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rbon nitride co-mediated dual-
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reduction reactions for Zn–air batteries†
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Atomically dispersed Fe–N–C catalysts have been extensively deemed as appealing substitutes for Pt-series

catalysts towards oxygen reduction reactions (ORRs). Nevertheless, most reported Fe–N–Cmaterials suffer

from inefficient Fe-based nanoparticles and low-density Fe–Nx sites. Herein, a Zn/g-C3N4-mediated dual-

template strategy was employed to synthesize densely populated atomic Fe–Nx center-embedded N-

doped carbon nanosheets (SAs-Fe/N-CNSs) with adjustable porous structures by the simple pyrolysis of

D-glucosamine/FeZn/g-C3N4 complexes. g-C3N4 works as a structure-guiding 2D template and offers

abundant coordination-N trapping sites for anchoring Fe atoms, simultaneously. ZnCl2 serves as a self-

sacrificial template creating a hierarchical porous structure by its volatilization as well as hinders the

agglomeration of Fe atoms by spatial segregation during pyrolysis. Due to the high-density atomic Fe–

Nx moieties, unique 2D structure, hierarchical porosity, and large surface area, the optimal SAs-Fe/N-

CNS catalyst exhibits satisfying ORR performance including excellent activity (E1/2 ¼ 0.91 V) and desirable

durability, surpassing the Pt/C catalyst. Additionally, the superb performance of SAs-Fe/N-CNS-based

Zn–air batteries with a maximum power density of 157.03 mW cm�2 verifies their promising application

in practical electrochemical systems.
Introduction

With the growing depletion of fossil fuel and increasing emission
from internal combustion engines, energy dilemma and envi-
ronmental pollution issues have become a serious concern,1–3

which can be relieved via developing clean and efficient energy
conversion and storage devices, such as metal-air batteries and
fuel cells.4–7 However, their practically commercial implementa-
tion is primarily obstructed by the cathodic oxygen reduction
reaction (ORR) with sluggish kinetics,8–11 demanding efficient but
scarce Pt-based catalysts.12–15

At present, carbon-based heteroatom-doped non-preciousmetal
catalysts (NPMCs) have been generally considered to be potential
substitutes for Pt-series catalysts towards ORRs, based on their
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merits of desirable conductivities, large surface area, favorable
durability together with tunable composition and morphology.16–19

Among these NPMCs, Fe–N–C catalysts with extremely high activ-
ities, abundant resources, and excellent anti-poison ability are ex-
pected to deliver the most satisfactory ORR performance, owing to
their efficient Fe–Nx active sites with moderate M–O2 interac-
tions.20–22 Nevertheless, a great amount of reported Fe–N–C cata-
lysts might suffer from inhomogeneous morphology and structure
with massive low-active Fe-based particles, blocking the full access
to active sites and reducing the mass activities for catalysts.23–25

Towards this end, the atomically dispersed Fe–N–C catalysts are
becoming up-rising stars, by virtues of their unique single-atom
characteristics with the maximum atom utilization, unsaturated
single sites, ideal Fe–Nx conguration, and plentiful active site
exposure.26–28 Despite substantial research on single-atom Fe–N–C
materials, further increasing the atomic Fe loading is universally
deemed as the bottleneck for extremely efficient Fe–N–C series
catalysts, owing to the migration and agglomeration tendency of
monatomic Fe moieties driven by their high surface energy.29,30

Concerning this issue, rationally designing the morphologies and
nanostructures of carbon-based materials is vital for constructing
high-loading single-atom Fe–N–C catalysts.31–34

Well-dened 2D carbon materials have been extensively
explored to be appealing catalyst candidates because of their
J. Mater. Chem. A, 2022, 10, 5971–5980 | 5971
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large surface area, splendid conductivity, and excellent elec-
tronic structure, which can provide expedite mass transfer,
sufficient reaction boundary surface together with massive
accessible active sites.35–38 Various approaches including
chemical vapor deposition (CVD), mechanical exfoliation as
well as electrostatic self-assembly have been adopted to fabri-
cate 2D carbon materials.39–42 However, the lack of scalable and
environment-benign synthetic techniques has severely
restricted the widespread application of such unique mate-
rials.43–45 Apart from that, it is highly desirable and challenging
to optimize the 2D structures with a higher density of active
moieties and favorable hierarchically porous structures for
enhanced catalytic performance.46–48 A multiple-template
strategy stands out for its attractive features including the
construction of specic morphology, tailoring of hierarchically
porous congurations and increase in catalytic active sites.49–52

