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ABSTRACT: The lithium—sulfur battery (LSB) is a viable option for the next
generation of energy storage systems. However, the shuttle effect of lithium
polysulfides (LiPS) and the poor electrical conductivity of sulfur and lithium sulfides
limit its deployment. Here, we report on a 2D-organic framework, C,N, with a high
loading of low-coordination cobalt single atoms (Co-SAs/C,N) as an effective sulfur
host in LSB cathodes. Experimental and computational results reveal that
unsaturated Co—N, active sites with an asymmetric electron distribution act as
effective polysulfide traps, accommodating electrons from polysulfide ions to form
strong S, —Co—N bonds. Additionally, charge transfer between LiPS and
unsaturated Co—N, active sites endows immobilized LiPS with low free energy
and low electrochemical decomposition energy barriers, thus accelerating the kinetic
conversion of LiPS. As a result, S@Co-SAs/C,N-based cathodes exhibit superior rate
performance, impressive cycling stability, and good areal capacity at high sulfur
loading, 2-fold that of commercial lithium-ion batteries. This work emphasizes the
potential capabilities and promising prospects of single-atom catalysts with unsaturated coordination in LSBs.
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material in Li-ion batteries owing to its high theoretical

capacity (1672 mAh g™'), large energy density (2600
Wh kg_l), huge abundance, and low cost.' > However, the
commercial deployment of lithium—sulfur batteries (LSBs) has
been hampered by several limitations. These limitations
include the electrical insulating nature of sulfur and lithium
sulfide, which limits the rate capability and reduces the
utilization of active material.”* Besides, the lithium polysulfides
(LiPS) formed during the electrochemical Sg—Li,S redox
reaction are soluble in conventional organic electrolytes and
can migrate to the anode.”” Therefore, strategies to promote
charge transport at the cathode, immobilize the LiPS, and
facilitate their reaction kinetics are highly desired.”’

One effective approach to overcome some of these
challenges is to combine sulfur with high surface area and
porous carbon-based materials to increase the cathode
electrical conductivity and at the same time confine the
LiPS.®"'° However, the weak interaction between nonpolar
carbon and polar LiPS prevents fully suppressing their
dissolution and migration. On the other hand, some polar
inorganic materials showing strong chemical interaction with
polysulfides have been proposed to more effectively anchor

S ulfur has received much attention as a potential cathode
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and confine LiPS."'~'? However, even when strongly bound to
a cathode additive, the sluggish conversion kinetics of adsorbed
LiPS results in an accumulation of LiPS that is eventually
released into the solution. Thus, in addition to large surface
area conductive additives and mechanisms for trapping LiPS,
the integration of electrocatalysts that are able to facilitate the
LiPS redox reactions is required.

Carbon-supported single-atom catalysts (SACs), offering
high activities with almost 100% atomic utilization, are an
excellent candidate to overcome the kinetic limitations of the
Li—S reaction."*™"” In addition, some SACs also exhibit high
sulfiphilicity, which enables them to contribute to the
immobilization of LiPS. The electrocatalytic activity of SACs
strongly depends on the metal local environment, which is
determined by the local coordination configuration.'® M—N,
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Figure 1. (a) Schematic illustration of the synthesis of Co single atoms supported by C,N (Co-SAs/C,N) (dark blue = nitrogen, light gray =
carbon, red = oxygen, light green = chlorine, and light blue = cobalt). (b—d) HAADF-STEM images at different magnifications of Co-SAs/
C,N. Red circles display single Co atoms shown as bright contrast spots. (¢) HAADF-STEM image and corresponding EDX mapping

showing the elemental distribution of Co-SAs/C,N.

moieties (M = Fe, Co, Ni, etc.) are the active sites of the
commonly reported SACs."”~*' SACs with M—N, moieties
afford symmetrical electron distributions, which limit the
adsorption and activation of reaction intermediates, thus their
catalytic performance.””*’ Improved performances can be
obtained with the asymmetrical electron distribution of M—N,,
(x # 4) coordination structures. While these electrocatalytic
moieties have been previously tested,'> there is a lack of
understanding of the relationship between the electronic
structure of M—N, SACs and electrocatalytic performance
toward LiPS conversion.

