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Rational design of iron-nitrogen-carbon (Fe-N-C) oxygen reduction reaction (ORR) catalysts simultaneously
increasing the intrinsic activity and density of active site remains a huge challenge. Herein the coexistence of
single-atomic Fe and Cu sites decorated nitrogen-doped porous carbon has been successfully fabricated by hy-
drothermal synthesis of Fe, Cu co-doped ZIF-8 in the presence of Fe and Cu foam with subsequent NH3 pyrolysis.

The X-ray absorption spectra confirmed the atomically dispersed Fe and Cu species with Fe-N4 and Cu-N4 co-
ordination structures in the resultant FeCu SACs/NC catalyst. Meanwhile, the introduction of Cu has been
experimentally and theoretically demonstrated to modulate the electronic structure of Fe active sites during the
desorption of *OH intermediate process, as well as increase the density of Fe active sites, thereby effectively
enhancing the intrinsic activity and selectivity toward the ORR.

1. Introduction

Development of highly efficient oxygen reduction reaction (ORR)
catalyst has shown a vital role in promoting the large-scale commercial
application of fuel cells. Currently, the commercial ORR catalysts are
focused on platinum (Pt)-based materials with the intrinsic shortcom-
ings of prohibitive cost and unsatisfactory durability [1,2]. Therefore, it
is of importance yet remains a challenge to explore inexpensive and
high-performance non-noble-metal ORR catalysts. In this regard, nano-
structured metal-nitrogen-carbon (M-N-C) materials have received
increasing attentions due to facile preparation and outstanding catalytic
performance [3,4]. Especially, transition-metal-based single-atom cat-
alysts (SACs) have been widely investigated and explored in various
fields owing to their utmost atom utilization efficiency, controllable
electronic structures, and superior performance [5-10]. Moreover,
single-atomic transition metal-nitrogen (M-Ny) coordinated species
within M-N-C materials have been demonstrated as dominant catalyti-
cally active sites to promote the ORR process from an experimental and
theoretical perspective [10,11]. Very recently, Strasser’s group pointed
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out the future direction toward the improvement in the ORR perfor-
mance from the viewpoint of the density and intrinsic turnover fre-
quency of active metal sites [12]. Indeed, these two aspects are exactly
what researchers are pursuing now, and considerable efforts have been
made to achieve the enhancement in the ORR performance of transition-
metal-based SACs through the introduction of second type of metal
atoms [13-18] and/or non-metal heteroatoms (S, P) [19-21] to modu-
late the electronic structure and geometry configuration of active sites
and optimize their binding strength toward the reaction intermediates
(e.g. *Og, *OOH, *OH, and *O) [22-24], thus leading to the improve-
ment in the intrinsic activity. Despite this, there is still some room for
improving their performance in catalytic activity and durability relative
to commercial Pt/C catalysts. Besides, the reported preparation methods
of transition-metal SACs, including atomic layer deposition [25], im-
mersion method [26], and co-precipitation [27], have some disadvan-
tages such as low efficiency, high cost, and complicated synthesis
process. In addition, most of research work focuses on improving the
ORR performance from one of the two aspects mentioned above, that is,
increasing the intrinsic activity or the density of metal active sites. In
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contrast, simultaneously achieving the optimization in intrinsic activity
and density of metal active sites by a facile and efficient synthetic
method has been seldom reported and remains challenge.

On the other hand, Fe-N-C catalysts show promising potential among
various M-N-C materials, since the foreign electrons accommodated into
the 3d unoccupied orbitals of active Fe center could be readily pene-
trated into the anti-bonding = orbital of oxygen and facilitate the fast
displacement of O2/OH™ and OH™ regeneration, thus resulting in the
high ORR activity [28-39]. Nevertheless, Fe-N-C catalysts also face
some issues in the activity and durability owing to the following two
reasons: (1) the strong bonding between the active Fe sites and the re-
action intermediates (*OOH and *OH) is detrimental for the desorption
process, thus causing the slow reaction kinetics during the overall ORR
process [35]. (2) the produced Hy0, during the ORR process can react
with the active Fe sites to generate the reactive oxygen-containing free
radicals, which induces the oxidation degradation of carbon support as
well as the proton exchange membranes if application in practical
PEMFCs [3,40,41]. In order to solve these problems, the introduction of
second metal has been considered to be an efficient way to inhibit the
H»0; production during the ORR process. Meanwhile, the electronega-
tivity difference between Fe and second metal could also induce the
electron transfer between them, thus optimizing the electronic struc-
tures of Fe and the bonding strength between the reaction intermediates
and active Fe sites [42-44].

