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In this work, ultra-small Fe particles (Fe-UPs) anchored on carbon aerogel (CA) (Fe-UP/CA catalysts) are

successfully prepared by the optimal pyrolysis of hollow composite particles of zeolitic imidazolate

framework-8 (ZIF) coated with coordination complexes of tannic acid (TA) and Fe precursors. Within

these Fe-UPs, each Fe–N4 moiety is separated by one O atom while each Fe atom is coordinated with

four N atoms and one O atom. The as-prepared Fe-UPs composed of the Fe–N4–O–Fe–N4 moiety

(FeFe–O–Fe-UPs) are proposed as a new type of active species for the first time, to the best of our

knowledge. Moreover, different types of active species (such as Fe single atoms, FeFe–O–Fe-UPs, and Fe

nanoparticles) in the CA can be controlled by rationally adjusting the Fe-to-TA molar ratios. More

importantly, FeFe–O–Fe-UPs in Fe-UP/CA catalysts are realized at an Fe-to-TA molar ratio of 2.2. With the

merits of both Fe-single atom and traditional Fe-NPs, the as-prepared FeFe–O–Fe-UP/CA catalysts are

able to regulate properly the adsorption of reactants and the desorption of intermediates and products

due to their increasing size and the presence of the multi-metal-atom structure. Accordingly, the as-

prepared FeFe–O–Fe-UP/CA catalysts towards the oxygen reduction reaction (ORR) exhibit a higher half-

wave potential (0.93 V vs. 0.89 V of Pt/C), a higher onset potential (1.08 V vs. 1.0 V of Pt/C), a higher

kinetic current density (14.2 mA cm�2 at 0.9 V) and better long-term stability in alkaline media.

Additionally, Zn-air batteries assembled with such electrocatalysts also exhibit a higher power density of

140.1 mW cm�2 and a larger specific capacity of 781.7 mA h g�1, which are better than those of the

state-of-the-art the commercial Pt/C catalyst.
Introduction

The performance of electrochemical devices for energy conver-
sion and storage, such as fuel cells and Zn-air batteries,
depends to a great extent on the kinetics of the oxygen reduction
reaction (ORR) at the cathode.1–3 However, their development
has been seriously restricted by the sluggish kinetics of the ORR
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at the cathode as well as the high cost of platinum group metal
(PGM)-based catalysts in the practical electrochemical
devices.4–7 Therefore, catalysts with M-N/C-based active sites
towards the ORR have been widely investigated and are ex-
pected to replace PGM-based catalysts.8–18 In addition, it is
found that catalysts with Fe–N4/C-based active sites are deemed
to have the optimal catalytic activity towards the ORR because of
LSV curves of FeFe–O–Fe-UP/CA catalysts prepared under different pyrolysis
conditions, CZIF-TA catalysts, CZIF-Fe catalysts and Fe-NP/CA catalysts; XRD
patterns of FeFe–O–Fe-UP/CA catalysts before and aer acid treatment, CZIF-TA

catalysts and CZIF-Fe catalysts; HAADF-STEM element mappings of
FeFe–O–Fe-UP/CA catalysts aer the acid leaching treatment, HR-TEM images of
FeFe–O–Fe-UP/CA catalysts and their size histogram; the distributions of
mesoporous and macropore pore diameter of CZIF materials, CZIF-TA catalysts,
Fe-SA/CA catalysts and FeFe–O–Fe-UP/CA catalysts; comparison in the EXAFS
spectra of FeFe–O–Fe-UP/CA catalysts with other samples; models of the
possible local atomic conguration around Fe atoms within carbon materials
with increasing particle size; LSV curves at different rotation rates and the
corresponding K–L plots of CZIF-TA catalysts, Fe-SA/CA catalysts and the
commercial Pt/C catalyst; and data of Zn-air battery assembled by Fe-NP/CA
catalysts. See DOI: 10.1039/d1ta00031d
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its strong O2 adsorption and a lower energy barrier to break the
O]O bond.19–21 However, the performance of catalysts with Fe–
N4/C-based active sites is still unsatisfactory, possibly due to
their too strong adsorption ability to oxygen species,22,23 which
have a weak desorption ability of intermediates and the released
products in the ORR process.

According to the well-known Sabatier principle, good cata-
lysts should balance the adsorption rate of reactants and the
desorption rate of the released products during the whole ORR
process.22,24,25 It has been widely accepted that the interactions
of oxygen with Fe–N4/C-based active sites in the traditional
nanoparticle (NP)-based carbon catalysts are so strong while
those in single-atom catalysts (SACs) are so weak.26 In addition,
the activity of Fe–N4/C-based catalysts increases while their
durability decreases with decreasing NP size.27,28 In this regard,
Fe–N4/C-based catalysts with average sizes between SACs and
traditional NP-based catalysts may combine their merits. For
example, our group reported that Fe-single atom-nanoclusters
distributed in carbon materials (CPANI-TA-Fe Fe-SA-NC catalysts)
consisting of the Fe–N4–O–O–Fe–N4 moiety as active sites were
prepared by controlled chelation between tannic acid (TA)
molecules and Fe precursors.29 The as-prepared Fe-SA-NC
catalysts indeed realized the combination of the merits of
SACs and traditional NP-based catalysts. Moreover, the forma-
tion of the Fe–N4–O–O–Fe–N4 moiety in our Fe-SA-NC catalysts
further weakens the strong adsorption ability of Fe–N4/C-based
catalysts to oxygen species, due to the doping of highly elec-
tronegative heteroatoms (such as O) as an electronic structure
modier into the Fe–N4/C structure.30 More recently, the Xing
group reported a new strategy to introduce axial bonded O into
the Fe–N4 moiety for the formation of Fe–O–Fe bridge bonds in
the Fe–N4–O–Fe–N4 moiety as active sites. In addition, the
activity of the Fe–N4–O–Fe–N4 moiety with O modiers as active
sites is 10 times higher than that of the normal Fe–N4 as active
sites.31 Therefore, it is desirable to fabricate carbon materials
with uniform distribution of 2–3 nm ultra-small particles con-
sisting of the Fe–N4–O–Fe–N4moiety (FeFe–O–Fe-UPs), whichmay
combine the merits of SACs and traditional NP-based catalysts.

Meanwhile, carbon materials with interconnected porosity,
high surface area, high electrical conductivity and excellent
mass transfer properties are also paramount for their perfor-
mance in the ORR.32–34 Obviously, carbon aerogels (CAs) will be
one of the best candidates. Bearing these ideas in mind, Fe
ultra-small particles consisting of the Fe–N4–O–Fe–N4 moiety
anchored on CAs (FeFe–O–Fe-UP/CA catalysts) may achieve a high
ORR activity comparable to that of PGM-based catalysts.

