
This is the accepted version of the journal article:

Yang, Dawei; Wang, Jiaao; Lou, Chenjie; [et al.]. «Single-Atom Catalysts with
Unsaturated Co-N2 Active Sites Based on a C2N 2D-Organic Framework for
Efficient Sulfur Redox Reaction». ACS energy letters, Vol. 9, Issue 5 (May 2024),
p. 2083-2091. DOI 10.1021/acsenergylett.4c00771

This version is available at https://ddd.uab.cat/record/302102

under the terms of the license

https://ddd.uab.cat/record/302102


 Center for High Pressure Science and Technology Advanced Research, Beijing 100193,, P.

Page 1 of 37

R. China.

& School of Physics and Microelectronics, Zhengzhou University, Zhengzhou 450052, P. R. 

China.

§ State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical

Technology, Beijing 100029, P. R. China.

// Institute for Advanced Study, Chengdu University, 610106, Chengdu, P. R. China.

$ Institute of Energy Technologies, Department of Chemical Engineering and Barcelona 

Research Center in Multiscale Science and Engineering, Universitat Politècnica de Catalunya, 

EEBE, 08019, Barcelona, Spain.

± Catalan Institute of Nanoscience and Nanotechnology (ICN2), CSIC and BIST
1

Single-Atom Catalysts with Unsaturated Co-N2 Active Sites 

Based on a C2N 2D-Organic Framework for Efficient Sulfur 

Redox Reaction

Dawei Yang,†,‡ Jiaao Wang,∆ Chenjie Lou,◊ Mengyao Li,& Chaoqi Zhang,‡ Alberto Ramon,‡ 

Canhuang Li,‡ Mingxue Tang,◊ Graeme Henkelman,∆ Ming Xu,*,§ Junshan Li,// Jordi Llorca,$ 

Jordi Arbiol,± David Mitlin,*,○ Guangmin Zhou,*,# Andreu Cabot*,‡,⊥

† Henan Province Key Laboratory of Photovoltaic Materials, School of Future Technology, 

Henan University, Kaifeng, 475004, P. R. China. 

‡ Catalonia Institute for Energy Research – IREC, Sant Adrià de Besòs, Barcelona, 08930, Spain.

∆ Department of Chemistry and the Oden Institute for Computational Engineering and Sciences, 

The University of Texas at Austin, Austin, TX, 78712 USA.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Campus UAB, Bellaterra, 08193 Barcelona, Spain.

○ Materials Science and Engineering Program & Texas Materials Institute, The University of

Page 2 of 37

Texas at Austin, Austin, Texas 78712, United States.

# Shenzhen Geim Graphene Center, Tsinghua-Berkeley Shenzhen Institute & Tsinghua 

Shenzhen, International Graduate School, Tsinghua University, Shenzhen, 518055, P. R. China.

⊥ ICREA, Pg. Lluís Companys 23, 08010, Barcelona, Spain. 

Email: mingxu@mail.buct.edu.cn

Email: david.mitlin2@utexas.edu

Email: guangminzhou@sz.tsinghua.edu.cn

Email: acabot@irec.cat

Abstract

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, C2N, loaded with cobalt single atoms (Co-SAs/C2N) as an effective sulfur host in 

LSB cathodes. Experimental results and density functional theory (DFT) calculations reveal 

that unsaturated Co-N2 active sites with an asymmetric electron distribution act as effective 

polysulfide traps, accommodating electrons from polysulfide ions to form strong Sx
2--Co-N 

bonds. Additionally, charge transfer between LiPS and unsaturated Co-N2 active sites endows 

immobilized LiPS with low free energy and low electrochemical decomposition energy 

barriers, 
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thus accelerating the kinetic conversion of LiPS during the charge/discharge process. As a result, 

S@Co-SAs/C2N-based cathodes exhibit an excellent rate performance with capacities of up to 

550 mAh g−1 at 10C, impressive cycling stability with over 81% capacity retention over 2500 

cycles at 3C, and an areal capacity of 7.2 mAh cm−2 under a high sulfur loading of 8.1 mg cm−2, 

twofold that of commercial lithium-ion batteries. This work highly emphasizes the potential 

capabilities and promising prospects of single-atom catalysts with unsaturated coordination in 

LSBs.

Keywords: 2D organic framework (C2N), Co-N2 active sites, single-atom catalysts, catalytic 

conversion, lithium-sulfur batteries
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Sulfur has received much attention as a potential cathode material in Li-ion batteries owing to 

its high theoretical capacity (1672 mAh g−1) and energy density (2600 Wh kg−1), and its low 

cost and environmental friendliness.1-3 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.4,5 Besides, the lithium polysulfides (LiPS) formed 

during the electrochemical S8-Li2S redox reaction are soluble in conventional organic 

electrolytes and can migrate to the anode. This LiPS shuttle effect reduces the energy efficiency 

of the charge-discharge process, decreases the cathode active material, and corrodes the lithium 

anode, which results in irreversible capacity degradation. Therefore, strategies to promote 

charge transport at the cathode, immobilize the LiPS, and facilitate their reaction kinetics are 

highly desired.6,7

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.8-10 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 and confine LiPS.11-13 However, even when 

strongly bound to a cathode additive, the sluggish conversion kinetics of adsorbed LiPS results 

in an accumulation of LiPS that are eventually released into the solution. Thus, in addition to 

large surface area conductive additives and mechanisms for trapping LiPS, the integration of 

electrocatalysts able to facilitate the LiPS redox reactions is required.
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Carbon-supported single-atom catalysts (SACs), which are gaining great momentum in the field 

of electrocatalysis due to their high activities with almost 100% atomic utilization and excellent 

electrical conductivities, are an excellent candidate to overcome the kinetic limitations of the 