Herein, a facile and versatile Zn/g-C3N4-mediated dual-
template synthesis method was developed to prepare 2D
single-atom-dispersed Fe/N-doped carbon nanosheet (SAs-Fe/N-
CNSs) catalysts with dense Fe–Nx sites and hierarchical porosity
via simply pyrolyzing the D-glucosamine/FeZn/g-C3N4 precur-
sors. g-C3N4 not only serves as a 2D template, but also offers
coordination-N anchoring sites to strengthen the Fe atom-
support interaction and avoid the migration of Fe atoms
during pyrolysis.53 Meanwhile, D-glucosamine hydrochloride
contributes to inheriting the 2D structure accompanied by the
decomposition of the g-C3N4 template during pyrolysis.54,55

Notably, ZnCl2 as a secondary template would also be anchored
onto 2D g-C3N4 and spatially separate the isolated Fe atoms,
inhibiting the Fe atoms from agglomeration to form clusters
and nanoparticles. Besides, ZnCl2 can be completely evaporated
during pyrolysis, producing abundant micro/mesopores and
unsaturated defect sites, which can prevent the porous struc-
ture from collapse, offer favorable electron/mass trans-
portation, and provide numerous accessible active sites.56–58

Benetting from the dual-template strategy, densely efficient
Fe–Nx moieties with atomic dispersion and hierarchical porous
system were gained for SAs-Fe/N-CNSs catalysts, which can
multiply the accessible active sites and expedite the reactant/
product transfer for catalyzing oxygen reduction. Finally, the
target SAs-Fe/N-CNS catalyst delivers favorable activity (E1/2 ¼
0.91 V) and enhances the durability for ORRs, surpassing those
of Pt/C (E1/2 ¼ 0.896 V) and most reported Fe–N–C catalysts.
When employed as catalysts in the cathode of Zn–air batteries,
the superior performance of SAs-Fe/N-CNSs compared with Pt/C
manifests the practical application perspective of our prepared
catalyst. Moreover, the high-temperature decomposition of the
ZnCl2/g-C3N4 template can leave out the complex template
removal process that might require poisonous and environ-
mentally harmful ingredients, testifying the applicability of this
synthesis strategy in the green and clean energy eld.

Results and discussion

The 2D single-atom Fe/N-doped carbon nanosheet (SAs-Fe/N-
CNSs) catalysts with high-density Fe–Nx sites and hierarchical
porosities were synthesized via a facile Zn/g-C3N4-mediated
5972 | J. Mater. Chem. A, 2022, 10, 5971–5980
dual-template approach, as outlined in Fig. 1a. First, the g-C3N4

template prepared by the pyrolysis of melamine was dispersed
in deionized water along with D-glucosamine hydrochloride,
FeSO4$7H2O, and ZnCl2. Aerwards, this mixture was sonicated
for 24 h to obtain a uniform suspension, wherein Fe and Zn ions
were coordinated with glucosamine and uniformly anchored
onto the g-C3N4 nanosheets. Aer drying at 60 �C overnight, the
obtained light yellow powder was pyrolyzed in an Ar atmo-
sphere. During carbonization, the 2D g-C3N4 template was
decomposed gradually while glucosamine was carbonized and
a 2D structure was formed in situ. Remarkably, with the vola-
tilization of ZnCl2 under high-temperature conditions, abun-
dant pores and defects were formed within the catalysts,
conducing to massively exposed active sites and expedient
reactant/product transportation. Ultimately, the SAs-Fe/N-CNSs
catalyst was acquired via pickling followed by the secondary
pyrolysis. For comparison, NPs-Fe/N-CNSs, N-CNSs, and bulk-
Fe/N–C were synthesized by a similar preparation process to
SAs-Fe/N-CNSs except the acid leaching process, the Fe salt
addition, and the g-C3N4 addition, respectively. Meanwhile,
a series of SAs-Fe/N-CNSs-x materials were acquired via regu-
lating the molar ratio (x) for Zn salt to Fe salt (Zn/Fe, x ¼ 0, 1, 2,
and 4) by a similar preparation process. Notably, the SAs-Fe/N-
CNSs-2 material is denoted as SAs-Fe/N-CNSs in the above
discussion.

Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) measurements were rst introduced
for observing the nanostructure and morphology of these
synthesized samples. As presented in Fig. S1,† the obvious 2D
nanosheet structure containing plenty of pleated layers was
acquired in SAs-Fe/N-CNSs, inheriting the morphology of the g-
C3N4 template (Fig. S2†). By contrast, SAs-Fe/N-CNSs-0, SAs-Fe/
N-CNSs-1, SAs-Fe/N-CNSs-4, N-CNSs, and NPs-Fe/N-CNSs
exhibited similar 2D structures (Fig. S3 and S4†), while bulk-
Fe/N–C without the addition of g-C3N4 displayed an agglomer-
ated bulk morphology (Fig. S5†), demonstrating the indis-
pensability of g-C3N4 for forming the 2D structure. Aerwards,
the TEM image reveals that a thin sheet-like morphology
without visible Fe-related aggregations was observed in SAs-Fe/
N-CNSs, benecial for large surface area and favorable porosity
(Fig. 1b). The absence of lattice fringes related to Fe-based
species was further demonstrated by the HRTEM results of
SAs-Fe/N-CNSs (Fig. 1c), where merely exural graphene layers
with disordered defects were detected. Moreover, the inexis-
tence of Fe-based species was veried through X-ray diffraction
(XRD) results. Compared to the distinct Fe and Fe3C diffraction
peaks in NPs-Fe/N-CNSs, nothing but two broad diffraction
peaks of �26� and �44� corresponding to the (002) and (101)
planes in graphitic carbon respectively were detected among
SAs-Fe/N-CNSs (Fig. 2a), suggesting the complete elimination or
the extremely low content of Fe-containing crystalline species
for SAs-Fe/N-CNSs.59 Moreover, the selected area electron
diffraction (SAED) analysis manifested the amorphous carbon
structure and poor crystalline of the SAs-Fe/N-CNS material
(Fig. 1d). Furthermore, aberration-corrected high-angle annular
dark-eld scanning transmission electron microscopy (AC
HAADF-STEM) analysis demonstrated that only plentiful bright
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic of the preparation procedure for SAs-Fe/N-CNSs. (b) TEM, (c) HRTEM, (d) SAED and (e) AC HAADF-STEM images of SAs-Fe/
N-CNSs. (f) HAADF-STEM and (g) the relevant C, N and Fe elemental mapping images of SAs-Fe/N-CNSs.
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dots relevant to single Fe atoms were evenly scattered all around
the SAs-Fe/N-CNSs (Fig. 1e). Additionally, the HAADF-STEM
together with its relevant element mapping result veried that
the Fe, C, and N elements were homogeneously dispersed in
SAs-Fe/N-CNSs without large Fe-related particles (Fig. 1f and g).
According to the above-mentioned evidence, it could be inferred
that Fe species were evenly embedded within the carbon matrix
as a single-atom state and coordinated with the surrounding N
atoms (i.e. Fe–Nx moieties), which can be further veried by the
following X-ray photoelectron spectroscopy (XPS) and X-ray
absorption ne structure (XAFS) analyses.
This journal is © The Royal Society of Chemistry 2022
The intensive exploration of the surface chemical composi-
tion and electronic conguration of SAs-Fe/N-CNSs and
contrastive materials was performed by X-ray photoelectron
spectroscopy (XPS) test. As expected, elements containing C, N,
Fe, and O were detected in the survey spectra of SAs-Fe/N-CNSs
(N: 5.78 at%, Fe: 0.24 at%, C: 84.86 at%, and O: 9.12 at%) and
other contrastive samples, except that only C, N, and O elements
were detectable in N-CNSs (Fig. S6 and Table S1†). To demon-
strate the effect of ZnCl2 on the density of Fe–Nx species, the
high-resolution N 1s and Fe 2p spectra of these SAs-Fe/N-CNS
materials were investigated. Fig. 2b and S7† reveal that the
J. Mater. Chem. A, 2022, 10, 5971–5980 | 5973
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Fig. 2 (a) XRD patterns of SAs-Fe/N-CNSs together with NPs-Fe/N-CNSs. (b) High-resolution N 1s spectra of SAs-Fe/N-CNSs. (c) XANES and (d)
EXAFS spectra including SAs-Fe/N-CNSs, Fe foil, and Fe2O3. (e) Raman spectra and (f) N2 adsorption and desorption isotherms including SAs-Fe/
N-CNSs-0, SAs-Fe/N-CNSs-1, SAs-Fe/N-CNSs-2, and SAs-Fe/N-CNSs-4, respectively.
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high-resolution N 1s spectra of SAs-Fe/N-CNSs-x samples are
deconvoluted into pyridinic-N (�398.4 eV), Fe–N (�399.2 eV),
graphitic-N (�401.1 eV), and oxidized-N (�403.2 eV).60,61

Notably, SAs–Fe/N-CNSs-2 possesses the highest Fe–N propor-
tion among the SAs-Fe/N-CNSs-x catalysts, revealing that an
appropriate amount of ZnCl2 is helpful to improve the density
of Fe–Nx moieties (Fig. S7c†). Besides, the pyridinic-N and
graphitic-N species are dominated within the N 1s spectra of
SAs-Fe/N-CNSs-2, which can increase the current density and
facilitate the 4-electron catalytic pathway for ORRs, respec-
tively.62–64 As revealed by the high-resolution Fe 2p spectra, the
largest Fe–N percentage of SAs-Fe/N-CNSs-2 among the SAs-Fe/
N-CNSs-x catalysts further manifests the existence of the high-
est density of Fe–Nx moieties within SAs-Fe/N-CNSs-2 (Fig. S8†).
Additionally, the satellite peaks at 718.6 eV for the SAs-Fe/N-
CNSs-x catalysts indicate the coexistence of ferrous and ferric
valences in these catalysts (Fig. S8†).65–67 Moreover, the induc-
tively coupled plasma optical emission spectrometry (ICP-OES)
measurements unveil that SAs-Fe/N-CNSs-2 possesses the
highest Fe content of 2.19 wt% among the SAs-Fe/N-CNSs-x
samples, which results from the largest amount of residual Fe–
Nx species aer the removal of Fe particles by acid washing
(Table S2†).

