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Promoting Electrochemical Reactions with Dual-Atom
Catalysts for High-Rate Lithium—Sulfur Batteries

Jing Yu, Oleg Usoltsev, Irina Martynova, Chen Huang, Zhifu Liang, Ivan Pinto-Huguet,
Canhuang Li, Ligiang Lu, Chaogi Zhang, Xuan Lu, Kapil Gupta, Marc Botifoll,
Laura Simonelli, Frangois Fauth, Jin Yuan Zhou, Jordi Llorca, Yan Lu, Chao Yue Zhang,*

Jordi Arbiol,* and Andreu Cabot*

Sulfur cathodes offer a promising solution for high-energy-density,
cost-effective, and sustainable energy storage. However, their practical
application is limited by sluggish and complex multistep sulfur redox reactions
(SRRs), involving both electrochemical and chemical processes. Herein, it

is demonstrated that accelerating electrochemical processes, particularly Li,S
nucleation, over competing chemical pathways is fundamental to minimizing
sulfur loss and achieving high-rate performance. To this end, a scalable and
cost-effective strategy is presented for synthesizing a series of 3d transition
metal-bismuth (TM-Bi) atomic pairs anchored on carbon nitride (CN) and
investigate their potential to activate SRRs in lithium-sulfur batteries (LSBs).
An initial screening identifies Ni—Bi/CN and Co—Bi/CN as highly effective in
improving rate performance. Detailed analysis shows these catalysts promote
direct electrochemical transitions and rapid Li,S nucleation over competing
chemical reactions, enabling high charge—discharge rates while preventing
active material loss and enhancing stability. Electrochemical analysis, density
functional theory, and operando spectroscopy reveal that TM-Bi pairing

shifts d-band states closer to the Fermi level and modulates HOMO-LUMO
levels, promoting lithium polysulfide (LiPS) interaction and facilitating
efficient charge transfer. These findings offer valuable insights for designing
advanced catalysts for LSBs and broader electrocatalytic applications.

1. Introduction

Conversion-type cathodes, including those
based on oxygen, chalcogens, and halogens,
hold great promise for next-generation
high-energy-density rechargeable batteries.
However, despite significant progress in
recent years, their practical implementa-
tion still faces critical challenges.!Y! Among
these, the activation of the conversion re-
action stands out as a major hurdle, re-
quiring catalysts that are both highly active
and stable while contributing minimal addi-
tional weight to the system.[23] Sulfur cath-
odes represent a paradigmatic example of
high-energy-density, conversion-type cath-
odes, offering an impressive theoretical en-
ergy density of 2600 Wh kg=! while rely-
ing on a low-cost, abundant, and environ-
mentally benign resource.[¥! However, the
sluggish sulfur redox kinetics, which lead to
low charge/discharge rates and limited cy-
cling stability, remain a major challenge to
their commercial viability. Addressing this

limitation necessitates the development
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of catalysts that efficiently accelerate the sulfur redox reactions
(SRRs), prevent the loss of active material > and thereby enhance
overall battery performance.[*-#]

The development of optimized catalysts for the SRRs re-
mains a significant challenge due to their intrinsic complex-
ity, involving multiple electrochemical steps alongside coupled
chemical processes such as dissociation, disproportionation, and
comproportionation.l ! Additionally, the reaction pathway is
likely influenced by various factors, including charge/discharge
rate, cycling history, and cell architecture, particularly solvent
composition and cathode additives. While numerous mecha-
nisms have been proposed to describe this conversion process,
the specific sulfur species involved and the liquid—solid transi-
tion mechanisms remain a topic of ongoing debate. A critical
gap in current understanding lies in the formation and trans-
formation of solid phases and the role of catalysts in facilitat-
ing these processes. For instance, C. Prehal et al. reported evi-
dence of Li,S formation from Li,S, in a catalyst-free solid-state
conversion process, showing that at relatively low current densi-
ties, preformed Li, S, particles transform into aggregates of Li, S
grains with small crystallite sizes.'®] Z. Wu et al. demonstrated
that a catalyst can promote epitaxial growth of Li, S from lithium
polysulfide (LiPS) dissociation into Li,S, and short-chain LiPS
on the Li, S (100) plane, followed by lithiation of Li,S, into crys-
talline Li,S.['”] S. Zhou et al., using in situ transition electron mi-
croscopy (TEM) measurements, revealed that catalysts can act as
a LiPS attraction pole, drawing a dense liquid phase of LiPS$ that
instantaneously deposits as crystalline Li,S particles.’! These
findings highlight the complexity of the Li,S formation pathway
and the pivotal role of catalysts in this process, emphasizing the
need for a deeper understanding of catalytic mechanisms to ad-
vance technologies based on sulfur cathodes and optimize cata-
lyst performance.