Li-S reaction.14-17 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.18 M-N4 moieties (M = Fe, Co, Ni, etc.) are the active sites of the commonly 

reported SACs.19-21 SACs with M-N4 moieties afford symmetrical electron distributions, which 

limits the adsorption and activation of reaction intermediates, thus its catalytic performance.22,23 

Improved performances can be obtained with the asymmetrical electron distribution of M-Nx 

(x≠4) coordination structures. While these electrocatalytic moieties have been previously 

tested,15 there is a lack of understanding of the relationship between the electronic structure of 

M-Nx SACs and electrocatalytic performance towards LiPS conversion.

Aside from the metal moiety, the carbon support also influences the electrocatalytic 

performance. Two-dimensional (2D) carbon supports with high specific surface area and 

lamellar structure can accommodate a massive density of SAC active sites. Recently, C2N has 

sparked significant interest as a novel 2D graphene-like covalent organic framework (COF) 

characterized by a huge specific surface area and effective charge transfer.24 C2N consists of a 

uniform porous structure with hollow sites surrounded by six pyridine nitrogen atoms (N6 

cavities) that provide a large number of effective sites for the coordination of a high density of 

single metal atoms.25-27 Within this framework, the diffusion barrier of metal atoms is too high 

to form aggregates. These properties make C2N an excellent support for the rational design and 
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engineering of single-atomic mediators with asymmetrical electron distribution to improve the 

electrochemical performance of LSBs.

In this work, we detail the synthesis of dispersed Co single atoms supported on C2N (Co-

SAs/C2N) with a Co-N2 coordination structure through a pyrolysis-free wet-chemistry strategy. 

The unsaturated Co-N2 sites can not only provide strong LiPS adsorption capacity to suppress 

the shuttle effect 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 SACs 

coordination environment, Co-SAs/C2N exhibits excellent electrocatalytic activity that enables 

bidirectional sulfur redox chemistry, accelerating the precipitation/decomposition of Li2S and 

lowering the related energy barriers. The performance of S@Co-SAs/C2N 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.

RESULTS AND DISCUSSION

A scalable wet-chemistry strategy was designed for the synthesis of C2N-supported Co-based 

SACs, as displayed in Figure 1a. Briefly, Co2+ 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/C2N. The targeted 

material should have a periodic conjugated ring structure with Co ions confined in the C2N 

pores. 
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Scanning electron microscopy (SEM) analysis showed Co-SAs/C2N to display a stacked-

layered structure (Figure S1a). According to energy-dispersive X-ray spectroscopy (EDX) 

results, the N/Co atomic ratio of Co-SAs/C2N is ca. 2, which corresponds to an average of one 

Co2+ ion every two N sites in C2N (Figure S1b). Inductively coupled plasma optical emission 

spectroscopy (ICP-OES) determined the Co loading in the Co-SAs/C2N to be 12.8%. This high 

metal loading, above that generally reported SACs (Table S1), is enabled by the high density 

of anchoring sites and pores in C2N. 

Aberration-corrected high-angle annular dark-field scanning transmission electron microscopy 

(AC HAADF-STEM) analysis showed no cobalt nanoparticles/clusters anywhere around the 

Co-SAs/C2N 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 

C2N skeleton. EDX elemental mapping demonstrated C, N, and Co to be homogenously 

distributed within Co-SAs/C2N (Figure 1e). X-ray diffraction (XRD) patterns of the as-

synthesized Co-SAs/C2N show a main broad diffraction peak at about 26.5°, corresponding to 

the (002) plane of C2N (Figure S2). In addition, no diffraction peaks related to Co-based 

compounds were detected, indicating that Co atoms are most likely uniformly and atomically 

dispersed within the C2N matrix, which is consistent with the AC HAADF-STEM analysis. 

The same synthesis strategy can be used to produce Ni-SAs/C2N and Fe-SAs/C2N, using 

NiCl2·6H2O (4.5 mmol) and FeCl3·6H2O (4.5 mmol) as metal precursors, respectively. 