Herein, we developed a new but effective method to fabricate
FeFe–O–Fe-UP/CA catalysts by the optimal pyrolysis of freeze-
drying powders of hollow particles of zeolitic imidazolate
framework-8 (ZIF) coated with complexes formed by tannic acid
(TA) and Fe precursors by controlled chelation at the optimal
ratio. Then, the morphology, composition, surface area and
types of active sites of the as-prepared FeFe–O–Fe-UP/CA catalysts
were studied in detail. Next, their ORR performances were
investigated in alkaline media. As expected, the as-prepared
FeFe–O–Fe-UP/CA catalysts exhibit an outstanding ORR activity
and durability, which are better than those of carbon materials
6862 | J. Mater. Chem. A, 2021, 9, 6861–6871
with Fe–SAs and Fe-NPs as well as the commercial Pt/C catalyst.
Finally, the performances of a Zn-air battery assembled with the
as-prepared FeFe–O–Fe-UP/CA catalysts as the air cathodes were
further tested in alkaline aqueous solution.

Experimental section
Materials

Zinc nitrate hexahydrate (Zn(NO3)2$6H2O, 99%), absolute
methanol, tannic acid (TA, 98%+) and ferric ammonium citrate
(FAC, Fe 20.5–22.5%) were purchased from Sinapharm Chem-
ical Reagent Co. Ltd (Shanghai, China). 2-Methylimidazole
(99%) was purchased from Macklin Biochemical Co. Ltd
(Shanghai, China). All chemicals were used directly as received.
All the glassware was washed with aqua regia (3 : 1 v/v HCl
(37%)/HNO3 (65%) solution) and then rinsed thoroughly with
ultrapure water before use. (Caution: Aqua regia solutions are
dangerous and should be used with extreme care; never store
these solutions in closed containers) Ultrapure water from
a Milli-Q system (18 MU cm, Millipore) was used in all our
experiments.

Synthesis of zeolitic imidazolate framework-8 particles (ZIF
particles)

The synthesis of 40 nm ZIF particles was performed by the re-
ported method with slight modication.35 Typically, a methanol
solution (50 mL) containing 2-methylimidazole (19.85 mmol)
was added into another methanol solution (50 mL) containing
Zn(NO3)2$6H2O (2.47 mmol). Then, the mixed solution was kept
at room temperature for one hour under stirring. Next, 40 nm
ZIF particles were collected by centrifuging and methanol
washing several times. Finally, the resulting ZIF particles were
dried in an oven at 60 �C and stored for further use.

Synthesis of hollow ZIF-TA particles

The methanol solution (25 mL) containing 40 nm ZIF particles
(0.5 g) was rst sonicated for 30 min to obtain the methanol
dispersion of dispersed ZIF particles, followed by centrifugation
to remove the supernatant and the collection of ZIF particles.
Then, the resulting ZIF particles were redispersed in amethanol
solution (25 mL). To obtain hollow ZIF-TA particles with an
optimal shell thickness, different concentrations of TA mole-
cules (0.3, 3, 4, 5, 6, 8, 10, 12, 15 and 20 g L�1) were added into
the methanol dispersion of ZIF particles for etching. Aer
vigorous stirring of about 6 min, hollow ZIF-TA particles were
obtained by centrifuging. Finally, the resulting hollow ZIF-TA
particles were dried at 60 �C in an oven and stored for further
use. In our case, the optimal concentration of TA molecules is
5 g L�1.

Synthesis of CZIF-TA catalysts

A ceramic boat containing the powder of hollow ZIF-TA particles
was transferred into a tube furnace, which was pyrolyzed at
900 �C for 3 h with a heating rate of 10 �C min�1 under owing
Ar gas. Aer naturally cooling to room temperature, the cata-
lysts were eventually obtained (CZIF-TA catalysts).
This journal is © The Royal Society of Chemistry 2021
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Synthesis of CZIF-Fe catalysts

FAC (18 mg) was added into an aqueous dispersion (6 mL)
containing the ZIF particles (0.3 g) under stirring. ZIF-Fe
particles were formed by stirring the above mixture for 24 h.
The powder of ZIF-Fe particles was obtained by freeze-drying,
followed by pyrolysis at 900 �C for 3 h at a heating rate of
10 �Cmin�1 under owing Ar gas. Eventually, the catalysts were
obtained aer a further acid treatment (CZIF-Fe catalysts).

Synthesis of FeFe–O–Fe-UP/CA catalysts

FAC (18 mg) was added into an aqueous dispersion (6 mL)
containing the resulting hollow ZIF-TA particles (0.3 g) under
stirring. ZIF-TA-Fe particles were formed by stirring the above
mixture for 24 h due to complexation between TA and Fe(III) ions
in water. The powder of ZIF-TA-Fe particles was obtained by
freeze-drying, followed by pyrolysis at 900 �C for 3 h at a heating
rate of 10 �C min�1 under owing Ar gas. Eventually, FeFe–O–Fe-
UP/CA catalysts were obtained aer a further acid treatment.

Synthesis of Fe-SA/CA catalysts and Fe-NP/CA catalysts

The Fe-SA/CA catalysts and Fe-NP/CA catalysts were also
prepared by the same procedure used for the synthesis of FeFe–
O–Fe-UP/CA catalysts except that the added amount of FAC was
changed to 3 mg and 36 mg, respectively.

Results and discussion
Synthesis and characterization of FeFe–O–Fe-UP/CA catalysts

Scheme 1 shows the detailed procedure for the synthesis of
FeFe–O–Fe-UP/CA catalysts. First, uniform ZIF particles with an
average diameter of ca. 40 nm (ZIF particles) were prepared in
a large quantity by using the classic method reported in the
literature (Scheme 1a and Fig. S1, ESI†),35 followed by their
Scheme 1 Schematic illustration of the synthetic procedure of FeFe–
O–Fe-UP/CA. (a) Synthesis of ZIF particles in methanol, (b) formation of
hollow ZIF-TA particles by TA etching in methanol, (c) formation of
ZIF-TA-Fe particles by complexation between TA and Fe(III) ions in
water, (d) powders of ZIF-TA-Fe particles after freeze-drying, and (e)
transformation of powders of ZIF-TA-Fe particles into FeFe–O–Fe-UP/
CA by the pyrolysis process under the optimal conditions. Enlarged
image is the schematic illustration of Fe-UPs anchored on carbon
aerogels.

This journal is © The Royal Society of Chemistry 2021
purication, ultrasonication process (Fig. S2, ESI†) and redis-
persion into methanol to obtain monodisperse ZIF particles for
further use. Next, an appropriate amount of TA molecules was
added to the methanol dispersion of monodisperse ZIF parti-
cles under vigorous stirring (Fig. S3, ESI†). Aer stirring of
about 6 min, these solid ZIF particles can be etched into hollow
ZIF particles covered with TA molecules (ZIF-TA particles) on
their outer surfaces (Scheme 1b and Fig. S4b, ESI†), followed by
the addition of an appropriate amount of the Fe precursor.
Since Fe(III) ions can strongly coordinate with TA molecules,
Fe(III) ions would be absorbed onto the outer surfaces of the
resulting hollow ZIF particles (ZIF-TA-Fe particles) due to the
presence of TA molecules (Scheme 1c and Fig. S4c, ESI†). Then,
the powder of ZIF-TA-Fe particles was obtained by vacuum
freeze-drying, in which agglomerates of hollow ZIF particles
would be formed (Scheme 1d) and their hollow feature still
remains (Fig. S4d, ESI†). In addition, the XRD pattern of ZIF-TA-
Fe particles is rather similar to that of hollow ZIF-TA particles
and hollow ZIF particles (Fig. S5, ESI†), indicating that Fe(III)
ions indeed are absorbed onto the outer surfaces, instead of
entering into the structure of ZIF particles. Thus, Fe(III) ionsmay
be rather close due to the agglomerates of ZIF particles.

