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Fe—Co heteronuclear atom pairs as catalytic sites
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Single-site Fe—N-C catalysts are the most promising Pt-group catalyst alternatives for the oxygen
reduction reaction, but their application is impeded by their relatively low activity and unsatisfactory stabi-
lity as well as production costs. Here, cobalt atoms are introduced into an Fe—N-C catalyst to enhance its
catalytic activity by utilizing the synergistic effect between Fe and Co atoms. Meanwhile, phenanthroline
is employed as the ligand, which favours stable pyridinic N-coordinated Fe—Co sites. The obtained cata-
lysts exhibit excellent ORR performance with a half-wave potential of 0.892 V and good stability under
alkaline conditions. In addition, the excellent ORR activity and durability of FeCo-N-C enabled the con-
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structed zinc—air battery to exhibit a high power density of 247.93 mW cm™ and a high capacity of
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768.59 mA h gz~ *. Moreover, the AEMFC based on FeCo—N-C also achieved a high open circuit voltage
(0.95 V) and rated power density (444.7 mW cm™2), surpassing those of many currently reported transition
metal-based cathodes. This work emphasizes the feasibility of this non-precious metal catalyst prepa-
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1 Introduction

The consumption of fossil fuels (oil, coal, natural gas) not only
causes resource crises, but also seriously endangers the natural
environment and human health."” Among the new generation
of energy conversion and output devices, zinc-air batteries
(zABs) and fuel cells have attracted much attention due to their
high power density and environmental friendliness.®° The key
shared cathode reaction is the oxygen reduction reaction (ORR)
and its overall efficiency is severely limited by slow kinetics and
high O, activation barriers."*™* Although platinum-based cata-
lysts are recognized as the most effective electrocatalysts for the
ORR, their high material cost and low stability limit their large-
scale application. Therefore, it is very necessary to find a high-
performance, high stability and low-cost alternative.

Until now, Fe-N-C catalysts have shown high ORR electro-
chemical performance.>' However, it is difficult to break the
scaling relationship between intermediates over a single active
site. In addition, the demetallation of Fe-N-C catalysts caused
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ration strategy and its practical applicability in fuel cells and metal-air batteries.

by Fe-N bond cleavage during the ORR is the main reason for
their low stability** 2 and reducing the O, activation energy is
expected to improve their stability. So introducing a more
stable but less active metal into the active center and trans-
forming it into a heteronuclear atom pair can cooperatively
change the pathway of catalytic reactions and reduce reaction
energy barriers, which improves the activity and stability of the
catalyst.”’*' Additionally, using phenanthroline to construct
pyridinic N-coordinated MN,C;o-type catalytic sites may
further improve the anti-demetallization performance of the
catalyst and maintain its stability.*>* Furthermore, from the
application perspective, using phenanthroline as a ligand can
further improve the production of M-N-C catalysts compared
to the pyrolysis of other metal-organic precursors.** ™!

Herein, we successfully synthesized a heteronuclear Fe-Co
dual-metal catalytic pair (FeCo-N-C) using a preheating strat-
egy where ferric chloride and cobalt chloride were used as
metal precursors, and phenanthroline was used as the metal-
anchoring agent. After performing high-angle dark field scan-
ning transmission electron microscopy (HAADF-STEM) and
X-ray absorption (XAS) spectral analysis, it was confirmed that
Fe and Co atoms are atomically dispersed and coupled with
nitrogen-doped carbon. The synthesized FeCo-N-C catalyst
exhibits excellent ORR performance and stability under alka-
line conditions (E;/, = 0.892 V, Eqpser = 1.08 V, stable operation
for 100 h at 0.8 V), surpassing those of Fe-N-C, Co-N-C and
commercial Pt/C catalysts. The excellent ORR activity of this
catalyst also enables the constructed zinc-air battery to exhibit
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a great power density of 247.93 mW c¢m > and a high capacity
of 768.59 mA h g,,7*, and it also delivers a superior perform-
ance in H,/O, anion exchange membrane fuel cells. This study
provides a convenient and feasible way for the large-scale syn-
thesis of efficient ORR catalysts.