Single-atom catalysts (SACs) have emerged as promising can-
didates for accelerating cathodic conversion reactions, particu-
larly SRRs.[?81%) SACs offer maximized atomic utilization effi-
ciency, unique electronic structures, and often superior catalytic
activity, all achieved with minimal metal usage and added weight.
Among them, 3d transition metal (TM) SACs, such as those
based on manganese, cobalt, and nickel, have drawn particular
attention due to their abundance, low cost, relatively low weight,
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and remarkable ability to catalytically enhance various electro-
chemical reactions, including the SRRs.[2-22]

Unlike 3d TM, p-block metals have fully occupied 3d orbitals,
leaving them with relatively inactive d electrons for bonding
or electronic interactions.[?’) However, their unfilled p orbitals
can interact with the 2p electrons of elements such as oxygen,
chalcogens, or halogens, enabling the formation of z-electron
conjugation.’*l This interaction transforms the localized p or-
bitals into a delocalized state, effectively mimicking the elec-
tronic characteristics commonly associated with the d orbitals
of TMs. As a result, p-block elements can also create tunable
and multifunctional electronic structures, contributing to catalyt-
ically accelerating conversion reactions.!?’! These unique proper-
ties make p-block elements increasingly attractive metal electro-
catalysts, offering a cost-effective and versatile alternative to tra-
ditional noble metal catalysts.[2%]

Among the p-block metals, bismuth stands out for its relatively
high abundance, stability, low cost, and moderate environmental
and health impact. Despite these advantages, its potential in catal-
ysis remains largely unexplored. With an electronic configuration
of [Xe] 4f145d6s26p>, Bi benefits from the weak shielding ef-
fect of 4f electrons, a phenomenon commonly referred to as lan-
thanide contraction.?*! This effect imparts Bi(I1I) with soft Lewis
acidity, making it particularly effective in activating polysulfides.
In sulfur cathodes, the 6p orbitals of Bi readily hybridize with the
2p orbitals of sulfur, enhancing charge transfer and lowering the
energy barrier for polysulfide conversion.[?’] While these inter-
actions enhance Bi’s ability to bind polysulfides and catalyze the
SRRs, they also introduce a limitation. The strong interaction be-
tween Bi and S—S multiple bonds hampers the cleavage of S—Bi
bonds after the sulfur reduction process, thereby reducing the
efficiency of subsequent reaction cycles.”]

To address these issues, we propose harnessing the robust z-
activation properties of 6p main-group elements in synergy with
the versatile and multifunctional nature of 3d TMs to activate
the SRRs. To maximize catalytic activity with minimal weight ad-
dition, we suggest integrating these components into asymmet-
ric diatomic catalysts (DACs).[?”l DACs are particularly advanta-
geous for complex reactions requiring intricate electronic inter-
actions, as their dual metal sites provide unique electronic struc-
tures and coordination environments that often surpass the per-
formance of SACs. DACs also offer greater tunability compared
to SACs, thanks to their inherent asymmetry, broader compo-
sitional flexibility, and the potential synergistic effects between
the two distinct atomic centers. These features enhance catalytic
activity, selectivity, and stability across various reactions.[?®] In
DACs, the local charge symmetry is disrupted, leading to a dy-
namic redistribution of the electron cloud density at the active
center during the reaction."®? This redistribution significantly
influences the catalytic properties but adds complexity to the sys-
tem, which has been seldom investigated. Understanding this in-
teraction between the paired elements is crucial for optimizing
DAC performance and unlocking their full potential in catalytic
applications.

This study introduces 3d-6p DACs to accelerate SRR ki-
netics in lithium-sulfur batteries (LSBs) and investigates
the Sg 2 Li,S conversion pathway behind their enhanced
rate performance and stability. We first present a general,
straightforward, low-cost, and scalable liquid-phase method for

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

d ‘0 'S607T2ST

'sdny wouy

B5UB0 | SUOLILLOD aAIR1D) 3|edtdde ay) Aq pausenob ae sap e YO ‘9N JO Sajni Joj AriqiTauljuQ A3]IM UO (SUOIIPUOD-PUB-SLLIIALIOD' AS | IM' ALeiq | U1 |UO//:SdNY) SUOIPUOD pUe SWLB | 8Y) 88S *[GZ0g/TT/ZT] uo AriqiqauliuQ A3|IM ‘(Pepiues ap OLBISIUI) UOSIAOLY [eUOIIeN aUeIY0D UsiLedS Ag SETTSZ0Z BWPe/200T OT/I0p/wod A3 | Im A


http://www.advancedsciencenews.com
http://www.advmat.de
mailto:arbiol@icrea.cat

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Q NMP, H,SO,

TMCl,, BiCl,
°
Chloroanilic Acid

A_A

Melamine lce Bath

Mn-Bi/CN ‘Co-Bi/CN

Ar 170°C 24h
sesssssssssss))> SESSEssEEEEEE>-

A Conjugation Polymerization ‘g,q .JH( %ﬁ’

www.advmat.de

VeS000!