Figure S3 displays the XRD pattern of the materials, showing no peak related to Ni- or Fe-

based phases while EDX analysis detects relatively high amounts of highly distributed metal in 

both materials.
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To reveal the elemental composition and chemical bonding states of Co-SAs/C2N, X-ray 

photoelectron spectroscopy (XPS) spectra were measured. As shown in the survey XPS 

spectrum displayed in Figure S4a, Co, C, N, and O elements were identified. The high-

resolution C 1s spectrum was fitted using three bands (Figure S4b), with the main one, at 284.6 

eV, being associated with C-C/C=C bonds.12,28 The high-resolution N 1s XPS spectrum was 

fitted with four bands at 398.9 eV, 401.2 eV, 402.3 eV, and 399.8 eV, corresponding to 

pyridinic-N, pyrrolic-N, graphitic-N, and Co-N bonds,29,30 respectively (Figure S4c). In the Co 

2p XPS spectrum (Figure S4d), besides the satellite peaks, a single doublet at 781.3 eV and 

797.5 eV pointed at the existence of Co within a Co2+ chemical environment.9.31 

X-ray absorption near-edge structure (XANES) measurements of the Co K-edge were used to 

further reveal the chemical structure of Co-SAs/C2N and particularly the valence state of Co, 

using a cobalt phthalocyanine (CoPc) and Co foil as references (Figure 2a, Table S2). The Co 

K-edge XANES profile indicates that the Co atoms in Co-SAs/C2N are at a higher oxidation 

state than those of CoPc and Co foil, which is compatible with a Co-N2 coordination.32,33 The 

absorption edge further indicated that the Co coordination environment is compatible with Co-

N2 bonds within the C2N structure.

Figure 2b shows the Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) 

spectrum of Co-SAs/C2N, which displayed a peak at ~1.62 Å that could be identified as Co-N 

scattering paths. This result is again compatible with Co atoms being coordinated with N within 

the C2N support. Notice also that the Co-Co peak at ∼2.25 Å observed in the Co foil was not 

observed in the Co-SAs/C2N spectrum, again suggesting that isolated Co atoms were anchored 

on the C2N matrix by Co-N coordination.34,35
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From the fitting of the EXAFS spectra at the Co K-edge (Figure 2c), the average coordination 

number of Co atoms within Co-SAs/C2N was ∼2.2 (Table S2). Thus, on average, each Co atom 

is coordinated with two N atoms to form Co-N2 sites. The atomic structure model of Co-

SAs/C2N is displayed as an inset in Figure 2c. The oscillation curve of Co-SAs/C2N was clearly 

distinct from that of CoPc and Co foil, again suggesting the 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 environment of Co species (Figure 2e-g). Compared with CoPc and Co foil, one 

prominent intensity maximum can be found at around 4.68 Å-1, which belongs to the Co-N 

scattering path in the Co-SAs/C2N WT contour plot without observable Co-Co contribution.36 

This result further confirms the particular Co-N coordination environment at Co sites as well 

as the single-atom configurations in Co-SAs/C2N. The atomic structure model of the Co-

SAs/C2N is displayed in Figure 2h.

The solid-state 13C magic-angle-spinning (MAS) nuclear magnetic resonance (NMR) spectrum 

of Co-SAs/C2N is shown in Figure 2i. The resonance signal of Co-SAs/C2N 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.12 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/C2N (Figure 2j).

For a deeper exploration of the electronic structure of Co-SAs/C2N, DFT calculations were 

performed. As shown in Figure S5, the electronic band structure of Co-SAs/C2N obtained from 
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the DFT calculations within the HSE06 functional showed several bands crossing the Fermi 

level, demonstrating that the cobalt atoms doping could improve the intrinsic conductivity of 

the C2N matrix.12,37 To experimentally determine this electrical conductivity, we performed 4-

point measurements of the material based on the four-point probe method. As displayed in 

Figure S6, experimentally, Co-SAs/C2N showed a significantly higher electrical conductivity 

of 196.7 S cm−1, nearly sixfold above that of C2N of 32.6 S cm−1. This improved electrical 

conductivity should promote the electrochemical properties of the material.

To analyze the electrochemical performance of Co-SAs/C2N as a sulfur host in LSBs, sulfur 

was introduced within the Co-SAs/C2N by a melt-diffusion process. SEM-EDX 

characterization of the obtained S@Co-SAs/C2N composites confirmed the presence of S 

homogeneously distributed within the host material (Figure S7a). XRD patterns further showed 

the presence of crystalline sulfur (JCPDS No. 08-0247) within S@Co-SAs/C2N (Figure S7b).38 

The sulfur content was quantified at about 70.2 wt% by thermogravimetric analysis (TGA) 

(Figures S8 and S9). Besides, with the introduction of sulfur, the Brunauer–Emmett–Teller 

(BET) specific surface area of the material sharply decreased from 189.6 m2 g−1 (Co-SAs/C2N) 

to 11.5 m2 g−1 (S@Co-SAs/C2N), as shown in Figure S10. Moreover, four-point probe 

measurements showed the electrical conductivities of S@Co-SAs/C2N (20.5 S cm−1) to be 

nearly fivefold larger than that of S@C2N (3.8 S cm−1). These results overall confirm that sulfur 

was incorporated into the Co-SAs/C2N catalytic host.

To evaluate the LiPS adsorption ability of the host material, a certain amount of Co-SAs/C2N 

and C2N were immersed in separate vials containing the same 1 × 10−2 M Li2S4 solution. After 

overnight adsorption, clear differences in the color of the solution containing the different 
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materials were observed. The color of the Li2S4 solution containing Co-SAs/C2N was much 

lighter than that of the solution containing C2N (light yellow), indicating the former has a much 

higher LiPS adsorption ability. This result was further confirmed using UV-vis spectroscopy 

(Figure 3a),18,39 showing the UV-vis absorption associated with the presence of the polysulfide, 

at 300-500 nm, to be much more strongly reduced in the presence of Co-SAs/C2N than with 

C2N.

