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Hierarchically porous N-doped carbon nanosheets
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The design and synthesis of non-precious-metal single-atom catalysts with favorable coordination
environments and abundant accessible active sites to boost the sluggish oxygen reduction reaction (ORR) is
highly desirable for both fuel cells and metal-air batteries. In this work, atomic Fe/Co dual sites anchored
on N-doped carbon nanosheets (Fe/Co—N-C NSs) with thickness below 8 nm are fabricated via a
polyvinylpyrrolidone-directed chemical blowing strategy together with a subsequent pickling step and
metal atom trapping. Detailed characterizations including atomic-resolved HAADF-STEM observation and
BET analysis revealed that the dual-metallic Co/Fe—N, moieties are uniformly dispersed in highly porous
Fe/Co—N-C NSs with abundant hierarchical pores below 4 nm. Thanks to the synergic effect of dual-
metallic Fe/Co—N, active sites and abundant accessible catalytic sites provided from the hierarchically por-
ous nanosheet structures, the resultant Fe/Co—N-C NSs delivered excellent ORR performance in
0.1 M KOH with a positive half-wave potential (Ey/,) of 0.88 V vs. RHE, high kinetic current density (J,) of
24.8 mA cm™2 at 0.85 V and robust stability, exceeding those of commercial Pt/C and mono-metallic Fe—
N-C NSs. When Fe/Co-N-C NSs were employed as air cathode catalysts for primary Zn—air batteries, the

assembled cells delivered an open-circuit voltage up to 1.52 V and a peak power density of 165 mW cm™2.
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Introduction

High-performance electrocatalysts for the oxygen reduction
reaction (ORR) are highly demanded for advanced electroche-
mical energy storage and conversion devices including metal-
air batteries and fuel cells."”® Platinum-group metals (PGMs)
are widely recognized as efficient ORR catalysts because of their
unique electronic structures. However, the concerns related to
scarcity, high cost and unsatisfactory stabilities of PGM cata-
lysts preclude their large-scale commercialization.”" In this
regard, transition metal and nitrogen co-doped carbon catalysts
(TM-N-C, where TM represents Fe, Co, Mn, Cu, etc.), especially
Fe-N-C, are the most promising alternative to PGM catalysts by
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virtue of their low cost, high activity and robust stability.>**>*”

Among the Fe-N-C catalysts, single Fe atoms coordinated with
nitrogen (Fe-N,) moieties are commonly identified as the real
catalytic sites for absorbing O, and accelerating the subsequent
ORR kinetics.'®" To further boost the ORR activities of Fe-N—-
C catalysts, several strategies have been developed, including
increasing the exposed Fe-N, active sites, modulating the local
coordination environments of the central metal atoms, and
incorporating another active metal atom to generate bimetal-
N-C species."***?® Among them, the unique bimetal-N-C
species can not only offer more favorable M-N, active sites
but also create fantastic synergistic effects to break the bond in
O, during the ORR, significantly boosting the electrocatalytic
activities.”’3° More importantly, theoretical calculations also
reveal the synergistically enhanced ORR activity of bimetal-N-C
active sites partially through weakening the O-O bonds and
promoting the reduction of O, to OOH*.*" Therefore, encapsu-
lating heterometal atoms into an Fe-N-C matrix to form
unique bimetal-N-C is supposed to greatly enhance the ORR
activities.?*7>

The morphologies and porous configurations of Fe-N-C
catalysts are also critical to acquire excellent ORR activities
through generating more accessible active sites, faster electron
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https://orcid.org/0000-0002-2449-9139
https://orcid.org/0000-0002-7835-6635
http://crossmark.crossref.org/dialog/?doi=10.1039/d2ya00128d&domain=pdf&date_stamp=2022-08-29
https://doi.org/10.1039/d2ya00128d
https://doi.org/10.1039/d2ya00128d
https://rsc.li/energy-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ya00128d
https://pubs.rsc.org/en/journals/journal/YA
https://pubs.rsc.org/en/journals/journal/YA?issueid=YA001010