To get a deeper comprehension about the local coordination
structure and valency of Fe species in SAs-Fe/CNSs, X-ray
absorption ne structure (XAFS) tests for SAs-Fe/N-CNSs and
reference samples (Fe2O3and Fe foil) were conducted. As dis-
played in Fe K-edge X-ray absorption near-edge structure
(XANES) spectra, the absorption edge of SAs-Fe/N-CNSs is
located between those of Fe foil and Fe2O3 and is closer to the
latter, corroborating the positive valency of Fe species among
SAs-Fe/N-CNSs (Fig. 2c).68 The positively charged Fe element in
SAs-Fe/N-CNSs might result from the electron transport of Fe
5974 | J. Mater. Chem. A, 2022, 10, 5971–5980
atoms to the adjacent nitrogen atoms (forming Fe–Nx moie-
ties).69 Notably, the presence of a pre-edge peak of 7114.6 eV is
in accordance with the reported FePc, verifying the existence of
the Fe–N4 planar structure in SAs-Fe/N-CNSs.70,71 Furthermore,
the Fourier transform (FT) k3-weighted Fe K-edge extended X-ray
absorption ne structure (EXAFS) spectra for the samples are
displayed in Fig. 2d. As expected, the predominant peak of 1.5 Å
attributed to Fe–N conguration is presented in SAs-Fe/N-CNSs,
proving that the iron moieties are mainly dispersed as single-
atom states and coordinated with neighboring nitrogen atoms
within the carbon substrate of SAs-Fe/N-CNSs.72,73 Integrating
the XRD, AC HAADF-STEM, XPS, ICP-OES, and XAFS results, we
would deduce that the Fe elements are evenly dispersed within
N-doped carbon substrates of SAs-Fe/N-CNSs in the form of
monatomic Fe–Nx coordination structure with high density.

Subsequently, the defect degree of the carbon structure for
the resulting materials was explored via analyzing Raman
spectroscopy. As Fig. 2e and S9† reveal, all these samples exhibit
two dominating peaks of approximately 1350 cm�1 and
1590 cm�1, consistent with the D band about disordered sp3

carbon as well as the G band about graphitic sp2 carbon,
respectively, unveiling the formation of the carbon structure in
these catalysts.68,74 Remarkably, the intensity ratios of D band to
G band (ID/IG) were deduced to be 0.91, 0.93, 0.97, and 0.92 for
SAs-Fe/N-CNSs-0, SAs-Fe/N-CNSs-1, SAs-Fe/N-CNSs-2, and SAs-
Fe/N-CNSs-4, respectively. The highest ID/IG value of SAs-Fe/N-
CNSs-2 veries that the proper amount of ZnCl2 is conducive
to the formation of more defects in the carbon structure, which
is quite necessary for trapping metal atoms to generate suffi-
cient active sites for boosting the ORR performance.75–77

Besides the morphology, chemical composition, and carbon
conguration, the specic surface area and porous character-
istics for these samples are other signicant factors affecting
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta08007e


Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

ok
to

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 2

6-
8-

20
24

 0
0:

22
:1

0.
 

View Article Online
ORR behavior, which are investigated through N2 adsorption–
desorption experiments. As demonstrated in Fig. 2f and Table
S3,† the SAs-Fe/N-CNS (also named SAs-Fe/N-CNSs-2) catalyst
possesses the highest Brunauer–Emmett–Teller (BET) surface
area and total pore volume of 1060.80 m2 g�1 and 0.73 cm3 g�1,
respectively, compared with SAs-Fe/N-CNSs-0 (397.56 m2 g�1

and 0.24 cm3 g�1), SAs-Fe/N-CNSs-1 (435.36 m2 g�1 and 0.25
cm3 g�1), and SAs-Fe/N-CNSs-4 (537.49 m2 g�1 and 0.37 cm3

