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A B S T R A C T   

The mechanism of multifunctional sulfur-fixing materials on molecular / atomic level is important for selecting 
and designing effective electrocatalysts for lithium-sulfur batteries (LSBs). Therefore, metal coordination com-
pounds (M = Co / Fe / CoFe) with unique catalytic behavior are selected as cathode additives to promote the 
sluggish reaction kinetics caused by multiphase conversion and focus on adsorption-catalysis mechanism. It is 
found that Co sites are conducive to promoting the generation of lithium sulfide that increase the specific 
discharge capacity, while Fe sites are beneficial for the adsorption of polysulfides that increase the capacity 
retention. The combination of Co and Fe sites can inhibit the polysulfides diffusion and induce the rapid and 
uniform deposition of lithium sulfide. Benefiting from the dual-anchoring of efficient Metal-S and Li-N bonds and 
special catalysis of Co sites, the CoFe PBA@S cells exhibit remarkable cyclability and capability. The cell delivers 
a small capacity fading rate (0.052% per cycle over 1000 cycles at 2 A g− 1), excellent rate capability (811.86 
mAh g− 1 at 5 A g− 1) and ultrahigh capability retention (1143.7 mAh g− 1 after 100 cycles at 0.2 A g− 1). Even with 
a high sulfur loading of 5 mg cm− 2, it still shows reversible capacity of 789.7 mAh g− 1 after 100 cycles at 0.2 A 
g− 1. This work provides a rational direction to select and design effective electrocatalysts for LSBs.   

1. Introduction 

With the rapid development of sustainable energy and the popular-
ization of electric vehicles, it is unable for traditional lithium-ion bat-
teries to meet the increasing demand for high-energy-density secondary 
batteries. Among many new battery systems, lithium-sulfur batteries 
(LSBs) have attracted much attention due to their high theoretical spe-
cific capacity and high energy density [1]. High capacity means longer 
standby time of electronic products and longer cruising range of electric 
vehicles. High energy density determines smaller volume and lighter 
weight of products. 

Although LSBs have many advantages, they also face great chal-
lenges. LSBs with solid-solid mechanism have been reported in the past 
[2]. However, it has a high dimensional requirement for sulfur, which is 

difficult to meet. As for common sulfur with larger size, due to the poor 
electrical conductivity, a large portion of sulfur is not utilized if the 
electrons are only conducted through the solid-solid mechanism. Hence, 
in a sense, the dissolution of sulfur is essential since it can effectively 
improve the utilization of active materials. But for LSBs with 
solid-liquid-solid mechanism, although it increases the sulfur utilization, 
it also leads to the diffusion of polysulfides which will cause the loss of 
active substances during the charge and discharge process. Thus, the 
shuttle effect has become the biggest obstacle for LSBs. 

In response to this problem, abundant programs have been imple-
mented [3]. Various materials are used as host materials [4, 5], modified 
separators [6,7], additives [8–10], etc. Considering the polarity of pol-
ysulfides, the polar metal compound with catalytic effect is an extremely 
promising composite material [11–15], because it can bond with 
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polysulfides through strong chemical interaction [16] and accelerate 
conversion. At present, most previous studies focused more on the 
electrochemical properties without specific mechanism explanation on 
molecular or atomic level. While for the rational selection and design of 
catalytic materials for LSBs, a basic understanding of the material 
properties and adsorption-catalysis mechanism is important. Conse-
quently, metal coordination compounds of different metal centers are 
selected as positive electrode additives to study the specific catalytic 
mechanism. 

