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l single atom catalyst on
commercial carbon black for efficient oxygen
reduction reaction†

Hongzhou Yang,‡ab He Huang, ‡a Qing Wang,b Lu Shang, *b Tierui Zhang bc

and Shouguo Wang*ad

3d transition metal single atom catalysts (SACs) (e.g. M = Fe, Co, Cu) are considered as promising catalysts

for oxygen reduction reaction (ORR), among which Fe SACs display comparable performance to

commercial Pt/C. However, Fe SACs still demand significant improvements in activity and stability for

further industrial deployment. Herein, a Fe, Cu dual metal SAC was synthesized using a facile ligand-

mediated method. Fe and Cu atoms were atomically dispersed on commercial carbon black in the form

of FeN4 and CuN4 sites. Owing to the interactions between the adjacent Fe and Cu atoms co-existing in

a very tiny area, the as-synthesized Fe, Cu dual metal SAC exhibited excellent ORR performance with

a high half-wave potential of 0.926 V and good stability in 0.1 M KOH, which are significantly higher than

that of the Fe-SAC or Cu-SAC control samples. Density function theory calculations showed that the Cu

single atom can act as an electron donator enriching the electron density of Fe sites, thus endowing the

Fe sites with optimized adsorption/desorption energy for ORR intermediates and thereby facilitating the

ORR activity of FeCu-SAC. Moreover, a study on three typical commercial carbon substrates indicated

that carbon support with high surface areas and hierarchical pore structure was beneficial for ORR. The

excellent ORR activity and durability of FeCu-SAC enabled the constructed Zn–air battery to have a high

power density of 201.4 mW cm−2 and high specific energy of 827.68 W h kg−1.
Introduction

Oxygen reduction reaction (ORR) is a key electrocatalytic reac-
tion in many next-generation energy storage and conversion
devices, such as fuel cells and metal–air batteries.1–4 However,
its sluggish kinetics have been the main bottleneck of these
technologies.5 To date, platinum (Pt)-based materials are used
as the most efficient catalysts for ORR.6–9 However, the high cost
and low abundance of Pt limit its large-scale applications.
Recently, single atom catalysts (SACs) have been considered
promising alternatives to Pt-based ORR catalysts because met-
alloporphyrin active sites are intrinsically active for ORR.1,5,10–12

Among various SACs, Fe SACs have been reported to display the
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best ORR activity owing to the optimized adsorption binding
energy (despite being strong) of Fe centres to ORR
intermediates.13–15 To further improve the ORR activity of Fe
SACs, dual metal SACs with secondary metal sites were devel-
oped with the expectation that the synergistic effect of twometal
sites can facilitate the catalytic activity.16–25 For example, Li et al.
synthesized Fe, Co dual metal SAC via pyrolyzing a metal
organic framework (MOF) precursor containing two metal ions.
Because of the formation of new FeCoN6 active sites, this cata-
lyst exhibited excellent ORR performance in acidic media.26

Thereaer, many dual metal SACs for ORR were developed,
such as Fe, Ni-SAC,27 Fe, Mn-SAC,28,29 and Zn, Co-SAC.30

However, there are limited studies on Fe, Cu dual metal SACs,
which may be mainly because the activity of Cu SACs was usually
inferior to other SACs.31–36 However, a theoretical study indicated
that Fe, Cu dual metal SACs may have high intrinsic activity for
ORR because the Cu sites with a high d orbital electron density
(d10) can act as electron donors to adjust the electron structure of
Fe site and thus facilitate the electrochemical activity.37 More-
over, some experimental results indicated that the introduction
of Cu sites in Fe SACs can effectively improve its activity.38–40

However, the reported Fe, Cu-SACs, similar to most SACs, were
synthesized based on MOF.41 This synthetic route involved
abundant evaporation of carbonic species, resulting in a low yield
of the nal product.42 Additionally, the ORR activity of MOF-
J. Mater. Chem. A, 2023, 11, 6191–6197 | 6191
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based Fe, Cu dualmetal SACswas still unsatisfactory owing to the
low metal content (insufficient active sites for ORR) or improper
pore size distribution of the carbon support (mainly contained
micropores that cannot be exposed to electrolyte and contribute
to oxygen reduction).43,44

