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ABSTRACT 
An effective electrocatalyst being highly active in all pH range for oxygen reduction reaction (ORR) is crucial for energy conversion 
and storage devices. However, most of the high-efficiency ORR catalysis was reported in alkaline conditions. Herein, we 
demonstrated the preparation of atomically dispersed Fe-Zn pairs anchored on porous N-doped carbon frameworks (Fe-Zn-SA/NC), 
which works efficiently as ORR catalyst in the whole pH range. It achieves high half-wave potentials of 0.78, 0.85 and 0.72 V in 0.1 M 
HClO4, 0.1 M KOH and 0.1 M phosphate buffer saline (PBS) solutions, respectively, as well as respectable stability. The performances 
are even comparable to Pt/C. Furthermore, when assembled into a Zn-air battery, the high power density of 167.2 mW·cm−2 and 
120 h durability reveal the feasibility of Fe-Zn-SA/NC in real energy-related devices. Theoretical calculations demonstrate that the 
superior catalytic activity of Fe-Zn-SA/NC can be contributed to the lower energy barriers of ORR at the Fe-Zn-N6 centers. This 
work demonstrates the potential of Fe-Zn pairs as alternatives to the Pt catalysts for efficient catalytic ORR and provides new 
insights of dual-atom catalysts for other energy conversion related catalytic reactions. 
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1 Introduction 
Electrochemical oxygen reduction reaction (ORR) has attracted 
wide attention due to its significance in energy conversion and 
storage, such as fuel cells and metal-air batteries [1–5]. The 
catalysts for high-efficiency ORR are considered to be the key 
obstacles that limiting their application towards practical 
devices [6–12]. Platinum (Pt)-based catalysts have been studied 
for decades due to their high catalytic activity toward ORR. 
However, their large-scale applications are limited by their 
prohibitive price and limited stability [13–15]. 

In recent years, single-atom catalysts in the form of metal- 
nitrogen doped carbon (M-NC, M = Fe, Co, Ni, etc.) have 
been proposed as the most promising alternatives to Pt-based 
catalysts for ORR [16–24] due to their excellent catalytic ability, 
maximized atom efficiency, tunable electronic properties and 
more exposed active sites [25–28]. Generally, the metal single 
atoms are recognized as active centers for ORR catalysis, and 
the nitrogen atoms not only act as anchoring sites to stabilize 
the metal atoms but also can regulate the electronic structures 

of metal centers [2, 29, 30]. However, these single-atom electro-
catalysts are always reported with excellent ORR activity 
exclusively in alkaline electrolyte [31, 32]. Considering that in 
some cases of the energy devices, like polymer electrolyte 
membrane fuel cells and biofuel cells, acidic or neutral electrolytes 
are needed, the narrow pH range ORR catalysts worked 
greatly hindered their applicability and universality in energy 
conversion and storage [33]. Improving the ORR electrocatalytic 
activity of these atomic metal catalysts in acidic and neutral 
electrolytes is urgently needed. Recently, Lu et al. reported 
Zn-Co atomic pairs catalyst delivers excellent catalytic activity for 
ORR in both acidic and alkaline electrolyte [34]. N-coordinated 
Fe-Co dual sites were also reported to deliver outstanding 
activity for ORR in acidic electrolyte [35]. More importantly, 
these catalysts all show that the atomic pair sites composed 
of different types of metals can further enhance the ORR 
catalytic activity through the “synergistic effect” between the 
isolated metal sites on carbon matrix. Those works inspired 
us that the ORR catalytic activity of atomic catalysts would 
be enhanced and can be expanded into a wider pH range by 
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employing bimetallic atomic catalysts as active sites. 
Herein, we designed an efficient synthesis route to prepare 

atomically dispersed Fe-Zn pairs anchored on porous N-doped 
carbon frameworks (Fe-Zn-SA/NC) as an efficient catalyst 
for ORR. The as-synthesized isolated Fe-Zn pairs are clearly 
identified through electron energy-loss spectroscopy (EELS) 
and are determined to be bonded with six pyridinic-N atoms 
(Fe-Zn-N6) in the surroundings carbon matrix by synchrotron- 
radiation X-ray absorption fine structure spectroscopy (XAFS). 
Furthermore, the porous nature of the carbon support ensures 
abundant exposed active sites and efficient transfer of the 
ORR-related electrons, which endows Fe-Zn-SA/NC with excellent 
ORR activities in all-over pH range. It exhibits ultrahigh 
half-wave potentials (E1/2) of 0.78, 0.85 and 0.72 V in 0.1 M 
HClO4, 0.1 M KOH and 0.1 M phosphate buffer saline (PBS), 
respectively, all of which are very close to that of Pt/C and 
comparable with the most reported ORR catalysts (Tables S1– 
S3 in the ESM). In addition, The density functional theory 
calculation (DFT) demonstrates that the relatively lower energy 
barriers at the Fe-Zn-N6 centers towards ORR contribute to its 
high ORR catalytic activity. This work not only demonstrated 
the novel synthesis of Fe-Zn atomic catalyst, but also gave the 
first example for an atomic pair catalyst toward effective ORR 
in all-pH range. 