In previous researches, cobalt and ferrum atoms have been 
confirmed to have good catalytic activity in many fields [17,18], and a 
large number of studies have shown that cobalt-based [19] and 
ferrum-based [20] compounds can effectively catalyze the conversion of 
polysulfides in lithium-sulfur batteries. Furthermore, bimetallic mate-
rials that combine cobalt and ferrum atoms perform better [21,22]. 
Herein, Prussian blue analogues (PBAs) [23–27] with cobalt and ferrum 
metal nodes are used as catalysts for LSBs in this work. Although similar 
PBAs have been utilized and exhibit stable performance in recent 

research [28], the focus is mainly on structure and morphology design 
without in-depth mechanism research. In this work, it not only achieves 
better electrochemical performance with less catalyst compared with 
other works, but also gives further explanations for adsorption-catalysis 
mechanism on molecular/atomic level with various in-situ character-
izations and theoretical calculation. Through research, it is found that 
diverse metal sites target distinct catalytic processes and improve the 
electrochemical performance of LSBs by different ways. For 
ferrum-based Prussian blue (Fe PBA), it combines with polysulfides via 
Li-N bonds which effectively inhibit the diffusion of polysulfides at 
liquid-liquid stages, improving the capacity retention rate. Whereas for 
cobalt-based Prussian blue analogue (Co PBA), the excessive strong Co-S 
bonds crack the S-S bonds in sulfur chains which accelerate liquid-solid 
conversion, increasing the discharge specific capacity. As for 
cobalt-ferrum-based Prussian blue analogue (CoFe PBA), owing to the 
combination of Co and Fe sites, its intrinsic electronic structure is 
changed in balance. Hence, it has more appropriate binding strength and 
lower reaction energy barrier. As a result, profiting from the adsorption 

Fig. 1. Schematic diagram of (a) traditional lithium-sulfur battery and (b) the designed lithium-sulfur battery structure with catalyst; (c) Cycling performance at 0.2 
A g− 1; (d) Rate performance; (e, f) Discharge-charge profile of the first cycle at 0.1 A g− 1; (g) The first cycle of CV curves; (h) Discharge-charge curves at different 
current rates of CoFe PBA@S; (i) Cycling performance of CoFe PBA@S cell at high current density; (j) Cycling performance of CoFe PBA@S cell with high sulfur 
loading at 0.2 A g− 1. 
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of Metal-S and Li-N bonds and specific catalysis of Co sites, the CoFe PBA 
exhibits the highest specific discharge capacity and the lowest capacity 
fading rate after cycling. 

2. Results and Discussion 

The synthesis method of the metal-based PBA (M PBA) is the same as 
we reported before [29]. As cathode additives, different PBAs are mixed 
with sulfur in a ratio of 1:9 by ball milling to form the composite cathode 
materials (M PBA@S). All fabricated materials are tested by XRD. 
Fig. S1 shows the result patterns. Owing to the high sulfur content, the 
composites display almost sulfur peaks (PDF#08-0247) with weak peaks 
of M PBA. The morphologies of M PBA and M PBA@S (M=Co/ Fe/ CoFe) 
are measured by SEM. As shown in Fig. S2, all the M PBAs are cubic in 
shape. The Co/Fe, C and N elements on the material surfaces are uni-
form. The SAED pattern (Fig. S3a) shows that it is a high-quality crystal. 
HRTEM image (Fig. S3c) reveals the lattice fringe spacing of 0.51 nm, 
which can be assigned to (200) planes. In Fig. S4, the EDS indicates the 
homogeneous distribution of sulfur in M PBA@S. 