Based on the considerations above, dual-metal SACs with the coex-
istence of single-atomic Fe and Cu decorated nitrogen-doped porous
carbon matrix (noted as FeCu SACs/NC) as ORR catalysts have been
successfully prepared through the synthesis of Fe, Cu co-doped ZIF-8 in
the presence of Fe and Cu foam followed by the subsequent pyrolysis
under the NH3 atmosphere. The extended X-ray absorption fine struc-
ture spectra (EXAFS) confirmed the formation of single-atomic Fe and
Cu sites with via Fe-N4 and Cu-N4 coordination bonds affixed to the
carbon matrix, indicating the successful constrcution of dual-metal SACs
through the simultaneous addition of Fe and Cu foam. Moreover, the
introduction of Cu foam was also found to greatly promote the escape of
Fe atoms from the bulk Fe foam, thus increasing the density of single-
atomic Fe sites. Benefiting from the synergistic effect between the
interaction of single-atom Fe and Cu sites and the increased density of Fe
sites, the resultant FeCu SACs/NC catalyst exhibits comparable ORR
performance to Pt/C as well as good methanol tolerance and stability. In
addition, it also exhibits excellent performance in Zn-air batteries with a
maximum power density of 153 mW cm ™2 and long-term stability.

2. Experimental procedures
2.1. Material synthesis

Prior to the use of metal foam, the Fe and Cu foam (2 cm x 1 cm)
were firstly cleaned with 1 M HCl under the assistance of ultrasonication
for 20 min to remove the surface oxide layer, and washed with H>O and
ethanol. 2 mmol Zn(NO3)2-6H50 dissolved in 15 mL methanol mixed
with 10 mmol 2-methylimidazole dissolved in 15 mL methanol, and then
was transferred with Fe and Cu foam to a 100 mL stainless-steel Teflon-
lined autoclave and heated in an electric oven at 140 °C for 6 h. After
cooling to room temperature, the resultant precipitate was collected and
subsequently rinsed with ethanol, and dried in oven at 80 °C (FeCu-ZIF-
8). The dried sample was heated to 950 °C with the heating rate 5 °C/
min in an Ar atmosphere, and then kept at 950 °C for 3 h in a NH3/Ar
atmosphere, which was named as FeCu SACs/NC. The Fe SACs/NC, Cu
SACs/NC, and NC were prepared at the same conditions with only
addition of Fe foam, Cu foam, and no added, respectively.

2.2. Electrochemical measurements

5 mg of catalysts powder was ultrasonically dispersed in the mixture
of ethanol-H20 (1 mL, v/v = 1:1) containing 50 pL of 5 wt % Nafion
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solution. Then, 40 pL of the catalyst ink was loaded onto a glassy carbon
electrode (D = 5.6 mm) of a rotation ring-disk electrode (RRDE) with a
catalyst loading of 0.8 mg cm ™2 as working electrode. For comparison,
commercial 20 wt % Pt/C ink was prepared by the same method. All
electrochemical measurements were carried on a CHI 760E electro-
chemical workstation. Graphite rod and Ag/AgCl (KNOgs-saturated)
were used as counter electrode and reference electrode, respectively.
The number of electron transferred (n) and kinetic current density (Jx)
were calculated from the Koutecky-Levich equation:

1 1 1 1 1

S Rl 1
J JL+JK Bm‘/2+J,< M

B = 0.62nFC,D*?v /¢ 2

where J is the measured current; Jy, is the diffusion limiting current; ®
is the angular velocity of the disk; F is the Faraday constant (96485 C
mol’l); Co is the bulk concentration of oxygen (1.2 x 107° mol cm’l);
Dy is the diffusion coefficient of oxygen (1.9 x 107° cm? s’l); v is the he
kinetic viscosity (0.01 cm? s71); n is the number of electron transferred
during the ORR process.

The n can also be calculated from the RRDE measurement according
to the following equation:

Lyig
n—4x disk (3)
Idixk + Iring /N

where Ik is the measured current of disk electrode; I is the measured
current of Pt ring electrode; N is the current collection efficiency of Pt
ring.