In a previous study, we developed a facile and universal
ligand-mediated method for synthesizing SACs with high metal
loadings on a commercial carbon black.45 A series of single and
dual SACs with high metal loadings were synthesized in a large
scale. Herein, the Fe, Cu dual metal SAC (denoted as FeCu-SAC)
was successfully synthesized via a similar ligand-mediated
method, followed by an investigation of the inuence of
different typical commercial carbon black supports on their
ORR performance. The synthesis involved the coordination of
Fe and Cu ions with 1,10-phenanthroline to form a metal
complex and then the uniform adsorption and dispersion of the
metal complex on the carbon black. The metal complex-
containing carbon precursor was then pyrolyzed and treated
in acid to remove undesirable metal nanoparticles, thus
yielding the nal FeCu-SAC. Aberration-corrected high-angle
annular dark-eld scanning transmission electron microscopy
(HAADF-STEM) and extended X-ray absorption ne structure
(EXAFS) spectroscopy conrmed that the Fe and Cu atoms were
atomically dispersed on the nitrogen-doped carbon. Electron
energy loss spectroscopy (EELS) indicated that the Fe and Cu
atoms co-existed in a tiny area; therefore, they were close
enough to interact with the adjacent Fe and Cu sites. The as-
synthesized FeCu-SAC catalyst exhibited excellent ORR perfor-
mance with high half-wave potential (E1/2) of 0.926 V and good
stability in 0.1 M KOH, which was signicantly higher than the
control Fe-SAC or Cu-SAC samples. The DFT calculations
demonstrated that the introduction of Cu sites can modify the
electron density on Fe sites, thereby leading to a lower energy
barrier for ORR intermediates and higher ORR activity. The
excellent ORR activity enabled the constructed Zn–air battery to
have a high power density of 201.4 mW cm−2 and a high specic
energy of 827.68 W h kg−1.
Experimental
Chemicals

Iron(II) acetate and dimethyl sulfoxide were purchased from J&K
Scientic Co., Ltd. Copper(II) acetate monohydrate was
purchased from Xilong Scientic Co., Ltd. 1,10-phenanthroline
monohydrate was purchased from Sinopharm Chemical
Reagent Co., Ltd. Potassium hydroxide was purchased from
Shanghai Aladdin Co., Ltd. Ketjen black EC-300J was produced
by lion corporation. Cabot Vulcan XC72 and Cabot Black Pearls
2000 were produced by the Cabot Corporation. Commercial Pt/
C was produced by E-teK. Deionized water (18.2 MU) was used
throughout the experiment. All chemicals were analytically pure
and used as received without further purication.
Fig. 1 (a) TEM and SAED (insert) images of FeCu-SAC. (b) HAADF-
STEM image of FeCu-SAC. (c) EDX elemental maps of FeCu-SAC.
Synthesis of FeCu-SAC, Fe-SAC and Cu-SAC

FeCu-SAC was synthesized by applying a modied ligand-
mediated method.45 Typically, 6.08 mg of iron(II) acetate,
6192 | J. Mater. Chem. A, 2023, 11, 6191–6197
6.98 mg of copper(II) acetate monohydrate and 58.8 mg of 1,10-
phenanthroline monohydrate were dissolved in 2 mL of
dimethyl sulfoxide under magnetic stirring. Subsequently,
69.6 mg of carbon black (Ketjen black EC-300J) was added into
the solution and then heated in an oil bath at 60 °C under
magnetic stirring for 4 h. The resulting dispersion was heated at
190 °C for 12 h to evaporate the dimethyl sulfoxide, and a black
solid was obtained. Then, the produced black solid was ground
with a mortar and subsequently pyrolyzed in a tube furnace at
800 °C under an argon atmosphere for 2 h. Aer cooling to
room temperature, the black powder was soaked in 2 M HCl at
80 °C with continuous magnetic stirring for 12 h. Then, the
products were washed with deionized water 3 times and ethanol
2 times under centrifugal, and the FeCu-SAC was obtained. The
Fe-SAC was synthesized with a similar method except that only
6.08 mg of iron(II) acetate and 29.4 mg of 1,10-phenanthroline
monohydrate were used. The Cu-SAC was synthesized with
a similar method except that only 6.98 mg of copper(II) acetate
monohydrate and 29.4 mg of 1,10-phenanthroline mono-
hydrate were used. To synthesize FeCu-SAC loaded on various
carbon substrates, all experimental protocols were the same as
those for FeCu-SAC except that different carbon substrates
(Cabot Vulcan XC72 and Cabot Black Pearls 2000) were used.

