D) as well as corre-
sponding sliced ELF of the Ni3Fe monolayer. The atoms in green, purple,
brown, and blue represent Ni, Fe, C, and N, respectively. Yellow and cyan re-
gions represent electron accumulation and depletion, respectively.

Figure 4. (A) OER polarization curves and (B) corresponding Tafel plots for
Ni3Fe-GA1, Ni3Fe-GA2, Ni3Fe-GA3, Ni3Fe-GA4, and IrO2 catalysts in O2-saturated
1.0 m KOH solution. (C) Current difference (janodic@jcathodic) plotted against scan
rate. (D) Polarization curves normalized by the electrochemically active sur-
face area (ECSA). (E) Nyquist plots measured at 1.54 V vs. RHE. (F) Chronopo-
tentiometric curves of Ni3Fe-GA1 and IrO2 catalysts at the current densities of
10 mA cm@2.
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In addition to the outstanding OER performance discussed
above, we also investigated the ORR activity of synthesized

samples using the rotating disc electrode (RDE) measurements
in O2-saturated 0.1 m KOH solution. As shown in Figure 5 A and

Figure S18A, Supporting Information, Ni3Fe-GA1 displays the

high onset potential (Eonset) and corresponding half-wave po-
tential (E1/2) of 0.93 and 0.80 V versus RHE, respectively. These
values are very close to those of commercial Pt/C catalyst (0.98

and 0.83 V), but obviously better than those of Ni3Fe-GA2 (0.83
and 0.74 V), Ni3Fe-GA3 (0.86 and 0.75 V), Ni3Fe-GA4 (0.81 and

0.69 V), and Ni3Fe (0.77 and 0.54 V), highlighting the superior
ORR activity of Ni3Fe-GA1. Figure S18B exhibits the ORR activi-

ties of Ni3Fe-GA prepared with different volumes (0, 10, 20,

30,100, and 1000 mL) of pyrrole followed by NH3 pyrolysis, sug-
gesting the best catalytic performance of Ni3Fe-GA is achieved

using 20 mL of pyrrole. To evaluate the electron-transfer kinet-
ics of synthesized catalysts, the polarization curves were tested

at the various rotating speeds from 400 to 1600 rpm, simulta-
neously constructing the corresponding Koutecky–Levich (K–L)

plots. As presented in Figure 5 C, Ni3Fe-GA1 displays well-de-
fined plateau of diffusion-limited currents at various rotating

speeds. The average electron-transfer number (n) of Ni3Fe-GA1

is about 3.5 at potentials from 0.30 to 0.45 V calculated from

the K–L plots (Figure S19B, Supporting Information), which is
higher than that of Ni3Fe-GA2 (2.9), Ni3Fe-GA3 (2.8), Ni3Fe-GA4

(2.4), and Ni3Fe (3.2), respectively, indicating the superior ORR
activity through a close four-electron transfer process. To fur-
ther clarify the ORR pathway, the rotating ring-disk electrode

(RRDE) measurements were performed at 1600 rpm. The disk
current density corresponds to ORR process and the ring cur-

rent density determines the hydrogen peroxide species. As
shown in Figures 5 D,E, for Ni3Fe-GA1 catalyst, the calculated n

is around 3.85 and H2O2 yield is below 10 % at 0.6–0.8 V, which
are very close to those of the Pt/C catalyst, suggesting its four-

electron-dominated ORR pathway. Furthermore, the ORR stabil-

ity can be evaluated by chronoamperometric measurements
performed at the half-wave potentials of catalysts with

1600 rpm. After continuous operation for 20 000 s, Ni3Fe-GA1

maintains 78 % of its initial current density, while only 61 % of

the original current density was retained by the Pt/C.
The overall activity of bifunctional oxygen catalyst can be

evaluated by the potential difference (DE) between the E1/2 of

ORR and Ej10 of OER (DE = Ej10@E1/2).[4b, 7c,Sb] As shown in Fig-
ure S24, Supporting Information, Ni3Fe-GA1 exhibits a consider-

ably smaller DE of 0.74 V than the Pt/C & IrO2 mixture catalyst
(0.87 V), indicating superior catalytic bifunctionality. As sum-

marized in Table S1, Supporting Information, the potential dif-
ference presented here is superior than those of recently re-