The impact on the electrochemical performance of Co/Fe sites on the 
PBAs are investigated. Fig. 1a and b are the internal schematic diagrams 
of the tested cells. Due to the disparate adsorption abilities of different 
sites, the amount of active material retained on the positive electrode 
side is inequality. To compare the true catalysis of different metal sites 
through the specific capacity, carbon-coated membrane is used as the 
barrier layer. As shown in Fig. 1c and d, the cycling performances and 
rate capacities of all samples are analyzed. At the beginning of the cycle, 
Co PBA@S has higher specific capacity than Fe PBA@S, implying the 
better conversion of polysulfides by Co sites. With cycles continuing, the 
specific capacity of Co PBA@S starts to be lower than that of Fe PBA@S, 
which shows that the Co sites are not as capable of adsorbing poly-
sulfides as the Fe sites. The better adsorption ability of Fe sites relieves 
polysulfides diffusion, resulting in higher capacity retention rate. For 
CoFe PBA@S, it exhibits greater improvement in electrochemical per-
formance because of synergistic activity from Co and Fe centers. After 
100 cycles at 0.2 A g− 1, the capacity retention rates of Co PBA@S and Fe 
PBA@S cells are 56.2% and 65.4%, respectively. Compared with them, 
CoFe PBA@S cell exhibits better cycle stability with a capacity retention 
rate of 77.3% and superior rate performance. The discharge-charge 
profile of the first cycle at 0.1 A g− 1 and its enlarged view are shown 
in Fig. 1e and f. The specific discharge capacities of the first cycle of Co 
PBA@S, CoFe PBA@S, Fe PBA@S and S are 1474.9, 1428.0, 1255.6 and 
925.2 mAh g− 1, respectively. The materials contain Co sites have higher 
specific capacity. What is more, the discharge curve of Co PBA@S shows 
peculiar characteristics, which also corresponding to the CV curve in 
Fig. 1g. It may indicate that the Co sites can promote the transformation 
of Li2S2 to Li2S [30]. However, it may be the characteristics of Fe sites 
cover that of Co sites, so it is not reflected in the discharge curve of CoFe 
PBA@S. In addition, from the analysis of the oxidation peak of CV 
curves, it is found that the combination of Co and Fe sites is also bene-
ficial to reduce the energy barrier of conversion from Li2S to S. Based on 
these electrochemical performances, it is reasonable to speculate that 
the Fe sites are beneficial for the adsorption of polysulfides to improve 
the capacity retention rate of the long-term cycles, while the Co sites 
conduce to promote the liquid-solid conversion so that increase the 
discharge specific capacity. Hence, the electrochemical performances of 
CoFe PBA@S are greatly improved due to the synergistic effect of Co and 
Fe sites within one structure. Fig. 1h displays the discharge-charge 
curves at different current densities of CoFe PBA@S. Even at a high 
current density of 5 A g− 1, it still has a high specific capacity. Long-term 
cycle performance is tested at 2 A g− 1 (Fig. 1i), the CoFe PBA@S elec-
trode delivers an excellent initial capacity of 985.5 mAh g− 1, and after 
1000 cycles, the capacity decay rate is only 0.052%, demonstrating the 
CoFe PBA@S has remarkable cycle stability. When increase the sulfur 
loading amount, the specific capacity of CoFe PBA@S will be reduced, 
but it still shows good performance (Fig. 1j). There is an activation 

process of the electrode material with the specific capacity rising when 
the sulfur loading is about 5 mg cm− 2. And after 100 cycles, it still 
maintains 789.7 mAh g− 1. Besides, compared with many materials 
previously reported [31], the CoFe PBA@S cathode represents better 
electrochemical performance (Table S1). 