Details of the electrochemical measurements, characteriza-
tion and simulation methods can be found in the ESI.†
Results and discussion
Characterization of FeCu-SAC, Fe-SAC and Cu-SAC

FeCu-SAC was synthesized using a modied ligand-mediated
method.45 For comparison, Fe-SAC and Cu-SAC were also
synthesized using the same method (Ketjen black EC-300J was
used as the carbon substrate without specied notation).
Transmission electron microscopy (TEM) images showed that
the FeCu-SAC (Fig. 1a) maintained a similar morphology to the
carbon substrate (Fig. S1†), and no metal nanoparticles were
observed. The inset selected area electron diffraction (SAED)
image further conrmed the absence of metal nanoparticles in
FeCu-SAC, whereas the diffraction rings corresponded to
carbon, and no diffraction dots were observed. Similar TEM
(Fig. S2 and S3†) and SAED results (Fig. S4 and S5†) were also
observed in the control Fe-SAC and Cu-SAC samples. Powder X-
ray diffraction (XRD) further provided crystal structure infor-
mation at the macroscale (Fig. S6†). For all three samples, there
were only two broad peaks located at about 24.8° and 43.4°,
This journal is © The Royal Society of Chemistry 2023

https://doi.org/10.1039/d2ta09922e


Fig. 2 (a) HAADF-STEM image of FeCu-SAC. (b) EELS spectrum for
FeCu-SAC (inset: magnified spectrum for Fe and Cu peaks). (c) Fe K-
edge EXAFS R space plot and fitting results for FeCu-SAC. (d) Fe K-
edge EXAFS WT images of FeCu-SAC and references. (e) Cu K-edge
EXAFS R space plot and fitting results of FeCu-SAC. (f) Cu K-edge
EXAFS WT images of FeCu-SAC and references.
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corresponding to the (002) and (100) planes of graphite, and no
crystal peaks corresponding to metal species were found.
Energy dispersive X-ray (EDX) element maps for FeCu-SAC
indicate that the Fe, Cu and N were uniformly dispersed over
the carbon substrate (Fig. 1b and c). The individual Fe and Cu
were also uniformly distributed over the carbon substrates in
Fe-SAC (Fig. S7†) and Cu-SAC (Fig. S8†), respectively.

The metal content was analysed by inductively coupled
plasma optical emission spectroscopy. The Fe and Cu contents
in FeCu-SAC were determined to be 1.29 wt% and 0.25 wt%,
respectively. Similar Fe and Cu loadings were also achieved in
Fe-SAC (1.19 wt%) and Cu-SAC (0.34 wt%), respectively. Raman
spectra (Fig. S9†) exhibited two broad peaks located at about
1359 and 1595 cm−1, which were assigned to disordered sp3

carbon (D band) and graphitic sp2 carbon (G band), respectively.
The FeCu-SAC, Fe-SAC and Cu-SAC samples exhibited similar
ID/IG ratios (1.06–1.08), indicating similar defect concentrations
and graphitization degrees.