ported state-of-the-art bifunctional non-noble metal electrocat-

alysts. The excellent OER and ORR catalytic activity makes
Ni3Fe-GA1 a promising candidate as the oxygen catalyst in air

electrode for rechargeable ZAB. To evaluate the practical ap-
plicability, as illustrated in Figure 6 A, we constructed a ZAB in

two-electrode configuration using Ni3Fe-GA1 or benchmark
mixture catalyst of Pt/C & IrO2 loaded onto a carbon cloth as

the air cathode, a Zn plate as the anode, and 6.0 m KOH with

0.2 m Zn(CH3COO)2 as the electrolyte. The open-circuit voltage
of the ZAB employing Ni3Fe-GA1 as air electrode catalyst is

1.44 V (Figure 6 B). The discharge polarization curves and corre-
sponding power density curves are given in Figure 6 C. The

maximum power density of the ZAB equipped with Ni3Fe-GA1

catalyst is calculated to be 62.9 mW cm@2, which is higher than

that with Pt/C & IrO2 mixture catalyst (49.6 mW cm@2). Further-
more, the specific capacity of ZAB based on Ni3Fe-GA1 catalyst
is 756 mAh gZn

@1 at 10 mA cm@2 corresponding to a large

energy density of 845 Wh kg@1 (Figure 6 D), which is superior
than those of Pt/C & IrO2 (719 mAh gZn

@1; 826 Wh kg@1). ZAB

was measured by galvanostatic charging and discharging at
10 mA cm@2 with each cycle spanning 20 min to evaluate the

battery rechargeability (Figure 6 E). The ZAB assembled with

Ni3Fe-GA1 presents an excellent cycling performance over
100 h (300 cycles) with a small overpotential increase in com-

parison to that of the Pt/C & IrO2 mixture catalyst.

Figure 5. (A) ORR polarization curves for Ni3Fe-GA1, Ni3Fe-GA2, Ni3Fe-GA3,
Ni3Fe-GA4 and Pt/C catalysts in O2-saturated 0.1 m KOH solution. (B) Bar plots
of onset potentials (Eonset) and half-wave potentials (E1/2). (C) LSV curves of
Ni3Fe-GA1 catalyst tested with different rotating speeds in rpm. (D) RRDE
measurements for Ni3Fe-GA1 and Pt/C catalysts at 1600 rpm. (E) The H2O2

yield and electron-transfer number calculated based on the corresponding
RRDE data. (F) ORR chronoamperometric response of Ni3Fe-GA1 and Pt/C cat-
alysts.

Chem. Eur. J. 2020, 26, 4044 – 4051 www.chemeurj.org T 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4049

Full Paper

http://www.chemeurj.org


Conclusions

In conclusion, we have successfully constructed a unique bi-

functional oxygen catalyst of metallic Ni3Fe nanoparticles deco-
rated on 3D porous N-doped graphene aerogel. Optimal nitro-
gen content can be obtained by modulating pyrrole volume
and adopting suitable pyrolysis atmosphere. Compared to

commercial IrO2 and Pt/C electrocatalysts, the Ni3Fe-GA1 hybrid
exhibits outstanding activity and stability for both OER and

ORR. The remarkable catalytic performance can be attributed
to the following advantages. 1) The interconnected 3D hier-
archical structure with continuous macropores can expose
more active surface, enhance the electrolyte accessibility and
provide multidimensional electron transport pathways.[15b,c, 28]

2) Modifying pyrrole followed by NH3 pyrolysis results in more
defects and high nitrogen content in graphene, providing

much catalytic active sites.[23] 3) Theoretical calculations sug-

gested the strong electronic interactions between Ni3Fe and N-
doped graphene, which can induce the redistribution of

charge on the interface and modulate the electronic structure.
The d band center shifts downwards relative to Fermi level

after cooperating with graphene, probably optimizing the ad-
sorption energy of reaction intermediates to accelerate the cat-

alytic kinetics.[25a, 29] Furthermore, as bifunctional air cathode
catalyst in rechargeable ZAB system, Ni3Fe-GA1 exhibited

higher power density and superior reversibility than Pt/C-IrO2

catalyst. This work will provide a new insight for rationally de-

signing and constructing efficient non- noble metal-based bi-
functional electrocatalysts through interfacial regulation for re-

newable energy storage and conversion.
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