2 Experimental section
2.1 Chemicals

Methanol (>99.9%) and Nafion solution (~5 wt%) were pur-
chased from Sigma Aldrich. 1,10-Phenanthroline and ferrous
chloride tetrahydrate were obtained from Meryer in Shanghai.
Cobalt chloride was purchased from Shanghai Macklin Co., Ltd.
Cabot Vulcan XC72 was produced by Cabot Company. Ketjen
black and other types of porous carbon were produced by
Guangdong Canrd New Energy Technology Co., Ltd. Commercial
Pt/C was purchased from E-TEK. All experiments were conducted
using high-purity water (18.25 MQ cm) provided by a Milli-q
Gradient A10 system. All chemicals were used as received.

2.2 Catalyst synthesis

First, 32 mg of FeCl,-4H,0, 5.2 mg of CoCl, and 200 mg of
carbon black (Ketjen black ECP-600]JD) were added to 9 mL of
methanol as solution A, while 108 mg of 1,10-phenanthroline
was dissolved in 1 mL of methanol as solution B. Then, the
solutions were subjected to wultrasound separately for
20 minutes to ensure uniform dispersion; afterwards, solution
B was added to solution A and the ultrasound treatment was
continued for 120 minutes. Thereafter, the reaction solution
was directly vacuum rotary evaporated until the solvent dis-
appeared and the product finally dried in a vacuum at 60 °C
overnight. After cooling to room temperature, the prepared
sample was placed in a corundum ark under argon gas con-
ditions. First, it was heated to 150 °C at a heating rate of 5 °C
min~" and kept for 1 hour at a constant temperature. Next, the
temperature was continually increased to 800 °C at a heating
rate of 5 °C min™" and kept for 1 hour. After naturally cooling
to room temperature, the catalyst was collected and labelled as
FeCo-N-C. After weighing, the catalyst prepared by this
method can achieve a mass of over 220 mg (Fig. S1, ESI}).

Individual Fe-N-C and Co-N-C catalysts were synthesized
using the same method, except that Fe-N-C was prepared with
40 mg of FeCl,-4H,0 and Co-N-C was prepared with 26 mg of
CoCl,. Considering the metal salts and carbon black in the
experiment may have an impact on the performance of the
catalyst, other types of metal salts and carbon black were also
used in the experiment. The specific experimental results and
conclusions can be seen in the ESL}

3 Results and discussion
3.1 Catalyst synthesis and structural characterization

FeCo-N-C was synthesized using a preheating strategy.>' After
optimizing various influencing factors involved in the experi-
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ment, the catalyst with the best performance was selected as
the research object (Fig. S20-S27, ESIT). The scanning electron
microscopy (SEM) image of FeCo-N-C shows that the mor-
phology of the FeCo-N-C catalyst remained basically the same
as that of carbon black ECP-600JD after loading and pyrolysis
(Fig. 1a and Fig. S2, ESI{). In addition, the chain-shaped
spherical structure of the carbon black substrate also provides
a rich surface for loading the metal-phenanthroline precursor
(named M-phen). Transmission electron microscopy (TEM)
images (Fig. 1b and c) show that the catalyst surface was
almost entirely composed of onion-like graphite carbon layers,
and no obvious metal nanoparticles were observed. The inset
of Fig. 1c is a selected area electron diffraction (SAED) image
showing two typical electron diffraction rings, belonging to the
(002) and (101) crystal planes of graphite carbon, respectively,
indicating a certain degree of graphitization of carbon in the
FeCo-N-C catalyst. Meanwhile, energy dispersive X-ray spec-
troscopy (EDS) mappings confirmed the even distribution of
Fe and Co elements in the FeCo-N-C catalyst (Fig. 1d). Similar
TEM and selected area electron diffraction images were also
detected in the Fe-N-C and Co-N-C catalysts obtained by the
same preparation method (Fig. S3-S6, ESIf), demonstrating
the feasibility of this method to synthesize M-N-C catalysts
with good metal dispersibility. As a comparison, the TEM
images of the catalyst without preheating treatment (Fe@Fe—
N-C) show clear lattice stripes, while many bright spots
observed in its SAED proved the existence of metal particles in
the material (Fig. S7, ESIT).

Fig.1 (a) SEM image of FeCo—N-C. (b and c) TEM and SAED (inset)
images of FeCo—-N-C. (d) HAADF-STEM and the corresponding elemen-
tal mapping images of FeCo-N-C. (e) Aberration-corrected
HAADF-STEM image of FeCo—N-C, where some Fe—Co diatomic sites
are highlighted by red circles (the red circles 1, 2 and 3 are partially
enlarged on the right). (f) Intensity profiles of the three numbered sites
in (e).