Open Access Article. Published on 22 August 2022. Downloaded on 4/7/2026 5:17:11 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

and mass transportation pathways and higher surface
areas.**® Among the diverse carbon structures to support
the isolated Fe atoms, 2D carbon nanosheets have attracted
intense attention because of their favorable structural advantages,
including high electronic conductivity for rapid electron transport
and high exposed surface areas for catalytic reactions.>**° In
particular, carbon nanosheets can easily interconnect with each
other to form a 3D conductive network structure, further improv-
ing the electron/ion transfer efficiency."'** Moreover, designing
hierarchical pore structures in 2D carbon nanostructures can
simultaneously take mass transfer and the active sites into
account, as mesopores benefit the fluent mass transportation
and micropores are conducive to generating more active sites for
catalytic reactions. Therefore, developing an efficient approach to
prepare hierarchically porous 2D Fe-N-C catalysts for the ORR is
highly desirable.

In this work, dual-metallic FeCo atomic sites encapsulated
in N-doped porous carbon nanosheets (Fe/Co-N-C NSs) are
fabricated through rationally pyrolyzing the chelating mixture
of iron nitrate and PVP together with atomic trapping of
transition-metal ions. Hierarchical porous nanosheets with
abundant pores (1-5 nm) were created by the selected etching
of Fe-containing nanocrystals embedded in the intermediate
carbon nanosheets, produced by a unique chemical blowing
process. Benefitting from the highly porous nanosheet struc-
ture and dense Fe/Co-N, active sites exposed to the electrolyte,
the dual-metallic Fe/Co-N-C NSs could be used as high-
performance ORR electrocatalysts. In prticular, the Fe/Co-N-
C NSs delivered better ORR activity compared to carbon
nanosheets with single Fe atoms only (Fe-N-C), suggesting a
synergistic enhancement of the ORR performance in the dual-
metallic Fe/Co-N, active sites. Finally, the Fe/Co-N-C NSs were
also investigated as high-performance air-cathode catalysts for
primary Zn-air batteries (ZABs).

Experimental
Materials fabrication

All the chemicals were used without further purification. In a
typical synthesis, 1 g of polyvinylpyrrolidone (PVP, K30) and 1 g
of Fe(NO;);-9H,0 were first dissolved into 15 mL of deionized
water. Then, the solution was continuously stirred and soni-
cated at room temperature to obtain a sticky yet homogeneous
solution. The solution was dried at 80 °C in an oven and the
fine powder with orange color was obtained after grinding. The
as-obtained powder was annealed at 200 °C and maintained for
0.5 h in a tube furnace. Then, the furnace temperature was
further raised to 500 °C for 2 h with a ramping rate of
3 °C min~'. After that, the as-achieved fluffy powder was
immersed in 2 M HCl solution to remove most iron-
containing compounds, generating highly porous carbon
nanosheets implanted with trace amounts of iron atoms. Sub-
sequently, the resulting carbon powder (100 mg) and Co(NO3),-
6H,0 (9.0 pmol) were further dispersed in 40 mL of deionized
water and stirred for 2 h to guarantee that the Co** ions can be
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fully adsorbed on the surface of the carbon nanosheets. After
the adsorption, the relevant carbon powder and 1 g of dicyan-
diamide were subjected to a secondary calcination (900 °C for
2 h) in a tube furnace to obtain the targeted Fe/Co-N-C NSs. As
a comparison, the same molar amounts of Ni**, Mn**, Cu*",
and Fe*' ions were adsorbed on the carbon nanosheets, which
were labeled as Fe/Mn-N-C, Fe/Cu-N-C, Fe/Ni-N-C, and Fe/Fe-
N-C. Moreover, Fe/Co-N-C NSs were also calcined at different
temperatures to explore the influence of calcination tempera-
ture on the catalytic properties. As a control experiment, Fe-N-
C is synthesized via the same process except that no additional
transition-metal salts were adsorbed.

Material characterizations

Powder X-ray diffraction (XRD) patterns were profiled on an
X-ray diffractometer (PANalytical). Scanning electron micro-
scope (SEM) images were recorded on a SUPRA™ 55 (ZEISS,
Germany) microscope. The thickness of the carbon nanosheets
was analyzed by an AFM (Bruker DIMENSION icon). A transmis-
sion electron microscope (TEM; JEOL JEM-3200FS) equipped
with energy dispersive X-ray spectroscopy (EDX) was employed
to observe the microstructure and element dispersion of C, N,
Fe and Co in the catalyst. Raman spectra were profiled on a
Renishaw confocal microscope (532 nm laser). Brunauer—
Emmett-Teller (BET) and the pore structure were characterized
by nitrogen adsorption-desorption measurements with a Micro-
meritics/ASAP 2460 instrument, and the pore distribution was
investigated by the density functional theory (DFT) method.
Elemental analyses were conducted on a Thermo Scientific
ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS) spectro-
meter and an inductively coupled plasma-optical emission
spectrometry (ICP-OES) system.