oﬁﬂ%

Ar 700 °C 3h

Ni-Bi/CN

200

)
e ey

Figure 1. Synthesis and physicochemical characterization of TM-Bi/CN DACs. a) Scheme of the synthesis mechanism. b—e) Atomic-resolution AC
HAADF STEM images (false-colors) of TM-Bi/CN: Mn-Bi/CN (b) Co-Bi/CN (c), Ni-Bi/CN (d), and Bi/CN (e). f) Co-Bi/CN HAADF-STEM image identi-
fying Co (yellow) and Bi (red) atoms. g) 3D intensity plot of a magnified region of the Co-Bi/CN HAADF-STEM image.

synthesizing DACs, in which TM-Bi atomic pairs are uniformly
dispersed in a carbon nitride (CN) matrix. Three TMs are con-
sidered: Co and Ni with partially filled 3d orbitals, and Mn with
a half-filled 3d shell. LSBs incorporating these catalysts as cath-
ode additives are then systematically evaluated and compared
with Co/CN and Bi/CN reference electrocatalysts. Experimen-
tal results identify Ni-Bi/CN and particularly Co-Bi/CN as the
most effective TM-Bi/CN catalysts for improving cathode perfor-
mance. Detailed analysis of the charge and discharge processes
reveals that these best-performing catalysts significantly enhance
the electrochemical Sg — Li, S, conversion at relatively high volt-
age, effectively suppressing the simultaneous formation of Li,S,
and the chemical comproportionation reaction to Li, S,. Addition-
ally, cathodes incorporating these catalysts exhibit faster activa-
tion of the Li,S phase, enabling the maintenance of high capac-
ities at elevated charge/discharge rates. To further elucidate the
catalytic mechanisms, first-principles calculations are employed
to correlate the electronic interactions within the coupled 3d-
6p atomic pairs with their electrocatalytic performance. Overall,
this work provides valuable insights for the rational design of
practical Li-S catalysts, particularly DACs, unlocking their po-
tential to advance LSB technology, optimize other conversion-
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type cathodes, and expand applications in various electrocatalytic
processes.

2. Results and Discussion

2.1. DAC Synthesis and Physicochemical Characterization

A series of CN-supported TM-Bi atomic pairs, including Mn—
Bi/CN, Co-Bi/CN, and Ni-Bi/CN was produced through the py-
rolysis of a mixture of chloroanilic acid and melamine containing
small amounts of the corresponding metal chlorides (Figure 1a,
see details in the Experimental Section, Supporting Information).
Additionally, reference Bi/CN, Co/CN, and CN materials were
synthesized using the same procedure and evaluated as control
samples. Chloroanilic acid exhibits a distinctive molecular struc-
ture, featuring a six-membered carbon ring decorated with highly
electronegative groups, including —Cl, =0, and —OH, which con-
tribute to its unique chemical reactivity and versatility. When
combined with melamine, these electronegative groups inter-
act with hydrogen (—H) from the Lewis base group (—NH,) on
melamine. This interaction promotes the detachment of small
molecules, which, upon pyrolysis, results in the formation of a
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nitrogen-enriched carbon framework with numerous nitrogen-
terminated structural voids. These voids provide abundant sites
for metal-N bonding, enabling the incorporation of a high load-
ing of Lewis acid atoms, such as Bi and 3d TMs, with excellent
dispersion. This high density of trapping sites is crucial for syn-
thesizing atomically dispersed catalysts, effectively suppressing
the formation of metal-based nanoparticles.l*]

Scanning electron microscopy (SEM) images show that all
samples feature irregular nanosheet-like structures (Figure S1,
Supporting Information). Aberration-corrected high-angle annu-
lar dark field scanning TEM (AC HAADF STEM) imaging, com-
bined with energy dispersive X-ray spectroscopy (EDS) analysis,
reveals that the TM-Bi DACs and the reference samples con-
sist of a CN matrix with a loose, flocculent morphology and a
uniform distribution of TMs (Mn, Co, and Ni), Bi, C, and N
(Figures S2-S5, Supporting Information). X-ray photoelectron
spectroscopy (XPS) further corroborates the presence of these
elements (Figure S6, Supporting Information). It is noteworthy
that the relative signal intensities of TM and Bi significantly
differ, which is attributed to their notably distinct photoioniza-
tion cross-sections. Specifically, heavier elements such as Bi have
larger cross-sections than lighter TMs, resulting in stronger XPS
signals at comparable concentrations. Additionally, the XPS spec-
trum in Figure S7 (Supporting Information) confirms the ab-
sence of any metal elements in the CN sample. Atomic-resolution
AC HAADF STEM images (Figure 1b—e) display a high density
of metal atoms distributed as single atoms across the CN ma-
trix, validating the synthesis process’s ability to trap different el-
ements in single-atom form.