It is known that the presence of Fe species during the
pyrolysis can lead to the in situ formation of carbon nanotubes
(CNTs), and thus, the conductivity of the as-prepared carbon
materials would be improved due to the increasing graphitiza-
tion degree of carbon, which would be conducive to the rapid
electron transfer during the ORR.36 Accordingly, the powder of
hollow ZIF particles containing an appropriate amount of Fe(III)
ions is necessary to guarantee the formation of CAs with an
optimal ratio of carbon nanotube-to-hollow carbon spheres and
inlaid with high density Fe-UPs aer the pyrolysis (Scheme 1e,
Fig. S6 and S7b, ESI†), instead of the formation of Fe-single
atoms on carbon aerogels (Fe-SA/CA) or Fe-NP/CA (Fe nano-
particles on carbon aerogels) (Fig. S7a and c, ESI†). Thus, the
optimal ratio of TA-to-Fe(III) ions for synthesis of FeFe–O–Fe-UP/
CA catalysts is determined to be about 2.2. Finally, FeFe–O–Fe-
UP/CA catalysts were obtained (Scheme 1e and Fig. 1) by the
pyrolysis process under the optimal conditions (Fig. S8, ESI†)
and further acid leaching treatment. Note that aer a series of
control experiments, the pyrolysis temperature, holding time
and heating rate are determined as 900 �C, 3 h and 10 �Cmin�1,
respectively (Fig. S8, ESI†). In addition, aer further acid
leaching treatment of 6 h, some big Fe NPs existing in the CAs
can be totally removed, which are demonstrated by results of
TEM images, EDS mapping, LSV curves and XRD patterns
(Fig. S9–S11, ESI†). As such, the as-prepared FeFe–O–Fe-UP/CA
catalysts fabricated by the optimal pyrolysis by the synergism
of TA and Fe precursors can have better electrocatalytic
performance (Fig. S9c and S13a, ESI†), compared with the ob-
tained carbon materials only with using Fe (Fig. S12a and S13b,
ESI†) or TA precursors (Fig. S12b and S13c, ESI†). Note that Fe-
UPs in FeFe–O–Fe-UP/CA catalysts are composed of the Fe–N4–O–
Fe–N4 moiety, instead of pure Fe atoms. Thus, Fe UPs aer the
6 h acid-leaching treatment can be retained (Fig. S9a–c, ESI†).
This result further indicates that Fe UPs in our case are different
from pure Fe NPs, but similar to Fe SAs. These results are in
J. Mater. Chem. A, 2021, 9, 6861–6871 | 6863
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Fig. 1 Low (a) and high magnification (b and c) TEM images of FeFe–O–

Fe-UP/CA catalysts, high-resolution TEM image (d) of one part of the
selected carbon nanotube in FeFe–O–Fe-UP/CA catalysts, atomic
resolution HAADF image (e) of FeFe–O–Fe-UP/CA catalysts, and typical
HAADF-STEM-EDS mapping images (f–h) of FeFe–O–Fe-UP/CA cata-
lysts. Note that (b) and (c) show enlarged images of areas within the
yellow dotted box and the blue dotted box in (a), respectively.

Fig. 2 (a) XRD patterns, (b) Raman spectra, (c) N2 adsorption/
desorption isotherms of FeFe–O–Fe-UP/CA catalysts (black curve), Fe-
SA/CA catalysts (red curve), CZIF-TA catalysts (blue curve) and CZIF

materials (cyan curve) and (d) pore size distributions of FeFe–O–Fe-UP/
CA catalysts based on the BJH method. The inset in (d) is the mac-

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

15
/2

02
1 

3:
50

:5
1 

PM
. 

View Article Online
good agreement with the EXAFS results (shown later). However,
by extending the time for the acid leaching treatment to 8 h
(Fig. S9d, ESI†), the Fe–N4 moiety may be destructed to some
degree based on their decreasing ORR performance (Fig. S10,
ESI†).

As shown in Fig. 1a, the as-prepared FeFe–O–Fe-UP/CA cata-
lysts indeed exhibit a continuous porous 3D network structure,
which is composed of inter-connected hollow carbon spheres
(Fig. 1b) and entangled carbon nanotubes with a great number
of bamboo-like joints (Fig. 1c). The presence of carbon nano-
tubes in CAs is expected to favor both mass and electron
transfer during the catalytic reaction37 although they will
slightly lower the whole BET surface area, compared with CAs
completely consisting of hollow carbon spheres. Moreover,
a graphite-like layered structure with an interlayer spacing of
0.363 nm can be clearly observed in both carbon nanotubes
(Fig. 1d) and hollow carbon spheres (Fig. S14a, ESI†) in the
high-resolution TEM image of FeFe–O–Fe-UP/CA catalysts, which
can be attributed to the (002) plane of graphitic carbon,38

indicating the high crystallization degree of the as-prepared CAs
obtained by the pyrolysis treatment at the high temperature.
Furthermore, on the basis of their EDS result, the as-prepared
FeFe–O–Fe-UP/CA catalysts are composed of elemental C
(92.03 wt%), N (2.16 wt%), O (5.34 wt%) and Fe (0.46 wt%), and
their distributions over the entire CAs are rather uniform
(Fig. S15, ESI†). The total mass loading of elemental Fe in FeFe–
O–Fe-UP/CA catalysts is close to that in most of Fe-SA catalysts
reported so far,39 indicating that FeFe–O–Fe-UP/CA may have high
ORR activity as Fe–SA catalysts.

Because of the low contrast between Fe-UPs and CAs, there
are no Fe-UPs observed in the TEM image (Fig. 1a to d). Thus,
the atomic resolution high-angle annular dark-eld (HAADF)
image and HAADF-scanning transmission electron microscopy-
energy dispersive spectroscopy (HAADF-STEM-EDS) mapping
(Fig. 1e to h) were further used to demonstrate the formation of
Fe-UPs in the as-prepared FeFe–O–Fe-UP/CA catalysts. As shown
in the HAADF images (Fig. 1e and S16, ESI†), plenty of bright
dots with an average size of 3 nm are clearly observed.
6864 | J. Mater. Chem. A, 2021, 9, 6861–6871
Moreover, in the HAADF-STEM-EDS mapping image (Fig. 1f–h),
the proles of distribution of elemental Fe (Fig. 1g) show a lot of
ultra-small spherical spheres (yellow), which are rather consis-
tent with the positions of the bright dots in Fig. 1f and h.
Furthermore, the proles of distribution of elemental Fe and
elemental C in the overlapping image (Fig. 1h) are in good
agreement with those in HAADF image (Fig. 1f). These results
indicate that a high density of Fe-UPs are indeed formed and are
anchored on the surfaces of CNTs in CAs.