Electrochemical measurements

The Fe/Co-N-C and other comparative samples were prepared
by mixing 7 mg of the catalyst in 500 pL of solution containing
230 pL of ethanol, 230 pL of isopropanol and 40 pL of 5%
Nafion solution, followed by ultrasonication for 30 min to form
homogeneous catalyst inks. In comparison, a commercial
20% wt Pt/C sample was tested under identical conditions by
dispersing 2 mg of the catalyst in 500 pL of solution. A certain
volume of the catalyst ink was dropped onto a well-polished
glassy carbon rotating disk electrode (RDE) or rotating ring disk
electrode (RRDE). The loading mass of nonprecious catalyst
and Pt/C was 0.6 mg cm™ > and 0.2 mg cm >, respectively. The
detailed testing conditions can be found in the ESI{

Zn-air battery performance

Zn-air batteries (ZABs) were assembled by coating the catalyst
on hydrophobic carbon cloth with a loading mass of 1 mg cm ™"
as the air cathode. A polished Zn plate was employed as an
anode and the void between the two electrodes was filled with
6 M KOH solution with 0.2 M Zn(OAC), as additive. The open-
circuit voltage and discharge polarization curve of the battery
were measured on an electrochemical workstation (CHI 760E).
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The galvanostatic test was performed using a battery test
system (Land 3001A) at room temperature.

Results and discussion
Physical characterizations

The fabrication process of Fe/Co-N-C NSs is schematically
illustrated in Fig. 1. First, the mixed solution of PVP and iron
nitrate was dried thoroughly at 80 °C and subsequently calcined
at 500 °C in inert gas flow. When the calcination temperature is
above the glass transition temperature (~200 °C), the molten
fluid of PVP would be blown up to form a bubble-like structure
by abundant gas released from the fast decomposition of iron
nitrate. Meanwhile, the Fe-contained nanoparticles with a size
of several nanometers are formed and uniformly decorated into
carbon nanosheets by in situ carbothermal reduction of iron
nitrate at 500 °C (Fig. S1 and S2, ESIt). SEM images in Fig. Sla
and b (ESIt) show that the nanosheets were connected together
to form a 3D sponge-like structure. TEM images in Fig. Sic-e
(ESIt) demonstrated that tiny nanoparticles with a size of several
nanometers are densely embedded in the carbon nanosheets.
The HRTEM image revealed that the Fe-containing nanoparticles
are well-crystallized with clear lattice fringes (Fig. S1f, ESIt). The
XRD pattern in Fig. S2 (ESIt) suggested that the Fe-containing
nanoparticles are mixtures of Fe, Fe;0, and Fe;C. The EDS
mapping images (Fig. S1g, ESIT) revealed that C, N, O and Fe
atoms are uniformly distributed in the whole nanosheets, indi-
cating that the Fe-containing nanoparticles were homogeneously
embedded in the N-doped carbon nanosheet matrix. After that,
the Fe-containing nanoparticles embedded in the carbon
nanosheets can be removed by strong acid washing, leading to
the generation of highly porous carbon nanosheets. Notably, a
certain amount of atomic iron species remained in the carbon
nanosheets, and after adsorption of Co®" ions in dilute cobalt
nitrate solution and subsequent high-temperature treatment in a
CN-rich atmosphere produced by dicyandiamide decomposition,
dual-metallic Fe/Co-N-C NSs would be generated through nitro-
gen trapping and bonding Fe and Co atoms in the N-doped
carbon matrix.

