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ABSTRACT

It is vitally important to develop high-efficiency low-cost catalysts to boost oxygen reduction reaction (ORR) for renewable energy
conversion. Herein, an A-CoN;S;@C electrocatalyst with atomic CoN;S; active sites loaded on N, S-codoped porous carbon was
produced by an atomic exchange strategy. The constructed A-CoN;S;@C electrocatalyst exhibits an unexpected half-wave
potential (0.901 V vs. reversible hydrogen electrode) with excellent durability for ORR under alkaline conditions (0.1 M KOH),
superior to the commercial platinum carbon (20 wt.% Pt/C). The outstanding performance of A-CoN;S;@C in ORR is due to the
positive effect of S atoms doping on optimizing the electron structure of the atomic CoN;S; active sites. Moreover, the
rechargeable zinc-air battery in which both A-CoN;S;@C and IrO, were simultaneously served as cathode catalysts (A-
CoN3;S;@C &IrO,) exhibits higher energy efficiency, larger power density, as well as better stability, compared to the commercial
Pt/C&IrO,-based zinc-air battery. The present result should be helpful for developing lower cost and higher performance ORR
catalysts which is expected to be used in practical applications in energy devices.
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1 Introduction

Oxygen reduction reaction (ORR), which possesses wide
application demand in fuel cell and metal-air cell, has been
extensively studied recently [1,2]. The nanomaterials based on
platinum are the most effective catalysts towards ORR [3,4].
Nevertheless, the high cost and scarcity of Pt-based catalysts
seriously impede their wide range of applications [5-7]. As a result,
it is significantly important and highly urgent to develop high-
efficiency low-cost alternatives of Pt-based catalysts to boost ORR.
Up to now, various non-noble metal electrocatalysts with ORR
activity have been developed including carbon materials [8],
perovskites [9, 10], transition-metal oxides [11, 12], sulfides [13],
and nitrides [14-16]. Among these developed catalysts, Co-N-C
catalysts with distributed atomically Co-N, active sites on carbon
supports have attracted great attentions owing to their excellent
activity, super stability, and maximum utilization of metal at-
oms [17-19]. However, the catalytic performance of atomic Co-N-
C electrocatalysts for ORR is still not as good as the state-of-the-art
electrocatalysts based on non-precious metal such as Fe-based
atomic catalysts (Fe-N-C catalysts) [20-24], which limits the ove-
rall functional performance and restricts the practical application.
It has been found that S doping is an alternative method to
improve the catalytic performance by tuning the electronic
structure of the center of catalytic activity in M-N-C catal-
yst [25,26]. For instance, Zhu et al. investigated electrocatalytic
activity of porous S-doped nanosheets based on atomic Fe
catalysts (Fe-N-C), demonstrating that the involvement of S

element in atomically dispersed Fe-N, species played a vital role in
enhancing the activities of ORR and oxygen evolution reaction
(OER) [27]. Li et al. developed Cu-based catalyst S-Cu-ISA/SNC
with atomically dispersed Cu atoms bonded with both nitrogen
and sulfur atoms, which demonstrated that enhanced ORR
electroatalytic performance along with an excellent E,;, of 0.918 V
(vs. RHE) under alkaline condition was owing to the local
structure regulation by doping sulfur atoms into a varity of
materials [28]. However, the effect of direct engagement of Co and
S atoms on the functional performance of the atomic CoN,S,
catalysts towards ORR has been rarely investigated. Herein, we
report an atomic A-CoN,S,@C electrocatalyst with atomic CoN;S,
sites involved in an N, S-codoping porous carbon by an atomic
exchange strategy. A-CoN;S,@C exhibits an outstanding E,;,, of
0.901 V vs. RHE) for ORR as well as good stability in alkaline
electrolyte solution, causing A-CoN;S,@C to becoming one of the
best-performing ORR electrocatalysts based on non-precious-
metal. The present result should be helpful for developing lower
cost and higher performance of oxygen catalysts with various
applications.

2 Experimental method

2.1 Preparing method of A-CoN,@C

In a typical synthesis, the mixture of commercial BP 2000
(200 mg), 4-nitrophtalonitrile (40 mg), and CoCl,-6H,0 (20 mg)
was added into a 70 mL mixed solvent of ethanol and acetone
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(1:6). The suspension was treated with ultrasound for 1 h and then
stirred vigorously until the liquid was completely volatilized. The
obtained black powder (200 mg) was transferred into a porcelain
boat and then heated respectively at 250 and 800 °C for 120 min
under an inert atmosphere (N,) in tube furnace. The heating rate
is 3 °C/min. The black powder was then pickled in acid aqueous
solution (0.5 M HCI) at the temperature of 80 °C for six hours.
The product was separated by filtration, washed with pure water
for three times to neutral. Finally, the residual solvent is removed
by drying at 80 °C for 20 h in vacuum, generating A-CoN,@C (ca.