The X-ray diffraction (XRD) pattern was further recorded to
investigate the crystalline phase of carbon materials (Fig. 2a).
There are no any diffraction peaks related to Zn observed in CZIF

materials, CZIF-TA catalysts, Fe-SA/CA catalysts and FeFe–O–Fe-UP/
CA catalysts, indicating the absence of elemental Zn. Compared
with CZIF materials, CZIF-TA catalysts, and Fe-SA/CA catalysts
(Fig. 2a), one can clearly see that one relatively sharp peak
located at 26.2� exists in the XRD pattern of FeFe–O–Fe-UP/CA
catalysts (Fig. 2a), which corresponds to the (002) planes of
graphitic carbon,40 indicative of the formation of highly
graphitized carbon. Moreover, the typical peaks of metallic Fe
particles are not observed in their XRD patterns, indicating that
Fe NPs in FeFe–O–Fe-UP/CA and Fe-SA/CA catalysts are totally
removed. In addition, the elemental Fe in the format of FeFe–O–
Fe-UP/CA is not in the metallic Fe state, but inlaid within the
carbon framework, like that in Fe-SA/CA catalysts.

The Raman spectra of carbon-based materials usually
consist of two peaks, which are called the D band (at about
1331 cm�1) and G band (at about 1586 cm�1), respectively
(Fig. 2b). The D band and G band in carbon materials represent
defects and graphite carbon in the carbon, respectively.41,42 In
addition, the degree of graphitization of carbon materials can
be evaluated by the intensity ratio of the D band to G band (ID/
IG). The intensity ratios of ID/IG of CZIF materials, CZIF-TA cata-
lysts, Fe-SA/CA catalysts and FeFe–O–Fe-UP/CA catalysts are 1.44,
ropore size distribution of FeFe–O–Fe-UP/CA catalysts.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) XPS full survey spectrum and the corresponding high-
resolution spectra of (b) N 1s, (c) O 1s, and (d) Fe 2p of FeFe–O–Fe-UP/
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1.12, 1.10 and 0.91, respectively (Fig. 2b and Table S1, ESI†). The
lower the ratio of ID/IG, the higher the degree of graphitization
of carbon materials. Thus, FeFe–O–Fe-UP/CA catalysts have the
highest content of graphitic carbon among them. It is found
that the ID/IG value of CZIF materials is far bigger than that of
CZIF-TA catalysts, indicating that the introduction of TA can
improve the degree of graphitization of carbon materials by the
formation of graphene-like aky-carbon materials. In addition,
the ID/IG value of CZIF-TA catalysts is close to that of Fe-SA/CA
catalysts and bigger than that of FeFe–O–Fe-UP/CA catalysts.
The results indicate that the utilization of a low amount of Fe
has little impact on the degree of graphitization of carbon in Fe-
SA/CA catalysts. However, with increasing amount of the Fe
precursor, the degree of graphitization of carbon in FeFe–O–Fe-
UP/CA is greatly improved, which could contribute to the
enhancement in their ORR performance due to the increase in
conductivity of the FeFe–O–Fe-UP/CA catalysts.43 The results are
also in good agreement with their XRD results.

N2 adsorption/desorption measurements of FeFe–O–Fe-UP/CA
catalysts were carried out to gain insight into their surface area
and porosity property. CZIF materials, CZIF-TA catalysts, and Fe-
SA/CA catalysts were also investigated for comparison (Fig. 2c
and d). The BET specic surface areas of CZIF materials, CZIF-TA

catalysts, Fe-SA/CA catalysts and FeFe–O–Fe-UP/CA catalysts are
calculated to be about 69.7 m2 g�1, 957.3 m2 g�1, 916.8 m2 g�1

and 628.8 m2 g�1, respectively. The result shows that the BET
value of CZIF materials obtained by pyrolysis of solid ZIF parti-
cles (cyan curve) is far lower than that of CZIF-TA catalysts ob-
tained by pyrolysis of hollow ZIF particles by TA-etching (blue
curve), indicating that the transformation of solid ZIF particles
into hollow ZIF particles by TA-etching indeed can greatly
improve their specic surface area. In addition, the BET values
of CZIF-TA catalysts and Fe-SA/CA catalysts are nearly equal
because they have a similar morphology, which is mainly
composed of hollow carbon spheres, and the presence of Fe
atoms in Fe-SA/CA catalysts does not impact their specic
surface areas. However, the BET value of FeFe–O–Fe-UP/CA cata-
lysts greatly decreases with increasing utilization of additional
Fe(III) ions, possibly due to the decreasing ratio of hollow carbon
spheres and the increasing ratio of CNTs in the CAs (Fig. S7a
and b, ESI†). Moreover, CZIF-TA catalysts, Fe-SA/CA catalysts and
FeFe–O–Fe-UP/CA catalysts have the same N2 adsorption/
desorption isotherms. The distinguishable type-IV hysteresis
loop at medium and high relative pressure (0.4 < P/P0 < 1)
demonstrates the existence of a mesoporous structure while the
sharp increase again at high relative pressure (0.95 < P/P0 < 1)
indicates the presence of macropores (Fig. 2c).6,44,45 In addition,
CZIF-TA catalysts, Fe-SA/CA catalysts and FeFe–O–Fe-UP/CA cata-
lysts all have a mesoporous-dominant hierarchical structure
(about 38 nm) accompanied by macropores from 90 to 300 nm
(Fig. 2d, S17 and S18, ESI†), based on the pore size distribution
curves obtained via the Barrett–Joyner–Halenda (BJH) method.
The pore size distributions of CZIF-TA catalysts, Fe-SA/CA cata-
lysts and FeFe–O–Fe-UP/CA catalysts are also well consistent with
their corresponding TEM results (Fig. S7a, S12b, ESI† and 1b).
Briey, the hierarchical pore structure of FeFe–O–Fe-UP/CA
This journal is © The Royal Society of Chemistry 2021
catalysts would favor for the diffusion of oxygen and thus
benet the improvement of their ORR performance.