g�1). Meanwhile, the characteristic type-IV curve containing
a conspicuous hysteresis loop for SAs-Fe/N-CNSs corroborates
its hierarchical micro/mesopore structure, which would be
validated through the corresponding pore size distribution
analysis in Fig. S10.†78,79 Moreover, in contrast to NPs-Fe/N-
CNSs, the SAs-Fe/N-CNS catalyst exhibits a higher BET surface
area, derived from the removal of Fe-related aggregations via an
acid washing procedure (Fig. S11 and Table S3†). Remarkably,
the highest specic surface area of SAs-Fe/N-CNSs-2 among the
SAs-Fe/N-CNSs-x catalysts is mainly attributed to its optimum
ZnCl2 content making for the optimal porous structure, which
could be explained in detail as follows.80 As the proportion of
ZnCl2 rises, more small pores would be generated from the
volatilization of Zn during pyrolysis. Nevertheless, with exces-
sive amounts of ZnCl2, the Zn atoms themselves would be
aggregated. Hence, a few pores in larger size would be le aer
the volatilization of bulk Zn-related agglomeration, which
would lead to the collapse of the carbon matrix and smaller BET
surface area. These results testify that self-sacricial ZnCl2
serves as a pore-forming agent to produce plenty of hierarchical
micro/mesopore channels and a large BET surface area.

From the above-mentioned analyses, the hierarchical porous
structure with high density of Fe–Nx moieties in SAs-Fe/N-CNSs
primarily stems from the optimum molar ratio of Zn/Fe
precursors, which can be further concluded in the schematic
diagram in Fig. 3. With a low Zn/Fe ratio, only fewer pores can
be generated within the carbon substrate, causing a lower
surface area and fewer structural defects to anchor the Fe
atoms. Moreover, the Fe atoms cannot be separated effectively
by small quantities of Zn atoms, resulting in bulk Fe aggrega-
tions and lower density of Fe–Nx species aer acid washing of
Fe-relevant particles. With higher Zn/Fe ratios, the extra Zn
atoms would aggregate into bulk Zn particles, which would
leave fewer larger pores aer the Zn volatilization, further
Fig. 3 Diagrammatical presentation of the influence of initial Zn/Fe
molar ratio on the obtained catalysts.

This journal is © The Royal Society of Chemistry 2022
leading to the collapse of the nanostructure, smaller BET
surface area, and fewer structural defects. Besides, numerous Fe
atoms neighboring the bulk Zn particles would fall off the
carbon matrix accompanied by the Zn volatilization, losing
plenty of highly active Fe–Nx moieties. Therefore, the optimal
catalyst (SAs-Fe/N-CNSs-2) will be acquired by regulating the
molar ratio of Zn/Fe precursors to 2/1 for the favorable porous
structure, large BET as well as maximum density of Fe–Nx

species, leading to incremental active sites and fast reactant/
product transport to boost the ORR performance, which can
be subsequently attested by the electrochemical tests.

We initially performed cyclic voltammetry (CV) experiments
for assessing the ORR performance of SAs-Fe/N-CNSs under Ar-
and O2-saturated 0.1 M KOH media. As indicated by Fig. 4a,
compared with merely indistinctive CV curve observed within
an Ar-saturated electrolyte, a distinct ORR cathode peak is
present in the O2-saturated solution for SAs-Fe/N-CNSs. In
addition, the SAs-Fe/N-CNSs possess the most positive cathodic
peak of 0.87 V in comparison to NPs-Fe/N-CNSs (0.85 V) and N-
CNSs (0.83 V) (Fig. S12†), indicative of its optimal ORR activity,
which is further evidenced via staircase voltammetry (SCV)
curves recorded on a rotating disk electrode (RDE). Fig. 4b
displays that the target SAs-Fe/N-CNS (also named SAs-Fe/N-
CNSs-2) catalyst exhibits more satisfactory ORR activity
including onset potential (Eonset ¼ 1.071 V) and half-wave
potential (E1/2 ¼ 0.91 V) than SAs-Fe/N-CNSs-0, SAs-Fe/N-CNSs-
1, and SAs-Fe/N-CNSs-4, even outperforming commercial Pt/C
(Eonset ¼ 1.042 V, E1/2 ¼ 0.896 V) together with most Fe–N–C
catalysts recorded (Table S4†). The highest ORR activity of SAs-
Fe/N-CNSs principally benets from its maximum Fe–Nx