This journal is © The Royal Society of Chemistry 2024
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It is worth noting that the preheating treatment is the key
step to avoid metal aggregation demonstrated by melting point
and thermogravimetric (TG) measurements conducted on pure
Fe-phen and the precursor Fe-phen@C. The capillary method
was used for the melting point meter test (Fig. S8, ESIt), and
the results show that the melting point of Fe-phen is around
90 °C. The thermogravimetric measurement results (Fig. S9,
ESIT) only show a significant mass loss area approximately
between 200 and 320 °C, suggesting that the melting process
of M-phen occurs before 200 °C so that there is basically no
significant mass loss, while the mass loss after 200 °C is
caused by the decomposition process of M-phen molecules.
Therefore, selecting the preheating temperature between the
melting and decomposition points of M-phen can ensure that
the M-phen molecules adsorbed on carbon black melt in a
structurally intact manner. At this temperature, maintaining a
constant temperature for a period of time allows the
material to continue to melt and prevent the stacking of
M-phen molecules during the adsorption process, thereby
avoiding the aggregation of a large number of metal ions that
exist locally during the subsequent high-temperature calcina-
tion process.

Aberration-corrected high-angle annular dark field scan-
ning transmission electron microscopy (AC HAADF-STEM) was
carried out to observe the detailed structure of FeCo-N-C. As
illustrated in Fig. 1e, highlights representing metal atoms are
evenly dispersed on the carbon layer. The presence of paired
metal atoms can also be clearly observed and are highlighted
in red circles, indicating that the diatomic catalyst pair has
been successfully synthesized. Meanwhile, the distance
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between adjacent atoms in the red circles (Fig. 1f and Fig. S10,
ESIt) is about 2.5 A. Furthermore, it is worth noting that the
intensity of atoms in the HAADF-STEM images largely depends
on their atomic number (2).*>** After analyzing the intensity
of the atomic pair region, we found that the two types of
atoms in the atomic pair have different intensities, thus indi-
cating that the atomic pair is a heteronuclear atomic pair.

In order to further obtain the phase composition of the
FeCo-N-C catalyst, X-ray diffraction (XRD) characterization was
also performed. The synthesized Fe-N-C, Co-N-C, and FeCo-
N-C exhibited similar XRD diffraction patterns (Fig. 2a) with
two typical diffraction peaks between 20-30° and 40-50°,
respectively, attributed to the (002) and (101) crystal planes of
graphite carbon (JCPDS No. 41-1487). Moreover, no signals of
metals, metal carbides or oxides were found, indicating that
the Fe and/or Co atoms are highly dispersed. In addition, the
Raman spectra exhibit D bands (attributed to defect carbon)
and G bands (attributed to graphite carbon) at
1340-1350 cm ™" and 1580-1600 cm ™" (Fig. 2b), indicating that
all catalysts possess certain defect state characteristics.
According to the intensity ratio of D-band to G-band (Ip/Ig),
the degree of graphitization of different samples can be com-
pared. The value of Ip/I; decreases in the following order:
ECP-600]JD (1.24) > Fe-N-C (1.01) > FeCo-N-C (0.98) > Co-N-C
(0.91); an Ip/I; value of around 1 means that there are many
defects while ensuring high conductivity. Additionally, it can
also be found that the addition of Fe and Co atoms deceases
the Ip/I; value, indicating that increased graphitization will
enhance the conductivity of the catalyst and improve the cata-
Iytic activity.

a C (002) b D-band - band C 200 —.— adsorption
B —«— desorpti
C (100) — ‘\ o ] sorption
_ S, S .\f \ s
E 3 ;'1 T o0
< FeCo-N-C 8 | Ipilg=1.24 ( ’W“ \ EC-600J | £
%‘ b %‘ r'\'u\wwwumu L _"W‘.n Sl U g 600 -
c c | lpilg —0 Iv \ Co-N-C ©
E W\_ Fe-N-C E kW"u” ‘MWV"‘WWN}'N' Nﬁ}w“ ‘r \\{'\M fity § 4004 o7
| Ipilg=1.01 \ Fe-N-C | 2 S
\/A\‘ ;,,,Mra \:‘,vﬂmﬂw M"“J i M " ﬁ‘;zml.u" s 2004 ',,(///"
v Ipilg= " " FeCo-N-C| -
‘ , ‘ . Co-N‘ c g % s m W W ' *-wm-"*"“’f‘w R