To unravel the surface composition and electronic structure
of their elements in FeFe–O–Fe-UP/CA catalysts, X-ray photoelec-
tron spectroscopy (XPS) analysis was carried out (Fig. 3). As
shown in Fig. 3a, elemental C (86.31 wt%), N (1.8 wt%), O
(11.18 wt%), and Fe (0.71 wt%) are observed in their full survey
spectrum, which is in good agreement with the elemental
mapping results (Fig. S15, ESI†). In contrast, the Fe 2p signal in
the XPS full survey spectrum of the FeFe–O–Fe-UP/CA catalysts is
rather weak, possibly because Fe-UPs mainly distributed in the
inner parts of the FeFe–O–Fe-UP/CA catalysts aer the acid-
leaching treatment. There are four peaks centered at around
284.6, 285.6, 286.8, and 289.8 eV in the high-resolution C 1s
spectrum of FeFe–O–Fe-UP/CA catalysts (Fig. S19, ESI†), corre-
sponding to sp2 C (59.54%), sp3 C (20.87%), C–O (10.75%), and
C]O (8.83%) group, respectively.29,46,47 In addition, the pres-
ence of the strongest peak of sp2 C (Table S3, ESI†) indicates
that FeFe–O–Fe-UP/CA catalysts can have a high electrical
conductivity.42

In the high-resolution N 1s spectrum of FeFe–O–Fe-UP/CA
catalysts (Fig. 3b), there also exist four types of N species,
which are pyridinic N centered at 398.6 eV (46.75%), pyrrolic N
centered at 400.45 eV (13.89%), graphitic N centered at
401.24 eV (32.84%) and oxidized N centered at 403.7 eV (6.51%),
respectively.48 In contrast, the contents of both the pyridinic N
(46.75%) and graphitic N (32.84%) in FeFe–O–Fe-UP/CA catalysts
are higher than those (40.21% and 30.74%) in CZIF-TA catalysts
(Fig. S20, S21 and Table S4, ESI†), indicating that the intro-
duction of Fe may promote their contents by the formation of
CNTs. Moreover, the presence of a high content of the pyr-
idinic N (46.75%) in FeFe–O–Fe-UP/CA catalysts will improve the
oxygen adsorption capacity and the onset potential of catalysts
effectively because they can enhance the surface wettability and
increase the electron donor of carbon materials.8 Furthermore,
the presence of a high content of the graphitic N in FeFe–O–Fe-
UP/CA catalysts (32.84%) induced by the formation of
CA catalysts.

J. Mater. Chem. A, 2021, 9, 6861–6871 | 6865
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Fig. 4 (a) Fe K-edge XANES spectra and the enlarged image of the
pre-edge (the inset in a), (b) FT-EXAFS spectra of FeFe–O–Fe-UP/CA
catalysts, Fe foil, FePc and Fe2O3, (c) FT-EXAFS spectra of Fe–N4–O–
O–Fe–N4 in Fe-SA-NCs catalysts, FeFe–O–Fe-UP/CA catalysts and Fe-
NP catalysts, (d) schematic model of the local atomic configuration
around Fe atoms in FeFe–O–Fe-UP/CA catalysts.
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a certain ratio of CNTs in CAs would benet the improvement in
their limit diffusion current density by increasing their elec-
trical conductivity.40 Therefore, the co-existence of pyridinic N
and graphitic N in the FeFe–O–Fe-UP/CA catalysts would be
benecial to the ORR performance. In the high resolution O 1s
spectrum of FeFe–O–Fe-UP/CA catalysts (Fig. 3c), the presence of
the signal peak centered at about 531.4 eV is the evidence for
the formation of the Fe–O bond in FeFe–O–Fe-UP/CA catalysts
aer the pyrolysis of Fe–O chelation existing in the complex of
TA and Fe precursors.31 In addition, the peaks centered at about
533.2 eV and 535.8 eV are attributed to the C–O bond and
adsorption of O/H2O owing to exposure to the atmosphere,
respectively. As depicted in Fig. 3d, the high-resolution Fe 2p
signals of FeFe–O–Fe-UP/CA catalysts can be deconvoluted into
seven peaks, namely Fe0 2p3/2 (708.8 eV) and Fe0 2p1/2 (721.2 eV),
Fe 2p3/2 (Fe2+/Fe3+ ions, 713 eV) and Fe 2p1/2 (Fe2+/Fe3+ ions,
725.4 eV), satellite peaks (716.6 and 734.2 eV), and Fe–Nx

species (711 eV),2,49 respectively. The presence of the peak (711
eV) indicates the existence of the Fe–Nx structure.50,51 The
presence of satellite peaks demonstrates that both Fe(III) and
Fe(II) exist in FeFe–O–Fe-UP/CA catalysts.52 However, it is rather
difficult to distinguish 2p signals of Fe2+ ions from those of Fe3+

ions. In our case, 2p signals of Fe 2p3/2 and Fe 2p1/2 are close to
those of Fe3+ ions. It is known that Fe atoms can form bonds
with uncapped sites on carbon materials, which can induce
charge transfer between Fe atoms and carbon materials.53

Accordingly, Fe atoms may also bear a positive charge by elec-
tronic interaction between Fe atoms and the local surrounding
atoms (such as C, O, and N atoms) in our FeFe–O–Fe-UP/CA
catalysts, which will be veried by the results of X-ray absorp-
tion near-edge structure (XANES) spectroscopy and extended X-
ray absorption ne structure (EXAFS) spectroscopy.

XANES and EXAFS were utilized to further understand the
local atomic coordination and electronic structure around Fe
atoms in FeFe–O–Fe-UP/CA catalysts. Fe foil, iron phthalocyanine
(FePc), and Fe2O3 were also measured for comparison (Fig. 4).
As shown in Fig. 4a, the absorption edge of FeFe–O–Fe-UP/CA
catalysts is located between that of FePc and Fe2O3, indicating
that the oxidation state of Fe atoms is between +2 and +3 in
FeFe–O–Fe-UP/CA catalysts.54,55 In addition, one rather weak pre-
edge peak at about 7113 eV can be seen in the XANES spectra
of FeFe–O–Fe-UP/CA catalysts, which is rather similar to that of
Fe2O3 (without energy calibration, Fig. 4a). The result indicates
that the coordination conguration of the atoms surrounding
Fe atoms in the FeFe–O–Fe-UP/CA catalysts forms a 6-fold coor-
dination structure.56–58 Moreover, the EXAFS is further deduced
from the Fe K-edge spectra and tted using the Demeter so-
ware package to obtain more information on the Fe-ligand
structure in the FeFe–O–Fe-UP/CA catalysts. As shown in Fig. 4b
and S22a (ESI†), the Fourier transform (FT) of the k3-weighted
K-edge EXAFS spectrum of the FeFe–O–Fe-UP/CA catalysts is
apparently different from that of Fe foil, demonstrated by the
absence of the strong Fe–Fe scattering peaks at 2.2 Å,59 and it
indicates the absence of metallic Fe particles in the as-prepared
FeFe–O–Fe-UP/CA catalysts, which is in good agreement with the
XRD and XPS results. In contrast, the well-matched major peak
located at 1.5 Å exists in the FT-EXAFS spectra of both the FeFe–
6866 | J. Mater. Chem. A, 2021, 9, 6861–6871
O–Fe-UP/CA catalysts and FePc (Fig. S22b, ESI†), indicating that
Fe–N4 moieties should be present in our FeFe–O–Fe-UP/CA cata-
lysts.33,60 Accordingly, it can be concluded that the Fe atoms
interacted with neighboring four N atoms in FeFe–O–Fe-UP/CA
catalysts. Furthermore, the scattering peaks located at around
2.6 Å and 3.1 Å, which are ascribed to the second shell of Fe–Fe
bond, were detected in the FT-EXAFS spectra of FeFe–O–Fe-UP/CA
catalysts. These peaks of Fe-UPs in FeFe–O–Fe-UP/CA catalysts are
similar to those of Fe2O3 (Fig. S22c, ESI†). These results indicate
that the Fe–O bond should exist in Fe-UPs in the FeFe–O–Fe-UP/
CA catalysts, which is in good agreement with XPS results.
However, the difference in their intensity also indicates the
difference in the coordination conguration of Fe atoms
between Fe2O3 and Fe-UPs in FeFe–O–Fe-UP/CA catalysts. In view
of the presence of the Fe–N4 and Fe–O bond, it is highly possible
that Fe-UPs are composed of the Fe–N4–Ox–Fe–N4 moiety.
However, the number of O atoms between two Fe atoms still
needs to be determined.