Aside from the metal moiety, the carbon support also
influences the electrocatalytic performance. Two-dimensional
(2D) carbon supports with a high specific surface area and
lamellar structure can accommodate a massive density of SAC
active sites. Recently, C,N has sparked significant interest as a
novel graphene-like covalent organic framework characterized
by a huge specific surface area and effective charge transfer.”*
C,N consists of a uniform porous structure with hollow sites
surrounded by six pyridine nitrogen atoms (N cavities) that
provide a large number of effective sites for the coordination of
a high density of single metal atoms.”>~>’ Within this
framework, the diffusion barrier of metal atoms is too high
to form aggregates. These properties make C,N an excellent
support for the rational design and engineering of SACs with
an asymmetrical electron distribution to improve the electro-
chemical performance of LSBs.

In this work, we detail the synthesis of dispersed Co single
atoms supported on C,N (Co-SAs/C,N) with a Co—N,
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coordination structure through a pyrolysis-free wet-chemistry
strategy. The choice of Co to showcase the potential of our
approach is related to the numerous previous reports
demonstrating the potential of Co-based materials as excellent
catalysts for the sulfur redox reaction. The unsaturated Co—N,
sites can not only provide strong LiPS adsorption but also
promote interfacial charge transfer to accelerate the redox
kinetics of the LiPS. Benefiting from the simultaneous
optimization of the carbon support and the SAC’s coordina-
tion environment, Co-SAs/C,N exhibits excellent electro-
catalytic activity that enables bidirectional sulfur redox
chemistry, accelerating the precipitation/decomposition of
Li,S and lowering the related energy barriers. The performance
of the S@Co-SAs/C,N cathodes is thoroughly tested to
demonstrate their superior cycling stability and rate capability.
The outstanding obtained results are rationalized with the help
of density functional theory (DFT) calculations.

A scalable wet-chemistry strategy was designed for the
synthesis of C,N-supported Co-based SACs (Figure la).
Briefly, Co** was coordinated with nitrogen atoms from
hexaaminobenzene (HAB) to form the Co—HAB complex.
Subsequently, Co—HAB was polymerized and reduced in the
presence of chloranilic acid to form Co-SAs/C,N. The targeted
material has a periodic conjugated ring structure with Co ions
confined in the C,N pores. Scanning electron microscopy
(SEM) analysis showed Co-SAs/C,N to display a stacked—
layered structure (Figure Sla). According to energy-dispersive
X-ray spectroscopy (EDX) results, the N/Co atomic ratio of
Co-SAs/C,)N is ca. 2, which corresponds to an average of 1
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Figure 2. (a) XANES spectra and (b) Co K-edge FT-EXAFS spectra in R space of Co-SAs/C,N, CoPc, and Co foil. (c) EXAFS fitting curves
in R space for the Co-SAs/C,N sample. (d) EXAFS oscillations of Co-SAs/C,N with respect to the reference samples. (e—g) Wavelet
transformed contour plots at the Co K-edge of Co-SAs/C,N, CoPc, and Co foil. (h) The atomic structure model of the Co-SAs/C,N. (i)
Solid-state '>*C MAS NMR spectrum for Co-SAs/C,N. (j) CW-EPR spectrum of Co-SAs/C,N.

Co*" ion every 2 N sites in C,N (Figure S1b). Inductively
coupled plasma optical emission spectroscopy (ICP-OES)
determined the Co loading in Co-SAs/C,N to be 12.8% and
demonstrated the synthesis to be highly reproducible in terms
of the obtained Co loading (Table S1). This high metal
loading, above those of generally reported SACs (Table S2), is
enabled by the high density of anchoring sites and pores in
C,N. Additionally, it is noted that the same method can be
used for the synthesis of Ni/C,N and Fe/C,N SCAs (Figure
S3).

Aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM)
analysis showed no cobalt nanoparticles or clusters anywhere
around the Co-SAs/C,N sample (Figure 1b). In contrast, as
highlighted with red circles in Figure 1c,d, a large number of
highly dispersed bright spots, identified as Co atoms, were
observed within the C,N skeleton. EDX elemental mapping
demonstrated C, N, and Co to be homogeneously distributed
within Co-SAs/C,N (Figure le). X-ray diffraction (XRD)
patterns of the as-synthesized Co-SAs/C,N show the
characteristic peak of C,N and no signal related to Co-based
compounds (Figures S2 and S3). This result indicates a
uniform and atomic dispersion of Co within the C,N matrix,
which is consistent with the AC HAADF-STEM analysis.

X-ray photoelectron spectroscopy (XPS) analysis of Co-
SAs/C,N displays the presence of Co, C, N, and O (Figure
S4). The presence of oxygen is related to the exposure of the
sample to air before the XPS measurement.'”® The high-
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resolution N 1s XPS spectrum was fitted with four bands at
398.9, 401.2, 402.3, and 399.8 eV, corresponding to pyridinic-
N, pyrrolic-N, graphitic-N, and Co—N bonds,” ™" respectively
(Figure S4c). In the Co 2p XPS spectrum (Figure S4d),
besides the satellite peaks, a single doublet at 781.3 and 797.5
eV pointed at the existence of Co within a Co®>" chemical
environment.”!

X-ray absorption near-edge structure (XANES) measure-
ments of the Co K-edge were used to further reveal the
chemical structure of Co-SAs/C,N and particularly the valence
state of Co, using cobalt phthalocyanine (CoPc) and Co foil as
references (Figure 2a, Table S3). The Co K-edge XANES
profile indicates that the Co atoms in Co-SAs/C,N are at a
higher oxidation state than those of CoPc and Co foil, which is
compatible with a Co—N, coordination.””*”> The absorption
edge further indicated that the Co coordination environment is
compatible with the Co—N, bonds within the C,N structure.

Figure 2b shows the Fourier-transformed extended X-ray
absorption fine structure (FT-EXAFS) spectrum of Co-SAs/
C,N, which displays a peak at ~1.62 A that can be identified as
a Co—N scattering path. This result is again compatible with
Co atoms being coordinated with N atoms within the C,N
support. Notice also that the Co—Co peak at ~225 A
observed in the Co foil was not observed in the Co-SAs/C,N
spectrum, again suggesting that isolated Co atoms were
anchored on the C,N matrix by Co—N coordination.”***

From the fitting of the EXAFS spectra at the Co K-edge
(Figure 2c), the average coordination number of Co atoms
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Figure 3. (a) UV—vis spectra and optical photograph of the flasks containing a Li,S, solution and the different materials after overnight
adsorption. (b) High-resolution N 1s XPS spectra and (c) Co 2p XPS spectra of Co-SAs/C,N before and after Li,S, adsorption. Solid-state
’Li NMR spectrum of (d) Li,S, and (e) Co-SAs/C,N—Li,S,. (f) CW-EPR spectrum for Co-SAs/C,N and Co-SAs/C,N—Li,S,. (g) Relaxed
Li,S,-adsorbed structure on the surface of C,N and Co-SAs/C,N calculated with DFT. (h) Binding energies between LiPS$ species and C,N

or Co-SAs/C,N as calculated by DFT.

within Co-SAs/C,N was ~2.2 (Table S3). Thus, on average,
each Co atom is coordinated with two N atoms to form the
Co—N, sites. The atomic structure model of Co-SAs/C,N is
displayed as an inset in Figure 2c. The oscillation curve of Co-
SAs/C,N is clearly distinct from that of CoPc and Co foil,
again suggesting coordination of Co to N atoms (Figure 2d).

The wavelet transform (WT) of the Co K-edge spectrum
was employed to further demonstrate the bonding environ-
ment of the Co species (Figure 2e—g). Compared with CoPc
and Co foil, one prominent intensity maximum can be found at
around 4.68 A™', which belongs to the Co—N scattering path
in the Co-SAs/C,N WT contour plot without observable Co—
Co contribution.”® This result further confirms the particular
Co—N coordination environment at Co sites as well as the
single-atom configurations in Co-SAs/C,N. The atomic
structure model of Co-SAs/C,N is displayed in Figure 2h.