2  Experimental 

2.1  Synthesis of Fe-Zn-SA/NC 

The Fe-Zn-SA/NC was synthesized by a simple calcination 
method. In details, 0.432g glucose (C6H12O6), 5.17g NH3OHCl, 
0.837 mg (ca. 150 μL) of C12H22O14Fe·2H2O aqueous solution 
(0.0125 mol/L) and 0.341 mg of (ca. 200 μL) ZnCl2 aqueous 
solution (0.0125 mol/L) were ultrasonically dispersed in an 80 mL 
water-ethanol solution (the volume ratio of 1:1) for 30 min. A 
uniform solution was formed without any sediments. After 
that, the mixture was dried directly at 60 °C overnight by an 
air circulation oven to evaporate the redundant solvents, and the 
residual precipitated solid powder was collected. Subsequently, 
it was transferred into a tube furnace and purged with pure 
Ar (99.9%) for 30 min to get an inert atmosphere. Then, the 
prepared samples were heated to 950 °C at a rate of 5 °C·min−1 
and kept for 4 h. Next, they were cooled down naturally. The 
whole procedure was conducted under a constant Ar flow. 

2.2  Synthesis of Fe-SA/NC and Zn-SA/NC 

The Fe-SA/NC and Zn-SA/NC were synthesized by similar 
synthesis steps with that of Fe-Zn-SA/NC, except for solely 
adding 1.952 mg (ca. 350 μL) of C12H22O14Fe·2H2O aqueous 
solution for Fe-SA/NC and 0.596 mg (ca. 350 μL) ZnCl2 aqueous 
solution for Zn-SA/NC, respectively. It is worth noting that 
the mole amount of Fe or Zn in Fe-SA/NC and Zn-SA/NC is 
equal to the total amount of Fe and Zn in Fe-Zn-SA/NC. 

2.3  Synthesis of NC 

The NC was synthesized through a synthesis procedure similar 
to Fe-Zn-SA/NC, except that C12H22O14Fe·2H2O and ZnCl2 
were not added. 

2.4  Physical characterization of materials 

The X-ray diffraction (XRD) patterns were collected by an 
X-ray diffractometer (Rigaku SmartLab 9 kW) at a scan rate of 
20 °·min−1 from 10° to 90° with Cu Kα radiation (λ = 0.154598 nm). 
The morphologies and microstructures of the prepared samples 
were characterized by using a field emission gun scanning 
electron microscopy (SEM) instrument (Verios 460L of FEI), 

and the high-resolution transmission electron microscope 
(HRTEM, FEI Talos F200X S/TEM) with a field-emission 
gun at 200 kV. In addition, the atomic-resolution high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) images, EELS spectra and energy-dispersive 
X-ray spectroscopy (EDS) mappings were recorded with the 
aberration-corrected scanning transmission electron microscopy 
(AC-STEM, FEI Titan Cubed Themis G2 300) at 200 kV with 
a probe corrector and a monochromator. The X-ray photo-
electron spectroscopy (XPS) characterizations were performed 
by a Thermo Scientific K-alpha XPS system (Thermo Fisher 
Scientific, UK) with the Al Kα radiation as the X-ray source. 
The hard XAS measurements on the Fe and Zn K-edge were 
carried out in the fluorescence mode of 4B9A beamline of 
Beijing Synchrotron Radiation Facility (BSRF). The Raman 
spectrum was recorded on a Horiba Evolution (Horiba, France) 
Raman microscope. Furthermore, the concentration of Fe and 
Zn species was determined by the inductively coupled plasma- 
atomic emission spectroscopy (ICP-AES, SPECTRO-BLUE). 
The adsorption and desorption isotherms of N2, as well as the 
pore size distribution curve, were measured with an Autosorb- 
iQ-MP Micromeritics analyzer at 77 K. 