HAADF-STEM was used to determine the morphology of the
Fe and Cu sites for the FeCu-SAC on an atomic scale, in which
the individual bright dots (Fig. 2a) indicated the atomic
dispersion of Fe and Cu atoms on the carbon substrate.
However, the similar atomic numbers of Fe (26) and Cu (29)
made it challenging to distinguish between the Fe and Cu sites
in terms of the bright dots in the HAADF-STEM image. The
coexistence of Fe and Cu atoms in the FeCu-SAC was further
validated by EELS (Fig. 2b), whereas the Fe EELS spectrum at
711 eV and the Cu EELS spectrum at 973 eV were captured with
the detecting spot in the size of ∼4 nm2 (red square area in
Fig. 2a), indicating very closed distances of Fe and Cu atoms.
The Fe and Cu atoms were also atomically dispersed in Fe-SAC
and Cu-SAC, respectively (Fig. S10 and S11†). EXAFS further
provided average metal coordination information for the Fe and
Cu sites in the FeCu-SAC. Both Fe K-edge and Cu K-edge EXAFS
R space plots of FeCu-SAC (Fig. 2c and d) displayed only an
intense peak at approximately 1.56 Å and 1.5 Å, respectively,
similar to the metal–N bond in FePc and CuPc. No metal scat-
tering paths were observed compared to metal foil and metal
oxides, indicating the absence of a metal–metal bond. EXAFS
tting for the rst shell coordination demonstrated that both Fe
and Cu atoms were coordinated with 4 nitrogen atoms, referred
to as FeN4 and CuN4 sites, respectively (Table S1†). Further-
more, the EXAFS wavelet transform (WT) results displayed the
scattering paths of the samples in both the R and K spaces. The
Fe K-edge WT-EXAFS and Cu K-edge WT-EXAFS for FeCu-SAC
showed maximum WT intensity at around 3.5 Å−1 and 4.0
Å−1, respectively (Fig. 2e and f), which are distinct from those of
metal foil and metal oxide references. For Fe-SAC and Cu-SAC
control samples, the dominant presence of Fe–N and Cu–N
bonds in the EXAFS results also conrmed the atomic disper-
sion of the metal sites in the two samples, which agrees with the
HAADF-STEM results (Fig. S12 and S13†). Detailed analysis of
the X-ray absorption near edge spectroscopy (XANES) results
and its rst-derivative spectra are presented in Fig. S14 and
S15.† In the K-edge XANES spectra for FeCu-SAC and Fe-SAC,
the Fe absorption edge was located between Fe foil and Fe2O3,
indicating that the valence state of Fe was from 0 to +3
This journal is © The Royal Society of Chemistry 2023
(approximately +2). For FeCu-SAC and Cu-SAC, the Cu adsorp-
tion edge was slightly lower than that of CuO, indicating that
the valence state of Cu was slightly lower than +2 because it was
coordinated with N rather than O. Based on the rst-derivative
spectra, the Fe absorption edge position in FeCu-SAC was
slightly lower than that of Fe-SAC, indicating that the Fe
oxidation state in FeCu-SAC was slightly lower than that in Fe-
SAC. The Cu absorption edge position in FeCu-SAC was
slightly higher than that in Cu-SAC, indicating that the Cu
oxidation state in FeCu-SAC was slightly higher than that in Cu-
SAC. The oxidation state changes can be attributed to the Cu
atoms as electron donators enriching the electron density of the
Fe atoms.

To investigate the chemical composition and elemental
valence states, X-ray photoelectron spectroscopy (XPS) was
performed. The C 1s spectrum of FeCu-SAC exhibited an intense
peak at about 284.8 eV, and it can be deconvoluted into two
peaks, corresponding to C–C or C]C and C–N species
(Fig. S16a†). The N 1s spectrum of FeCu-SAC can be deconvo-
luted into four peaks, corresponding to pyridinic-N, pyrrolic-N,
graphitic-N, and oxidized-N (Fig. S16b†). The Fe 2p spectrum
J. Mater. Chem. A, 2023, 11, 6191–6197 | 6193
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showed a Fe 2p3/2 peak at 711.07 eV corresponding to Fe3+

(Fig. S16c†). The Cu 2p spectrum exhibited a Cu 2p3/2 peak at
933.06 eV corresponding to Cu2+ (Fig. S16d†). The metal valence
state was slightly higher than the XANES results, which may
result from the surface oxidization. For XPS spectra of Fe-SAC
(Fig. S17†) and Cu-SAC (Fig. S18†), the C 1s spectra showed
similar results with FeCu-SAC. However, for the N 1s spectra,
the concentration of different N species was different (Table
S2†).
ORR performance