The solid-state '*C magic-angle-spinning (MAS) nuclear
magnetic resonance (NMR) spectrum of Co-SAs/C,N is
shown in Figure 2i. The resonance signal of Co-SAs/C,N is
centered at around 150 ppm with a very broad distribution,
indicating the carbon atoms of the phenyl edges connected to
C=C units and the carbon atoms of triphenylene cores on
vertices with intensive rigidity.'> Besides, the continuous wave
electron paramagnetic resonance (CW-EPR) signal at a g-value
of 2.004 confirmed the presence of abundant defects with
unpaired electrons in Co-SAs/C,N (Figure 2j).

For a deeper exploration of the electronic structure of Co-
SAs/C,N, DFT calculations were performed. As shown in
Figure S5, the electronic band structure of Co-SAs/C,N
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obtained from the DFT calculations within the HSE06
functional showed several bands crossing the Fermi level,
demonstrating that cobalt atom doping could improve the
intrinsic conductivity of the C,N matrix.”*” The high
electrical conductivity of Co-SAs/C,N was experimentally
demonstrated using four-point electrical conductivity measure-
ments (Figure S6).

To analyze the electrochemical performance of Co-SAs/C,N
as a sulfur host in LSBs, sulfur was introduced within the Co-
SAs/C,N by a melt-diffusion process.”® SEM-EDX character-
ization, XRD patterns, thermogravimetric analysis (TGA), and
the Brunauer—Emmett—Teller (BET) specific surface area of
the obtained S@Co-SAs/C,N composites overall confirmed
that sulfur was incorporated into the Co-SAs/C,N catalytic
host (Figures S7—S10).

To evaluate the LiPS adsorption ability of the host material,
certain amounts of Co-SAs/C,N and C,N were immersed in
separate vials containing the same 1 X 107> M Li,S, solution.
After overnight adsorption, the color of the Li,S, solution
containing Co-SAs/C,N was much lighter than that of the
solution containing C,N (light yellow), indicating that the
former has a much higher LiPS adsorption ability. This result
waslgggther confirmed using UV—vis spectroscopy (Figure
3a).

Figure 3b shows the N 1s XPS spectrum of Co-SAs/C,N to
red-shift after Li,S, adsorption, which is related to a higher
electronic density associated with the binding of the N atoms
in C,N, having a Lewis base character, and with Li atoms in
Li,S,, having a Lewis acid character.”~* The formation of
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Figure 4. (a) CV profiles of symmetric cells with Co-SAs/C,N and C,N. (b) CV profiles of Li—S coin cells at a scan rate of 0.1 mV s™*. (c)
Charge/discharge profiles of various electrodes with a 0.1 C current rate. (d) Decomposition energy barriers of Li,S on C,N and Co-SAs/
C,N. (e) Gibbs free energy profiles of LiPS species on the surface of C,N and Co-SAs/C,N.

Li—N bonds was also confirmed by analyzing the Li 1s
spectrum (Figure S11a). Figure 3c exhibits the high-resolution
Co 3d XPS spectrum of Co-SAs/C,N to blue-shift after Li,S,
adsorption, which is likely due to the chemical interaction
between Co and S, forming Co—S§ bonds.””* In addition, the
formation of Co—S bonds was also confirmed by analyzing the
S 2p XPS spectrum of Co-SAs/C,N—Li,S, (Figure S11b).