The morphology of the Fe/Co-N-C NSs was investigated by
SEM and TEM. As shown in Fig. 2a, the Fe/Co-N-C NSs were
very fluffy and exhibited a distinct porous lamellar structure
due to the chemical blowing of PVP with the assistance of iron
nitrate. From the high-magnification SEM image (Fig. 2b), the
carbon nanosheets are connected together to form a sponge-
like shape. Note that after breaking the sponge-like product
through long-term ultrasonic treatment, well-dispersed carbon
nanosheets would be generated. The AFM image in Fig. 2c
confirmed that the thickness of the Fe/Co-N-C NSs is less than
8 nm, which was not reported so far in the PVP derived carbon
nanosheets via the chemical blowing strategy.’®** The low-
magnification TEM image in Fig. 2d shows a large piece of
carbon nanosheet with an even contrast, indicating that the
thickness of the Fe/Co-N-C NSs was uniform. The selected-area
electron diffraction (SAED) pattern of Fe/Co-N-C (inset in
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Fig.1 Schematic procedure for the synthesis of the Fe/Co-N-C
electrocatalyst.

Fig. 2d) displays two distinct diffraction rings, which were
associated with the (100) and (002) crystallographic planes of
the graphitic carbon.*® The high magnification TEM and high-
angle annular dark-field scanning transmission electron micro-
scope (HAADF-STEM) images clearly reveal that a large number
of pores are uniformly distributed in the carbon matrixes
(Fig. 2e and Fig. S3, ESIT). Furthermore, the high-resolution
TEM (HRTEM) image (Fig. 2f) of Fe/Co-N-C NSs shows that the
carbon nanosheets were partially graphitic with a lattice dis-
tance of 0.36 nm, larger than the value of graphite (0.34 nm).
This high lattice distance could be partially attributed to the
high distortion of carbon nanostructures by the heteroatom
substitutions (Fe, Co and N) and the low graphitization. Due to
the Z-contrast of metal and nitrogen/carbon atoms, the atomic-
resolved HAADF-STEM images of Fe/Co-N-C (Fig. 2g) showed
that many small single dots were well distributed in the carbon
support, indicating that most metal (Fe or Co) atoms were
isolated from each other. Impressively, there were also con-
siderable bright dual dots (marked with yellow circles) distrib-
uted in the carbon framework, suggesting the formation of
dual-metal (Fe-Co, Fe-Fe and Co-Co) dimers. These well-
dispersed Fe/Co single-atoms are supposed to be effective
active sites for the ORR, ensuring superior catalytic capacity.
The actual loading mass of Fe and Co in the Fe/Co-N-C NSs
was confirmed to be 2.0 wt% and 0.1 wt%, respectively,
determined by ICP-OES. The corresponding element mapping
diagram (Fig. 2h) demonstrated the homogeneous distribution
of C, N, Fe and Co elements, further confirming that iron and
cobalt atoms are homogeneously immobilized in the carbon
nanosheets.

XRD analysis was used to determine the crystal structure of
the as-prepared samples. As shown in Fig. 3a, the XRD patterns
of both Fe/Co-N-C and Fe-N-C have two broad peaks centered
at ~24.0° and ~43.5° belonging to the (002) and (100) planes
of graphite, respectively, suggesting an amorphous nature of
carbon.’® The interplanar spacing of the (002) planes was
calculated to be about 0.37 nm according to the Bragg equation,
close to the HRTEM result. No diffraction peaks belonging to
crystalline metals or metal compounds can be detected. Nota-
bly, the intensity and full width at half maximum (FWHM) of
the (002) plane in Fe/Co-N-C were obviously lower than that of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Microstructure characterization of the as-prepared Fe/Co—N—-C NSs. (a and b) SEM, (c) AFM, (d and e) TEM, and (f) HRTEM images (inset in
(d) is the corresponding SAED pattern and inset in (e) is the contrast intensity profile of the lattice fringes), (g) atomic-resolved HADDF-STEM image of Fe/
Co-N-C, and the dual-metal dimers (Fe—Co, Fe—Fe and Co-Co) are labelled with yellow circles, and (h) elemental mapping of C, N, Fe and Co of

Fe/Co-N-C.