20 30 40 50 60 70 800 1000 1200
2 Theta (degree)

Raman shift cm™)

1400 1600 1800 2000 00 OI‘ 0‘2 0’3 0‘4 U’S 0‘6 0‘7 0‘8 0‘9 10
Relative pressure (P/Py)

d N1s e Fe 2p 2py, f
Pyridinic N
P

= GraphiticN /\ — _
K \ /‘/\/ _MN 3 5
2 | oxidized N 2 s
£ \\ / 2 %‘
£ A £ s

N/ =

406 404 402 400 398 396 7;5 7:‘30 7%5 750 7;5 7:0 765 810 8(')5 B(‘JO 755 75'30 7;35 76'30 75
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
Fig. 2 (a) XRD patterns and (b) Raman spectra of FECo—N-C. (c) N, adsorption—desorption isotherm curve and pore size distribution of FeCo—N—

C. (d) N 1s, (e) Fe 2p and (f) Co 2p XPS spectra of FeCo—N-C.
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The surface area and pore volume of the catalysts were
determined from N, adsorption/desorption isotherms. As
shown in Fig. 2¢, the FeCo-N-C catalyst exhibited H4-type iso-
therms and type IV hysteresis loops, and its specific surface
area was 715.38 m”> g'. As shown in Fig. S11 (ESI}), the pore
size distribution curve showed pore sizes ranging from 0.5 to
10 nm, demonstrating the coexistence of micropores and
mesopores. As a result, the large specific surface area and rich
pore structure allow the catalyst to expose more catalytic sites,
which is conducive to the progress of the reaction. X-ray photo-
electron spectroscopy (XPS) was also used to determine the
elemental composition and bond energy state of the catalyst
surface. The binding energy position of N element electrons
(Fig. 2d) is divided into pyridinic N (398.6 €V), M-N (400.1 eV),
graphitic N (401.5 eV), and oxidized N (403.5 eV), respectively.
Among them, the content of pyridinic N is 33.4%, and the
high content of pyridinic N provides sufficient anchoring
points for metal sites in these catalysts, demonstrating the
important role of phenanthroline. As shown in the high-
resolution Fe 2p (Fig. 2e) and Co 2p XPS spectra (Fig. 3f), Fe
2pss» and Fe 2p4, are located at 710.68 and 723.78 eV, respect-

a
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ively, and Co 2pj3/, and Co 2p;y, are located at 781.1 and 796.7
eV, respectively, and both of them are accompanied by satellite
peaks. Through deconvolution of the peaks, the presence of
Fe’ and Co° was not found, which is consistent with the
results of TEM and XRD. At the same time, a small amount of
Fe and Co elements exist in the form of Fe’" and Co®" in FeCo-
N-C.

X-ray absorption structure (XAS) analysis was performed to
further reveal the local coordination geometry and electronic
states of Fe and Co single atoms in FeCo-N-C.** As shown in
Fig. 3a, the K-edge position of Fe in FeCo-N-C is located
between Fe,0; and FePc, indicating that the valence state of Fe
is between +2 and +3. Compared with FePc, the significant
positive shift of the absorption edge indicates a change in the
electronic structure of the atomic Fe site, which is also con-
firmed by the Fe 2p XPS spectrum. The dominant peak at
approximately 1.5 A in the Fourier transform (FT) spectra of
the FeCo-N-C samples (Fig. 3b) can be regarded as the Fe-N
coordination peak, and the significant peak at 2.4 A provides
evidence for possible Fe-Co bonding. In addition, the absence
of Fe-Fe coordination peaks (2.25 A) and Fe-O coordination
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(a) Fe K-edge XANES spectra of FeCo—N-C, Fe,Os, FePc and Fe foil. (b) Fourier transform EXAFS spectra at the R-space of Fe. (d) Co K-edge