Figure 3b shows the N 1s XPS spectra of Co-SAs/C2N before and after Li2S4 adsorption. The 

N 1s spectrum of the sample Li2S4 adsorption is shifted towards lower binding energy (BE), 

which is related to a higher electronic density associated with the binding of the N atoms in 

C2N, having a Lewis base character, with Li atoms in Li2S4, having a Lewis acid character.40,41 

The formation of Li-N bonds was also confirmed by analyzing the Li 1s spectrum, which 

besides the Li-S peak related to Li2S4, also displays a Li-N contribution at 56.4 eV (Figure 

S11a).42

Figure 3c exhibits the high-resolution Co 3d XPS spectrum of Co-SAs/C2N and Co-SAs/C2N-

Li2S4. Compared with the original Co 3d spectrum, after Li2S4 adsorption, the Co 3d spectrum 

shifted to higher binding energies, which is likely due to the chemical interaction between Co 

and sulfur, forming Co-S bonds.27,43 In addition, the S 2p XPS spectrum of Co-SAs/C2N-Li2S4 

is depicted in Figure S11b. As described in the literature, the S 2p XPS spectrum of Li2S4 

displays two doublets, the main one located at a binding energy of 163.2 eV (S 2p3/2) and 

attributed to the central bridging sulfur atom (SB
0), and a minor one at 161.6 eV (S 2p3/2) 

corresponds to the terminal sulfur (ST
-1).11 In contrast to the spectrum of pure Li2S4, Co-

SAs/C2N-Li2S4 exhibited two higher binding energy contributions at 163.6 and 162.9 eV, 
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representing +0.4 and +0.3 eV shifts for SB and ST, respectively. The shifts arise from the 

polarization of electrons away from the sulfur atoms to the electropositive Co atom at the 

interface, confirming the formation of a Co-S bond.23,40

To further study the interactions between Co-SAs/C2N and polysulfides, the 7Li NMR spectrum 

of Li2S4 before and after interacting with Co-SAs/C2N 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 Li2S4 and Co-

SAs/C2N. The pure Li2S4 shows a single peak at 0 ppm with a sharp signal, which becomes 

broader when attached to Co-SAs/C2N. An additional broad signal appears at around -5 ppm, 

which is possibly due to the strong shielding effect caused by the Co-SAs/C2N rings. According 

to the above analysis and 7Li NMR experiments on Co-SAs/C2N-Li2S4 model system, a series 

of insights can be subtracted: 1) Co-SAs/C2N has strong binding to Li2S4 as suggested by the 

high binding energy; 2) a dipole-dipole interaction, namely Li bond, forms between Li2S4 and 

Co-SAs/C2N to afford the strong binding; 3) the formation of Li-N bond alters the local 

environment surrounding Li, resulting in a shift in the NMR spectrum.

The interactions between Li2S4 and Co-SAs/C2N were further confirmed by CW-EPR 

characterizations. As shown in Figure 3f, a decrease in EPR signal intensity was obtained with 

the Li2S4 adsorption, i.e. when comparing the EPR spectrum of Co-SAs/C2N and Co-SAs/C2N-

Li2S4. 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.
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The cell containing Co-SAs/C2N electrodes provided higher currents compared with the C2N-

based cell, indicating the superior catalytic activity of Co-SAs/C2N toward the liquid-solid 

redox reaction (Li2S ↔ S6
2- ↔ S8). Besides, Co-SAs/C2N electrodes displayed quasi-

rectangular CV curves, pointing toward a pure capacitive behavior (Figure S14a).43,46 The CV 

13

DFT calculations were performed to further evaluate the interaction between LiPS and Co-

SAs/C2N. Figures S12 and S13 exhibit the optimized adsorption configuration of LiPS species 

on C2N and Co-SAs/C2N at six different lithiation stages (Li2S, Li2S2, Li2S4, Li2S6, Li2S8 and 

S8). The Li and S atoms of Li2Sx species can form chemical bonds with N and Co atoms in C2N 

and Co-SAs/C2N, respectively, attributed to the coupling between Lewis acids (Li and Co atoms 

with unoccupied orbitals) and Lewis bases (N and S atoms with lone electron pairs).12,44 As 

shown in Figure 3g, the calculated BE (Eb) of Li2S4 on C2N and Co-SAs/C2N surfaces were -

2.49 eV and -6.61 eV, respectively, which endows Co-N2 sites with enhanced adsorption ability 

for Li2S4. Actually, all the LiPS species showed higher affinity for the Co-SAs/C2N surface 

rather than for the C2N one (Figure 3h). These results suggest robust chemisorption of LiPS on 

Co-SAs/C2N, which should block the LiPS shuttle effect.