Fe-N-C, indicating that extra introduction of Co atoms might
disorder the crystal lattice and decrease the crystallinity of
carbon nanosheets. Two distinct peaks in the Raman spectra
(Fig. 3b) located at 1350 cm ™' and 1580 cm ™" correspond to the
defect-related D bands and sp*-hybridized carbon-correlated G
bands, respectively.?” The slightly higher Ip/Ig (~1.73) of Fe/
Co-N-C than that of Fe-N-C (~1.71) reveals low crystallinity
and rich defects in the Fe/Co-N-C NSs, consistent with the XRD
results. The pore structure characteristics of the Fe/Co-N-C NSs
were analyzed by N, adsorption-desorption isotherms (Fig. 3c).
Fe/Co-N-C displayed a typical type-I isothermal curve, indicat-
ing that Fe/Co-N-C NSs contained rich micropores. The pore-
size distributions (inset in Fig. 3c) clearly proved the presence
of abundant micropores and mesopores with size distribution
of below 4 nm in the Fe/Co-N-C NSs, in line with the TEM
observations. The rich micropores and mesopores as well as the
thin carbon nanosheets in the Fe/Co-N-C NSs contributed to a
high specific surface area of 1095.6 m> g~'. Considering the
thin nanosheet matrix below 8 nm, the mesopores in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

Fe/Co-N-C NSs benefit the fluent mass transportation, while
the micropores are conducive to generating more active sites
for catalytic reactions. Therefore, such highly porous structures
would endow Fe/Co-N-C NSs with dense accessible active sites
and extraordinary electron transfer efficiency.**>' XPS was
performed to investigate the compositions and chemical states
of Fe/Co-N-C and Fe-N-C NSs. The full-scan XPS spectra
proved the presence of N, C and O elements (Fig. 3d). The
high-resolution Fe 2p spectrum (Fig. S4, ESIt) has two strong
peaks located at 710.8 eV and 723.9 eV, belong to the binding
energies of the 2p;, and 2p;,, orbitals of Fe**. And the two
peaks in the high-resolution Co 2p spectrum (Fig. S5, ESIt) can
be assigned to Co** 2p;/, and Co®>" 2p;,. Such results indicate
that the valence of both Co and Fe is 2+. The high-resolution C
1s spectrum (Fig. 3e) of the Fe/Co-N-C NSs could be deconvo-
luted into three peaks, corresponding to the characteristic
peaks of C-C (284.8 eV), C-N (285.8 eV) and C—O0 (289.0 eV).
The N content is as high as ~ 6% in both Fe/Co-N-C and Fe-N-
C based on the XPS results. The N 1s spectra (Fig. 3f) can be

Energy Adv., 2022, 1, 682-689 | 685
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(a) XRD patterns and (b) Raman spectra of Fe~N-C and Fe/Co-N-C, (c) nitrogen adsorption—desorption isotherm and pore size distribution

curve (inset in (c)) of Fe/Co—-N-C, (d) XPS survey spectra, (e) high-resolution C 1s and (f) high-resolution N 1s spectra of Fe—~N-C and Fe/Co-N-C; the

inset in (f) is the corresponding content of different N species.

deconvoluted into pyridinic N (398.9 eV), Fe/Co-N (400.1 eV),
graphite N (401.5 eV) and oxidized N. The high fraction of
pyridinic (~45%) and graphic N (~43%) in the Fe/Co-N-C NSs
is proposed to be responsible for the active sites for the
ORRs.*>** In addition, the decomposition of dicyandiamide
would generate a large number of unliganded N sites, which
can also stabilize the highly active Fe and Co atoms through
generating Fe/Co-N, moieties during the annealing process.’*

Electrochemical performance

Fe/Co-N-C NSs were expected to exhibit excellent ORR catalytic
activity due to the structural and compositional merits. The
electrocatalytic properties of catalysts including Fe/Co-N-C NSs
were investigated using a three-electrode system in alkaline
media. To optimize the annealing temperature, the ORR activ-
ities of the samples obtained at different temperatures (800,
900 and 1000 °C) were first evaluated (Fig. S4, ESIt). Compared
to the catalysts obtained at 800 and 1000 °C, the Fe/Co-N-C NSs
obtained at 900 °C exhibited the best catalytic activity (detailed
discussion was inserted in ESIt). In addition, we also optimized
the metal loading in Fe/Co-N-C to achieve the best catalytic
activity (Fig. S7, ESIt), which showed that the optimal Co
content is 0.1 wt%. Therefore, all the following tests were based
on the samples obtained at 900 °C. As shown in Fig. 4a, the Fe/
Co-N-C NSs delivered better activity than commercial Pt/C and
mono-metallic Fe-N-C determined by the linear scanning
voltammetry (LSV) curves.