In order to explore the mechanism of Co/Fe sites affecting on the 
electrochemical performance, a series of tests are used. The experi-
mental research is based on the adsorption-diffusion model (Fig. 2a) 
[32]. At first, the static adsorption tests are executed to analyze the 
chemical interactions between samples and polysulfides. In Fig. 2b, 
acetylene black hardly changes the color of the solution, suggesting that 
it has no interaction with polysulfides. The color of the Li2S6 solutions 
added Fe PBA and CoFe PBA powders become almost transparent after 
24 h, while the solution added Co PBA powders become darker [33,34]. 
These phenomena indicate that the Fe sites have a stronger adsorption 
effect on polysulfides, while the Co sites will dissociate the sulfur bond 
which is conducive to the conversion of polysulfides to Li2S. The poly-
sulfides adsorption capacity of the PBAs also affect the transmission 
speed of lithium ions in the electrolyte. The more suitable the adsorption 
capacity, the lower the concentration of polysulfides in the electrolyte, 
and the lower the viscosity of the electrolyte, which is beneficial to the 
diffusion of lithium ions. The results of rate-dependent CV (Fig. S5) 
demonstrate that Fe sites can promote better Li ion diffusion perfor-
mance. The reaction pathway for LSBs without/with PBA catalysts can 
be illustrated with Fig. 2c. With PBAs, they can adsorb polysulfides to 
accelerate liquid-liquid transformation and further promote liquid-solid 
transformation [35]. But different metal-based PBA focus on selectively 
conversion phase. In Fig. 2d, there are two pairs of redox peaks related to 
the reaction of Li2S6. Peak I and peak III represent the reversible 
transformation between Li2S6 and S8, while peak II and peak IV repre-
sent the reversible transformation from Li2S6 to Li2S [36–38]. The CV 
curves of symmetric cells [39,40] reveal that the Fe PBA accelerates the 
conversion to soluble polysulfides through suitable adsorption, the Co 
PBA promotes the conversion of polysulfides to lithium sulfide via 
catalysis, and the CoFe PBA facilitates the both stages at the same time 
[41]. In order to analyze the liquid-solid (Li2Sn to Li2S2/Li2S) conversion 
process more specifically, the nucleation experiment [42,43] of lithium 
sulfide is carried out. In Fig. 2e, under the same voltage, the inflection 
point of current rise of Co PBA is earlier than that of Fe PBA, and the 
peak current and the integration area of Co PBA are also bigger than Fe 
PBA, which demonstrate that the lithium sulfide nucleation of Co PBA is 
faster than Fe PBA, and the Co PBA can contribute more capacity in 
lithium sulfide deposition. It may be attributed to the greater role of Co 
sites in the solid-state nucleation process [44]. After combining Co and 
Fe sites, the synergistic effect of CoFe PBA makes lithium sulfide easier 
to nucleate and grow by balanced adsorption and catalysis. In the pro-
cess of liquid-solid transition, although Co sites can promote the tran-
sition to solid state, they cannot induce uniform deposition of solid 
substances. While the Fe sites can lead homogeneous deposition of 
products through adsorption. Therefore, the electrode surface of the 
battery with CoFe PBA catalysts is more uniform after cycling (Fig. S6). 
And the impedance of CoFe PBA@S cell after 100 cycles is smaller 
(Fig. 2f). 

The in-situ impedance (Fig. 3a–d) of cells after cycling is used to 
study the multi-step reaction kinetics with solid-liquid-solid phase 
transition [45–47]. Such measurements are performed at different 
depths of charge and discharge. Taking the discharge process as an 
example, from the overall trend, due to the dissolution of solid sulfur, 
the impedance decreases rapidly with the subtraction of poor conductive 
sulfur at first (2.4 V-2.35 V). Then, as the voltage drops from 2.35 V to 
2.25 V, the impedance gradually increases. This is because of the solu-
tion and conversion of long-chain polysulfides, which enlarges the vis-
cosity of the electrolyte and hinders the transport of lithium ions. But 
from 2.25 V to 2.1 V, the impedance decreases little by little. It may be 
that the effect of the impedance reduction caused by the conversion of 
the remaining sulfur which makes the electrode surface loose and porous 
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is greater than the impedance increase caused by the raising of the 
viscosity of electrolyte. Subsequently, in the second discharge platform, 
soluble long-chain polysulfides slowly transformed into short-chain and 
solid Li2S2/Li2S. The deposition of insulating Li2S2/Li2S on the electrode 
surface will cause a sharp increase in impedance. In general, when the 
active material is in a liquid state, the charge transfer resistance is small, 
which is mainly controlled by diffusion of lithium ions in electrolyte. At 
2.1 V during discharge process (Fig. 3e), the active substances are pre-
sent in the form of soluble polysulfides. The impedances of Fe PBA@S 
and CoFe PBA@S are obviously smaller than Co PBA@S and S cells. It 
can be attributed to the Fe sites with beneficial polysulfides adsorption 
which reduce the viscosity of the electrolyte and increase the ion 
transmission rate. When the active material is in a solid state, the charge 
transfer is dominant. As the discharge drops to 2.05 V (Fig. 3f), the liquid 
active substances begin to transform into solid states. Since there are 
more primary insulating Li2S2/Li2S on the surface of the CoFe PBA@S 
electrode, the impedance is bigger. This shows that combination of Co 
and Fe sites can best promote the liquid-solid transition. Based on the 
previous CV results for symmetrical cells, lithium sulfide nucleation tests 
and the impedance data, it reveals that Co sites can promote the gen-
eration of solid products, but they weakly capture the active substances 
in the liquid. While Fe sites can strongly anchor polysulfides and 
accelerate their transition, but without in-depth degree. Therefore, 
strong adsorption capacity and catalysis ability are both essential in the 
liquid-solid reaction process. After binding the Co and Fe sites, the 
adsorbed polysulfides can be quickly converted into Li2S2/Li2S. Simi-
larly, during the charging process, combining Co and Fe sites can 
accelerate the dissolution of Li2S2/Li2S (Fig. 3g). From the in-situ 
impedance results, the CoFe PBA@S is more conducive to the deposition 
and dissolution of solid substances to improve electrochemical perfor-
mance owing to synergistic effect of Co and Fe nodes. 