To reveal the electrocatalytic activity of Co-SAs/C2N for polysulfide conversion, CV 

measurements were initially performed on symmetric cells containing a Li2S6 electrolyte within 

a voltage window of -0.8 to 0.8 V (Figure 4a). The Co-SAs/C2N-based cell displayed two 

symmetric cathodic/anodic peaks, which were associated with the electrochemical 

oxidation/reduction of Li2S6:38,45
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The anodic peak (peak III) accounts for the reverse multistep oxidation process of short-chain 

sulfides to LiPS and eventually to sulfur.18,48 S@Co-SAs/C2N electrodes exhibited much higher 

peak currents and the cathodic/anodic peaks located at more positive/negative potentials than 

S@C2N, demonstrating that Co-SAs/C2N was the most effective catalyst in promoting the 

polysulfides redox reaction kinetics (Figure4 b,c). The catalytic activity of Co-SAs/C2N 

electrodes was quantified through the onset potential at a current density of 10 µA cm−2 beyond 

the baseline current (Figure S15, 4c).38,49 The cells based on S@Co-SAs/C2N electrodes were 

characterized by higher/lower onset potentials for cathodic/anodic peaks, demonstrating faster 

redox kinetics for the LiPS conversion reaction.

The electrocatalytic activity of Co-SAs/C2N-based electrodes was further analyzed by 

measuring CV at various scan rates, from 0.1 to 0.4 mV s−1 (Figure 4d). With the increase in 

the scan rate, S@Co-SAs/C2N-based cells displayed higher redox peak currents and lower 

14

curves retained their shape after undergoing 20 cycles, pointing to an excellent stability of the 

Co-SAs/C2N electrodes (Figure S14b).

The CV curves of Li-S coin cells based on S@Co-SAs/C2N and S@C2N cathodes are 

shown in Figure 4b. The cathodic peak voltage (peak I) is associated with the reactions:12,47

S  +2e + −2Li → +Li S
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Where Ip is the peak current, n represents the number of charge transfer, A is the geometric 

electrode area, CLi+ is the concentration of Li+, and ν is the scan rate. A, n, and CLi+ are constant 

in this equation, thus the sharper Ip/ν0.5 slopes, the faster Li+ diffusion. As plotted in Figure S18, 

compared with S@C2N, S@Co-SAs/C2N electrodes exhibited the sharpest slopes among the 

three peaks, thus the highest Li+ diffusivity during the redox reactions. In peak I, II, and III, 

S@Co-SAs/C2N electrodes were characterized by DLi+ of 3.67 × 10−7, 5.94 × 10−7, and 7.53 × 

10−7 cm2 s−1, respectively, significantly higher than those of S@C2N (Figure 4e), consistent 

with the higher reaction kinetics measured. DFT calculations revealed this higher Li+ 

diffusivity to be related to the decrease of the lithium-ion diffusion barrier on the C2N surface 

by the introduction of cobalt atoms (Figure S19).

The galvanostatic charge/discharge profiles for S@Co-SAs/C2N and S@C2N electrodes at a 

current rate of 0.1 C are displayed in Figure 4f. All electrodes show one charge plateau and two 

discharge plateaus, consistently with the measured CV results associated with the multistep 

sulfur reaction mechanism. The voltage gap ΔE between the oxidation and the second reduction 

plateaus is taken as the polarization potential.46,52 S@Co-SAs/C2N electrodes were 

15

polarization potentials compared with S@C2N-based cells (Figure S16). Notably, the CV 

curves measured from S@Co-SAs/C2N cathodes almost overlapped during the first three cycles, 

indicating good reversibility of the sulfur redox reactions (Figure S17).

The cathodic/anodic peak currents showed a linear relationship with the square root of the 

scanning rates, pointing at a diffusion-limited reaction. Therefore, the Randles-Sevcik equation 

was used to calculate the diffusion constant of lithium ions (DLi+) in the process:50,51
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characterized by significantly lower polarization potentials (ΔE = 126 mV) than S@C2N 

electrodes (ΔE = 168 mV) (Figure 4g), confirming the superior catalytic activity of Co-

SAs/C2N toward LiPS conversion.

The catalytic activity of the host materials toward the LiPS conversion reaction was also 

quantified by the ratio Q2/Q1, where Q1 is the capacity of the first discharge plateaus 

corresponding to the reduction of sulfur to soluble LiPS (S8 + 4Li+ + 4e- → 2Li2S4) and Q2 is 

the capacity of the second discharge plateaus corresponding to the subsequent reduction to 

insoluble sulfide (2Li2S4 + 12Li+ + 12e- → 8Li2S).43,53 The higher the Q2/Q1 value, the superior 

the catalytic ability. S@Co-SAs/C2N electrodes exhibited the highest Q2/Q1 ratio at 2.62, close 

to the theoretical value (Q2/Q1 = 3) and well above that of S@C2N (1.99), which further 

evidences the superior catalytic properties of Co-SAs/C2N with unsaturated Co-N2 active sites 

towards LiPS redox reaction.

Electrochemical kinetics were further assessed in the phase conversion between the soluble 

LiPS and insoluble Li2S2/Li2S during the charge/discharge processes. There existed a voltage 

jump at the initial discharging period associated with the Li2S activation overpotentials.[34] As 

shown in Figure 4h, S@Co-SAs/C2N electrodes exhibit a significantly lower overpotential than 

S@C2N electrodes. In addition, the galvanostatic charge curves displayed a voltage dip at the 

beginning of the initial charging period, corresponding to the overpotential of the Li2S oxidation 

process (Figure S20).46 Compared with S@C2N electrodes, S@Co-SAs/C2N electrodes 

displayed a lower Li2S oxidation overpotential, demonstrating a promoted Li2S dissolution. 