XANES spectra of FeCo—N-C, Co,05, CoPc and Co foil. (e) Fourier transform EXAFS spectra at the R-space of Co. Fitting curves in the R-space for
(c) Fe and (f) Co. (g) WT k*-weighted EXAFS spectra and the corresponding metal foil reference.
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peaks (1.3 A) in FeCo-N-C indicates the absence of iron clus-
ters and oxides in the catalyst. In addition, the XAS spectrum
of the FeCo-N-C catalyst (Fig. 3d) shows that the K-edge posi-
tion of Co in the catalyst is located between CoPc and Co foil,
indicating that the valence state of Co in the catalyst is
between 0 and +2, which is consistent with subsequent test
results. Besides, the peaks located at 2.38 A and 1.49 A in the
R-space (Fig. 3e) point towards Co-Fe and Co-N in the XAS of
Co, respectively, and no significant Co-Co coordination peaks
(~2.24 A) are detected. Meanwhile, FeCo-N-C shows the WT-
maximum with k values of the Fe-N path and the Co-N path
at around 4.9 A~ and 6 A™", respectively (as shown in Fig. 3g),
which are significantly different from metal foils and phthalo-
cyanine metals (Fig. S12, ESIt). The K-edge XAS fitting curve
and fitting results of Fe are shown in Fig. 3c and Table S1
(ESIt). The coordination numbers of Fe-N and Fe-Co are 2.9
and 1.1, respectively, indicating that most Fe atoms form
atomic pair structures with adjacent Co atoms.”® As for Co
species, Co atoms mainly bind to adjacent Fe atoms and the
surrounding three N atoms (Fig. 3f and Table S2, ESIt). The
coordination numbers of Co-N and Co-Fe are 3.0 and 1.0,
respectively. At the same time, in order to further determine
the coordination structure of catalytic sites, we calculated the
K-edge absorption spectra of Fe and Co in FeCoNg atomic
pairs using FDMNES with Fe and Co as the core radiating radii
based on the results of synchrotron radiation fitting and DFT-
optimized models. As shown in Fig. S13 (ESIf), the theoretical
radiation spectrum obtained through simulation is almost
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identical to the experimental K-edge absorption spectra of Fe
and Co, and correctly reproduces the white line and back edge
features. These simulations clearly indicate that a single metal
center has three N atoms in the first coordination sphere and
one metal atom in the second coordination sphere (as shown
in the structural model in Fig. S13a, ESIT), which is completely
consistent with the XAS results.*® Besides, the fitted bond
length of the Fe-Co path (~2.58 A) in FeCo-N-C is consistent
with the statistical distance of Fe and Co atoms in AC
HAADF-STEM. The low Co content in FeCo-N-C results in a
longer fitted Co-Fe bond (Tables Siand S2, ESIY).

3.2 ORR performance

In order to study the electrochemical ORR performance of
FeCo-N-C, we conducted electrochemical tests using an RDE.
Fig. 4a shows the cyclic voltammetry (CV) curves of FeCo-N-C
and Pt/C in O,- and N,-saturated solutions. In 0.1 mol L™*
KOH electrolyte saturated with N,, there is no cathodic
reduction peak. A significant cathodic oxygen reduction peak
in the O,-saturated electrolyte indicates that FeCo-N-C has a
catalytic oxidation effect on O,. As shown in Fig. 4b, FeCo-N-C
exhibits the best electrochemical activity with initial and half-
wave potentials of 1.08 V and 0.892 V (vs. RHE), respectively,
outperforming those of Fe-N-C (E1, = 0.874 V, Egpger = 1.04 V),
Co-N-C (Ey/5 = 0.816 V, Egnger = 0.949 V), Pt/C catalysts (Eq), =
0.858 V, Eqpser = 1.005 V) and most other non-noble metal cata-
lysts (Fig. 4c and Table S8, ESIt). Moreover, the activity of the
physical mixture Fe + Co-mix (E1/, = 0.833 V, Egpse = 0.961 V) is
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Fig. 4 (a) CV curves of 20% Pt/C, FeCo—N-C, Fe—-N-C and Co—N-C in N,-saturated (dashed line) or O,-saturated (solid line) 0.1 M KOH solution.
(b) LSV curves of 20% Pt/C, FeCo—N-C, Fe—N-C, Co—N-C and Fe + Co-mix. (c) Comparison of the E1/, and Egpset Values of FeCo—N-C with those
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between that of Fe-N-C and Co-N-C, indicating that the syner-
gistic effect between the two metal sites in FeCo-N-C improves
the catalytic activity.