Using the Co-Bi/CN sample as a representative case, atomic-
resolution AC HAADF STEM images were analyzed with a Lapla-
cian of Gaussian algorithm to identify regions of rapid intensity
variation, thereby detecting metal atoms. The intensity values of
the identified metal atoms exhibit a bimodal distribution, indi-
cating the presence of two distinct intensity levels corresponding
to two different atomic species (Figure S8, Supporting Informa-
tion). Given that atomic-resolution AC HAADF STEM intensity
scales approximately with the atomic number (Z),3!! the posi-
tion of the two peaks aligns well with the atomic numbers of
Co and Bi when taking into account an underlying 3 nm-thick
C/CN layer contributed by the CN matrix and the ultrathin car-
bon grid used for STEM characterization. Furthermore, the ratio
of the integrated peak areas matches the atomic ratio of Co and
Bi detected by EDS analysis (Table S1, Supporting Information),
validating the algorithm’s ability to differentiate between the two
metal atoms (Figure 1f). Building on this differentiation, we con-
ducted a detailed analysis of the spatial organization of Co and
Bi atoms within the CN matrix (Figure S9, Supporting Informa-
tion). Statistical results indicate that ~32% of the metal atoms
form coupled Co-Bi pairs, as those shown in Figure 1g, another
31% were organized as either Bi-Bi or Co—Co pairs, and the re-
maining 37% existed as isolated Co or Bi atoms. Inductively cou-
pled plasma mass spectrometry showed the atomic metal concen-
tration to be 1% with a TM/Bi ratio of ~1 (Table S2, Supporting
Information).

X-ray absorption spectroscopy (XAS) was used to identify the
local geometry of the TMs. Extended X-ray absorption fine struc-
ture (EXAFS) analysis of the TM K-edges allowed us to extract in-
teratomic distances of the first coordination shell for TM-Bi sys-
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tems and construct a series of density functional theory (DFT)
atomic structure models for TM-Bi/CN complexes. X-ray ab-
sorption near-edge structure (XANES) spectra and the generated
molecular structure models are shown in Figure 2. The peak ~2 A
in the Fourier-transformed (FT) EXAFS spectrum corresponds
to the TM—N bond. The length of this bond is influenced by the
TM chemical environment, particularly the presence of Bi, which
should be evident in the experimental data, offering a means to
verify the formation of coupled TM-Bi pairs. First shell Fourier
analysis revealed the interatomic TM-N distances to be Ry, y =
2.192 A, R,y = 1.963 A, and Ry;_ = 1.871 A (Table S2, Sup-
porting Information). The simulated bond lengths from the gen-
erated asymmetric pair model (TM-Bi/CN) and experimental re-
sults are displayed in Figure S10 (Supporting Information). The
experimental TM—N bond lengths align with those simulated for
the TM—Bi/CN model, confirming the presence of a substan-
tial amount of asymmetric coupled metal pairs, consistent with
atomic resolution AC HAADF STEM analysis.

Additional extensive TEM and STEM screening revealed no ev-
idence of high-density contrast features attributable to metal clus-
ters or nanoparticles. The absence of such signatures across mul-
tiple regions of analysis indicates that the metal species are atom-
ically dispersed rather than aggregated into larger crystalline or
amorphous domains. Besides, X-ray diffraction (XRD) and Ra-
man spectroscopy analyses further confirmed the absence of Bi
and TM-based crystalline domains (Figures S11,S12, Support-
ing Information). The XRD patterns of Bi/CN, Co/CN, and Co—
Bi/CN display only the broad diffraction features characteristic of
graphitic carbon nitride, with no additional peaks corresponding
to crystalline rhombohedral Bi or TM phases (Figure S11, Sup-
porting Information). Raman spectra of all three samples exhibit
similar characteristic D and G bands of carbon nitride (Figure
S12, Supporting Information), without any new bands assignable
to Bi-Bi or Co—Co vibrations. Overall, these observations imply
that the incorporation of Bi and/or TM atoms does not disrupt
the CN framework nor induce the formation of metal-based do-
mains.