To further understand the specific mechanisms of different sites, XPS 
measurements on M PBA before and after adsorption tests are carried 

out to confirm the chemical interaction between M PBA and poly-
sulfides. Fig. 4a is the schematic diagram of PBA and its mechanism of 
polysulfides adsorption inferred from XPS results. The electron cloud 
density of the metal center and its ligand changes with different metal 
atoms, which causes the various ways the M PBA materials absorb 
polysulfides [48]. In analysis, the carbon peak at 484.8 eV in C 1s 
spectrum is used for correction. For the Co 2p spectrum (Fig. 4b) [49, 
50], there are two spin-orbit peaks (2p1/2 and 2p3/2), which can be 
divided into Co2+ (798.01 and 782.63 eV of Co PBA, 800.74 and 785.52 
eV of CoFe PBA) and Co3+ (796.85 and 781.76 eV of Co PBA, 797.64 and 
782.27 eV of CoFe PBA). After adsorbing Li2S6 solution, the binding 
energies of Co2+ (797.80 and 782.42 eV of Co PBA-Li2S6, 800.64 and 
785.42 eV of CoFe PBA-Li2S6) and Co3+ (794.48 and 779.39 eV of Co 
PBA-Li2S6, 797.61 and 782.24 eV of CoFe PBA-Li2S6) are all diminished. 
For Fe 2p spectrum (Fig. 4c) [34,51], there are also two spin-orbit peaks 
which can be divided into four peaks. The four peaks of Fe PBA and CoFe 
PBA are at 723.84, 721.89, 710.45, 708.98 eV and 723.77, 721.42, 
709.75, 708.55 eV, respectively. After Li2S6 adsorption, the peaks shift 
to 724.92, 722.97, 711.53, 710.06 eV and 723.71, 721.49, 709.69, 
708.62 eV, respectively. Fig. 4d displays the Li 1s spectrum of PBAs after 
adsorption. There is only a small peak for Co PBA, but there are two 
peaks for Fe PBA and CoFe PBA. The 56.97 and 55.26 eV belong to Li-N 
and Li-S bonds [52–54,53] of Fe PBA. And for CoFe PBA, the two peaks 
are at 55.94 and 54.78 eV. Fig. 4e is the S 2p spectrum [53], which 
shows different sulfur bonds (sulfate, sulfide, ST and SB [55–57]). For Co 
PBA, the adsorption capacity of Co atoms for polysulfides by Co-S bonds 
which can easily lead to the rupture of S-S bonds. Therefore, the binding 
energy of Co reduced, the peak of sulfide appears in the S 2p spectrum 
and there is only a small peak of Li-S bond reflected in Li 1s spectrum. 
The sulfide generated by S-S bonds break can dissolve in the electrolyte 
causing the deeper color, which explains the result of the adsorption 
test. While for Fe PBA, the principle of adsorption is completely 
different. After the adsorption of polysulfides, the binding energy of Fe 