2.3. Zn-air battery test

Air cathode was first prepared by spraying the catalyst onto carbon
paper with the mass loading of 2.0 mg cm™2 and then was assembled
with a Zn foil anode. 6 M KOH + 0.2 M Zn(CH3COO); solutions was
employed as electrolyte. Meanwhile, button-like all-solid-state zinc-air
battery was also constructed using hydrogel polymer as electrolyte
instead of KOH. Typically, 2 g of PVA was first dissolved in 20 mL of
deionized water at 90 °C under magnetic stirring for 1 h to form a
uniform solution. Then, 30 mL of graphene oxide solution (1 mg mL™!)
was gradually added to pre-prepared PVA solution and kept at 90 °C for
3 h under vigorous stirring. Afterwards, the resultant mixture was cast
onto a clean container and then kept it at 70 °C. Finally, the resultant
product was cut into round shape (D = 18 mm) and immersed in 6 M
KOH + 0.2 M Zn(CH3COO)5, solutions for 24 h.

3. Results and discussion
3.1. Structural characterization of the catalysts

The typical preparation illustration of FeCu SACs/NC catalyst is
schemed in Fig. 1A. Considering the fact that metal atoms can diffuse out
from the bulk metal under high temperature and pressure, Fe and Cu
foam were selected as metal sources to prepare the Fe, Cu dual-doped
ZIF-8 (noted as FeCu-ZIF-8) through the hydrothermal reaction be-
tween Zn?* and 2-methylimidazole in the presence of Fe and Cu foam.
Subsequently, FeCu SACs/NC catalysts were obtained through the py-
rolysis under NH3 atmosphere. As shown, the resultant FeCu SACs/NC
catalyst exhibited the uniform polyhedral shape with an average size of
around 110 nm (Fig. 1B-C). High-resolution TEM image verifies the no
formation of obvious crystalline metal nanoparticles or clusters within
the carbon matrix (Fig. 1D), and similar results were also observed with
the Cu SACs/NC and Fe SACs/NC (Fig. S1 and S2). The high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and element mappings revealed the uniform
distribution of C, N, Fe, and Cu within the resultant FeCu SACs/NC
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Fig. 1. (A) The preparation scheme of FeCu SACs/NC catalyst. (B) FESEM, (C) TEM, (D) HRTEM, (E) HAADF-STEM and the corresponding EDS mappings, and (F)

aberration-corrected HAADF-STEM images of the FeCu SACs/NC.

catalyst (Fig. 1E), and the presence of atomically dispersed Fe and Cu
species can be proved by the aberration-corrected HAADF-STEM image,
where obvious individual Fe and Cu atoms could be observed (Fig. 1F).
Moreover, X-ray diffraction (XRD) patterns (Fig. S3A) revealed that
there are only two broad peaks at 25° and 44° for all the resultant cat-
alysts corresponding to the (0 0 2) and (1 0 1) crystal plane of graphitic
carbon, respectively, whereas no peaks belonging to crystalline Fe and/
or Cu-based metallic or metallic carbide nanoparticles were observed
[45,46].

All the resultant catalysts exhibited the similar Raman spectra with
the almost same intensity ratio of D band at 1587 cm ™! and G band at
1344 cm™! (Fig. S3B), which may be due to the relatively low amount of
Fe and Cu (Table S1) [47,48]. Meanwhile, the increased content of Fe
(0.67 wt %) could be observed within the resultant FeCu SACs/NC
catalyst after the introduction of Cu compared to that of the resultant Fe
SACs/NC catalyst (0.11 wt %). Further, we analyzed the content of Fe
ions in the solution of FeCu-ZIF-8 (1.4 mg/L) (Table S2), which is twice
higher than that in Fe-ZIF-8 (0.7 mg/L), clearly demonstrating that the
introduction of Cu foam can greatly promote the Fe atoms escape from
the bulk foam structure to increase the concentration of Fe ions. In
addition, we also increased the amount of raw materials (Zn
(NO3)2-6H0 and 2-methylimidazole) by two times during the hydro-
thermal process, and found that the content of Fe ions increase
accordingly to 3.2 mg/L. This phenomenon could be explained by the
following facts: (1) Zn(NO3),-6H20 containing crystal water provides an
acidic environment and can react with Fe foam to produce Fe?* and Fe®*
ions because of the presence of oxygen in the reaction system, which
then reacts Cu foam to produce cu®t ions; (2) MP° on metal foam would
transfer electrons to the dangling nitrogen groups on ZIF-8 to produce

M®" (0 < & < 3) species such as Fe?" and Cu?* ions, which then co-
ordinates with the surface nitrogen dangling bonds of ZIF-8 to form
M-—N bonds [49]; (3) the produced Cu®* ions can also react with Fe foam
to generate more Fe?" jons. Ny sorption isotherm results demonstrated
that though the optimal FeCu SACs/NC catalyst exhibited the smallest
BET surface area (649.7 m? g™1), its pore size distribution mainly
centered at around 0.5-2.0 nm belonging to micropore, which may
provide more anchoring sites for catalytically active Fe/Cu sites (Fig. S4)
[501.