2.5  Electrochemical measurements 

The preparation methods of the working electrode catalyst are 
as follows: first, the catalyst ink was prepared by mixing 6 mg of 
the catalysts (such as Fe-Zn-SA/NC) with a solution containing 
450 μL of anhydrous ethanol, 500 μL of H2O and 50 μL of 5% 
Nafion solution, and the mixed solution was then ultrasonically 
treated for 30 min to obtain a uniformly dispersed liquid. 
Then, 20 μL of the well-dispersed catalyst ink was coated on 
the polished glassy carbon rotating disk electrode (RDE) or 
rotating ring disk electrode (RRDE) to yield an absolute 
mass loading of 0.6 mg·cm−2. Commercial 20 wt.% Pt/C was 
also prepared by dispersing 6 mg of the catalyst in 1 mL of 
the above-mentioned similar solution. The mass ratio of 
Pt/C, Fe-SA/NC, Zn-SA/NC and NC is similar to that of 
Fe-Zn-SA/NC catalyst. 

All electrochemical measurements were carried out using 
the CHI Electrochemical Station (760E) of the three-electrode 
system. We used Pt foil and Hg/HgO was used as a counter 
electrode and reference electrode, and all electrochemical 
tests were performed at 25 ºC in 0.1 M KOH, 0.1 M HClO4 and 
0.1 M PBS, respectively. Before ORR electrochemical test, the 
electrolyte was first saturated with O2 for 30 min, and the flow 
rate was kept constant during the subsequent measurements. 
Similarly, before the test, the cyclic voltammetry (CV) method 
was used to activate the catalysts with a scan rate of 100 mV·s−1 
between 0.1–1.1 V versus reversible hydrogen electrode 
(vs. RHE). The linear sweep voltammetry (LSV) curves were 
recorded by varying the scanning voltage on the cathode from 
1.23 to 0.1 V. The measurements of RDE and RRDE were 
obtained at a rotating speed of 1,600 rpm with a sweep rate 
of 10 mV·s−1. All of the measured potentials of catalyst were 
referenced to the RHE according to the Nernst equation 
potential 

ERHE (V) = EHg/HgO (V) + 0.0591 × pH + 0.098 (V) 
For ORR of RDE, the electron transfer number (n) was analyzed 
based on the Koutecky-Levich (K-L) equation [22] 
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where J is the measured current density; the JL and JK is the 
limiting current and kinetic densities, respectively; ω is the angular 
velocity of the disk; n is the numbers of electron transferred 
in the ORR; F is the Faraday constant (96,485 C·mol−1); C0 is the 
bulk concentration of O2 (1.2 × 10−6 mol cm-3); D0 is the diffusion 
coefficient of O2 (1.9 × 10−5 cm2·s−1); θ is the kinematic viscosity 
of the electrolyte (0.01 cm2·s−1); and k is the electron transfer 
rate constant. In addition, the hydrogen peroxide yield (H2O2%) 
and the electron transfer number (n) were also calculated 
through the RRDE technique. During the entire test, the disk 
electrode was scanned at a speed of 10 mV·s−1 and the ring 
electrode potential was set to 1.20 V vs. RHE. H2O2% and n of 
catalyst were determined by the following equations [22] 
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where Id and Ir are the disk and ring current, respectively, and 
N is the current collection efficiency of the Pt ring, which is 
0.37 in this test. We further determined the electrochemical 
active surface area (ECSA) of different catalysts based on the 
double-layer capacitance (Cdl) values that were obtained by 
CV measurements in a non-Faradaic resign at different 
scan rates from 10 to 30 mV·s−1. Electrochemical impedance 
spectroscopy (EIS) was performed in the frequency range 
from 1,000 kHz to 10 mHz with a voltage amplitude of 5 mV. 

2.6  Zn-air battery fabrication 

The primary Zn-air batteries were tested with a home-built 
three-electrode device. The whole-cell consists of anode, cathode 
and electrolyte. The cathode (i.e., the air electrode) was made by 
nickel foam, catalyst layer and gas diffusion layer. It should be 
noted that the catalyst side of the air electrode should be placed 
in direct contact with air. The air electrode was made as follows: 
firstly, the homogeneous catalyst ink such as Fe-Zn-SA/NC and 
20 wt.% Pt/C was prepared by mixing and stirring expandable 
graphite, activated carbon, and polytetrafluoroethylene 
(PTFE) (60 wt.% PTFE emulsion dispersed in water), wherein 
their mass ratio is 3:3:3:1. The cathode was prepared through 
dropping the catalyst ink onto nickel foam of (2 cm × 2 cm) 
with a loading of 2 mg·cm–2, and dried at 60 C for 12 h for 
later use. The gas diffusion layer consists of camphor, acetylene 
black (10 wt.%), PTFE (25 wt.%) and polyvinylidene fluoride 
(PVDF, 45 wt.%). The 5 mm polished Zn foil was used as the 
anode. 0.2 M zinc acetate + 6 M KOH aqueous solution and 
4 mol·L−1 NH4Cl + 1 mol·L−1 KCl aqueous solution was utilized 
as the electrolyte for alkaline and neutral Zn-air batteries, 
respectively. The discharge performance of the battery was 
tested under chronopotentionmetry program (CHI 760E, 
China). 