To further study the interactions between Co-SAs/C,N and
polysulfides, the Li NMR spectra of Li,S, before and after
interacting with Co-SAs/C,N were collected and displayed in
Figure 3d,e. Because the chemical shift is quite sensitive to the
surrounding environment, the changed chemical shift thus
concurrently corresponds to the strong binding between Li,S,
and Co-SAs/C,N. The pure Li,S, shows a single peak at 0 ppm
with a sharp signal, which becomes broader when attached to
Co-SAs/C,N. An additional broad signal appears at around —5
ppm, which is possibly due to the strong shielding effect caused
by the Co-SAs/C,N rings. According to the above analysis and
Li NMR experiments on the Co-SAs/C,N—Li,S, model
system, a series of insights can be subtracted: (1) Co-SAs/C,N
has strong binding to Li,S, as suggested by the high binding
energy; (2) a dipole—dipole interaction, namely a Li bond,
forms between Li,S, and Co-SAs/C,N to afford the strong
binding; (3) the formation of a Li—N bond alters the local
environment surrounding Li, resulting in a shift in the NMR
spectrum.

The interactions between Li,S, and Co-SAs/C,N were
further confirmed by CW-EPR characterization. As shown in
Figure 3f, a decrease in EPR signal intensity was obtained with
Li,S, adsorption. This lower EPR signal denotes a decrease in
the density of unpaired electrons, which implies that the sites
with unpaired electrons, e.g., carbon vacancies, serve as active
sites for the adsorption of LiPS.

DFT calculations were performed to further evaluate the
interaction between LiPS and Co-SAs/C,N (Figures S12 and
S13). As shown in Figure 3g, the calculated binding energies
(E,) of Li,S, on C,N and Co-SAs/C,N surfaces were —2.49
and —6.61 eV, respectively, which endows Co—N, sites with
enhanced adsorption ability for Li,S,.">** Actually, all the LiPS
species showed a higher affinity for the Co-SAs/C,N surface
rather than for the C,N one (Figure 3h). These results suggest
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robust chemisorption of LiPS on Co-SAs/C,N, which should
block the LiPS shuttle effect.

To reveal the electrocatalytic activity of Co-SAs/C,N for
polysulfide conversion, CV measurements were initially
performed on symmetric cells containing a Li,S4 electrolyte
within a voltage window of —0.8 to 0.8 V (Figures 4a and S14).
The Co-SAs/C,N-based cell displayed two symmetric
cathodic/anodic peaks, which were associated with the

electrochemical oxidation/reduction of Li,S:**

S¢o~ + 10e” + 12Li* < 6Li,S (1)

)

The cell containing Co-SAs/C,N electrodes provided higher
currents compared with the C,N-based cell, indicating the
superior catalytic activity of Co-SAs/C,N toward the liquid—
solid redox reaction (Li,S < S¢*~ < Sg).

The CV curves of Li—S coin cells based on S@Co-SAs/C,N
and S@C2N cathodes are shown in Figure 4b. The cathodic
peak voltage (peak I) is associated with the reactions:'”*’

48,7 © 8¢ + 3S,

Sg + 2e” + 2Li* - Li,S,

3Li,Sg + 2e” + 2Li" — 4Li,S,

2Li,S¢ + 2¢” + 2Li* - 3Li,S,

The cathodic peak (peak II) corresponded to the reactions:
Li,S, + 2~ + 2Li" — 2Li,S,

Li,S, + 2~ + 2Li" - 2Li,S

The anodic peak (peak III) accounts for the reverse
multistep oxidation process of short-chain sulfides to LiPS
and eventually to S.***’ S@Co-SAs/C,N electrodes exhibited
much higher peak currents, and the cathodic/anodic peaks
were located at more positive/negative potentials than S@
C,N, demonstrating that Co-SAs/C,N was the most effective
catalyst in promoting the polysulfide redox reaction kinetics
(Figures 4b, S15, and S16). At the different scan rates tested,
S@Co-SAs/C,N-based cells displayed higher redox peak
currents. lower polarization potentials, and improved stability
compared with those of S@C,N-based cells (Figures S17 and
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Figure S. (a) Charge/discharge profile of S@Co-SAs/C,N electrodes at various rates. (b) Rate capabilities and (c) capacity retention of S@
Co-SAs/C,N and S@C,N electrodes. (d) Ultralong cycling test of the S@Co-SAs/C,N electrode at 3 C over 2500 cycles. (h) High-loading
cycling performances with sulfur loadings of 3.0, 5.2, and 8.1 mg cm™” at 0.2 C of S@Co-SAs/C,N electrodes.