The above characterization results revealed that the FeCu-SAC
contained FeN4 and CuN4 sites that were expected to have
a synergistic effect for promoting ORR activity. This motivated
us to investigate the ORR performance comprehensively. First,
cyclic voltammetry (CV) curves were measured in O2 and N2

saturated 0.1 M KOH. As shown in Fig. S19,† the CV curve of
FeCu-SAC exhibited a reduction peak at 0.870 V (all potentials
were converted to versus reversible hydrogen electrode (RHE) in
this study) in O2 saturated electrolyte, which disappeared in N2

saturated electrolyte, indicating that this peak originated from
ORR. The reduction peaks in the CV curves of Fe-SAC (Fig. S20†)
and Cu-SAC (Fig. S21†) appeared at lower potentials, 0.867 and
0.749 V, respectively.

Furthermore, the ORR activity was evaluated using linear
sweep voltammograms (LSV). Fig. 3a depicts the LSV curves for
FeCu-SAC, Fe-SAC and Cu-SAC. The FeCu-SAC showed excellent
Fig. 3 ORR performance of FeCu-SAC, Fe-SAC, Cu-SAC and
commercial Pt/C. (a) LSV curves. (b) Half-wave potential and kinetic
current density at 0.9 V. (c) Tafel slope of FeCu-SAC, Fe-SAC, Cu-SAC
and commercial Pt/C. (d) H2O2 yield and calculated electron transfer
tested by RRDE. (e) Methanol tolerance of FeCu-SAC and commercial
Pt/C. (f) Amperometric i–t curves of FeCu-SAC, Fe-SAC and
commercial Pt/C.

6194 | J. Mater. Chem. A, 2023, 11, 6191–6197
ORR performance with a high E1/2 of 0.926 V, which was
signicantly higher than that of commercial Pt/C (0.884 V), Fe-
SAC (0.899 V) and Cu-SAC (0.810 V). Moreover, the FeCu-SAC
exhibited good ORR performance in 0.5 M H2SO4 with a half
wave potential of 0.779 V (Fig. S22†). The higher activity of FeCu-
SAC might be attributed to the synergistic effect between the Fe
and Cu atoms. Fig. 3b shows the E1/2 and kinetic current density
(Jk) at 0.9 V calculated from the LSV curves in Fig. 3a. The FeCu-
SAC exhibited the highest Jk of 16.33 mA cm−2, which was 2.9
and 161.3 times higher than those of Fe-SAC and Cu-SAC,
respectively, indicating the outstanding intrinsic ORR activity
of FeCu-SAC. Moreover, the FeCu-SAC showed a low Tafel slope
of 53.6 mV dec−1, which was slightly lower than those of Fe-SAC
(61.7 mV dec−1) and Cu-SAC (54.2 mV dec−1) (Fig. 3c). This
demonstrates the fast kinetics of FeCu-SAC for ORR. To probe
the ORR path (i.e. 2e- or 4e-transfer process), a rotating ring-disk
electrode (RRDE) measurement was performed. FeCu-SAC
showed the lowest H2O2 yield (lower than 2.4%) and the high-
est electron transfer number (3.93), indicating the efficient four-
electron transfer ORR process of FeCu-SAC (Fig. 3d). Moreover,
the electron transfer number was also evaluated by employing
Koutecký–Levich plots. As shown in Fig. S23–S25,† the FeCu-
SAC exhibited the highest electron transfer number of 3.80,
and the Fe-SAC and Cu-SAC exhibited an electron transfer
number of 3.72 and 2.96, respectively, which agreed with the
RRDE results. In addition, the FeCu-SAC exhibited excellent
methanol tolerance during the ORR process (Fig. 3e), whereas
the current density of the FeCu-SAC exhibited negligible decay
aer the injection of 2 mL of methanol. However, commercial
Pt/C showed 36% current decay aer the methanol injection for
5000 s. Stability was also an important parameter used to
evaluate the ORR performance of the catalyst. The stability of
the catalysts was evaluated using the amperometric i–t method
(Fig. 3f). FeCu-SAC exhibited good stability with only 15%
current decay over 24 h, which was much lower than those of Fe-
SAC (39%) and commercial Pt/C (49%). These results indicate
that the addition of Cu atoms to FeCu-SAC can simultaneously
improve the ORR activity and stability,16 and the as-synthesized
FeCu-SAC is one of the best dual metal SACs for ORR compared
with reported studies (Table S3†).28–30,40,44–57
Dual metal synergistic effect and DFT simulation