The elemental composition and chemical state of the resultant cat-
alysts were investigated by X-ray photoelectron spectroscopy (XPS). For
the high-resolution XPS spectrum of C 1 s, there are three fitted peaks at
284.8 eV, 285.6 eV, and 289.3 eV, which could belong to C—C/C=C,
C—N, and C=O, respectively (Fig. SS5A and S6) [51]. The high-
resolution XPS spectrum of N 1 s (Fig. S5B) demonstrated that the
dominant nitrogen species are composed of pyridinic-N (398.5 eV), Fe/
Cu-Ny (399.2 eV), pyrrolic-N (400.0 eV), graphitic-N (401.1 eV), and
oxidized-N (402.9 eV), respectively [52-54]. Two main peaks at 709.6
eV and 713.1 eV in the high-resolution XPS spectrum of Fe 2p corre-
spond to Fe2" and Fe>" of Fe 2ps,, respectively (Fig. S5C) [55,56]. The
high-resolution XPS spectrum of Cu 2p can be also divided into two
peaks at 936.1 eV and 932.4 eV (Fig. S5D), which can be assigned to
Cu®** and Cu™’ [57]. Furthermore, the surface atomic contents of the
resultant catalysts were summarized in Table S3, and the resultant FeCu
SACs/NC catalyst contain higher content of Fe (0.43 at%) and Cu (0.16
at%) than the resultant Fe SACs/NC catalyst (0.15 at %) and Cu SACs/
NC catalyst (0.13 at%), which was consistent with the ICP-MS results.

The detailed structural information of the atomically dispersed Fe
and Cu active sites within the resultant catalysts, including the local
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coordination environment and the valence state, were further identified
by the X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS). The Fe K-edge XANES spectra
(Fig. 2A) revealed that the near-edge absorption position of the resultant
FeCu SACs/NC and Fe SACs/NC located between those of the standard
Fe foil, iron phthalocyanine (FePc), Fe304 and Fe;Os, implying that the
average valence state of Fe should be slightly lower than + 2. Besides,
both FeCu SACs/NC and Fe SACs/NC show clear pre-edge peaks at
7113.1 eV, which are similar to the characteristics of FePc, suggesting
the typical Fe-N coordination structure [58]. Interestingly, the positive
shift of the near-edge absorption position for the resultant FeCu SACs/
NC was observed compared to the resultant Fe SACs/NC, displaying the
more positive valence state of Fe in the resultant FeCu SACs/NC. Simi-
larly, the Cu K-edge XANES spectra also presented that the average
valence states of Cu within the resultant FeCu SACs/NC and Cu SACs/NC
are both close to + 2 according to the shift of the near-edge absorption
position (Fig. 2B), whereas the resultant FeCu SACs NC possessed the
lower valence state of Cu compared to the resultant Cu SACs/NC. This
result demonstrated that the charge transfer between Fe and Cu within
the resultant FeCu SACs/NC may lead to the increase of valence state of
Fe and the decrease of valence state of Cu, respectively. The Fe and Cu K-
edge EXAFS spectra in R-space (Fig. 2C-D) revealed a primary peak at ca.
1.50 A assigned to Fe-N and Cu-N scattering path. Furthermore, the
EXAFS fitting curves and the corresponding fitting results (Fig. 2E and
Table S4) confirmed that the average coordination numbers of Fe-N and
Cu-N are about 4, suggesting the formation of the well-defined Fe-N4
and Cu-N4 moieties in the resultant FeCu SACs/NC catalyst (Fig. 2F).
Similar results were also observed for the resultant Fe SACs/NC and Cu
SACs/NC catalyst (Fig. S7 and Table S4). Moreover, compared to the
resultant Fe SACs/NC, the Fe sites in resultant FeCu SACs/NC catalyst
possess a higher valence with closer to + 2, which were reported to be
the dominant ORR active sites [59].