S18). As shown in Figure S19, the cathodic/anodic peak
currents showed a linear relationship with the square root of
the scanning rates, pointing to a diffusion-limited reaction.”””’
DFT calculations revealed this higher Li* diffusivity to be
related to the decrease of the lithium-ion diffusion barrier on
the C,N surface by the introduction of cobalt atoms (Figure
S19e).

The galvanostatic charge—discharge profiles for S@Co-SAs/
C,N and S@C,N electrodes at a current rate of 0.1 C are
displayed in Figure 4c. S@Co-SAs/C,N electrodes were
characterized by significantly lower polarization potentials
(AE = 126 mV) and a higher Q2/Ql ratio (2.62) than S@
C,N electrodes (AE = 168 mV, Q2/Ql = 1.99), confirming
the superior catalytic activity of Co-SAs/C,N toward LiPS
conversion (Figure $20).

Electrochemical kinetics was further assessed in the phase
conversion between soluble LiPS and insoluble Li,S,/Li,S
during the charge/discharge processes (Figures S21 and $22).
Based on Faraday’s law and the potentiostatic discharge
profiles in Figure S22, S@Co-SAs/C,N electrodes showed
faster responsivity toward Li,S nucleation and a higher capacity
of Li,S precipitation (283.6 mA h g™!) than S@C,N electrodes
(192.1 mA h g"). This result further proved that Co-SAs/C,N
with unsaturated Co—N, active sites significantly reduces the
energy barrier of the Li,S nucleation, enhancing the Li,S
precipitation kinetics.'®**

DFT calculations were further used to evaluate the reaction
kinetics of the charging process on the surfaces of C,N and
Co-SAs/C,N (Figures S23 and S24). As shown in Figure 4d,
the energy barrier of Li,S decomposition on Co-SAs/C,N is
only 0.88 €V, much lower than that on C,N (1.25 eV). This
result points to Li,S being much more easily oxidized into LiPS
on the Co-SAs/C,N surface than on C,N during the battery
charging process, leading to improved redox reversibility
between Li,S and LiPS and enhanced $ utilization.'>*

The relative Gibbs free energy evolution of the reaction
process is shown in Figure 4e. Sg reacts with two Li ions to first
form Li,Sg, followed by further reduction of Li,Sg to form
Li,Ss. While the initial steps are exothermic, the subsequent
tranformations of LiPS to Li,S, and then to Li,S have an
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endothermic nature.”*** Thus, the formation of Li,S, and Li,$
are the rate-limiting steps of the sulfur reduction process. The
Gibbs free energies associated with the production of Li,S, and
Li,S on the surface of Co-SAs/C,N are 0.37 and 0.56 eV,
respectively, well below those calculated on the C,N surface
(0.51 and 0.79 eV).

The galvanostatic charge/discharge profiles of S@Co-SAs/
C,N and S@C,N at different current rates are exhibited in
Figures Sa and S25. Figure Sb shows the rate performances of
the cells based on the two electrodes tested at current rates
from 0.2 to 10 C. S@Co-SAs/C,N electrodes showed a lower
polarization and were characterized by an ultrahigh initial
discharge capacity of 1415 mA h g™" at 0.2 C, pointing toward
optimized sulfur activity and utilization. Even at the highest
current rate of 10 C, an average capacity of 556 mAh g_1 was
stabilized, well above the capacity obtained for the S@C,N
electrodes.

Figure Sc displays the cycling tests of different cells based on
S@Co-SAs/C,N and S@C,N cathodes at 0.5 C. S@Co-SAs/
C,N electrodes delivered an initial discharge capacity of 1118.6
mAh g™ and maintained a stable capacity of 1066.2 mAh g~!
after 100 cycles. For comparison, the discharge capacity of the
S@C,N electrodes decayed to 676.5 mAh g™ after 100 cycles,
with a capacity loss of 7.5%. Electrochemical impedance
spectroscopy (EIS) was used to further understand the
parameters behind the enhanced redox kinetics of the S@
Co-SAs/C,)N electrodes. The S@Co-SAs/C,N electrodes were
characterized by considerably lower R, and R compared with
S@C,N electrodes after cycling (Figure S26 and Table S4),
indicating improved electrode kinetics. Besides, both electro-
des displayed a decrease of the R, once activated, which is in
part related to an improved electrode architecture and
electrolyte wetting.