2.7  Computational details 

First-principles computations are performed using the DMol3 
code. The Perdew-Burke-Ernzerhof (PBE) exchange-correlation 
functional within a generalized gradient approximation 
(GGA) was employed. The double numerical plus polarization 
(DNP) was chosen as the basis set for other elements. To ensure 
high-quality results, self-consistent field (SCF) calculations 
were performed with a convergence criterion of 2.0 × e−5 and 
the cutoff radius of the real space global orbit was chosen as 
high as 4.5 Å. 

3  Results and discussion 
As depicted in Fig. 1(a), the isolated Fe-Zn atomic pairs on N- 
doped carbons were synthesized by a simple calcination method. 
The HRTEM image in Fig. 1(b) and Fig. S1(a) in the Electronic 
Supplementary Material (ESM) also show the carbon substrate 
lattice with an interplanar distance of 0.342 nm for the (002) 
facets of graphitic carbon, which is in agreement with the 
typical (002) peak of graphitic carbon phase by the XRD 
pattern (Fig. S1(b) in the ESM) [36]. STEM images in Fig. 1(c) 
and Fig. S2 in the ESM indicate that there are many defect 
pores on the surface of the Fe-Zn-SA/NC, which is caused by 
volatilization of the gas generated during high-temperature 
calcination. In addition, the N2 physisorption isotherms for 
Fe-Zn-SA/NC suggest that the coexistence of mesopores and 
micropores with an ultrahigh specific surface area of 810.66 m2·g−1 
(Fig. S3 in the ESM ). Raman spectra (Fig. S4 in the ESM) 
also suggest that many structural defects are produced on the 
N-doped carbon support [37]. The mesopores and micropores 
defects are beneficial to the accessibility of active sites and the 
rapid transportation of ORR-relevant species during electro-
catalysis. Furthermore, EDS elemental mapping in Fig. 1(d) 
reveals that the C, N, Fe and Zn elements are homogeneously 
distributed over the entire flakes. Besides, the uniformly 
distributed N element tends to form N-doped carbons, like 
graphitic-N, which would modulate the electronic properties 
of graphene and contribute to the enhanced electron transfer 
during electrocatalysis [35, 38]. More importantly, DFT 
calculation results also show that Fe-Zn metal sites are more 
likely to exchange electrons with the carbon matrix after N- 
doping (Fig. S5 in the ESM). To identify the form of the Fe 
and Zn atoms distributed on N-doped carbon supports, the 
aberration-corrected HAADF-STEM was performed [39–41]. 
As shown in Fig. 1(e) (additional enlarged images are shown 
in Fig. 1(f)), isolated heavier Fe or Zn single atoms and some 
Fe-Zn atomic pairs are distributed all over the porous N-doped 
carbon framework. More importantly, they can be accurately 
identified by EELS in Fig. 1(g) (raw data in Fig. S6 in the ESM).  

 
Figure 1  Morphology and structure of Fe-Zn-SA/NC. (a) Scheme illustration 
for the synthesis. (b) HRTEM image. (c) Low-magnification HAADF- 
STEM image. (d) EDS mappings of the corresponding C, N, Fe and Zn. 
The images have the same scale bars. (e) Atomic resolution HAADF- 
STEM image and enlarged images (f) of the Fe-Zn-SA/NC. In (f), some of 
Fe-Zn atomic pairs are highlighted by larger magenta circles, and some of 
single Fe or Zn atoms highlighted by smaller orange circles. (g) The EELS 
spectra of Fe-Zn-SA/NC. 
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The Fe-L2,3 edge (710.0 eV) and Zn-L2,3 edge (1,029.1 eV) were 
simultaneously detected on an atomic pair [42, 43], which 
can clearly prove the existence of Fe-Zn atomic pairs in the 
Fe-Zn-SA/NC. The Fe and Zn contents were measured to be 
0.22 wt.% and 0.10 wt.% in the Fe-Zn-SA/NC, respectively, 
by ICP-AES. Furthermore, we also prepared Fe or Zn single 
atoms anchored to N-doped carbon (namely Fe-SA/NC and 
Zn-SA/NC), and N-doped carbon (denoted as NC) for com-
parison (Figs. S7–S9 in the ESM). 