To further assess the catalytic activity of the electrode materials on the reversible reaction 

between polysulfide molecules and solid Li2S2/Li2S, potentiostatic nucleation experiments were 
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performed. Based on Faraday’s law and the potentiostatic discharge profiles in Figure 4i, 

S@Co-SAs/C2N electrodes showed faster responsivity toward Li2S nucleation and higher 

capacity of Li2S precipitation (283.6 mA h g−1) than S@C2N electrodes (192.1 mA h g−1). This 

result further proved that Co-SAs/C2N with unsaturated Co-N2 active sites significantly reduces 

the energy barrier of the Li2S nucleation, enhancing the Li2S precipitation kinetics.16,54

DFT calculations were further used to evaluate the reaction kinetics of the charging process on 

the surfaces of C2N and Co-SAs/C2N. The initial, transition, and final states of Li2S 

decomposition on C2N and Co-SAs/C2N are displayed in Figures S21 and S22. As shown in 

Figure 4j, the energy barrier of Li2S decomposition on Co-SAs/C2N is only 0.88 eV, much 

lower than on C2N (1.25 eV). This result points to Li2S being much more easily oxidized into 

LiPS on the Co-SAs/C2N surface than on C2N during charging, leading to improved redox 

reversibility between Li2S and LiPS and enhanced S utilization.10,55

The Gibbs free energies of the main reduction products (S8, Li2S8, Li2S6, Li2S4, Li2S2, and Li2S) 

with optimized structures on C2N and Co-SAs/C2N are displayed in Figure 4k. Generally, the 

highest increase of Gibbs free energy (∆E) is obtained for the reduction of Li2S2 to Li2S, which 

is considered the rate-limiting step in LSBs.34,56 As shown in Figure 4k, Co-SAs/C2N provided 

a much lower ∆E (0.56 eV) than C2N (0.79 eV), further confirming that the reduction of S is 

more thermodynamically favorable on the former.

The galvanostatic charge/discharge profiles of S@Co-SAs/C2N at different current rates are 

exhibited in Figure 5a. All discharge curves displayed two well-defined discharge plateaus, 

even at the highest current density of 10 C. In contrast, S@C2N electrodes showed a high 

polarization potential and low capacity response (Figure S23). Figure 5b shows the rate 
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performances of the cells based on the two electrodes tested, at current rates from 0.2 to 10 C. 

S@Co-SAs/C2N electrodes were characterized by an ultrahigh initial discharge capacity of 

1415 mA h g-1 at 0.2 C, pointing toward an 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 S@C2N electrodes. It is worth mentioning that when switched 

back the current rate to 0.5 C, the average capacity of the cells with S@Co-SAs/C2N 

electrodes returned to ≈ 1066 mAh g-1, suggesting remarkable reversibility and stability.

The LSBs energy conversion efficiency during the charge/discharge process was calculated by 

the ratio of energy output/input:27,57

E = ∫UIdt

As exhibited in Figure 5c, S@Co-SAs/C2N electrodes displayed energy efficiencies around 

92.1% at 0.2 C, well above that of S@C2N electrodes. When the current rate increased to 10 C, 

S@Co-SAs/C2N electrodes were characterized by a higher energy efficiency of 80.3% at 10 C 

than S@C2N electrodes (63.6%). We associate this higher energy efficiency with the lower 

polarization potential, which was related to the excellent catalytic effect of Co-SAs/C2N with 

unsaturated Co-N2 active sites.

Figure 5d displays the cycling tests of different cells based on S@Co-SAs/C2N and S@C2N 

cathodes at 0.5 C. S@Co-SAs/C2N electrodes delivered an initial discharge capacity of 1118.6 

mAh g−1 and still maintained a stable capacity of 1066.2 mAh g−1 after 100 cycles. For 

comparison, the discharge capacity of the S@C2N electrodes decayed to 676.5 mAh g−1 after 

100 cycles with a capacity loss of 7.5%.
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Electrochemical impedance spectroscopy (EIS) was used to further understand the parameters 

behind the enhanced redox kinetics of S@Co-SAs/C2N electrodes. Figures 5e and S24 show 

the Nyquist plot of the EIS spectra obtained from S@Co-SAs/C2N and S@C2N coin cells before 

and after cycling at 0.5 C. The fresh electrodes display a semicircle at the high-frequency range 

related to the charge transfer resistance (Rct), and a sloping straight line at lower frequencies 

related to the lithium ions diffusion.43 After cycling, a new additional semicircle in the high-

frequency region was ascribed to the precipitation of the insulating discharge products of Li2S 

on the electrode surface (Rp),46 and the second semicircle in the middle-frequency region 

corresponded to the Rct. The S@Co-SAs/C2N electrodes were characterized by a considerably 

lower Rp and Rct compared with S@C2N electrodes after cycling (Table S3). The small Rp value 

obtained for Co-SAs/C2N hosts was associated with a reduction of the deposition of insulting 

Li2S/Li2S2 on the surface, indicating improved electrode kinetics.