3.2. Catalytic performance of the resultant catalysts for ORR

The ORR performance of the resultant catalysts was further investi-
gated with the typical three-electrode configuration by rotating disk

Chemical Engineering Journal 452 (2023) 138938

electrode (RDE) technique. A significant redox peak with the most
positive potential could be observed in the presence of Oy for the
resultant FeCu SACs/NC catalyst (Fig. S8). The resultant FeCu SACs/NC
catalyst also exhibited the enhanced ORR activity with the onset po-
tential (Eqpset) Of 0.84 V, the half-wave potential (E;1,2) of 0.75 V, and a
kinetic current density at 0.7 V (Ji) of 7.27 mA crn’z, which are superior
to the resultant NC (0.58 V, 0.39V, 0.01 mA cm’z), Fe SACs/NC (0.78 V,
0.71 V, 4.27 mA cmfz), Cu SACs/NC (0.68 V, 0.55 V, 0.14 mA Cmfz),
and only show the slight negative shift of 40 mV in E;/, relative to
commercial Pt/C (0.79 V) (Fig. 3A, B). The catalytic performance of
FeCu SACs/NC is comparatively better than many of the reported M-N-C
catalysts in acidic (Table S5). The Tafel slope of the FeCu SACs/NC was
measured to be 89.1 mV dec ™!, which is lower than the values for the Fe
SACs/NC, Cu SACs/NC, NC and Pt/C (96.6, 168.4, 253.5 and 112.6 mV
dec™) (Fi g. 30), indicating that its electron transfer rate is much faster.
The Koutecky-Levich (K-L) plots, derived from the linear sweep vol-
tammetry curves at different rotating speeds, showed a good linear
relationship, indicating the first-order reaction kinetics (Fig. 3D and S9).
Moreover, the calculated number of electron transferred of 3.86 implied
the dominant direct four-electron ORR pathway over the resultant FeCu
SACs/NC catalyst. Besides, the average number of electron transferred
and the Hy05 selectivity were also determined to be 3.95 and below 2.6
% by rotating ring-disk electrode (RRDE) technique, which is smaller
than that of the resultant Fe SACs/NC catalyst (6.1 %) (Fig. 3E). This
result demonstrated that the introduction of Cu-N4 moieties can effi-
ciently suppress the HyO, production during the ORR process, which can
be further confirmed by the lower HyO; selectivity of the resultant Cu
SACs/NC catalyst (1.9 %). Further, methanol tolerance was also evalu-
ated by means of chronoamperometric at 0.7 V upon the addition of 2.0
M methanol. No obvious change in the ORR current for the resultant
FeCu SACs/NC catalyst was observed after the addition of methanol,
whereas a sharp decrease was observed for Pt/C (Fig. S10), indicating
the remarkably superior methanol tolerance of the resultant FeCu SACs/
NC catalyst. Meanwhile, the long-term stability of FeCu SACs/NC and
Pt/C are further evaluated by chronoamperometric at 0.7 V. The current
density remains above 89 % for the resultant FeCu SACs/NC catalyst
after 10 h whereas dropping significantly to 80 % for Pt/C (Fig. 3F). In
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M KOH. (I) Relative retention i-t curves at 0.7 V in 0.1 M KOH for FeCu SACs/NC and Pt/C. Note: all the electrochemical measuremets were performed in Oo-
saturated electrolyte solution at the rotation speed rate of 1600 rpm without special statement.

addition, the morphologic structure and chemical composition of the
catalyst after the stability test were also further characterized. As shown
in Fig. S11-512, no obvious aggregation of metal nanoparticles can be
observed on the surface of the resultant FeCu SACs/NC, and there are no
changes in the content and valence states of Fe and Cu, indicating the
good stability of the resultant FeCu SACs/NC catalyst. However, there is
still a partial degradation of the performance, which may come from the
intolerance of the active site of the MNC-type catalyst under acidic
conditions, and a partial demetallation reaction [22]. In addition, the
performance of catalysts prepared under different atmospheric and
temperature of hydrothermal conditions was also investigated.
Compared with the catalysts under Hp and Ar conditions, the E; /; of the
catalysts has been greatly improved after the ammonia treatment
(Fig. S13), which may be ascribed to the local Lewis basicity of N-doped
carbon around the single site [31]. We investigated the effect of hy-
drothermal reaction temperature and prepared the catalysts by changing
the temperature at 100 °C or 180 °C, which were noted as FeCu SACs/
NC-L and FeCu NP/NC. XRD and FESEM results demonstrated that
FeCu SACs/NC-L exhibited a uniform polyhedral shape, and no peaks
belonging to crystalline Fe and/or Cu-based metallic or metallic carbide
nanoparticles were observed (Fig. S14). In contrast, there are obvious
peaks belonging to crystalline Fe and Cu metals in FeCu NPs/NCs, and
SEM also showed the presence of distinct carbon nanotube structure and
nanoparticles. Meanwhile, we also measured their ORR performance of
the resultant FeCu SACs/NC-L and FeCu NP/NC, which are both inferior