180 mg).

2.2 Preparing method of A-CoN,S,@C

For the production purposes of A-CoN;S,@C, both powdered
sulfur (250 mg) and above-mentioned A-CoN,@C (50 mg) are
firstly placed on each end of the porcelain boat. The porcelain boat
containing the two reactants is then heated in a tubular furnace at
700 °C for 2 h under an inert atmosphere (N,). The heating rate is
3 °C/min. The black powder was carefully washed by water to
neutral. Finally, the residual solvent in the sample is removed by
drying at 80 °C for 20 h in vacuum, generating the target material

of A-CoN;S,@C (ca. 45 mg).

2.3 Preparing method of N/S/C

Following above-described preparing method of A-CoN,@C
without the addition of CoCL-6H,0O, the metal-free sample N/C
was prepared. Then N/C (50 mg) and powdered sulfur (250 mg)
are placed on each end of the porcelain boat. The porcelain boat
containing the two reactants is then heated at 700 °C for 2 hours
under an inert atmosphere (N,) in a tubular furnace. In order to
eliminate the influence of pickling treatment on the controlled
sample (N/S/C), the black powder was then pickled in acid
aqueous solution (0.5 M HCI) at the temperature of 80 °C for 6 h.
The resulting powder was black, and then was carefully washed by
pure water to neutral. Finally, the residual solvent in the sample is
removed by drying at the temperature of 80 °C for 20 h in

vacuum, generating N/S/C (ca. 45 mg).
3 Results and discussion

3.1 Synthesis and characterization

A-CoN,;S,@C was prepared by a facile atomic exchange strategy,
as illustrated in Fig.1 and detailed in Experimental Method
section. The Co-N, precursor was first anchored into commercial
porous carbon BP 2000 by annealing of the mixture of
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CoCl,-6H,0, 2,4-nitrophtalonitrile, and BP 2000 through the
heating at 250 °C for 2 h and then at higher temperature of 800 °C
for another 2 h, which generated A-CoN,@C with atomically
dispersed Co-N, moieties. Then, A-CoN,@C was further annealed
at 900 °C in the presence of sulfur powder. In this process, a part
of N atoms including Co-N species are removed through heat
treatment [29], resulting in various vacancies on porous carbon,
while S atoms are integrated into these vacancies, forming A-
CoN;S,@C  with CoN,S, structure. For the purpose of
comparison, the metal-free sample (marked as N/S/C) was
produced by the same process without adding CoCl,-6H,0. The
content of cobalt in A-CoN,S,@C is determined as ca. 0.98 wt.%
by the measurement of inductively coupled plasma-atomic
emission spectroscopy (ICP-AES), respectively. The transmission
electron microscopy (TEM) was used to characterize the
nanostructures of A-CoN,S,@C, Fig.2(a) and Fig.S1 in the
Electronic Supplementary Material (ESM)), which reveals that A-
CoN;S,@C inherit the original BP structure. Furthermore, the N,
adsorption measurement at 77 K shows a Brunauer-Emmett-
Teller (BET) specific surface area of 741 m¥/g for A-CoN,S,@C
(Fig. S2 in the ESM), which is in favour of the charge and mass
transportation during electrochemical reactions [30]. The
aberration-corrected atomic-resolution high angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM)
measurements were further utilized for testifying the existed form
of atomic cobalt species in the sample of A-CoN;S,@C. As
displayed in Figs. 2(b) and 2(c), high-density bright dots with the
average size of ca. 0.25 nm were obviously picked out on the
surface of A-CoN;S,@C, corresponding to Co atoms. This result
indicates the atomic distribution of Co atoms in A-CoN,S,@C.
Moreover, the analysis result of elemental mappings shows the
homogeneous spatial distribution of each elemental throughout A-
CoN;S,@C, Fig.2(d). In addition, the analysis result of X-ray
diffraction (XRD) pattern exhibits that there is no characteristic
peak belong to Co metal from Fig. S2 in the ESM. Therefore, we
can draw inferences that the metal-related particles are absent and
confirm the atomic distribution nature of cobalt element in A-
CoN;S,@C electrocatalysts. The ratio between the D and G bands
(Ip/Ig) is as large as 1.21 for BP 2000 as received by Raman
spectrum, Fig. S5 in the ESM, revealing abundant defects on BP
2000 which could serve as trapping sites for the atomic Co
element. Nevertheless, after the annealing treatment for doping
Co, the value of I/I; of the A-CoN;S,@C catalyst decreases to
1.15, suggesting the increased graphitization degree of the A-
CoN;S,@C catalyst, in favour of the electronic transmission
during electrocatalytic process [31]. In addition, similar to A-
CoN;S,@C catalyst, the A-CoN,@C with a cobalt content of 1.1
wt.% also shows a large BET surface area of 847 m*/g and equally
distributed atomic Co species, Figs. S1-S5 in the ESM.