To gain deep insight into the surface chemical composition 
and elemental bonding configuration information of the 
Fe-Zn-SA/NC catalysts, the XPS was performed. Figure 2(a) 
shows the Fe 2p spectrum of Fe-Zn-SA/NC. Five peaks of 710.5, 
712.8, 717.5, 723.6 and 725.3 eV are assigned to Fe2+ 2p3/2, 
Fe3+ 2p3/2, satellite peak, Fe2+ 2p1/2 and Fe3+ 2p1/2 on the basis of 
binding energies, respectively [44]. In the XPS spectrum of Zn 2p 
(Fig. 2(b)), the peaks at 1,021.8 and 1,044.8 eV correspond to the 
Zn2+ [37]. Additionally, in Fig. S10 in the ESM of the N 1s XPS 
spectrum, the presence of Fe–N bond (398.7 eV) and Zn–N 
bond (399.7 eV) further confirms that the Fe and Zn single 
sites in Fe-Zn-SA/NC are stabilized by N atoms [37, 45]. Of 
note, even that the boiling point of metal Zn is 907 °C, while 
the formation of Zn-N4 bonds in Zn single-atoms prevents them 
from evaporating [46, 47]. To further investigate the Fe and 
Zn atomic configurations in Fe-Zn-SA/NC, we performed 
K-edge X-ray absorption near-edge structure (XANES) and 
extended X-ray absorption fine structure (EXAFS) tests. The 
Fe K-edge XANES spectra for Fe-Zn-SA/NC, along with Fe 
Foil and Fe2O3 references, were shown in Fig. 2(c). It indicates 
that the average valence of Fe atom is between Fe2+ and Fe3+, 
which is consistent with the XPS analysis in Fig. 2(a). The 
Fourier transform (FT) κ3-weighted EXAFS spectrum of 
Fe-Zn-SA/NC in Fig. 2(d) reveals the two prominent peaks  

 
Figure 2  Structural and chemical identifications of Fe-Zn-SA/NC. 
(a) and (b) The high-resolution XPS Fe 2p and Zn 2p spectra of 
Fe-Zn-SA/NC. (c) and (d) Fe K-edge XANES and Fourier-transform 
EXAFS spectra of Fe-Zn-SA/NC and reference samples. (e) The quantitative 
EXAFS fitting curves of R space and the corresponding schematic model 
(f) of Fe-Zn-SA/NC. 

located at 1.5 and 2.45 Å, which can be attributed to the Fe–N 
and Fe–Zn structure, respectively [30, 48]. These results are 
also consistent with N 1s XPS analyses in Fig. S10 in the ESM. 
It should be mentioned that the Fe–Fe coordination peak  
at 2.2 Å is not detected on Fe-Zn-SA/NC, revealing the atomic 
dispersion nature of Fe [48]. The quantitative EXAFS fitting 
was conducted to further identify the local coordination 
environment of Fe atom in Fe-Zn-SA/NC. The results are 
shown in Fig. 2(e). The fitting curves and analysis suggest that 
the Fe and Zn atoms in Fe-Zn-SA/NC are coordinated by six 
N atoms (Fig. 2(f)). 

The ORR activity of Fe-Zn-SA/NC was first studied using 
a RDE in an O2-saturated acidic electrolyte (0.1 M HClO4). For 
comparison, a commercial Pt/C catalyst (20% Pt), Fe-SA/NC, 
and Zn-SA/NC were evaluated. As shown in Fig. S11 in the ESM, 
the CV curves of the Fe-Zn-SA/NC show a higher reduction 
current density in an O2-saturated electrolyte, implying an 
outstanding ORR performance of this catalyst. As presented 
in Fig. 3(a), the LSV of Fe-Zn-SA/NC demonstrates a more 
positive onset potential (Eonset, 0.87 V vs. RHE), half-wave 
potential (E1/2, 0.78 V vs. RHE), and larger diffusion-limited 
current density (JL, 4.72 mA·cm−2). These values are very close 
to those of commercial Pt/C catalyst (Eonset, 0.94 V, E1/2, 0.80 V, 
JL, 5.06 mA·cm−2) and even higher than most of the recent reports 
(Table S1 in the ESM). Notably, Fe-Zn-SA/NC also exhibits 
obvious enhanced ORR performance compared to Fe-SA/NC 
and Zn-SA/NC catalysts. It indicates that the catalytic activity 
derives from the synergistic effect of Fe-Zn atomic pairs is far  