to that of the resultant FeCu SACs/NC catalyst (Fig. S15).

In addition to acidic medium, we also investigated the ORR perfor-
mance of the resultant catalysts in alkaline medium. Similarly, the
resultant FeCu SACs/NC catalyst exhibited the obvious redox peak, and
the superior ORR activity (Eopset: 1.03 V, E1/2: 0.89 V, Ji: 7.63 mA cm™?)
to Pt/C (0.98 V, 0.84 V, 6.28 mA Cmfz), Fe SACs/NC (0.99 V, 0.89 V,
7.57 mA em™?), Cu SACs/NC (0.93 V, 0.83 V, 5.32 mA cm ), NC (0.89
V, 0.78 V, 2.12 mA em~2), and most of the recently reported M-N-C
electrocatalysts in an alkaline electrolyte (Fig. S16, Fig. 3G-H and
Table S6). Nevertheless, unlike in acidic medium, there is almost no
difference of the ORR activity between the resultant FeCu SACs/NC and
Fe SACs/NC catalysts, which may be due to the high ORR activity of
metal-free nitrogen species such as pyridinic-N and graphitic-N under
alkaline condition [22,60,61]. Similarly, the Tafel slope of the FeCu
SACs/NC was measured to be 68.6 mV dec ™!, lower than the values of
77.2 mV dec” ! for the Pt/C (Fig, S17). The linear relationships at
different potentials were observed by the K-Lplots (Fig, S18), and the
average number of electron transferred was determined by RRDE tech-
nique to be above 3.9 with similar H,O5 selectivity to Pt/C (Fig. S19),
demonstrating a desired apparent four-electron ORR pathway over the
resultant FeCu SACs/NC catalyst. Moreover, the resultant FeCu SACs/
NC catalyst also exhibited the excellent methanol tolerance, and better
long-term stability maintaining almost 95 % of current density after 10 h
relative to Pt/C (83 %) (Fig. S20 and Fig. 3I).
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3.3. Theoretical study

To understand the synergistic effect of FeCu sites on the ORR activ-
ity, density functional theory (DFT) calculations were performed to
explore the free energy profiles of six different models for FeCu SACs/NC
by varying the distance between Fe and Cu sites within the nitrogen
doped graphene by the experimental structural characterization
(Fig. 4A, Fig. S21 and S22). The free energy profiles of ORR on FeNy (Fe
SACs/NC) and CuNy4 (Cu SACs/NC) are also shown for comparison. On
CuNy, the first electron transfer step (* +03 + H"+ e > *OOH) is the
rate-determining step (RDS) and possesses a very high free energy
change of 1.08 eV (Fig. 4B), suggesting that CuN4 is not an efficient
catalyst for ORR. On FeNy the RDS is the last electron transfer step (*OH
+ H" + e~ = * +H,0), which requires a free energy change of 0.67 eV.
In the case of binuclear site, the RDS on model 1 with Fe-Cu distance at
2.43 A was same with FeNy, while the reaction free energy was signif-
icantly reduced to 0.35 eV on Model 1, manifesting faster ORR kinetics
(Fig. S23). While on Model 2 and Model 3 with relatively larger Fe-Cu
distance, the reaction energies of the RDS are very close to that of
FeNy. These results demonstrate that the improvement of the ORR ac-
tivity in FeCu SACs/NC may be explained by the formation of atomically
dispersed FeCu pair sites with a closer distance, as shown in model 1. As
discussed in the Free energy diagram, the desorption of *OH interme-
diate on Fe site (i.e. the hydrogenation of *OH intermediate) is the RDS
and should control the overpotential. This indicates that the strongly
binding *OH is detrimental for the desorption process, the catalysts with
Model 1 structure exhibited the highest ORR activity due to the mod-
erate *OH adsorption near the top of the volcano strength (Fig. 4C). The
projected density of states (PDOS) of Fe atoms in Model 1 and FeN4 were
also explored to further confirm the vital role of Cu site in assisting FeNy4
site for boosting the ORR performance. Compared to Fe-N4 active sites,
an obvious shift of Fe-d orbitals in Model 1 indicates that the increased
electrons fill into the antibonding orbitals of Fe atom (Fig. S24), thus
weakening the interaction between adsorbed *OH and Fe-center and
boosting the ORR process [62].
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3.4. Zinc-air battery performance