density, optimal porous structure, and largest surface area,
mostly resulting from the signicant role of ZnCl2 on spatially
isolating the Fe atoms and serving as pore-forming agents.
Although NPs-Fe/N-CNSs possess higher Fe and N contents, it
displays much worse ORR activity than SAs-Fe/N-CNSs, con-
rming that the atomically dispersed Fe–Nx species are more
active towards ORRs compared with Fe-related nanoparticles
(Fig. S13†). Moreover, the superior ORR activity of SAs-Fe/N-
CNSs to N-CNSs also reveals the promoting effect of Fe
doping on ORRs (Fig. S13†). Notably, the SAs-Fe/N-CNS catalyst
renders an optimized ORR activity as well, surpassing that of
Co- and Ni-based single-atom catalysts acquired via the same
synthesis procedure, which further veries the superiority of
Fe–Nx moieties (Fig. S14†). Furthermore, the kinetic current
density at 0.85 V (Jk @ 0.85 V) for SAs-Fe/N-CNSs was calculated
to be 29.64 mA cm�2, which is 1.54, 5.36, 2.25, 2.05, 4.26, and
4.91 times of Pt/C, SAs-Fe/N-CNSs-0, SAs-Fe/N-CNSs-1, SAs-Fe/N-
CNSs-4, NPs-Fe/N-CNSs, and N-CNSs, respectively, elucidating
the fast reaction kinetics of SAs-Fe/N-CNSs towards the ORR
process in alkaline media (Fig. 4c and S15†).

To unveil the ORR mechanism and pathway for these cata-
lysts deeply, hydrogen peroxide yield (H2O2%) and electron-
transfer number (n) were examined by a rotating ring-disk
electrode (RRDE) method. Fig. 4d demonstrates that SAs-Fe/N-
CNSs possess a calculated n value of about 3.95, approaching
the Pt/C catalyst, which illustrates the dominating four-electron
catalytic pathway towards ORRs. Moreover, the similarly low
J. Mater. Chem. A, 2022, 10, 5971–5980 | 5975
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Fig. 4 (a) CV results of SAs-Fe/N-CNSs within Ar-/O2-saturated 0.1 M KOH. (b) SCV results including SAs-Fe/N-CNSs-x and Pt/C under O2-
saturated 0.1 M KOH at 1600 rpm. (c) E1/2 together with Jk @ 0.85 V (Jk at 0.85 V) results towards these materials. The 0/1, 1/1, 2/1, and 4/1 in the
title of horizontal axis represent the catalysts of SAs-Fe/N-CNSs-x (x ¼ 0, 1, 2, and 4, respectively). (d) H2O2 yield and electron-transport number
(n) towards SAs-Fe/N-CNSs and Pt/C. (e) Tafel plot result towards the catalysts. (f) Chronoamperometric current measurements of SAs-Fe/N-
CNSs and Pt/C within O2-saturated 0.1 M KOH (1600 rpm, 0.793 V). SCV curves about (g) SAs-Fe/N-CNSs and (h) Pt/C before and after the
stability tests within 0.6–1.0 V for 5000 cycles in an alkaline environment. (i) The i-t measurements towards SAs-Fe/N-CNSs and Pt/C with adding
CH3OH in an alkaline electrolyte at 400 s.
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H2O2 yields of SAs-Fe/N-CNSs (below 4.3%) and Pt/C (below
2.5%) further indicate that SAs-Fe/N-CNSs tend to directly
catalyze the formation of H2O during the oxygen reduction
process (Fig. 4d and S16†). By contrast, SAs-Fe/N-CNSs-0, SAs-
Fe/N-CNSs-1, SAs-Fe/N-CNSs-4, NPs-Fe/N-CNSs, and N-CNSs
display an obviously lower electron transfer number and
higher H2O2 yields, owing to their inferior reaction kinetics
(Fig. S17†). Additionally, the smallest Tafel slope for SAs-Fe/N-
CNSs (63 mV dec�1) among SAs-Fe/N-CNSs-0 (79.77 mV
dec�1), SAs-Fe/N-CNSs-1 (75.28 mV dec�1), SAs-Fe/N-CNSs-4
(77.22 mV dec�1), NPs-Fe/N-CNSs (79 mV dec�1), N-CNSs
(87 mV dec�1), and even Pt/C (66 mV dec�1) simultaneously
reveals the high-efficiency kinetics towards oxygen reduction
catalyzed by the SAs-Fe/N-CNSs catalyst (Fig. 4e and S18†).
Electrochemical impedance spectroscopy (EIS) was performed
to further unveil the interface process and kinetics of the oxygen
reduction reaction. Fig. S19† shows the corresponding Nyquist
plots of SAs-Fe/N-CNSs and Pt/C with semicircles in the high
frequency range and inclined lines in the low frequency range,
relevant to the charge transfer kinetics and diffusion-controlled
process of ORRs at the electrolyte/electrode interface, respec-
tively.65 The smaller semicircle diameter of SAs-Fe/N-CNSs than
5976 | J. Mater. Chem. A, 2022, 10, 5971–5980
that of Pt/C indicates that the SAs-Fe/N-CNSs enable faster
charge transfer kinetics at the electrode/electrolyte interface
due to its dense and efficient active sites.81 Notably, the steeper
inclined line for SAs-Fe/N-CNSs in the low frequency range
veries the superior diffusivity at the reaction interface, result-
ing from its optimal porous structure.82 To sum up, the ob-
tained SAs-Fe/N-CNSs render favorable ORR characteristics with
superior reaction kinetics and high selectivity towards the four-
electron pathway.