To further determine the coordination conguration of Fe
atoms of Fe-UPs in FeFe–O–Fe-UP/CA catalysts, FT-EXAFS curves
of FeFe–O–Fe-UP/CA catalysts, Fe-SA-NCs catalysts with NCs sizes
of about 0.5–1.5 nm and Fe-NP-based catalysts with NPs sizes of
about 3.8 nm are combined together for better comparison
(Fig. 4c, S22d and e, ESI†). It is obvious that the size of Fe-UPs in
the FeFe–O–Fe-UP/CA catalysts is larger than that of NCs in the Fe-
SA-NCs catalysts but smaller than that of Fe-NP in the tradi-
tional Fe-NP-based catalysts. Interestingly, the intensity of the
Fe–Fe peaks (located at 2.6 Å and 3.1 Å) of Fe-UPs in the FeFe–O–
Fe-UP/CA catalysts is stronger than that of NCs in the Fe-SA-NC
catalysts but weaker than that of Fe-NPs in the traditional Fe-NP
catalysts. In addition, the FT-EXAFS curve of FeFe–O–Fe-UP/CA
catalysts is rather similar to that of the Fe–N4–O–Fe–N4 moiety
as active sites reported recently (Fig. S22f, ESI†).31 Moreover, in
our previous work, the active sites in NCs with sizes of about
This journal is © The Royal Society of Chemistry 2021
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0.5–1.5 nm in the Fe-SA-NC catalysts are the Fe–N4–O–O–Fe–N4

moieties while Fe–Fe bonds are present in the traditional Fe–
NP-based catalyst. Furthermore, it has been proposed that the
number of oxygen atom decreases with increasing size of Fe-
atom-based particles (Fig. S23, ESI†).29 Bearing these in mind,
it is highly possible that the active sites in Fe-UPs of FeFe–O–Fe-
UP/CA catalysts are the Fe–N4–O–Fe–N4 moieties. Given the
similarity and difference among FeFe–O–Fe-UP/CA catalysts, the
Fe–N4–O–Fe–N4-based catalyst, Fe-SA-NCs catalysts and Fe-NP
catalysts, the local atomic conguration around Fe atoms in
FeFe–O–Fe-UP/CA catalysts is proposed as follows: (a) the coor-
dination number of each Fe atom is six; (b) each Fe atom in Fe-
UPs of FeFe–O–Fe-UP/CA catalysts is coordinated with four N
atoms and one O atom; (c) each Fe-UP is composed of tens of
Fe–N4–O–Fe–N4 moieties; and (d) each Fe–N4 moiety is sepa-
rated by one O atom (Fig. 4d).31,61 Fe-UPs in FeFe–O–Fe-UP/CA
catalysts are composed of the Fe–N4–O–Fe–N4 moiety, instead
of pure Fe atoms. Similarly, the formation of the Fe–O–Fe bond
in the Fe-UPs results from the complexes of Fe3+ ions and
hydroxyl groups (OH�) of TA during the pyrolysis.
Electrocatalytic performance of FeFe–O–Fe-UP/CA catalysts
towards the ORR

The catalytic performance of FeFe–O–Fe-UP/CA catalysts was rst
assessed by cyclic voltammetry (CV) measurements in O2-satu-
rated 0.1 M KOH electrolyte and the commercial Pt/C catalyst
(Johnson Matthey, 20 wt%) was also investigated as a reference
electrocatalyst (Fig. S24, ESI†). Both exhibit well-dened oxygen
reduction peaks in the O2-saturated KOH electrolyte and only
electrochemical double-layer capacitance was detected with the
N2-saturated electrolyte. In addition, the potential of the oxygen
reduction peak of the FeFe–O–Fe-UP/CA catalysts is 0.90 V versus
Fig. 5 (a) LSV curves of FeFe–O–Fe-UP/CA catalysts (black curve), Fe-
SA/CA catalysts (red curve), the commercial Pt/C catalyst (blue curve)
and CZIF-TA catalysts (cyan curve), measured in O2-saturated 0.1 M
KOH at a rotation speed of 1600 rpm and a potential scan rate of 10mv
s�1; (b) K–L plots of FeFe–O–Fe-UP/CA catalysts at different potentials;
(c) Tafel plots of FeFe–O–Fe-UP/CA catalysts (black curve) and the
commercial Pt/C catalyst (red curve) obtained from the RDE
measurements; and (d) comparison of kinetic current density (Jk) at
0.9 V of FeFe–O–Fe-UP/CA catalysts (black), Fe-SA/CA catalysts (red),
the commercial Pt/C catalyst (blue) and CZIF-TA catalysts (cyan).

This journal is © The Royal Society of Chemistry 2021
the reversible hydrogen electrode (vs. RHE), which is much
higher than that (0.86 V vs. RHE) of the commercial Pt/C cata-
lyst, indicating the superior ORR catalytic activity of FeFe–O–Fe-
UP/CA catalysts in alkaline media.62 The ORR performances of
FeFe–O–Fe-UP/CA catalysts, Fe-SA/CA catalysts, the commercial
Pt/C catalyst and CZIF-TA catalysts were further investigated by
LSV measurements with a rotating disk electrode (RDE) at
a scan rate of 5 mV s�1 in O2-saturated 0.1 M KOH at 1600 rpm.
As shown in Fig. 5a, CZIF-TA catalysts display a poor ORR
performance (cyan curve) with a half-wave potential (E1/2) of
0.82 V and an onset potential (Eonset) of 0.94 V, which is worse
than those of the commercial Pt/C catalyst (blue curve). In
contrast, Fe-SA/CA catalysts show an improved ORR perfor-
mance with an E1/2 of 0.90 V and Eonset of 1.03 V (red curve),
which is better than those of the commercial Pt/C catalyst (blue
curve). As mentioned above, CZIF-TA catalysts and Fe-SA/CA
catalysts have a similar morphology and BET surface area
values. Thus, the presence of favorable active sites of Fe–SAs in
Fe-SA/CA catalysts should be the key to improve the ORR
activity.