The chemical states and bonding configuration of the atoms of
A-CoN;S,@C were explored by X-ray photoelectron spectroscopy
(XPS). As shown in Fig. 3(a) and Fig. S6 in the ESM, these high-
resolution spectra for N 1s of A-CoN,S,@C and A-CoN,@C in
our study can be divided into five peaks at 398.8, 399.5, 399.9,
400.8, and 402.2 eV, which correspond to the pyridine N, metal-
N, pyrrole N, graphite N, and oxidized N, respectively [32]. The
fact that metal-N peaks exists in A-CoN,S,@C and A-CoN,@C
suggests the Co-N, configuration in Co-based samples. Figure
3(b) shows the high-resolution XPS spectra for S 2p of N/S/C and
A-CoN;S,@C. As can be found, besides the peaks due to
thiophene S (163.1 and 164.1 eV) and C-SO,-C (166.5 eV) in both
two samples, one peak at 162.3 eV assigned to Co-S was also
observed for A-CoN;S,@C, implying that S atoms have been
successfully doped into the carbon skeleton and Co-S,
configuration exists in A-CoN;S,@C. Furthermore, A-CoN;S,@C
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Figure2 (a) TEM, (b) high-resolution TEM, and (c) HAADF-STEM images of A-CoN,S,@C. (d) Elemental mapping images of A-CoN,S,@C.

exhibits two peaks assigned to Co 2ps, (782.2 eV) and Co 2p,,,
(798.6 eV) [33] in the high-resolution Co 2p spectra, which are
negatively shift comparing with those of A-CoN,@C, Fig. 3(c),
revealing the effect of the coordination of S atoms on modulating
the electron structure of the atomic Co sites. Additionally, it is
worth noting that we also prepared the sample A-CoN@N/S/C by
using one-step pyrolysis with the detailed preparing method
shown in the supplementary material. As shown in Fig. S6 in the
ESM, A-CoN@N/S/C exhibits a much weaker Co-S peak with
much worse ORR activity compared to A-CoN,S,@C. These
results confirm that the atomic exchange strategy used for the
synthesis of A-CoN,S,@C is effective for the formation of the Co-
Sbond.

X-ray absorption near-edge structure (XANES) and extended X-
ray absorption fine structure (EXAFS) spectroscopy were used to
further determine the chemical state and local coordination
environment of the Co species. As shown in Fig. 3(d), the Co K-
edge XANES spectra exhibit that the absorption edge for both A-
CoN;S;@C and A-CoN,@C locates similarly as CoPc,
demonstrating the average oxidation state of Co atoms in both
samples are close to +2. Noted, A-CoN,S,@C displays the pre-

edge peak at 7,725 eV, which is larger than that of A-CoN,@C
(7,722 eV), indicting the oxidization state of Co shifts to a larger
value after S doping. These results further suggest the S doping
enable to modulate the electron structure of the atomic Co-N sites,
in line with the XPS results. The coordination environment
around Co atoms was further analyzed by using Fourier-
transformed (FT) EXAFS spectra. As can be seen in Fig. 3(e), both
A-CoN;S,@C and A-CoN,@C exhibit respectively scattering path
of Co-N bond with a peak at ca. 1.41 and 147 A. At the same
time, the signal for Co-Co bond at ca. 221 A is not observed,
which indicates the atomically dispersed nature of the Co species
in these two samples. It is worth noting that a peak at ca. 1.83 A is
also observed in the FT EXAFS spectrum of the A-CoN;S,@C
electrocatalyst, which is assigned to the Co-S scattering path,
confirming the coordination between Co and S atoms in the A-
CoN;,S,@C electrocatalyst. Moreover, the EXAFS fitting results
suggest a CoN;S, coordination structure (three Co-N bonds and
one Co-S bond) for A-CoN,S,@C while a Co-N, coordination
structure for A-CoN,@C, Fig. 3(f), and Figs. S7 and S8 and Table
S1 in the ESM. The aforementioned results demonstrate that the
incorporating S changes the local coordination structure of the

a b c
@ A-CoN,@C Pyrrolic N vis] ®mse S2p,,S2p © A-CoN,@C, || 4/'cq 2
diey . 4 i 0
. Pyridinc .NCo.»NE Gralphmc N Co 2py;, ' Pae
5 AV = iy
> 3 s
< s s =
= = > !A-CoN,S,@C | it
c [ ‘@ HE T
2 & e i i
E E £l(,u