In order to illustrate the electron transfer number (n) of
FeCo-N-C, we recorded the LSV curves at different speeds and
obtained K-L plots. As shown in Fig. S14 (ESI{), the corres-
ponding K-L plot has a good linear relationship with a calcu-
lated electron transfer number n = 3.8 at 0.6 V in an alkaline
medium, indicating that the reaction process is a four-electron
O, reduction pathway. As shown in Fig. 4d, the rotating ring
disk electrode (RRDE) test result shows that when the potential
is higher than the equilibrium potential of O, reduction to
HO,™ (0.682 V), the electron transfer number is higher than
3.95. With the negative potential sweep (below 0.682 V), the n
of FeCo-N-C from RRDE results is almost the same as that of
20% Pt/C, indicating that the FeCo-N-C catalyst has high four-
electron selectivity.

To assess stability, an accelerated durability test (ADT) was
performed by continuously cycling the FeCo-N-C catalyst
between 0.6 and 1.0 V. As shown in Fig. S15 (ESI}), the half-
wave potential of FeCo-N-C reveals a reduction of only 11 mV
after 5000 cycles, better than that of Pt/C (38 mV). Besides, a
chronoamperometric response at 0.80 V under an O,-saturated
atmosphere was used to assess the catalyst’s long-term stabi-
lity. The time-current response curves of FeCo-N-C and com-
mercial Pt/C are shown in Fig. 4e. After running for 80 000
seconds, the current density loss of commercial Pt/C electro-
des reaches 31.2%, whereas FeCo-N-C maintains up to 97.9%
of its initial current with high stability. In addition, FeCo-N-C
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was also subjected to longer stability tests, and its current
retention rate can still remain at over 90% after 100 hours of
testing at 0.8 V under alkaline conditions (as shown in
Fig. S16, ESIf). The TEM images, XRD patterns, and Raman
spectra obtained after 100 hours of stability testing are shown
in Fig. S17-S19 (ESIYT). The above characterization of FeCo-N-
C after catalysis did not show significant changes, indicating
that the structure of the catalyst is well preserved. The Tafel
slopes further confirm the excellent ORR kinetics of FeCo-N-
C, as shown in Fig. 4f. The Tafel slopes of FeCo-N-C, 20% Pt/
C, Fe-N-C and Co-N-C are 65.9, 68.0, 78.0 and 85.1 mV dec™?,
respectively, indicating that FeCo-N-C has more favorable
ORR kinetics compared to that of Fe-N-C and Co-N-C.

3.3 Zn-air battery and AEMFC performance

Considering the excellent ORR activity of the prepared FeCo-
N-C catalyst, the obtained catalyst was used as a positive elec-
trode material for assembling a ZAB to demonstrate its practi-
cal application value. As shown in Fig. 5a, the ZAB in the lab-
oratory was assembled by using the FeCo-N-C catalyst cathode
and a zinc plate anode in 6 M KOH solution. At the same time,
commercial catalysts and other catalysts prepared in this
article were also assembled for comparison. As shown in
Fig. 5b, the FeCo-N-C-based ZAB has a stable open circuit
voltage (OCV) of approximately 1.52 V, which is higher than
that of a commercial 20% Pt/C-based ZAB (1.5 V), and within a
testing time of 20 hours (Fig. $30, ESI}), the OCV can be main-
tained above 1.51 V, demonstrating its good stability.
According to the polarization curve and the corresponding
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Fig. 5 (a) Device diagram of the Zn-air battery. (b) Open-circuit potential (OCP) of the ZAB based on FeCo—N-C and the 20% Pt/C catalysts. (c)
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power density curve in Fig. 5c, it can be seen that the
maximum power density of the FeCo-N-C-based ZAB
(247.93 mW cm™?) has increased by 1.76 times compared to
that of commercial Pt/C (140.5 mW cm™>), and is significantly
higher than that of the batteries assembled with Fe-N-C and
Co-N-C prepared in this article (Fig. S29, ESIt{). This result
indicates that the prepared FeCo-N-C catalyst has good dis-
charge ability. In addition, the zinc-air battery assembled
based on FeCo-N-C exhibits almost linear polarization curves
in the low current density and high current density regions,
exhibiting good mass transfer characteristics (i.e. low concen-
tration polarization).