Fig. 2. (a) Schematic diagram of the research model; (b) Visual adsorption test of Li2S6 solutions; (c) Schematic illustration of the reaction pathway for lithium-sulfur 
battery; (d) CV curves of symmetric cells; (e) Potentiostatic discharge curves of a Li2S8/tetraglyme solution; (f) Electrochemical impedance spectra after cycling. 
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increases, and Li-N bonds will appear, indicating that polysulfides are 
mainly combined through Li and N sites. In contrast, CoFe PBA combines 
Co and Fe sites to balance the electron cloud density and show different 
characteristics. The Co2+ and Co3+ peaks all shift to lower binding en-
ergies. The same as the Fe3+. While the Fe2+ shift to higher binding 
energies. The combination of Li and N is stronger, and the combination 
of metal and S is also enhanced, demonstrating the CoFe PBA has better 
dual-anchoring capability to lithium polysulfides [58]. The appropriate 
adsorption capacities through both Li-N and M-S bonds hinder the 
diffusion of polysulfides, so that CoFe PBA@S cells have remarkable 
capacity retention rates. Furthermore, the bonding methods are further 
verified in subsequent theoretical calculations. 

The density functional theory (DFT) calculations are carried out to 
explore the adsorption mechanism of catalysts. After calculating the 

adsorption configurations and energies of Li2S6 with different orienta-
tions on Fe PBA (Fig. S7), Co PBA (Fig. S8) and CoFe PBA (Fig. S9). The 
most stable adsorption structures are shown in Fig. 5a–c. The binding 
energies of Fe PBA- Li2S6, Co PBA- Li2S6 and CoFe PBA- Li2S6 are -4.005 
Ev, -2.584 eV and -3.363 eV, respectively, indicating the adsorption 
capacity Fe PBA > CoFe PBA > Co PBA, which matches the results of the 
visual adsorption test. And it is evident that there is almost no chemical 
bond between Fe and S ion in Fe PBA-Li2S6 (bond length of Fe-S is 3.56Å 
and bond order is almost zero), while Li ions are tightly bound to N 
atoms (shortest Li-N bond length is 2.04 Å). Besides, the frame structure 
of cyano-group is visibly deformed. On the contrary, Co and S atoms 
form strong chemical bonds in Co PBA-Li2S6 (bond length of Co2+-S and 
Co3+-S are 2.34Å and 2.31Å, respectively, bond orders are 0.501 and 
0.924, respectively), while Li ions bond weakly with N atoms (shortest 

Fig. 3. In-situ EIS of (a) CoFe PBA@S cell, (b) Co PBA@S cell, (c) Fe PBA@S cell and (d) pure S cell, (e-g) EIS at 2.1 V, 2.05 V during discharge process and 2.2 V 
during charge process. 
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Li-N bond length is 2.10 Å). Moreover, the basic framework of catalyst 
surface almost unchanged. For CoFe PBA-Li2S6, it is more complicated. 
The bonding situation can also be verified in the differential charge 
density map (Fig. 5d–f), more electrons are concentrated between Li and 
N atoms in Fe PBA-Li2S6 while more electrons are concentrated between 
Co and S atoms in Co PBA-Li2S6. For CoFe PBA-Li2S6, the electrons are 
concentrated both between Co, S atoms and Li, N atoms. It is obvious 
that the chemical interaction of Li2S6 species on Fe PBA, Co PBA and 
CoFe PBA are via Li-N, Co-S, and Li-N/Co-S bonds, respectively. In order 
to investigate why the adsorption orientation of Li2S6 is significantly 
different on these catalysts with similar structure, an analysis focus on 
the bonding and electron distribution of the catalysts were performed. 
The spin density of catalysts and d-orbital distributions of Fe3+, Co2+