Compared with Fe-SA/CA catalysts and Fe-NP/CA catalysts,
FeFe–O–Fe-UP/CA catalysts have a smaller BET surface area value
and a lower ratio of CNTs in CAs, respectively. However, the E1/2
value (0.93 V) and Eonset value (1.08 V) of FeFe–O–Fe-UP/CA cata-
lysts are more positive than those of Fe-SA/CA catalysts (E1/2 of
0.90 V and Eonset of 1.03 V) and Fe-NP/CA catalysts (E1/2 of 0.90 V
and Eonset of 1.02 V) (Fig. S25, ESI†). Thus, the results indicate
that the enhancement in ORR activity of FeFe–O–Fe-UP/CA cata-
lysts is mainly attributed to the formation of a new type of active
site (Fe–N4–O–Fe–N4 moiety), which will be discussed later,
instead of their improved degree of graphitization in the pres-
ence of abundant of CNTs.63 In addition, the ORR activity of
FeFe–O–Fe-UP/CA catalysts (E1/2 ¼ 0.93 V and Eonset ¼ 1.08 V) is
higher than that (E1/2 ¼ 0.89 V and Eonset ¼ 1.00 V) of the
commercial Pt/C catalyst and the most of Fe-based catalysts
reported in the literature thus far (Table S6, ESI†), possibly
because of the presence of new type of active sites, the large
surface area and the higher degree of graphitization. In our
case, the size of Fe-UPs in the as-prepared FeFe–O–Fe-UP/CA
catalysts is in the range of 2–3 nm. Thus, the adsorption
strength of O2 to Fe atoms in the Fe–N4–O–Fe–N4 moiety of Fe-
UPs would be enhanced31 due to their increasing size, compared
with SACs. Moreover, the bridging O atom in the Fe–N4–O–Fe–
N4 moiety would act as an electronic structure modier to
weaken the bonding strength between Fe and ORR intermedi-
ates. Accordingly, the as-prepared FeFe–O–Fe-UP/CA catalysts can
achieve the balance between the adsorption of reactants and the
desorption of intermediates and products due to their
increasing size and the presence of the multi-metal-atom
structure. Thus, the as-prepared FeFe–O–Fe-UP/CA catalysts can
show improved ORR activity by improving the adsorption
strength to O2 (*O2 binding energy) and lowering the formation
energy of the *O intermediate.

The ORR kinetics of FeFe–O–Fe-UP/CA catalysts was investi-
gated using the RDE technique at different rotation speeds
(Fig. S26, ESI†). In addition, the electron transfer number of
FeFe–O–Fe-UP/CA catalysts towards the ORR was calculated based
J. Mater. Chem. A, 2021, 9, 6861–6871 | 6867
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on the Koutecky–Levich (K–L) equation plots. As shown in
Fig. 5b, the electron transfer number of FeFe–O–Fe-UP/CA was
calculated to be 3.92, which is rather close to that of the
commercial Pt/C catalyst (Fig. S27, ESI†), indicating the desir-
able four-electron transfer process for the ORR catalyzed by
FeFe–O–Fe-UP/CA mainly. In contrast, the electron transfer
numbers of Fe-SA/CA catalysts and CZIF-TA catalysts are calcu-
lated to be 3.6 and 3.0 (Fig. S28 and S29, ESI†), respectively. The
results suggest that active sites (Fe–N4–O–Fe–N4moiety) in FeFe–
O–Fe-UP/CA catalysts indeed play a key role in electrocatalytic
selectivity, compared with those in Fe-SA/CA catalysts (Fe–SAs)
and CZIF-TA catalysts (carbon defects).

The Tafel plots of FeFe–O–Fe-UP/CA catalysts and the
commercial Pt/C catalyst are shown in Fig. 5c. The Tafel slope of
FeFe–O–Fe-UP/CA catalysts (61.7 mV dec�1) under alkaline
conditions is lower than that for the commercial Pt/C catalyst
(70.8 mV dec�1). Such a kinetic process for ORR activity cata-
lyzed by FeFe–O–Fe-UP/CA catalysts is more effective than that by
the commercial Pt/C catalyst. This is because the lower Tafel
slope indicates higher ORR activity.64 Moreover, the kinetic
current density of FeFe–O–Fe-UP/CA catalysts was calculated from
the intercept of the linearly tted K-L plots to be 14.2 mA cm�2

at 0.9 V, which was much higher than that of Fe-SA/CA catalysts
(9.55 mA cm�2), the commercial Pt/C catalyst (4.35 mA cm�2),
and CZIF-TA catalysts (0.47 mA cm�2) (Fig. 5d). These results
further indicate the synergistic advantages of a hierarchical
micro-macro structure and desired newly active components in
FeFe–O–Fe-UP/CA catalysts for the ORR.

In addition to the ORR activities, the durability of FeFe–O–Fe-
UP/CA catalysts toward the ORR in an alkaline electrolyte was
further evaluated by the chronoamperometric method, cycling
test and methanol-crossover effect test, in comparison with the
commercial Pt/C catalyst (Fig. 6). Aer the continuous chro-
noamperometric measurement for 12 000 s in O2-saturated
0.1 M KOH electrolyte (Fig. 6a), FeFe–O–Fe-UP/CA catalysts
preserved almost a constant current plateau with an initial drop
of only 2.7% at 0.90 V, whereas the commercial Pt/C catalyst
suffers from a gradual current loss of about 32% with respect to
its initial current density. The less current decay at FeFe–O–Fe-UP/
CA catalysts conrms the superior electrochemical stability.
Moreover, the durability of FeFe–O–Fe-UP/CA catalysts was further
assessed by using the accelerated durability test (ADT) between
0.2 and 1.0 V at a sweep rate of 100 mV s�1 in O2-saturated 0.1 M
Fig. 6 (a) Chronoamperometric responses to durability evaluation of
FeFe–O–Fe-UP/CA catalysts and the commercial Pt/C catalyst at 0.9 V
vs. RHE,measured in O2-saturated 0.1 M KOH, (b) ORR LSVs of FeFe–O–

Fe-UP/CA catalysts before and after 5000 cycles in O2-saturated 0.1 M
KOH, and (c) methanol-crossover effect test results of FeFe–O–Fe-UP/
CA catalysts and the commercial Pt/C catalyst to the addition of
methanol in O2-saturated 0.1 M KOH.

6868 | J. Mater. Chem. A, 2021, 9, 6861–6871
KOH for 5000 cycles. As shown in Fig. 6b, the E1/2 value of FeFe–
O–Fe-UP/CA catalysts is almost unchanged while that of the
commercial Pt/C catalyst displays a negative shi of 12 mV aer
ADT of 5000 cycles (Fig. S30, ESI†), further demonstrating the
excellent stability of FeFe–O–Fe-UP/CA catalysts. Furthermore, the
methanol tolerances of FeFe–O–Fe-UP/CA catalysts and the
commercial Pt/C catalyst in an alkaline electrolyte were inves-
tigated by using their chronoamperometric responses. As
shown in Fig. 6c, no signicant current change in the chro-
noamperometric curve of FeFe–O–Fe-UP/CA is observed, whereas
an instantaneous jump decrease in the chronoamperometric
curve of the commercial Pt/C catalyst is observed aer the
addition of 3 M methanol into the electrolyte, suggesting the
excellent tolerance of FeFe–O–Fe-UP/CA catalysts against meth-
anol crossover effects. Briey, all these results indicate that
FeFe–O–Fe-UP/CA catalysts indeed have much better ORR
performance, stability, and selectivity than the commercial Pt/C
catalyst in alkaline media.