The Fe/Co-N-C NSs exhibited more positive onset potential
(Eonset = 1.0 Vvs. RHE) and half-wave potential (E;/, = 0.88 V vs.
RHE), and higher ultimate current density (Jp = 6.2 mA cm™?),
than commercial Pt/C (Ei, = 0.84 V, Egnget 0.99 V,

686 | Energy Adv, 2022,1, 682-689

Jr = 5.1 mA ecm ?) and Fe-N-C (Ey), = 0.86 V, Egpgec = 0.97 V,
Ju = 5.3 mA cm ™ ?). The mass activity of the Fe/Co-N-C NSs is
significantly higher than that of Fe-N-C and Pt/C (Fig. S8,
ESIT), suggesting the high metal utilization. The remarkable
ORR kinetics of the Fe/Co-N-C NSs was confirmed by the
smaller Tafel slope (62 mV dec ') than that of commercial
20% Pt/C (80 mV dec™') and the Fe-N-C (76 mV dec )
(Fig. 4b). The superior ORR Kkinetics for the Fe/Co-N-C NSs
could be partially ascribed to the possible synergistic inter-
action of FeCo-N, dual sites and the nitrogen species, which
could narrow the cleavage barrier of O-O bonds to achieve high
ORR activity.** Importantly, the kinetic current density (Jx)
representing the electrochemical intrinsic activity was
24.8 mA cm > for Fe/Co-N-C at 0.85 V, which is significantly
higher than that of Fe-N-C (7.2 mA cm %) and Pt/C
(3.6 mA cm™?). The turnover frequency (TOF) of the Fe/Co-N-
C catalyst and the control samples was calculated based on the
kinetic currents and the metal contents from ICP-OES results,
assuming that all the Fe and Co atoms are atomically dispersed
and coordinated with nitrogen species. As shown in Fig. 4c, the
Fe/Co-N-C (~0.058 e~ site™' s~') showed a higher TOF than
Fe-N-C (~0.039 e~ site™* s™') at 0.8 V vs. RHE. Compared to
mono-metallic Fe-N-C, the excellent intrinsic activity of dual-
metallic Fe/Co-N-C can be ascribed to the synergistic effect of
atomic Fe/Co-N, dual sites in Fe/Co-N-C through effectively
modulating the electronic structure.

Based on the polarization curves of Fe/Co-N-C at different
rotation rates (Fig. 4d), the average electron transfer number (1)
according to the K-L equation (inset in Fig. 4d) was calculated
to be x4, revealing high-efficiency reduction of O, to H,0. To
reveal the electro-transfer mechanism, RRDE tests were carried

© 2022 The Author(s). Published by the Royal Society of Chemistry
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solution.

out for both Fe/Co-N-C and Pt/C (Fig. 4e). From 0.2 V to 0.9 V,
the number of transferred electrons of Fe/Co-N-C was between
3.88 and 3.99, and the peroxide yield was almost kept below
5%, very close to that of Pt/C. Thus, the ORR of Fe/Co-N-C NSs
followed a typical four-electron pathway. Finally, the stabilities
and methanol tolerance of the relevant catalysts were also
investigated. After 12 h chronoamperometry tests, the current
decay of Fe/Co-N-C was only 7.3%, while that of Pt/C was
18.1%, illustrating the remarkable stability of the Fe/Co-N-C
catalyst (Fig. S9, ESIt). In addition, the methanol tolerance of
the Fe/Co-N-C and Pt/C catalysts was evaluated. Notably, the
current change was negligible for Fe/Co-N-C after introducing
1 M methanol, whereas a dramatic current loss occurs for Pt/C
under the same conditions (Fig. S10, ESIT). These results clearly
indicated that the dual-metallic Fe/Co-N-C possessed excellent
tolerance against methanol poisoning, indicating its potential
application in fuel cells. In order to investigate the influence of
the secondary transition-metal ion on the ORR activity of dual-
metallic Fe/M-N-C NSs, Fe/Mn-N-C, Fe/Cu-N-C, Fe/Ni-N-C
and Fe/Fe-N-C catalysts were also fabricated by adsorbing
Mn*", Cu®', Ni** and Fe®' ions, respectively, with the same
atomic proportions and fabrication process (Fig. S11, ESIT). By
comparing their ORR performance, we found that all the dual-
metallic catalysts exhibited superior activity over commercial
Pt/C, and the Fe/Co-N-C catalyst delivered the best ORR activity
compared to other dual-metallic catalysts. All in all, the ORR
activity of dual-metallic Fe/Co-N-C NSs is comparable to that of
various bimetal-N-C catalysts previously reported (Fig. 4f and
Table S1, ESIT).