and Fe2+ with unpaired electron are analyzed (Fig. 5g–i). In Fe PBA, the 
magnetic moments of Fe atoms are 4.3 emu (5 unpaired electron) and 
0.0 emu (0 unpaired electron), respectively. While in Co PBA, the 
magnetic moments of Co atoms are 0.93 emu (1 unpaired electron) and 
0.0 emu (0 unpaired electron), respectively. Therefore, it is speculated 
that the unit structures are FeII-C-N-FeIII in Fe PBA and CoIII-C-N-CoII in 
Co PBA. For CoFe PBA, its unstable structure will decompose into the 
above two and the stable structure is dominated by CoIII-C-N-FeII. It can 
be seen that the distribution of unpaired electron of Fe3+/Fe2+ and Co2+

ions are spherical and spindle plus ring shape, respectively. According to 
the Crystal-Field theory, the arrangements of d-electron are obtained. 
For Fe3+/Fe2+, all five d orbitals are occupied, while for Co2+, the dx2 − y2 

orbital is not occupied, which means that Co2+ had a prominent Jahn- 
Teller effect, resulting in weaker repulsion force in x/y-axis directions 
than Fe3+/Fe2+. So Co2+ has stronger bonds with N atoms in the same 

layer. which is proved by bond orders shown in Fig. 5j–l. The bind orders 
of Co-N (0.580, 0.700, 0.612, 0.700) in Co PBA are significantly higher 
than Fe-N (0.383, 0.548, 0.416, 0.548) in Fe PBA. Hence, the Fe-N bond 
is easier to deform and break while absorbing Li2S6, facilitating the 
formation of Li-N ionic bonds. The strong combination of Li and N 
greatly limits the spatial orientation of Li2S6, leading to weak bonding of 
Fe and S atoms. In contrast, Co-N bonding is more stable and the Li-N 
bonding is weak, so it is easier for Co atoms to connect with S atoms 
in Co PBA-Li2S6, causing the S-S bond more liable to fracture. For CoFe 
PBA-Li2S6, it combines the above two bonding methods. It is found that 
for catalysts with similar crystal structures, the catalytic ability depends 
not only on the central atom itself but also on the surface structural 
stability determined by the bond strength of the ligands and central 
atoms. which provides a new insight for catalyst design. In conclusion, 
the Fe PBA adsorbs polysulfides through Li-N bonds, while Co PBA ad-
sorbs polysulfides mainly through Co-S bonds. For CoFe PBA, it adsorbs 
polysulfides through both Li-N and Co-S bonds. In addition, the binding 
energies with various polysulfides (Fig. S10a) are also presented and the 
relative energies (Fig. S10b) are calculated based on them. For the step 
from S8 to Li2S8, Fe PBA has smaller reaction energy barrier than Co 
PBA, while from Li2S4 to Li2S2, the energy barrier of Co PBA is lower 
than Fe PBA, which demonstrate the Fe PBA is beneficial to accelerate 
the conversion of long-chain polysulfides, and Co PBA contributes to the 
conversion of short-chain polysulfides. It is consistent with the previous 
CV conclusion of symmetrical cells. The results show that the adsorption 
energies are closely related to the reaction energy barriers. Therefore, 
when designing catalysts, it is necessary to balance adsorption and 
catalysis. 