 
Figure 3  ORR performance of Fe-Zn-SA/NC in O2-saturated 0.1 M HClO4 
solution. (a) ORR polarization curves for different catalysts in 0.1 M 
HClO4 solution. (b) Tafel plots of Fe-Zn-SA/NC, Fe-SA/NC, Zn-SA/NC 
and Pt/C catalysts. (c) Electron transfer number and H2O2 yield plots of 
Fe-Zn-SA/NC and Pt/C. (d) Chronoamperometric curves of a methanol 
crossover test with Fe-Zn-SA/NC and Pt/C at 0.3 V vs. RHE. (e) The 
amperometric i−t response to the Fe-Zn-SA/NC and Pt/C at 0.7 V vs. 
RHE. (f) ORR polarization curves before and after 5,000 CV cycles over 
Fe-Zn-SA/NC electrocatalyst. 
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greater than those of Fe single atoms or Zn single atoms towards 
ORR. The Tafel slopes were derived to evaluate the ORR kinetic 
character of Fe-Zn-SA/NC and Pt/C. As shown in Fig. 3(b), 
Fe-Zn-SA/NC exhibits smaller Tafel slopes (54.3 mV·dec−1) than 
that of the Pt/C (76.6 mV·dec−1) in acidic conditions, indicating 
an accelerated ORR kinetic of Fe-Zn-SA/NC [48], also suggesting 
the migration of adsorbed oxygen intermediates is more likely 
to be the rate-determining step for Fe-Zn-SA/NC and Pt/C 
[49, 50]. Further, the ECSA of the samples were also evaluated 
by measuring electrochemical double-layer capacitances (Cdl) 
(Fig. S12 in the ESM) [51, 52]. As shown in Fig. S13 in the ESM, 
the Cdl value of Fe-Zn-SA/NC is 70.0 mF·cm−2, higher than 
those of reference materials, further indicative of the increased 
electrochemically active sites of Fe-Zn-SA/NC. Besides, EIS 
tests of Fe-Zn-SA/NC and reference materials were conducted. 
As depicted in Fig. S14 in the ESM, Fe-Zn-SA/NC has the best 
electron transfer ability among the samples, agreeing with its 
optimal ORR activity. 

The K-L plots in Fig. S15 in the ESM show good linearity, 
elucidating the first-order reaction kinetics of Fe-Zn-SA/NC 
[22]. The electron transfer number (n) for Fe-Zn-SA/NC    
is calculated by the RRDE measurements in Fig. 3(c). In 
the potential range between 0.1 and 0.8 V, the n value of 
Fe-Zn-SA/NC is 3.86–3.88, and the H2O2 yield remains below 
8%, further suggesting that the Fe-Zn-SA/NC possesses a 
direct four-electron (4e−) pathway [48]. In addition, ORR is an 
important catalytic reaction applied to methanol fuel cells, we 
also performed the methanol crossover test of the catalysts as 
displayed in Fig. 3(d). In comparison with the sharply decreased 
current density of Pt/C after injecting methanol (3 M/L), 
the current density of Fe-Zn-SA/NC just shows a partial delay, 
reflecting its excellent methanol tolerance. The long-time 
stability of Fe-Zn-SA/NC was evaluated. It’s worth noting that 
the current density of commercial Pt/C degrades rapidly in 
acidic electrolyte, and its stability is inferior to that in alkaline 
or neutral electrolyte [53, 54]. As depicted in Fig. 3(e), after 
30,000 s long-time tests, Fe-Zn-SA/NC exhibits a lower current 
decay compared to Pt/C, indicating its better ORR stability. 
In addition, after 5,000 CV scans in 0.1 M HClO4 under the 
O2-atmosphere (Fig. 3(f)), the E1/2 of the Fe-Zn-SA/NC shows 
no obvious decrease, further indicating the good stability of 
the catalyst in acidic conditions. 

In this work, we also investigated the ORR performance 
of Fe-Zn-SA/NC in alkaline (0.1 M KOH) and neutral (0.1 M 
PBS) conditions. The CV curves of the Fe-Zn-SA/NC show a 
higher reduction current density in an O2-saturated electrolyte 
than that in N2-saturated ones, both in alkaline and neutral 
conditions as observed in Fig. S16 in the ESM. As shown in 
Figs. 4(a) and 4(b), Fe-Zn-SA/NC holds a good ORR activity 
with a large positive E1/2 of 0.85 V in alkaline media and 0.72 V 
in neutral media, which is comparable to the Pt/C (0.83 V in 
alkaline media and 0.72 V in neutral media) and most of the 
recent reports (Tables S2 and S3 in the ESM). Furthermore, as 
shown in Figs. 4(c) and 4(d), Fe-Zn-SA/NC also exhibits small 
Tafel slopes in both alkaline (41.7 mV·dec−1) and neutral 
conditions (112.6 mV·dec−1), indicating the superior reaction 
kinetics of Fe-Zn-SA/NC. Similarly, in alkaline solution, the 
rate-determining step of Pt/C is probably the migration of 
adsorbed oxygen intermediates, while rate-determining step of 
Fe-Zn-SA/NC comes to be the protonation of *O intermediate. 
However, in neutral solution, the first electron transfer step 
comes the rate-determining step of ORR for Fe-Zn-SA/NC 
and Pt/C [49, 50, 55]. According to K-L equation (Figs. S17 
and S18 in the ESM), the calculated electrode transfer number  