Additional cycling tests were carried out on the S@Co-SAs/
C,N electrodes at various current rates (Figures Sd and S27).
The S@Co-SAs/C,N electrode provided an initial discharge
capacity at 3 C of 826 mAh g~' and retained 80.9% of its
capacity after 2500 cycles, indicating a low capacity decay rate
of just 0.008% per cycle. In addition, as exhibited in Figure
S28, S@Co-SAs/C,N electrodes displayed energy efficiencies
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of around 92.1% at 0.2 C, well above that of S@C,N
electrodes.

Figures Se and S29 show the performance of the S@Co-
SAs/C,N electrodes at a sulfur loading of 3.0, 5.2, and 8.1 mg
cm™ at 0.2 C and an electrolyte-to-sulfur (E/S) ratio of 8.9,
6.1, and 4.7 uL mg~', respectively. High areal capacities of
3.69, 4.64, and 6.32 mAh cm™? after 100 cycles can be obtained
under the sulfur loading of 3.0, 5.2, and 8.1 mg cm™?
respectively. S@Co-SAs/C,N electrodes displayed stable
charge/discharge curves and delivered a high areal capacity
of 7.18 mAh cm™ under a sulfur loading of 8.1 mg cm™,
which is almost a 2-fold of that of commercial Li-ion batteries
(4 mAh cm™2). This excellent performance at a high sulfur
loading confirmed the good reaction kinetics, which is
attributed to the superior catalytic activity of the unsaturated
Co—N, sites of Co-SAs/C,N.

Figure S30 shows SEM images of the S@Co-SAs/C,N
cathodes with a high S loading after cycling, showing no cracks.
From the EDS spectrum of the Li anode after cycling, only a
very small amount of sulfur was observed, proving the
inhibition of LiPS migration (Figure S31). To further
demonstrate the important role played by Co in the superior
material performance, additional samples with a lower Co
amount were produced and tested. As expected, the perform-
ance of this sample was sensibly lower than that of the sample
containing a higher amount of Co but improved with respect
to the sample containing no Co (Figure $32). The electro-
chemical results of S@Co-SAs/C,N cathodes for LSBs are
compared to other state-of-the-art single-atom-based materials
in Table SS (Supporting Information). Besides, to demonstrate
the potential for practical use of S@Co-SAs/C,N cathodes, we
scaled them up to pouch cell level reaching a capacity of 725
mAh g~' at 0.35 C (Figure S33).

In summary, the synthesis of Co-SAs/C,N with a precise
Co—N, coordination structure and its use to explore the
adsorption and catalytic properties of Co—N, sites in the
conversion process of LiPS have been described. Co-SAs/C,N
exhibits lithiophilic/sulfiphilic binding with polysulfides to
prevent the dissolution of LiPS in the electrolyte. Besides,
within this structure, the unsaturated Co—N, center can act as
a multifunctional site for accelerating the redox conversion of
LiPS and reducing the reaction energy barrier of Li,S
deposition and decomposition during discharge/charge pro-
cesses, as determined by X-ray absorption fine spectroscopy,
experiments, and DFT calculations. As a result, S@Co-SAs/
C,N cathodes deliver excellent rate performance and ultra-
long-term cycling stability. Even at high sulfur loadings and
under lean electrolyte conditions, S@Co-SAs/C,N cathodes
display a remarkable areal capacity meeting the demands of
commercial LIBs. This work sheds light on the dual
adsorption-catalysis effect of Co-SAs/C,N with an unsaturated
coordination structure (Co—N, sites) for the redox conversion
of LiP§, providing new insights for designing SAC-based hosts
with maximized activity in improving the performance of LSBs.
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