Fig. 4. (a) Schematic diagram of M PBA and its mechanism of polysulfides adsorption, High-resolution XPS spectra of (b) Co 2p, (c) Fe 2p, (d) Li 1s, (e) S 2p.  
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The in-situ Raman spectroscopy [59] is employed to monitor the 
changes of active materials during discharge-charge process. As shown 
in Fig. 6a, CR2016 coin cell with a drilled hole is placed in a sealed 
device with a quartz window for measurement. There are 12 and 3 po-
sitions which are selected for data analysis on discharge and charge 
curves marked as F1-F12 and C1-C3, respectively. During the charging 
process (Fig. 6b–e), the sulfur signals with different intensity are 
detected in all cells, thus we pay little attention to the charging process. 
In contrast, the discharge process is significantly different (Fig. 6f–i). At 
the open-circuit voltage (OCV) for all cells, the detected peaks at 152, 
219 and 473 cm− 1 belong to elemental sulfur (S8) [60,61]. After the 
discharge begins, the voltage gradually drops, the new peaks located at 
200, 400 and 451 cm− 1 appear, because the solid sulfur is dissolved in 
the electrolyte and transformed into polysulfides (Li2Sn) [62]. The other 
new peak near 500 cm− 1 at the second plateau is attributed to the for-
mation of Li2S2 [63]. Of interest, after the sulfur peak disappeared 
completely, there gradually began to detect a special peak around 282 
cm− 1 for Co PBA@S and CoFe PBA@S cells, which is considered as the 
dynamically changing catalyst. But S and Fe PBA @S cells do not have 
this peak. And it is the same of peak at 345 cm− 1 which may be assigned 
to conversion to Li2S. At the end of discharge (F12), the S and Fe PBA@S 

cells still have strong peaks of Li2Sn, indicating the sluggish liquid-solid 
conversion. By contrast, the Co PBA@S and CoFe PBA@S cells have 
better conversion from Li2Sn to Li2S2/Li2S with weaker Li2Sn peaks and 
stronger Li2S2/Li2S peaks, which is contributed by the intermediate 
catalyst [64]. From a comprehensive comparison, the addition of posi-
tive electrode additives is beneficial to the transition from solid sulfur to 
liquid Li2Sn. But when the liquid polysulfides are converted to solid 
Li2S2/Li2S, Co PBA@S and CoFe PBA@S cells show better characteris-
tics. Therefore, they have higher capacities. 

3. Conclusion 

In conclusion, metal-based PBAs are used as cathode additives to 
adsorb polysulfides and catalyze their conversion. In this work, the 
mechanism of different metal sites is studied. The results show that Fe 
sites change the electron cloud density of the surrounding ligands so that 
polysulfides can form stronger adsorption through Li-N bonds, which 
can relieve the polysulfides shuttling and reduce the loss of active sub-
stances. The strong adsorption ability can assist the liquid phase reaction 
to improve capacity retention rate. While Co sites can absorb poly-
sulfides through Co-S bonds and catalyze the lithium sulfide deposition 

Fig. 5. Adsorption configurations and energies of Li2S6 on (a) Fe PBA, (b) Co PBA and (c) CoFe PBA, Differential charge density of (d) Fe PBA-Li2S6, (e) Co PBA-Li2S6 
and (f) CoFe PBA-Li2S6, Distribution of spin density and orbital of (g) Fe PBA, (h) Co PBA and (i) CoFe PBA, The bond order and length parameters of (j) Fe PBA, Fe 
PBA-Li2S6, (k) Co PBA, Co PBA-Li2S6 and (l) CoFe PBA, CoFe PBA-Li2S6. 
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with dynamic intermediate catalyst to enhance the specific discharge 
capacity. What is more, CoFe PBA possess two catalytic sites in tandem 
within one structure, which promote reactions of both stages through Li- 
N and Metal-S bonds. Benefiting from the synergy of Co and Fe nodes, 
the CoFe PBA@S cathode represents the best electrochemical perfor-
mance. Therefore, we can control the bonding method and strength of 
adsorption by choosing various metal centers with different catalytic 
activities to synergistically balance the relationship between adsorption 
and catalysis to obtain the helpful electrocatalyst for effectively per-
formance improvement. This research provides a new view on the 
design of catalyst additives for LSBs. 
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