-
|

396 308 400 402 404
Binding energy (eV)

166 164 162 160
Binding energy (eV)

2 170 168

805 800 795 790 785 780 775
Binding energy (eV)

@ Co K-edge CoPc (E\) —s— CoPc ® —— Experimental
——A-CoN,S,@C 5 Co-Co —s—A-CoN,S,@C ; —— Fitting

= ——A-CoN,@C o ——A-CoN,@C ©
B — ——Co foil/2 S
< W =
> % L
= Y
2 ° )
£ =2 S
= 2 S
: -

g )

= ©

=

7,680 7,700 7,720 7,740 7,760 7,780 7,700 O 1 2
Binding energy (eV)

w.
H
o,
o.
o.

12345678910
R(A)

Figure 3 The high-resolution XPS spectra of (a) N 1s, (b) S 2p, (c) Co 2p of different catalysts. (d) Co K-edge XANES spectra of A-CoN,S,@C, A-CoN,@C, Co folil,
and CoPc. (e) k*-weighted EXAFS spectra of CoPc, Co foil, A-CoN,@C and A-CoN,S,@C. (f) The EXAFS fitting results of A-CoN,S,@C at R space.
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atomic Co species and in turn modulates the electron structure of
the atomic Co sites in the A-CoN,S,@C electrocatalyst, which
significantly affects the electrocatalytic activity as detailed below.

3.2 Electrocatalytic performance

A typical measurement of a rotating disk electrode (RDE) in O,-
saturated 0.1 M KOH electrolyte was performed to access the
catalytic activity of the A-CoN,S,@C electrocatalyst [34]. For the
purpose of comparison, the electrocatalytic activities of A-
CoN,@C, N/S/C, and commercial Pt/C (20 wt.%) were also
studied in exactly the same experimental situation. As shown in
Fig. 4(a), linear sweep voltammetry (LSV) curves display that the
A-CoN;S,@C electrocatalyst explores an E ., of 1.001 mV vs.
RHE, an E,;, of 0.901 V vs. RHE, and a J; of -5.81 mA/cm*
Figure 4(a) also exhibits the LSVs of controlled samples (A-
CoN@N/S/C, N/S/C and A-CoN,@C). The E, . and E,, of the
N/S/C sample are 0.79 and 0.60 V vs. RHE, respectively, which are
significantly inferior to those of A-CoN;S,@C, revealing that the
atomically dispersed CoN,S; moieties are the active centers of A-
CoN;,S,@C. Moreover, we can also see that A-CoN,S,@C exhibit
enhanced ORR activity in comparison with A-CoN,@C (Figs. 4(a)
and 4(b)), implying the effect of the doping of S atoms and
CoN;S,; moieties though modulating the electron structure of the
atomic Co sites on improving the ORR electrotic activity.
Particularly, while the E . and J; of A-CoN,S,@C are similar to
Pt/C, the E,;, of A-CoN,S,@C is even 54 mV higher than that of
20% Pt/C (E,;, = 0.847 V vs. RHE), indicating the excellent ORR
activity of A-CoN;S,@C. In addition, as shown in Fig. S9 in the
ESM, the value of Tafel slope of A-CoN,S,@C is only 57 mV/dec,
even smaller than that of 20% Pt/C, suggesting the faster kinetics
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of A-CoN;S,@C. We also compare the E;;, of A-CoN,S,@C with
the state-of-the-art ORR electrocatalysts based on the non-
precious-metal. As detailed in Table S2 in the ESM, A-CoN,S,@C
surpasses all the thus far reported Co based catalysts and is
comparable to the Fe-N-C catalysts in the same situation.