 
Figure 4  ORR performance of Fe-Zn-SA/NC in O2-saturated 0.1 M 
KOH and PBS solutions. (a) and (b) ORR polarization curves for different 
catalysts. (c) and (d) Tafel plots of Fe-Zn-SA/NC, Fe-SA/NC, Zn-SA/NC 
and Pt/C. (e) and (f) Electron transfer number and H2O2 yield plots of 
Fe-Zn-SA/NC and Pt/C. 

was close to 4. The n and H2O2 yield were further evaluated 
(Figs. 4(e) and 4(f) using the RRDE. In alkaline electrolyte, the 
n and H2O2 yield are determined to be 3.90–4.00 and 5%, 
respectively; while in neutral media, they are about 3.80–3.96 and 
10%, respectively. Therefore, ORR on Fe-Zn-SA/NC follows 
a near 4e− transfer pathway in both alkaline and neutral con-
ditions, demonstrating an efficient reduction of O2. In addition, 
Fe-Zn-SA/NC also shows excellent methanol tolerance in 
alkaline and neutral conditions (Fig. S19 in the ESM), con-
vincingly implying a favorable tolerance toward the small 
organic molecules. Furthermore, the long-time stability tests 
of Fe-Zn-SA/NC in alkaline and neutral conditions (Figs. S20 
and S21 in the ESM) also suggest the excellent stability of 
Fe-Zn-SA/NC toward ORR. After the long-term catalysis 
procedure, no obvious change appears in the structure and 
morphology of Fe-Zn-SA/NC, as indicated by XRD pattern, 
XPS spectrum and HAADF-STEM image results (Figs. S22−S24 
in the ESM). The metal species still exist as single atoms after 
long-term testing. These results reveal the excellent long-term 
stability of Fe-Zn-SA/NC during electrochemical operation. 
Further, the ORR tests of Fe-SA/NC and Zn-SA/NC were also 
performed in acidic, alkaline and neutral electrolytes under 
the same conditions as those of Fe-Zn-SA/NC (Figs. S25−S27 
in the ESM). All results show that the ORR catalytic activity of 
Fe-Zn atomic pairs is superior to that of Fe or Zn single-atom 
sites. Besides, after normalizing their activity against the 
amount of metals, Fe-Zn-SA/NC shows the best mass activity 
of 0.86, 2.01, and 0.61 mA·mg−1 at 0.8 V vs. RHE in acidic, 
alkaline and neutral conditions, respectively (Fig. S28 in the 
ESM), highlighting the wonderful ORR catalytic activity of 
Fe-Zn-SA/NC. 
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To evaluate the practical application of Fe-Zn-SA/NC 
electrocatalyst in energy conversion storage devices, a primary 
Zn-air battery was assembled utilizing Fe-Zn-SA/NC as the air 
cathodes and 6.0 M KOH as electrolyte [56, 57]. As depicted 
in Fig. 5(a), the maximum power density of the Fe-Zn-SA/NC 
was up to 167.2 mW·cm−2, which close to 169.3 mW·cm−2  
of Pt/C. The open-circuit voltage of the Fe-Zn-SA/NC was 
as large as ~ 1.44 V (insert of Fig. 5(b)). Moreover, the 
Fe-Zn-SA/NC based Zn-air battery delivers a specific capacity 
of 756.6 mAh·gZn

−1 at 10 mA·cm−2, corresponding to a ~ 92.3% 
utilization of the theoretical capacity (׽  820 mAh·gZn

−1) 
(Fig. 5(b)). In addition, Fe-Zn-SA/NC was assembled into a 
primary Zn-air battery of neutral electrolyte (Fig. S29 in the 
ESM), which also shows a satisfying performance. Furthermore, 
when assembled as an alkaline rechargeable Zn-air battery 
by utilizing Fe-Zn-SA/NC+IrO2 as the air cathodes, it displays 
outstanding cycling stability as indicated by a negligible 
voltage variation for continuous 360 cycles (120 h) in Fig. 5(c), 
whereas Pt/C + IrO2 based rechargeable Zn-air battery shows 
an unacceptable rise of the voltage gap between charge and 
discharge after 135 cycles due to the gradually inactivated 
Pt/C and IrO2 catalysts. The good performance and impressive 
operation durability of the rechargeable Zn-air battery reveal 
the feasibility of Fe-Zn-SA/NC electrocatalyst in real energy- 
related devices. 