To understand the synergistic effect between Fe and Cu atoms,
a physically mixed Fe-SAC and Cu-SAC sample was also
measured. Compared to the FeCu-SAC, the lower E1/2 of the
physically mixed sample (0.882 V, Fig. S26†) implied negligible
interactions between Fe and Cu atoms, which was due to the
distinct neighboring distance between Fe and Cu atoms. In
contrast, the neighboring distance between Fe and Cu atoms
was very close in FeCu-SAC owing to the synergistic interaction
between Fe and Cu atoms. To further illustrate the synergistic
effect of Fe and Cu atoms on the ORR activity of FeCu-SAC, DFT
calculations were performed. The structural model for FeCu-
SAC was based on the fact that one FeN4 site and one CuN4

site sit adjacent to the graphene matrix (Fig. 4a), while only the
FeN4 site or CuN4 site was present in the Fe-SAC (Fig. 4b) or Cu-
This journal is © The Royal Society of Chemistry 2023
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SAC (Fig. S27b†) samples. The possible intermediate active sites
were carefully examined using the ab initio calculation.58,59 The
optimized structure revolution processes for Pt, Fe-SAC, Cu-SAC
and FeCu-SAC during ORR are presented in Fig. S27.† Based on
the optimized ORR intermediates, the Fe sites in FeCu-SAC
served as the active sites for ORR, while the Fe or Cu sites
functioned in Fe-SAC or Cu-SAC, respectively. The electron
density difference analysis (Fig. 4c and d) indicated that the Fe
sites in FeCu-SAC had a higher electron density than those in
Fe-SAC. This implies that the neighboring Cu sites with a high
electron density (d10) can serve as an electron donator enrich-
ing the electron density of Fe sites. Further, the free-energy
evolution for ORR of Pt, Fe-SAC, Cu-SAC and FeCu-SAC are
displayed in Fig. 4e. It showed that the FeCu-SAC had different
rate determining steps than that of Fe-SAC and Cu-SAC. The
FeCu-SAC encountered the same rate determining step as that
of Pt metal, i.e. the O* to OH* step, while another two steps were
the ORR barriers for Fe-SAC and Cu-SAC, i.e. the OH* to OH−

step and O2 to OOH* step. The energy barrier of the rate
determining step for FeCu-SAC was 0.47 eV, even lower than
that of Pt (0.62 eV), whereas there were much higher energy
barriers for Fe-SAC (0.55 eV) and Cu-SAC (1.19 eV). These results
indicate that the introduction of CuN4 sites in FeCu-SAC
endowed the FeN4 site with an enriched electron density.
Therefore, the modied Fe sites displayed optimized
adsorption/desorption energy on the ORR intermediates. The
calculation of the density of states (Fig. 4f and S28†) further
provided evidence that the occupied density of states across the
Femi level of FeCu-SAC was benecial to the electron interac-
tion and conduction of FeCu-SAC during the ORR process.
Fig. 4 (a) Optimized structure of FeCu-SAC. (b) Optimized structure
of Fe-SAC. (C: brown, N: gray, Fe: khaki, and Cu: blue). (c) Electron
density difference analysis of FeCu-SAC. (d) Electron density differ-
ence analysis of Fe-SAC. (e) Calculated free-energy evolution diagram
for ORR of Pt, Fe-SAC, Cu-SAC and FeCu-SAC at 1.23 V. (f) Density of
states for FeN4 + CuN4 and FeN4.