To further demonstrate the applicability of FeCu SACs/NC, an
assembled Zn-air battery was constructed using the FeCu SACs/NC
electrocatalyst loaded on carbon paper as an air cathode, 6 M KOH so-
lution with 0.2 M Zn(CH3COO), as an electrolyte, and Zn plate as an
anode, respectively. Such FeCu SACs/NC-based Zn-air battery exhibited
a high open circuit potential (OCP) of 1.48 V with a peak power density
of 153 mW cm™2, significantly higher than the commercial Pt/C-based
Zn-air battery (1.44 V, 119 mW cm ?) (Fig. 5A, B). Besides, the spe-
cific capacity of FeCu SACs/NC-based Zn-air battery reached 741.9 mAh
gz2 with respect to the consumption of Zn anode, which was much larger
than that of Pt/C (648.8 mAh gi,}) (Fig. 5C). Moreover, the as-assembled
air battery based on the resultant FeCu SACs/NC catalyst exhibits
excellent charge/discharge stability for a total of 280 cycles (Fig. 5D).
Moreover, the assembled all-solid-state button-like Zn-air battery ex-
hibits the high OCP of 1.44 V and the stable discharge platforms in
various current density range with the good reproducibility after
returning back to 0.1 mA cm™2 (Fig. 5E, F), as well as good cyclic
rechargeable stability at 0.2 mA cm ™2 for 14 h (Fig. 5G). The electro-
catalytic oxygen evolution performance of FeCu SACs/NC and Pt/C were
tested (Fig. 525), which exhibited the current density of 10 mA cm™2 at
the overpotential of 490 mV and 543 mV. The above results demonstrate
that the FeCu SACs/NC possesses the potential of practical applications.

4. Conclusions

In summary, we reported a facile and effective method to fabricate
dual-metal SACs consisting of atomically dispersed Fe and Cu species
decorated with nitrogen-doped carbon matrix in the form of Fe-N4 and
Cu-Ny4 coordination structures. The introduction of Cu-N4 sites were
verified from an experimental and theoretical perspective to playcrucial
roles in optimizing the electronic structure of Fe-N4 sites and acceler-
ating the desorption of *OH intermediate process, as well as increasing
the density of Fe active sites. Benefiting from the synergistic effects
above, the resultant FeCu SACs/NC catalyst exhibited the comparable
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Fig. 4. (A) Structural models for Fe/Cu SACs/NC and FeCu SACs/NC, where the circled sites are the active sites for ORR. (B) Free energy diagram for ORR on the
mononuclear site and binuclear site under the equilibrated potential U = 1.23 V. (C) Volcano plot of the ORR overpotential as a function of binding energy for
immediate *OH. Color codes in the model are orange = Fe, blue = Cu, gray = N, bronze = C, respectively. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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Fig. 5. (A) OCP curves, (B) LSV curves and power density curves, (C) discharging capacity curves,s (D) discharge and charge curves at the current density of 5 mA
cm~2 of the assembled Zn-air batteries based on the resultant FeCu SACs/NC as the air electrodes. (E) OCP curves, (F) discharge profiles at the different currents
densities, (G) discharge and charge curves at the current density of 0.2 mA cm™2 of the all-solid-state button-like Zn-air batteries.

ORR performance to Pt/C with the half-wave potential of 0.75 V and
0.89 Vin 0.5 M H,SO4 and 0.1 M KOH. Moreover, the assemblled Zn-air
batteries exhibited a high OCP of 1.48 V with a maximum power density
of 153 mW cm_z, outperforming the Pt/C (1.44 V, 119 mW cm™2). Our
work provides an effective strategy for the controllable construction of
highly active sites for electrochemical energy devices.
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