To determine the intrinsic reason for the better ORR 
performance of Fe-Zn-SA/NC compared with Fe-SA/NC 
and Zn-SA/NC, the DFT calculations were explored from the 
thermodynamics. As presented in Fig. 6(a), the O2 molecule 
can be chemically adsorbed on the Fe-Zn-N6, Fe-N4 and 
Zn-N4 sites with pre-adsorbed OH radicals, while tending to 
be physically adsorbed on the Zn-N4 site, showing a relatively 
weak reaction possibility. It is worthy to note that the OO 
bond of O2 is slightly elongated to 1.293 Å after adsorption on 
Fe-Zn-N6(2OH) sites, in contrast, the OO bond is 1.290 and 
1.240 Å when O2 was adsorbed on Fe-N4(OH) and Zn-N4(OH) 
sites, respectively. The big difference may be derived from 
the differentiated modulation of the electronic structures 
by surrounding coordination atoms (Fe, Zn and N). The 
elongated OO bond on Fe-Zn-N6(2OH) sites would promote  

 
Figure 5  Zn-air battery performance of Fe-Zn-SA/NC. (a) Polarization and 
power density curves of primary Zn-air battery using Fe-Zn-SA/NC or 
Pt/C as ORR catalyst in 6 M KOH electrolyte. (b) Long-time galvanostatic 
discharge curves of a Zn-air battery with Fe-Zn-SA/NC or Pt/C as cathode 
catalyst until complete consumption of Zn anode and the inset is the 
photograph of open-circuit voltage. (c) Long-term galvanostatic discharge- 
charge plots at 10 mA·cm−2. 

 
Figure 6  DFT calculations. (a) Optimized geometries of O2 on the 
Fe-Zn-N6, Fe-N4, and Zn-N4 with pre-adsorbed OH systems. (b) Volcano 
plot for the ORR overpotential against the standard free energy of ΔG*O 
ΔG*OH. (c) Free energy profiles for ORR at U = 0 and 1.23 V (the equilibrium 
potential for a 4e− ORR) on Fe-Zn-SA/NC with the possible pathways. 
The insets in c are the most stable configurations of *OOH, *O and *OH 
intermediates obtained by the DFT calculations. 

the hydrogenation of O2 and reduce the OOH dissociation 
energy barrier [24], thus efficiently enhancing the ORR activity. 
Furthermore, the oxygen-containing intermediates of *O and 
*OH, which play significant roles in the ORR reaction, could 
be used as the descriptors. The adsorption free energies of 
*O and *OH are calculated via considering possible initial 
configurations [58]. As shown in the ORR volcano plot 
(Fig. 6(b)), the free energy differences of (ΔG*O–ΔG*OH) were 
adopted as the descriptor to screen the ORR activities for various 
catalysts. It can be seen that the Fe-Zn-N6(2OH) shows the 
best ORR performance with the location close to the apex of 
the volcano, while Fe-N4(OH) and Zn-N4(OH) are away from 
the volcano peak. In addition, we further investigated the 
possible ORR reaction pathways on Fe-Zn-SA/NC at U = 0 and 
1.23 V in Fig. 6(c). The possible reaction pathways for ORR is 
O2→*OOH→*O→*OH→ H2O, following a 4e− transfer pathway 
[34]. This reaction mechanism clearly shows that the energy 
barrier is easy to overcome when U = 1.23 V due to the low 
potential determining step from the thermodynamical per-
spective. These DFT results are also in good agreement with 
our experimental results, which further indicates that our 
synthesized Fe-Zn atomic pair catalyst has high ORR activity. 

4  Conclusions 
In summary, we prepared atomically dispersed Fe-Zn pairs 
anchored on porous N-doped carbon frameworks by a simple 
calcination method. The as-synthesized isolated Fe-Zn atomic 
pairs are accurately identified through the EELS technologies, 
and Fe-Zn atomic pairs are determined to be bonded with six 
pyridinic-N atoms from XAFS characterization. The synergistic 
effect between the isolated Fe-Zn atoms pairs and nitrogen 
coordinated Fe or Zn single atoms (Fe-Zn-N6, Fe-N4, Zn-N4) 
promotes the ORR activities. The porous N-doped carbon matrix 
ensures abundant exposed active sites and efficient transfer of 
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the ORR-related electrons. As a result, Fe-Zn-SA/NC affords 
excellent ORR activities in the whole pH range. Furthermore, 
the good performance and impressive durability of Zn-air 
battery reveal the feasibility of Fe-Zn-SA/NC electrocatalyst in 
real energy-related devices. DFT calculations demonstrate that 
the relatively lower energy barriers on the Fe-Zn-N6 centers 
contribute to its higher ORR catalytic activity. This work 
demonstrates the potential of Fe-Zn pairs as an alternative 
to the Pt catalysts for efficient all-pH ORR and provides new 
opportunities for the rational design and construction of other 
multifunctional dual-atom catalysts for diverse applications. 
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