These LSV curves were recorded under the rotation rate in the
range from 400 to 2,500 rpm to further understand the ORR
catalytic performance of the A-CoN;S,@C electrocatalyst,
Fig. 4(d). On the basis of the Koutecky-Levich (K-L) plots, the
electron-transfer number (1) for A-CoN,S,@C was calculated as
3.95, 3.97, and 3.99 at 0.5, 0.6, and 0.7 V vs. RHE, respectively,
which is similar to the 20% Pt/C, exploring an efficient 4e”
reduction process. The n of A-CoN;S,@C was further determined
though the RRDE test, Fig. 4(e), which reveals n > 3.85 between
0.3-0.9 V (vs. RHE) on the A-CoN,S,@C electrode, in line with
the RDE result. Furthermore, the peroxide yield of the A-
CoN;,S,@C electrocatalyst is below 3.0% in the potential range
from 0.3 to 0.9 V (vs. RHE), further confirming the high selectivity
of A-CoN;S,@C towards ORR.

In a practical application, the durability is also extremely
significant for the ORR catalysts, which was first investigated by
accelerated stress tests (AST) in 0.1 M KOH. As displayed in
Fig. 4(e) and Fig. S8 in the ESM, after 5,000 cycling tests of cyclic
voltammetry (CV) in the potential range from 0.6 to 1.1 V (vs.
RHE), the E;;, of the A-CoN,S,@C electrocatalyst decreased by
only 3 mV, which is less than that of commercial Pt/C (20%) (35
mV), suggesting the superior stability of the A-CoN,S,@C
electrocatalyst to the Pt/C catalyst. Furthermore, the A-CoN;S,@C
electrocatalyst retains a high relative current of 95% after scanning
20,000 s in the i—t test, which is higher than that of 79% for Pt/C
(20%), Fig. 4(e) and Fig. S9 in the ESM, further confirming the
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Figure4 (a) LSV curves for the N/S/C, 20 wt.% Pt/C, A-CoN@N/S/C, A-CoN,@C and A-CoN;S,@C catalysts at a rotation rate of 1,600 rpm (scan rate: 5 mV/s). (b)
Comparison of E,, E,;, and J; among samples in this work. (c) LSV curves of A-CoN,S,@C at various rotation rates (400-2,025 rpm). The inset shows K-L plots of
A-CoN,S,@C at various potentials. (d) H,O, yield and electron transfer number of A-CoN,S,@C and Pt/C (20%). (e) LSV curves of A-CoN,S,@C before and after
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higher stability of A-CoN,S,@C. Besides, the morphology of A-
CoN;S,@C after stability test is also retained, Fig. S10 in the ESM.

Inspired by the high performance of A-CoN,S,@C towards
ORR, the composite material of IrO, and A-CoN;S,@C (A-
CoN;S,@C &IrO,) was served as the cathode catalyst to access its
potential application in rechargeable Zn-air batteries under
realistic conditions, Fig. 4(f). Under the same testing conditions,
the 20% Pt/C&IrO, combination was also integrated into a
rechargeable zinc-air battery for comparison. As displayed in
Fig. 4(g) and Fig. S11 in the ESM, the open circuit voltage of A-
CoN;S,@C &IrO,-based Zn-air battery is 1.43 V, which are higher
than that for the Pt/C&IrO,-based Zn-air battery (1.32 V). In
addition, A-CoN,S,@C &IrO,-based Zn-air battery also exhibits a
larger peak power density of 135 mW/cm® at 224 mA/cm’ than
that of Pt/C&IrO,-based Zn-air battery which shows the
maximum power density of ~ 80 mW/cm’. Besides, the cycling
measurements of Zn-air battery based on A-CoN;S,@C &IrO,
were performed at 5, 10, and 20 mA/cm® to evaluate the
corresponding rechargeability, which displayed impressively
negligible potential fading after 100 cycle tests (Fig. 4(h)), better
than that of Pt/C &IrO, (Fig. S12 in the ESM). All aforementioned
results declare the great application potential of the as-prepared A-
CoN,S,@C catalyst in the domain of energy conversion and
storage devices.

4 Conclusion

In summary, we have prepared an atomic A-CoN;S,@C
electrocatalyst with atomically CoN,S, active sites which are
supported on N, S co-doping porous carbon material by an
atomic exchange strategy. The constructed A-CoN,S,@C catalyst
diaplays enhanced ORR performance under alkaline condition,
even overmatching the commercial Pt/C (20 wt%). This
exceedingly great ORR activity of A-CoN,;S,@C was owing to the
atomically dispersed CoN;S, active centers as well as the excellent
effect of doping of S atoms on optimizing the electron structure of
the atomic Co sites. Moreover, we also demonstrate that A-
CoN;,S,@C is a promising candidate as the air electrode catalyst in
rechargeable zinc-air batteries. The present result should be
helpful for developing lower cost and higher performance of
oxygen catalysts with practical application in energy devices.
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