Additional cycling was carried out on the S@Co-SAs/C2N electrodes at a current rate of 1 C 

(Figure 5f). After 1000 cycles, S@Co-SAs/C2N electrodes still delivered a discharge capacity 

of 945.5 mAh g−1, showing an average 0.010% decay per cycle and a stable and high Coulombic 

efficiency above 99.5%. Besides, an ultra-long cycling test was performed for the S@Co-

SAs/C2N-based cathode at a higher current density of 3 C to evaluate the cycling stability of 

the host materials (Figure 5g). The S@Co-SAs/C2N electrode provided an initial discharge 

capacity at 3 C of 826 mAh g−1 and it retained 80.9% of its capacity after 2500 cycles, indicating 

a low capacity decay rate of just 0.008% per cycle. This decay rate was well below that of the 

S@C2N electrodes, which retained 59.8% of its initial capacity after 1000 cycles at 3 C (Figure 

S25).
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To achieve high energy density LSBs that satisfy practical applications, increasing the areal 

sulfur loading and decreasing the amount of electrolyte are fundamental.58 Figure 5h shows the 

high-loading performance of the S@Co-SAs/C2N electrodes at a sulfur loading of 3.0, 5.2, and 

8.1 mg cm−2 at 0.2 C, and an electrolyte-to-sulfur (E/S) ratio of 8.9, 6.1, and 4.7 µL mg−1, 

respectively. High areal capacities of 3.69, 4.64, and 6.32 mAh cm−2 after 100 cycles can be 

obtained under the sulfur loading of 3.0, 5.2, and 8.1 mg cm−2, respectively. Figure S26 shows 

a series of electrochemical tests of S@Co-SAs/C2N electrodes with different sulfur loadings. 

Galvanostatic charge/discharge curves of S@Co-SAs/C2N electrodes showed clear 

charge/discharge plateaus at the various current rates tested. S@Co-SAs/C2N electrodes 

displayed stable charge/discharge curves and delivered a high areal capacity of 7.18 mAh cm−2 

under raised sulfur loading of 8.1 mg cm−2, which is almost a twofold of that of commercial Li-

ion batteries (4 mAh cm−2). This excellent performance at a high sulfur loading confirmed the 

good reaction kinetics that is attributed to the superior catalytic activity of the unsaturated Co-

N2 sites of Co-SAs/C2N. 

Figure S27 shows SEM images of the S@Co-SAs/C2N cathodes with a high S loading after 

cycling, showing no cracks being developed. The excellent mechanical stability of the material 

is related to the high porosity of the host material Co-SAs/C2N that can accommodate the 

volume changes during cycling. The experimental density of the films was determined from 

their thickness and weight at 1.27 g/cm3. Taking into account the 70% sulfur loading measured 

by TGA, the relative density of the film was estimated at 60%. Taking into account the 80% 

volume change in the conversion of S into Li2S, an increase of relative density from 60% to 
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92% is to be expected during the discharging process. Thus the porosity is high enough for the 

volume expansion to fill the voids without representing a major volume change of the film. 

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. Figure S28 shows the 

cycling performance at 1 C over 500 cycles of a S@Co-SAs/C2N electrode based on a Co-

SAs/C2N SAC containing just a 3.2 wt% of Co. As expected, the performance of this sample 

was sensibly lower than that of the sample containing a higher Co amount but improved with 

respect to the sample containing no Co.

The electrochemical results of S@Co-SAs/C2N cathodes for LSBs are compared to other state-

of-the-art single atoms-based materials in Table S4 (Supporting Information). Overall, S@Co-

SAs/C2N electrodes were characterized by an excellent electrochemical performance related to 

the following properties: 1) The abundance of different types of nitrogen and pores in the C2N 

structure, which capture LiPS and suppress the shuttle effect; 2) The high electrical conductivity 

of Co-SAs/C2N that maximizes the sulfur utilization; 3) The presence of the unsaturated Co-N2 

sites, which work as efficient catalytically active sites to simultaneously immobilize LiPS and 

accelerate their redox conversion; and 4) The high catalyst content offering a large density of 

adsorption/reaction sites enabled by the high nitrogen and pore density of C2N. All these results 

indicate that S@Co-SAs/C2N electrodes can definitively help LSBs to reach practical 

applications.

CONCLUSIONS
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In summary, the synthesis of Co-SAs/C2N with a precise Co-N2 coordination structure and its 

use to explore the adsorption and catalytic properties of Co-N2 sites in the conversion process 

of LiPS have been described. Co-SAs/C2N exhibits lithiophilic/sulfiphilic binding with 

polysulfides to prevent the dissolution of LiPS into the electrolyte. Besides, within this structure, 

the unsaturated Co-N2 center can act as a multifunctional site for accelerating the redox 

conversion of LiPS and reducing the reaction energy barrier of Li2S deposition and 

decomposition during discharge/charge processes, as determined by X-ray absorption fine 

spectroscopy, experiments and DFT calculations. As a result, S@Co-SAs/C2N cathodes 

delivered a more exciting rate performance up to 10 C and an impressive ultra-long-term 

cycling stability with a negligible capacity decay of 0.008% per cycle over 2500 cycles. More 

significantly, even at high sulfur loadings and lean electrolyte conditions, S@Co-SAs/C2N 

cathodes displayed a remarkable areal capacity meeting the demands of commercial LIBs (4 

mAh cm−2). This work sheds light on the dual adsorption-catalysis effect of Co-SAs/C2N with 

unsaturated coordination structure (Co-N2 sites) for the redox conversion of LiPS, providing 

new insights for designing SACs-based hosts with maximized activity in improving the 

performance of LSBs.