Considering the practical application of SAs-Fe/N-CNSs in
electrochemical devices, the stability of the catalysts is another
critical factor affecting the ORR performance, which was rst
examined by chronoamperometric response i-t tests. As dis-
played in Fig. 4f, SAs-Fe/N-CNSs hold 92.10% retention of the
original current density, considerably exceeding commercial Pt/
C (77.80% retention) aer the 10 000 s operation, signifying the
outstanding durability of SAs-Fe/N-CNSs during the ORR
process, which was further proved via the accelerated durability
test (ADT) under 0.1 M KOH condition. The SAs-Fe/N-CNS
material (10 mV, Fig. 4g) presents ignorable variation of SCV
curves before and aer the 5000 cycles within 0.6–1.0 V,
compared with the visibly negative E1/2 shi of Pt/C (32 mV,
This journal is © The Royal Society of Chemistry 2022
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Fig. 4h). As displayed in Fig. S20,† the structure remains almost
unchanged and the bright dots relevant to single Fe atoms are
still uniformly scattered without Fe-related aggregation in the
SAs-Fe/N-CNSs aer durability tests, verifying the excellent
stability of the nanostructure and Fe single atoms for SAs-Fe/N-
CNSs. Besides long-term stability, methanol resistance ability is
equally important for gaining desirable ORR electrocatalysts
with application prospects. Fig. 4i shows that SAs-Fe/N-CNSs
exhibit nearly unchanged current density in chronoampero-
metric tests aer injecting methanol, whereas the Pt/C catalyst
suffers tremendous current density degradation, implying the
preferable methanol tolerance of SAs-Fe/N-CNSs. The above
conclusion was further conrmed through CV and SCV
measurements with methanol addition, in which an obvious
methanol oxidation peak emerges in Pt/C compared with the
negligible change for SAs-Fe/N-CNSs (Fig. S21†). Noticeably, the
SAs-Fe/N-CNSs also possess prominent ORR performance in
acidic solutions in terms of comparable half-wave potentials
(0.801 V) to commercial Pt/C (E1/2 ¼ 0.847 V, Fig. S22†).
Compared with commercial Pt/C, equally outstanding catalytic
reaction kinetics in terms of the Tafel slope, H2O2 yield and
electron transfer number together with superior methanol
resistance ability are acquired for SAs-Fe/N-CNSs as revealed in
Fig. S23–S25,† reecting the desired acidic ORR performance of
SAs-Fe/N-CNSs.

Taken together, the extraordinary ORR performance of SAs-
Fe/N-CNSs is principally derived from its densely atomic Fe–
Nx species as well as appropriate morphology and porous
structure, as elaborated in detail. First, Fe–Nx moieties intrin-
sically act as efficient active sites availing the absorption of O2
Fig. 5 (a) Schematic drawing of the primary Zn–air battery ( : OH�, :
inset exhibits the photograph for the open-circuit voltage of the SAs-Fe/
together with power density curves towards SAs-Fe/N-CNSs- and Pt/C-
towards batteries utilizing SAs-Fe/N-CNSs and Pt/C as cathode materia
batteries utilizing SAs-Fe/N-CNSs and Pt/C as cathode materials. (f) Stabi
as cathode materials (recharged via renewing electrolyte circularly). (The
employed Zn–air batteries in series.)

This journal is © The Royal Society of Chemistry 2022
and the following cleavage of the O]O bond during the ORR
process. Furthermore, the catalytic efficiency improves with the
increase in atomic Fe–Nx densities, due to the maximum atomic
efficiency and optimal electronic conguration of single atoms.
Besides, the special 2D morphology contributes to the large
surface area, abundant surface defects, controllable porous
structure, and uent mass/electron transfer channel for ORR.
Last but not least, the SAs-Fe/N-CNS catalyst possesses hierar-
chical porous property including micropores and mesopores,
wherein micropores would support massively exposed active
sites and mesopores can accelerate transportation rates of
reactants/products during the oxygen reduction reaction.49,83

The above-mentioned superiorities make the SAs-Fe/N-CNSs
catalyst one of the most fascinating NPMCs for substituting
the Pt/C catalyst.