2.2. DAC Performance in LSBs

To assess the electrochemical performance of DACs as
catalytic additives in sulfur-based cathodes, CR2032 coin-
type full cells were assembled using a 1 M lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 0.2 M LiNO,
in a 1,3-dioxolane (DOL)/dimethoxyethane (DME) electrolyte,
a Li foil anode, and a TM-Bi/CN/S cathode. The cathode was
prepared by casting a mixture with an 8:1:1 mass ratio of TM-
Bi/CN/S, conductive carbon (Super P, SP), and polyvinylidene
fluoride binder. TM-Bi/CN/S was produced by heating a 1:3
mixture of TM-Bi/CN and S at 155 °C (Figure S13, Supporting
Information, see details in the Experimental Section, Supporting
Information). The cells were cycled within the voltage range of
1.7-2.8 V. Cells based on Bi/CN/S, Co/CN/S, CN/S, and SP/S
were also assembled and tested as a reference.

In the commonly used DOL/DME electrolyte, the galvanostatic
discharge profiles of LSBs typically display two distinct plateaus
separated by a gradual transition. The combined capacity of the
first plateau and the transition region (Q,) is usually attributed
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Figure 2. Coordination environment and structure of TM-Bi/CN DACs. a-d) TM K-edge XANES spectra (left) and FT of the EXAF spectra (right) of
Mn-Bi/CN (a), Co-Bi/CN (b), Ni-Bi/CN (c), and Co/CN (d). The spectra of the corresponding metal foils and metal(ll) chlorides are also included as
references. Structural parameters extracted from the first shell Fourier analysis are shown in Table S3 (Supporting Information). Insets show the ball and
stick structure models, where brown = C; grey = N; pink = Bi; and other colors = TMs. The models include electronic density data obtained from DFT

calculations, where cyan = spin down electron cloud, and yellow = spin up electron cloud. The isosurface level is 0.001 e ag

to the four-electron reduction of Sg to Li,S,. The initial plateau
is generally associated with the conversion of Sg to Li, Sy, a two-
electron process with an equilibrium potential of 2.41 V that con-
tributes to 50% of Q,.1"?] The subsequent sloped transition rep-
resents the reduction of Li, S, to Li,S,, which involves two addi-
tional electrons and occurs at a lower potential (2.24 V).['2] The
sloped nature of this transition arises from the multiple dispro-
portionation and comproportionation reactions that can occur in
this region, particularly considering the relatively low solubility of
Li,S, in the DOL/DME electrolyte. The second discharge plateau,
Q,, overall accounts for the conversion of Li,S, to Li,S, a pro-
cess that is assumed to occur through the precipitation of soluble
LiPS into Li,S,, followed by its crystallization into Li, S. This step
involves the transfer of 12 electrons, accounting for 75% of the
cell’s total capacity, and it is governed by sluggish liquid—solid
and solid-state reactions, making it a critical bottleneck in LSB
performance.

All the cells incorporating catalytic additives achieved high ca-
pacities approaching the theoretical limit, indicating a high sul-
fur utilization (Figure 3—g; Figure S14, Supporting Information).
In contrast, the catalyst-free SP/S cell displayed significantly
lower capacity, highlighting the critical role of catalysts in the ac-
tivation of the electrochemical process (Figure S14, Supporting
Information). While all catalysts promoted the cell rate perfor-
mance and stability, notable differences among the tested DAC-
based electrodes were observed, further demonstrating their sub-
stantial influence on sulfur redox kinetics and overall battery per-
formance.

As consistently observed in previous literature, all tested LSBs
experience capacity loss during the initial cycles at low galvano-
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static charge—discharge (GCD) rates, primarily due to the dis-
solution and redistribution of LiPS throughout the cell (Figure
S14, Supporting Information). However, while some of the LSBs
continue to suffer significant capacity degradation during high-
rate cycling, the cells based on Ni-Bi/CN/S and Co-Bi/CN/S
demonstrate minimal capacity loss at high rates. These electrodes
also exhibited the best rate performance (Figure 3a-h), achiev-
ing high specific capacities at the highest current rates tested.
Specifically, at 3C, Co—Bi/CN/S delivered a discharge specific ca-
pacity of 906 mAh g1, that is, 56% of the capacity delivered
at 0.1C, significantly outperforming the Mn—Bi/CN/S electrode
and most previously reported cathodes.>*32-%] The rate perfor-
mance of the Co-Bi/CN/S-based cell also surpassed that of the
Co/CN/S and Bi/CN/S reference electrodes, which retained only
46% and 42% of their capacities for Co/CN/S for Bi/CN/S, re-
spectively, when the current density was increased from 0.1C to
3C.