Taking all of the above results together, the Fe/Co-N-C NSs
exhibit excellent ORR activity as well as remarkable durability

© 2022 The Author(s). Published by the Royal Society of Chemistry

in alkaline media, which can be reasonably ascribed to the
following prominent advantages: (1) the wunique thin
nanosheets with abundant hierarchical pores can provide a
large number of electron/electrolyte channels and increase the
amount of exposed active sites; (2) abundant highly-dispersed
metal-N, species can be employed as highly active ORR sites
with good structural stability; (3) the synergistic effect of atomic
Fe/Co-N, dual sites could boost the ORR activity via modulat-
ing the electronic and geometric structures, which would
reduce the energy barriers of the rate-limiting process of the
ORR. Therefore, these unique composition and structure mer-
its endow Fe/Co-N-C NSs with outstanding ORR performance,
surpassing that of mono-metallic Fe-N-C and benchmark Pt/C
catalysts.

Inspired by the impressive ORR performance, practical ZABs
were assembled and investigated using Fe/Co-N-C NSs as air
cathode catalysts. The Fe/Co-N-C catalyst is supported on
hydrophobic carbon cloth to construct an air-breathable elec-
trode and commercial Pt/C with the same loading mass was
also used as a comparison sample (Fig. 5a). The open circuit
voltage of the Fe/Co-N-C electrode (Fig. 5b) is high as ~1.52V,
which is much higher than that of commercial Pt/C (~ 1.40 V).
As shown in Fig. 5c, the primary ZAB exhibited a maximum
power density of 165 mW cm >, significantly surpassing that of
Pt/C (121 mW cm %), well matching the superb ORR activity of
Fe/Co-N-C NSs. Note that the peak power density based on the
Fe/Co-N-C air-cathode is comparable and even better than
most reported ZABs based on efficient ORR catalysts. Impress-
ively, a stable voltage output of ~1.27 V can be maintained for
more than 50 hours without obvious decline at a constant
discharge current density of 5 mA cm 2, demonstrating the
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Fig. 5 (a) Schematic representation of a Zn—air battery, (b) open circuit
plots of the Zn—air battery using Fe/Co—N-C and Pt/C as air electrodes,
(c) discharge polarization curves and corresponding power density curves
using Fe/Co-N-C and commercial Pt/C (20 wt%) as the air cathode,
respectively, and (d) specific discharging capacities of the cell with Fe/
Co-N-C and Pt/C air cathodes at 20 mA cm™2, respectively.

robust durability of Fe/Co-N-C based air electrodes (Fig. S12, ESIY).
In addition, when the current density is 20 mA cm ™2, Fe/Co-N-C
enabled the assembled ZAB to exhibit a high specific capacity of
818 mA h g, ', which outperforms that of Pt/C with 790 mA h gz, "
(Fig. 5d). The above encouraging results revealed that Fe/Co-N-C
NSs hold great potential in the practical application of ZABs.

Conclusions

In summary, a unique chemical blowing strategy together with
a pickling step and subsequent atomic trapping was proposed
to prepare dual-metallic Fe/Co-N-C NSs with abundant hier-
archical pores. Thanks to the abundant exposed Fe/Co-N,
active sites, and the synergistic effect of atomic Fe/Co-N, dual
sites and hierarchical porous structures with high surface area,
the Fe/Co-N-C NSs exhibited better ORR performance than
mono-metallic Fe-N-C and commercial Pt/C. When using Fe/
Co-N-C NSs as air cathode electrocatalysts for ZABs, the
assembled cells delivered a high OCV of 1.52 V and a remark-
able power peak density of 165 mW cm™ 2. Our research high-
lights the importance of engineering the microstructures of
carbon supporting and modulating the coordination environ-

ment of M-N-C catalysts.
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