The discharge capacity of the ZAB was also tested using a
constant current discharge method with a discharge density of
10 mA cm™>, as shown in Fig. 5d. The discharge profile of the
FeCo-N-C-based ZAB can be maintained above 1.23 V and can
discharge continuously for 17.3 hours, which is higher than
that of the ZAB using Pt/C as catalyst. After normalizing the
discharge capacity based on the mass of zinc consumed
during the discharge process, the specific capacity of the ZAB
using FeCo-N-C as catalyst is 768.59 mA h g, ', corres-
ponding to an energy density of 950.39 W h kg,', which is
higher than that of the ZAB using Pt/C as a catalyst (721.27 mA
h gz,7", 865.52 W h kg, '). From this, it can be seen that the
assembly of the ZAB with FeCo-N-C catalysts has great practi-
cal application potential. In order to obtain more intuitive test
results, we used the assembled batteries and a 1.5 V LED lamp
to form a circuit. As shown in Fig. S28 (ESI{), only a battery
assembled with the FeCo-N-C catalyst can make the LED glow,
while a battery assembled with Pt/C cannot illuminate the
LED. This is precisely because batteries assembled with FeCo-
N-C catalysts have a higher open circuit voltage. This also
proved the feasibility of FeCo-N-C catalysts in device appli-
cations. To further demonstrate its practicality in energy con-
version equipment, FeCo-N-C was also used in an H,/O, fuel
cell (Fig. S31, ESIt). The performances of anion exchange
membrane fuel cells (AEMFCs) were measured, and the results
are shown in Fig. 5e. The FeCo-N-C cathode generates an
excellent rated power density (Ppay) Of 444.7 mW cm™> and an
open-circuit voltage of 0.95 V, exceeding those values of other
reported Pt-free catalysts (Fig. 5f and Table S9, ESI?).

3.4 In situ SR-FTIR analysis

In order to gain a deep understanding of the mechanism of
oxygen reduction in FeCo-N-C, we conducted spectral analysis
using in situ attenuated total reflection surface enhanced infra-
red absorption (ATR-SIRAS). As shown in Fig. 6a, the absorp-
tion vibration at 1090 cm™" is attributed to *OO* intermediate
substances,’”™*° and statistical analysis was further conducted
on the intensity of vibration peaks at different applied voltages
(Fig. 6¢). When the ORR voltage exceeds 0.7 V, the *OO* peak
intensity rapidly increases and gradually decreases after
exceeding a certain voltage. Besides, no other intermediates
are observed during the reaction process, indicating that the
Fe-Co dual sites generate the key intermediate O-O and forms
an Fe-0-O-Co structure during the ORR process.**”° As a
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reference (Fig. 6b), the spectrum of Fe-N-C shows a newly
formed peak located at 1010 cm™, indicating the formation of
*OOH on Fe sites. The detailed scheme of the reaction mecha-
nism pathway at the heteronuclear atom pair sites is summar-
ized in Fig. 6d. The above results prove that the Fe-Co dual site
can accelerate the direct cleavage of O-O bonds and bypass the
generation of *OOH intermediates,**"**> which can lower the
reaction energy barrier and increase the reaction activity.

4 Conclusions

In summary, we successfully synthesized a heteronuclear
FeCo-N-C dual-metal catalyst that can be efficiently applied to
different devices by directly loading complexes of different
metals with phenanthroline on carbon black. Benefiting from
the construction of atom pair sites after introducing Co atoms
into Fe-N-C, the prepared FeCo-N-C catalyst exhibits a high
Ey), of 0.892 V and works stably for 100 h at 0.8 V under alka-
line conditions. Moreover, a zinc-air battery based on this
catalyst exhibits a high capacity density of 768.59 mA h g, "
and a maximum power density of 247.93 mW cm™2. Notably,
we also observed a maximum power density of 444.7 mW cm™>
and an open-circuit voltage of 0.95 V for the FeCo-N-C-based
AEMFC. In addition, in situ infrared test results showed that
the Fe-Co catalytic pair in FeCo-N-C can alter the catalytic
reaction pathway to bypass the production of *OOH intermedi-
ates and improve the activity of the ORR. Overall, this work
provides an approach for the large-scale synthesis of high-per-
formance non-precious metal catalysts that can be applied to
fuel cells and metal-air batteries.
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