A closer examination of the galvanostatic discharge profiles
at the lowest tested current density (0.1C) reveals two differenti-
ated behaviors (Figure S15, Supporting Information). On the one
hand, the best-performing cathodes, those based on Ni-Bi/CN/S
and Co-Bi/CN/S, exhibit the highest first discharge plateau, at
an average potential of #2.38 V. This plateau contributes ~50% of
the first-step capacity (Q,), which represents roughly one-quarter
of the total discharge capacity, yielding a Q,/Q, ratio of 3. This
aligns with the simplified interpretation of the sulfur redox path-
way, where the first plateau corresponds to the 2-electron S, —
Li,Sg transition, the sloped region accounts for the subsequent
2-electron Li,S¢ — Li,S, conversion, and the second plateau rep-
resents the 12-electron Li,S, — Li, S transformation.
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Figure 3. Electrochemical performance of TM-Bi/CN/S cathodes. a—e) GCD profiles of Mn-Bi/CN/S (a), Co-Bi/CN/S (b), Ni-Bi/CN/S (c), Co/CN/S
(d), and Bi/CN/S (e) at different current densities. f) Rate performance of TM-Bi/CN/S, Co/CN/S, Bi/CN/S, CN/S and SP/S full cells. g) Operando
XRD patterns of Co—Bi/CN/S and GCD profile. h) Normalized Li,S (220) XRD peak area obtained from operando XRD analysis and GCD profile. i) GCD
profiles of Co—Bi/CN/S (red) and Mn—Bi/CN/S (blue) cells labelled with the key mechanisms determining rate performance and stability.

On the other hand, Mn-Bi/CN/S, Co/CN/S, and Bi/CN/S
demonstrate substantially superior performance compared to
SP/S, rivalling that of previously reported high-performance cat-
alysts (Figure S15, Supporting Information).[>>32-35] However,
their performance was inferior to that of the best-performing
DACs developed in this study, particularly in terms of rate per-
formance and stability. These relatively less-performing elec-
trodes display initial discharge plateaus at a lower average volt-
age (~2.34 V), indicating limitations in the activation of the

Adv. Mater. 2025, 11345 e11345 (6 of 15)

Sg — Li,Sg conversion, thereby requiring additional overpoten-
tial. Notably, the Mn-Bi/CN/S and particularly Bi/CN/S elec-
trodes display a significantly extended first plateau that ac-
counts for 60% of Q,, reaching approximately three electrons
per Sg molecule. This suggests that the initial plateau in-
volves sulfur electrochemical reduction beyond Li,S,, prob-
ably activated by the lower potentials reached during the
initial discharge required by the inefficient S — Li,Sg
conversion. Although the first plateau in these catalysts
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remains above the equilibrium potential of further Li,S,
electrochemical reduction reactions (<2.24 V), this reaction can
be facilitated by the additional driving force provided by the
chemical disproportionation or comproportionation conversion
of the Li, S, reduction products, such as Li,S,. Additionally, Q,
exceeds the theoretical limit of the four-electron S;—2Li,S, re-
action and results in low Q,/Q; =~ 2. This implies that the first
sulfur reduction step extends beyond Li,S,, involving the for-
mation of some Li,S,. Since the equilibrium potential for the
electrochemical formation of Li, S, or Li,S is too low to be effec-
tive (<2.1 V) at this discharge stage, Li,S, needs to be formed
via a chemical comproportionation reaction involving additional
production of Sy or Li,S, to further fuel the Q, electrochemi-
cal process and sustaining the extended first plateau, for exam-
ple, Li,Sg + Li,S, — Sg + 2Li,S,. This reaction is likely activated
in these specific electrodes, but not in the best-performing Ni-
Bi/CN/S and Co-Bi/CN/S cathodes, due to the slow Sg — Li,S,
conversion that enables the coexistence of a richer variety of sul-
fur species in the presence of S, thereby facilitating compro-
portionation reactions that generate additional Sy capable of het-
erogeneously precipitating. Since the formation of Li, S, through
chemical comproportionation can occur away from the electrode
surface, part of the active sulfur may become electrochemically
isolated and be lost during each cycle, contributing to capacity
fade and reduced long-term cycling stability. This capacity loss
may be masked by the LiPS migration-induced losses at slow dis-
charge rates, but it becomes evident at higher discharge rates
(Figure S14, Supporting Information). Post-cycling optical im-
ages of separators (Figure S16, Supporting Information) support
this observation, revealing sulfur species deposition on the Bi—
CN/S separator, whereas no such deposition is evident on the
Co-Bi/CN/S separator.

When normalizing the discharge profile to the capacity
achieved at 1.9 V (Figure S17, Supporting Information), we ob-
serve that all the less-performing LSBs, including the SP/S cell,
exhibit a relatively longer first plateau, along with a relatively low
Q,/Q, ratio (Table S4, Supporting Information). This suggests
that the commonly observed low Q,/Q; ratio in these systems is
not solely attributable to incomplete LiPS reduction, as often as-
sumed. Instead, it may also result from a relatively extended Q,
step beyond four electrons per Sy participating in the reaction,
likely caused by the inefficient S; — Li,Sg conversion that facil-
itates additional electrochemical reactions followed by chemical
disproportionation processes, ultimately leading to the precipita-
tion of some Li,S,.