Supporting Information

The supporting information is available free of charge via the Internet at http://pubs.acs.org. 

The supporting information includes Figure S1-S28 and Table S1-S4 as described in the text, 

specifically, additional HAADF-STEM, XANES, XRD, XPS, TGA, CV, electrochemical 

performance, DFT simulation results, and crystal structure.
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Figure 1. (a) Schematic illustration of the synthesis of Co single atoms supported by C2N (Co-

SAs/C2N). (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/C2N. 

Red circles display single Co atoms shown as bright contrast spots. (e) HAADF-STEM image 

and corresponding EDX mapping showing the elemental distribution of Co-SAs/C2N.
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Figure 2. (a) XANES spectra of Co-SAs/C2N, CoPc, and Co foil. (b) Co K-edge FT-EXAFS 

spectra in R space of Co-SAs/C2N, CoPc, and Co foil. (c) EXAFS fitting curves in R space for 

the Co-SAs/C2N sample (inset is the top view of the optimized stable Co-N2 coordinated 

structure). (d) EXAFS oscillations of Co-SAs/C2N with respect to the reference samples. (e-g) 

Wavelet transformed contour plots at Co K-edge of Co-SAs/C2N, CoPc, and Co foil. (h) The 

atomic structure model of the Co-SAs/C2N. (i) Solid state 13C MAS-NMR spectrum for Co-

SAs/C2N. (j) CW-EPR spectrum of Co-SAs/C2N, with a g-factor of 2.004.
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Figure 3. (a) UV-Vis spectra and optical photograph of the flasks containing a Li2S4 solution 

and the different materials after overnight adsorption. (b) High-resolution N 1s XPS spectra and 

(c) high-resolution Co 2p XPS spectra of Co-SAs/C2N before and after Li2S4 adsorption. Solid-

state 7Li NMR spectrum of (d) Li2S4 and (e) Co-SAs/C2N-Li2S4. (f) CW-EPR spectrum for Co-

SAs/C2N and Co-SAs/C2N-Li2S4. (g) Relaxed Li2S4-adsorbed structure on the surface of C2N

and Co-SAs/C2N calculated with DFT. (h) Binding energies between LiPS species (Li2S, Li2S2,

Li2S4, Li2S6, Li2S8 and S8) and C2N or Co-SAs/C2N as calculated by DFT.
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Figure 4. (a) CV profiles of symmetric cells with Co-SAs/C2N and C2N host materials in an 

electrolyte containing 0.5 mol L-1 Li2S6 and 1 mol L-1 LiTFSI dissolved in DOL/DME (v/v = 

1/1). (b) CV profiles of Li-S coin cells at a scan rate of 0.1 mV s-1. (c) Peak voltages and onset 

potentials of Li-S cells based on the CV curves. (d) CV profile of the S@Co-SAs/C2N 

electrode with scan rates ranging from 0.1-0.5 mV s-1. (e) Li+ diffusion coefficient of S@Co-

SAs/C2N and S@C2N electrodes calculated from I, II, and III. (f) Galvanostatic charge/

discharge profiles of various electrodes with a 0.1 C current rate. (g) Values of ∆E and Q2/

Q1 obtained from charge/discharge profiles. (h) Discharge curves of S@Co-SAs/C2N and 

S@C2N electrodes exhibiting the overpotentials for the transformation from soluble LiPS to 

insoluble Li2S2/Li2S. (i) Potentiostatic discharge profile at 2.05 V on S@Co-SAs/C2N and 

S@C2N electrodes with Li2S8 catholyte to evaluate the nucleation kinetics of Li2S. (j) 

Decomposition energy barriers of Li2S on C2N and Co-SAs/C2N for different adsorbate 

configurations. (k) Gibbs free energy profiles and adsorption conformation of LiPS species 

on the surface of C2N and Co-SAs/C2N.
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Figure 5. Electrochemical performance of Li-S coin cells. (a) Galvanostatic charge/discharge 

profile of S@Co-SAs/C2N electrodes at various rates from 0.2 C to 10 C. (b) Rate capabilities 

of the S@Co-SAs/C2N and S@C2N electrodes at different current rates. (c) Energy efficiency 

of two different electrodes at various current rates. (d) Capacity retention of S@Co-SAs/C2N 

and S@C2N electrodes at 0.5 C over 100 cycles. (e) Nyquist plot of EIS data from S@Co-

SAs/C2N electrodes before and after cycling at 0.5 C. (f) Cycling stability of S@Co-SAs/C2N 

electrodes at 1 C over 1000 cycles. (g) Ultra-long cycling test of the S@Co-SAs/C2N 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-2 at 0.2 C of S@Co-SAs/C2N electrodes.
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