Considering the splendid ORR performance for the as-
prepared SAs-Fe/N-CNSs, the homemade Zn-air battery was
employed to investigate its prospect for practical applicability.
As illustrated in Fig. 5a, the SAs-Fe/N-CNSs catalyst and Zn plate
were employed as the cathode and anode materials in the
primary Zn–air battery, respectively, with a 6 M KOH solution as
the electrolyte. As a comparison sample, the Pt/C-based Zn–air
battery was obtained under the same condition. Fig. 5b displays
that the Zn–air battery utilizing SAs-Fe/N-CNSs delivers a higher
open-circuit voltage of 1.45 V in contrast to the Pt/C catalyst
(1.42 V). Moreover, their discharge polarization and power
density curves are displayed in Fig. 5c. The maximum power
density of the SAs-Fe/N-CNS-assembled battery reaches 157.03
mW cm�2, exceeding that of the Pt/C (131.52 mW cm�2) and
most reported Fe-based materials (Table S5†), which further
O2). (b) Open-circuit voltage result of SAs-Fe/N-CNSs and Pt/C. (The
N-CNSs-based battery performed using a multimeter.) (c) Polarization
assembled Zn–air batteries. (d) Specific capacity result at 10 mA cm�2

ls (standardized with the mass of consumed Zn). (e) Rate capability of
lity measurement at 10 mA cm�2 for batteries utilizing SAs-Fe/N-CNSs
inset is the photograph of red LEDs lightened through two Fe/N-CNRs-

J. Mater. Chem. A, 2022, 10, 5971–5980 | 5977
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reveals the superior electrochemical activity of SAs-Fe/N-CNSs.
Standardized by the mass of consumed Zn in the galvano-
static discharge test at 10 mA cm�2, the specic capacity and
energy density of the battery with SAs-Fe/N-CNSs reached
789.82 mA h g�1 and 1014.91 W h kg�1, respectively, superior to
the commercial Pt/C (specic capacity: 738.70 mA h g�1, specic
energy density: 919.68 W h kg�1) (Fig. 5d and S26†). By
increasing the galvanostatic discharge current density (1 to 20
mA cm�2), the voltage plateau in the battery utilizing SAs-Fe/N-
CNSs exhibits a little drop but still locates above that of
commercial Pt/C (Fig. 5e). Remarkably, the discharge voltage
can be resumed with the current density reduced to 1 mA cm�2,
indicating the superb rate capability for our catalyst. Addition-
ally, the stability of the air cathode catalyst is equally indis-
pensable to popularize the application, which can be evaluated
via the galvanostatic discharge measurement of 10 mA cm�2. As
Fig. 5f shows, the SAs-Fe/N-CNSs maintain a steady voltage
plateau at 1.31 V for more than 100 h, verifying the outstanding
discharge stability.

Furthermore, two series-wound Zn–air batteries employing
SAs-Fe/N-CNSs can successfully lighten the red light-emitting
diode (LED, 2.5 V) lamps, suggesting the great potential of
SAs-Fe/N-CNSs as desirable cathodic catalysts for electro-
chemical devices (inset in Fig. 5f).

Conclusions

To sum up, we proposed a simple and versatile Zn/g-C3N4-
mediated dual-template synthetic strategy to obtain 2D hierar-
chically porous single-atom Fe/N-doped carbon nanosheets
(SAs-Fe/N-CNSs) featuring with high-density Fe–Nx sites,
wherein g-C3N4 nanosheets were utilized as 2D structure
guiding templates and ZnCl2 acted as the self-sacricial
template to produce abundant pores. Additionally, the
agglomeration of Fe atoms can be suppressed by the anchoring
effect of coordinate-N holes in g-C3N4 as well as the spatial
segregation effect of Zn atoms. Through optimizing the molar
ratio of Zn/Fe to 2/1 among the precursors, atomically dispersed
Fe–Nx sites with high density and uniform distribution have
been acquired within the as-prepared SAs-Fe/N-CNSs, as veried
by the above-mentioned XANES, EXAFS, and HAADF-STEM
mapping results. Finally, the SAs-Fe/N-CNS catalyst exhibits
a unique 2D morphology, large surface area, hierarchically
porous structure, and densely atomic Fe–Nx moieties, which
would proliferate accessible active sites and provide uent
mass/electron transport pathway for faster ORR process. As
expected, the SAs-Fe/N-CNS catalyst displays better ORR
performance (E1/2 ¼ 0.91 V) than that of Pt/C in terms of
excellent activity, desirable long-term durability as well as
strong toleration to toxic intermediate. It is worth noting that
SAs-Fe/N-CNSs perform not only comparably to the Pt/C catalyst
but superior to most published Fe-based catalysts towards
ORRs in an acidic electrolyte. Furthermore, the superior Zn–air
battery behavior for SAs-Fe/N-CNSs to commercial Pt/C vali-
dates the practical application potential of these prepared
catalysts. This work demonstrated a feasible and cost-effective
approach to achieve mass production of single-atom Fe–N–C
5978 | J. Mater. Chem. A, 2022, 10, 5971–5980
catalysts with high Fe–Nx density for ORRs. Additionally, this
strategy can be broadly applied for fabricating varieties of 2D
single-atom catalysts in extensive research elds.
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