At the onset of the second discharge plateau, the Ni-Bi/CN/S
and Co—Bi/CN/S electrodes exhibit a distinct sharp potential dip,
which is attributed to the Li,S,/Li,S nucleation barrier and re-
mains relatively unaffected when increasing the discharge rate
(Figure S18, Supporting Information). No additional features are
observed within this plateau. Operando XRD (Figure 3g,h) shows
that the Li,S phase appears immediately after the dip, indicat-
ing that Li,S forms either directly from or concurrently with the
Li,S, through the reduction of solution-phase precursors from
the very start of the second plateau. Conversely, for the Mn—
Bi/CN/S sample, Li,S formation becomes evident only some-
time after the voltage reaches 2.1 V, followed by a progressive
growth until the end of discharge (Figures $19,5S20, Supporting
Information).
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In contrast, at 0.1C, the Mn—Bi/CN/S and Bi/CN/S electrodes
exhibit a less pronounced yet significantly more extended poten-
tial dip at the onset of the second plateau, characterized by two
distinct steps (Figure S18, Supporting Information). Co/CN/S
electrodes exhibit an even more pronounced two-step potential
dip. This dip and the overall plateau overpotential strongly in-
crease with the discharge rate for all these electrodes. The re-
duced depth of the potential dip at 0.1C obtained for these cat-
alysts is consistent with the formation of Li,S, precipitates in
the previous step (Q,), which subsequently facilitates the elec-
trochemical deposition of short-chain polysulfides on the pre-
nucleated Li,S, at the onset of Q,. However, this shadow dip
comes at the cost of an extended prolongation that suggests a
delayed Li,S nucleation. This delayed onset of the Li,S nucle-
ation occurs either because the activated Li, S, growth prevents
reaching the lower potentials required for Li,S nucleation at the
onset of Q, or because the catalyst surface is covered by a solid
Li, S, layer that requires the less favorable solid-to-solid phase nu-
cleation over the more accessible liquid-to-solid pathway. In the
best cases, the dip extends for ~1000 s, which constitutes only a
small fraction of the total discharge time at 0.1C (36000 s). Con-
sequently, a nearly complete conversion of S, to Li,S remains at-
tainable at these low rates. However, at higher rates, such as 1C
(3600 s full discharge) and above, this extended nucleation time
becomes a critical bottleneck, significantly restricting Li,S crys-
tallization and thereby strongly limiting the capacities obtained at
relatively high rates. Post-mortem SEM analysis of the discharged
cathodes confirmed that the reference Co/CN and Bi/CN cata-
lysts failed to promote Li,S nucleation even at moderate current
densities, resulting in irregular Li,S, deposits rather than well-
defined 1i,S crystals (Figure S21, Supporting Information). In
contrast, the Co-Bi/CN/S cathode displayed clear crystalline fea-
tures after discharging at 0.5C and 2C current densities (Figure
S21, Supporting Information)

Upon normalizing the discharge profiles to the maximum ca-
pacity of each step (Q, and Q,, Figure S22, Supporting Informa-
tion) and using the 0.1C discharge profile as a reference, we ob-
serve that the Co—Bi/CN/S electrode exhibits minimal overpoten-
tial increase with the current rate during the first plateau, cor-
responding to the formation of Li,Sg. This indicates fast reac-
tion kinetics and an absence of diffusion limitations, as the re-
actant is initially in the solid state, and Li,S; dissolution likely
occurs rapidly at the beginning of discharge when no LiPS is yet
present in solution (Figure S22, Supporting Information). A no-
ticeable overpotential increase appears midway through the first
step, coinciding with the transition between the first and second
plateaus. This is attributed to diffusion limitations, as a signifi-
cant fraction of the generated Li, S¢ fueling this second reaction is
now dissolved in solution. However, the overpotential stabilizes
during this transition and remains steady throughout the second
plateau, where Li, S, and Li, S form and crystallize from solution-
phase precursors, encountering the same diffusion constraints
as in the Li,S; — Li,S, conversion. The Co/CN/S electrode ex-
hibits a similar overpotential trend with increasing cycling rates,
showing a moderate initial rise that becomes more pronounced
atthe transition between the two plateaus before stabilizing in the
second plateau. However, the overpotential increase in Co/CN/S
is higher than that in Co—Bi/CN/S, suggesting lower catalytic ac-
tivity or a reduced ability to interact with LiPS in solution due
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to a lower LiPS adsorption energy, as discussed later. In con-
trast, the Bi/CN/S electrode exhibits a lower initial increase in
overpotential compared to the Co/CN/S electrode during the first
step, attributed to enhanced interactions with LiPS. However,
as sulfur reduction progresses, the overpotential gradually in-
creases throughout the first plateau and continues to rise into the
second plateau. This behavior suggests increasing difficulties in
breaking additional S—S bonds as the LiPS chain shortens, likely
due to the strong interaction between Bi and S within LiPS, as
shown below.