To demonstrate the potential in real energy devices, a Zn-air
battery (ZAB) was further fabricated by using Zn foil as the
anode, FeFe–O–Fe-UP/CA catalysts as the cathode, and 6 M KOH
with 0.2 M zinc acetate as the electrolyte (Fig. 7a), since they
have a superior ORR performance in alkaline media. Fe-SA/CA
catalysts and the commercial Pt/C catalyst as the cathode elec-
trocatalysts were also investigated for comparison. The stable
open-circuit voltage (OCV) of the ZAB assembled with FeFe–O–Fe-
UP/CA catalysts is 1.49 V (Fig. 7b), which is higher than that of
the commercial Pt/C catalyst (1.43 V), Fe-SA/CA catalysts (1.46 V)
and Fe-NP/CA catalysts (1.48 V) (Fig. S31, ESI†), indicating their
good practical performance. Their discharge polarization curves
and the corresponding power density curves are shown in
Fig. 7c. It can be clearly seen that the ZAB assembled with FeFe–
Fig. 7 (a) Schematic illustration of the model of a primary Zn-air
battery, (b) open-circuit plots of the primary Zn-air batteries with
different catalysts, (c) discharge polarization curves and the corre-
sponding power density curves of the primary Zn-air batteries with
different catalysts, (d) specific capacities at a current density of 100mA
cm�2 of FeFe–O–Fe-UP/CA catalysts, Fe-SA/CA catalysts and the
commercial Pt/C catalyst based primary Zn-air battery, (e) galvano-
static discharge curves of primary Zn-air batteries with different
catalysts at different current densities, and (f) long-time discharge
curves of the primary Zn-air batteries with different catalysts at the
current density of 20 mA cm�2. For better comparison, FeFe–O–Fe-UP/
CA catalysts, Fe-SA/CA catalysts, and the commercial Pt/C catalyst are
shown as black curves, red curve, and blue curves, respectively.

This journal is © The Royal Society of Chemistry 2021

https://doi.org/10.1039/d1ta00031d


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
Pr

in
ce

 E
dw

ar
d 

Is
la

nd
 o

n 
5/

15
/2

02
1 

3:
50

:5
1 

PM
. 

View Article Online
O–Fe-UP/CA catalysts presents the maximum power density of
140.1 mW cm�2 at a current density of 197.3 mA cm�2, which is
much higher than that with the commercial Pt/C catalyst (93.7
mW cm�2 at 161.7 mA cm�2) and far higher than that with Fe-
SA/CA catalysts (109.8 mW cm�2 at 157.9 mA cm�2) and that
with Fe-NP/CA catalysts (101.0 mW cm�2 at 128.6 mA cm�2)
(Fig. S32, ESI†). It is found that the power density of the ZAB
assembled with FeFe–O–Fe-UP/CA catalysts is also comparable to
those of the ZABs assembled with Fe-SA catalysts reported in the
literature (Table S7, ESI†). As shown in Fig. 7d, the specic
capacity of the ZAB assembled with FeFe–O–Fe-UP/CA catalysts
can be up to 781.7 mA h g�1 at a current density of 100 mA
cm�2, which is signicantly superior to that with Fe-SA/CA
(752 mA h g�1) and Fe-NP/CA catalysts (673 mA h g�1)
(Fig. S33, ESI†) and higher than that with the commercial Pt/C
catalyst (731 mA h g �1 at 100 mA cm�2). Galvanostatic
discharge curves (Fig. 7e) clearly demonstrate the good stability
of the ZAB consisting of FeFe–O–Fe-UP/CA catalysts when
changing the current density from 1 mA cm�2 to a much larger
current density of 50 mA cm�2. More signicantly, the initial
and nal voltages at 1 mA cm�2 of the ZAB consisting of FeFe–O–
Fe-UP/CA catalysts are rather close (1.35 V and 1.33 V, respec-
tively), indicating their robust long-term discharging capability.
The results also exhibit the good high-rate performance of the
Zn-air battery with FeFe–O–Fe-UP/CA catalysts, which is in good
agreement with the larger power density. In addition, on the
basis of the long-time galvanostatic discharge curves at
a constant current density of 20 mA cm�2 (Fig. 7f), it can be seen
that the voltage of the primary ZAB consisting of FeFe–O–Fe-UP/
CA catalysts is higher than that of the ZAB consisting of Fe-
SA/CA catalysts or the commercial Pt/C catalyst. The result
also exhibits that the primary ZAB consisting of FeFe–O–Fe-UP/CA
catalysts has a good catalytic stability during cell operation even
at relatively large current. The slight decrease in the voltage of
the ZAB consisting of FeFe–O–Fe-UP/CA catalysts may be caused
by the absorption of CO2 from the atmosphere into the elec-
trolyte.65 Briey, all of these results demonstrate that FeFe–O–Fe-
UP/CA catalysts not only can exhibit a high-performance
towards the ORR, but also can be applied to the ZABs as
a potential air cathode electrocatalyst.

Conclusions

In summary, we successfully prepared FeFe–O–Fe-UP/CA catalysts
with 2–3 nm Fe-UPs consisting of new types of active sites (Fe–
N4–O–Fe–N4moiety). Moreover, Fe-UPs consisting of the Fe–N4–

O–Fe–N4 moiety (FeFe–O–Fe-UPs) in Fe-UP/CA catalysts are real-
ized by controlling the Fe-to-TA molar ratio at 2.2 under other
xed reaction conditions. Each Fe–N4 moiety within these Fe-
UPs is separated by one O atom and each Fe atom in the Fe–
N4–O–Fe–N4moiety is coordinated with four N atoms and one O
atom. Due to their increasing size and the presence of the multi-
metal-atom structure, the as-prepared FeFe–O–Fe-UP/CA catalysts
can achieve the balance between the adsorption of reactants
and the desorption of intermediates and products. Accordingly,
the resulting FeFe–O–Fe-UP/CA catalysts towards the ORR in
alkaline media exhibit a higher half-wave potential (0.93 V vs.
This journal is © The Royal Society of Chemistry 2021
0.89 V of Pt/C), a higher onset potential (1.08 V vs. 1.00 V of Pt/
C), a higher kinetic current density (14.2 mA cm�2 at 0.9 V) and
better long-term stability. In addition, the FeFe–O–Fe-UP/CA
catalysts show much better ORR performance than those with
Fe–SAs and comparable to those with Fe-SA-NCs. Moreover, the
ZABs assembled with FeFe–O–Fe-UP/CA catalysts as an air
cathode also exhibit a high discharge voltage (1.49 V), a high
power density (140.1 mW cm�2 at 197.3 mA cm�2), a high
specic capacity (781.7 mA h g�1) and good stability, which are
better than those of the state-of-the-art the commercial Pt/C
catalyst. Furthermore, our synthetic strategy presented here
can be extended to prepare carbon aerogels decorated with
other metal ultra-small particles consisting of new active sites of
the MN4-O-MN4moiety as electrocatalysts for the ORR, OER and
HER, given the chelation ability of TA with diverse metal ions.
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