This journal is © The Royal Society of Chemistry 2023
The inuence of carbon substrates

The use of commercial carbon black with excellent conductivity
can avoid the abundant usage of expensive organic precursors
to achieve the large-scale, robust and low-cost preparation of
SAC. However, there is limited research on which commercial
carbon black is more suitable for synthesizing high-efficiency
SAC. To investigate the inuence of carbon substrates, FeCu-
SAC was also synthesized with other typical commercial
carbon blacks, such as Cabot Vulcan XC72 and Cabot Black
Pearls 2000. Accordingly, the prepared SACs were named FeCu-
SAC-XC 72 and FeCu-SAC-BP 2000, respectively (our standard
FeCu-SAC catalyst would be FeCu-SAC-300J using this notation).
FeCu-SAC-300J exhibited the highest ORR performance with
a high E1/2 of 0.926 V (Fig. 5a), which was signicantly higher
than those of FeCu-SAC-XC 72 (0.839 V) and FeCu-SAC-BP 2000
(0.868 V). To illustrate why Ketjen black EC-300J was more
suitable for ORR, N2 adsorption/desorption was performed to
detect the surface area and pore structure of these catalysts. As
shown in Fig. S29,† all these catalysts exhibited type-IV
isotherms, in which both FeCu-SAC-BP2000 (375.85 m2 g−1)
and FeCu-SAC-300J (337.88 m2 g−1) exhibited signicantly
higher surface areas than that of FeCu-SAC-XC 72 (92.79 m2

g−1). This explains why FeCu-SAC-XC 72 showed much lower
ORR activity than the other two control samples. Further,
although the FeCu-SAC-BP2000 has a slightly higher surface
area than that of FeCu-SAC-300J, the FeCu-SAC-BP 2000 mainly
contained micropores, which mainly induce an internal surface
but cannot be utilized for ORR (Fig. 5b).60–62 Instead, the hier-
archical pore structure of FeCu-SAC-300J enabled the accom-
modation of single-atom sites in the micropores, while the
meso/macropores enabled the efficient mass transfer of
oxygen intermediates.
Zn–air battery

The Zn–air battery was considered as a promising secondary
battery owing to its low cost and high capacity.63–65 Inspired by
the efficient ORR performance, FeCu-SAC was used to assemble
an aqueous primary Zn–air battery to evaluate its performance
in practical energy devices. As shown in Fig. S30,† the Zn–air
battery constructed using FeCu-SAC exhibited the highest
power density of 201.4 mW cm−2 at 358.2 mA cm−2, which was
signicantly higher than that of the benchmark commercial Pt/
C (128.2 mW cm−2 at 197.9 mA cm−2). Moreover, the Zn–air
battery constructed by FeCu-SAC also exhibited superior
Fig. 5 (a) LSV curves of FeCu-SACs with various carbon substrates. (b)
Pore size distribution of FeCu-SACs with various carbon substrates.
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specic energy of 827.68 W h kg−1 at 20 mA cm−2 to the Zn–air
battery constructed by commercial Pt/C (817.79 W h kg−1 at 20
mA cm−2, Fig. S31†).
Conclusions

In summary, Fe, Cu dual metal SAC was successfully synthe-
sized using a facile and low-cost ligand-mediated method.
Owing to Cu atoms dispersed nearby around Fe atoms, the
synergistic effect between Fe and Cu resulted in improved ORR
activity and stability for FeCu-SAC. A high half-wave potential of
0.926 V was achieved in the alkaline media. DFT calculations
conrmed that the addition of Cu atoms can decrease the
energy barrier for ORR and therefore facilitate ORR activity.
Furthermore, the inuence of commercial carbon black
supports was also investigated, and Ketjen EC-300J supported
Fe, Cu dual metal SAC exhibited superior ORR performance
owing to its high surface area and suitable pore structure. The
excellent ORR activity and durability enabled the constructed
Zn–air battery to have a high power density of 201.4 mW cm−2

and a high specic energy of 827.68 W h kg−1. This study offers
a paradigm for using Cu as a promoter to boost the ORR activity
of Fe-SAC, and we expect that this study will inspire researchers
to design low-cost and highly efficient ORR catalysts.
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