Focusing on the galvanostatic charge curves, distinct charg-
ing profiles for the two types of catalysts discussed above are
observed (Figures S23,524, Supporting Information). The Ni-
Bi/CN/S and Co-Bi/CN/S electrodes show a pronounced ini-
tial overpotential peak, followed by a steady rise in charging po-
tential, eventually reaching a plateau at ~2.40 V. This plateau,
extending for two electrons per Sy molecule, corresponds to
the final Li,Sg — S step. Interestingly, as the charge rate in-
creases, the initial overpotential peak decreases, suggesting dif-
ferent dominant mechanisms at low and high cycling rates.
This initial overpotential is associated with an additional dis-
charge plateau observed at ~1.8 V (Figure S14, Supporting In-
formation), which can accommodate up to two electrons per Sq
molecule. Notably, this additional plateau is pronounced only
in high-performing electrodes and exclusively at low discharge
rates (<1C). The disappearance of this discharge plateau corre-
lates with the vanishing of the overpotential peak at the onset of
charging.

Discharge plateaus within this voltage range have been at-
tributed to reactions involving LiNO; electrolyte additives.[3¢!
However, in the present study, the selective appearance of this
plateau for certain catalysts, its confinement to low discharge
rates, indicative of a diffusion-limited process, and its persistence
even after returning to 0.2C, imply a different underlying mecha-
nism. A plausible explanation is the direct reduction of residual,
highly soluble Li,S, into Li,S, which would occur at a lower po-
tential than the 2.1 V of the second plateau.!'?] This extended re-
duction process not only increases the discharge capacity but also
depletes the electrolyte of LiPS, thereby preventing undesirable
reactions with the anode and enhancing the cell’s stability. How-
ever, this mechanism also introduces a trade-off. The extensive
consumption of LiPS during discharge impedes the dissolution
of Li,S at the onset of the subsequent charge process, leading to
the observed initial overpotential peak.

In contrast, all the other electrodes exhibit only a minor ini-
tial overpotential at 0.1C, which rapidly increases with the charge
rate. This behavior suggests the sufficient presence of LiPS at
the discharge onset but a limited ability to interact with them ef-
fectively. These electrodes also show a steeper voltage rise, with
a lower potential (~2.36 V) more extended final plateau, corre-
sponding to the transfer of approximately four electrons per S.
Similar to the discharge process, these electrodes facilitate the si-
multaneous and premature formation of Li,Sg and Sg from Li, S,
or other short-chained LiPS formed during the electrochemical
dissolution of Li,S,/Li,S. The coexistence of these species pro-
motes chemical comproportionation reactions, resulting in both
homogeneous and heterogeneous sulfur nucleation within the
solution and at the electrode and separator surfaces. This uncon-
trolled chemical formation of Sy leads to the precipitation of some
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electrically isolated sulfur (Figure S16, Supporting Information),
rendering it inactive for subsequent cycles. While this chemi-
cal Sg precipitation can contribute to capacity loss, especially at
high rates, it also facilitates S growth at lower charge potentials.
In contrast, the best-performing catalysts effectively confine the
electrochemical growth of S to the electrode surface, preventing
uncontrolled sulfur precipitation and enhancing the cycling sta-
bility of the battery.

As an overview, Figure 3i compares the normalized GCD
curves of the Co-Bi/CN/S and Mn-Bi/CN/S cells at 0.1C, high-
lighting the key features that influence their performance, in-
cluding rate capability and cycling stability.

Figure 4a displays the long-term cycling performance of the
TM-Bi/CN/S full cells tested at 1C.

Among the different catalysts, the Co-Bi/CN/S and Ni-
Bi/CN/S cells exhibited significantly improved capacity retention
over 1000 cycles, maintaining 86% (1153 mAh g~') and 89%
(1070 mAh g?) of their initial capacities, respectively, along with
a stable and high Coulombic efficiency exceeding 99.5%. In con-
trast, the Mn—-Bi/CN/S-based cell retained only 43% of its capac-
ity under the same conditions. A summary of a literature survey
on the capacity decay rates of LSBs employing related SACs and
DAC:s is provided in Table S5 (Supporting Information).

Co-Bi/CN/S cells also exhibited the highest initial specific ca-
pacitance and the highest capacity retention rate over 500 cycles
at 2C (1268 mAh g! and 84.5%), well above that of Bi/CN/S
(973 mAh g and 51%), and Co/CN/S (1167 mAh g=! and
62.6%), as displayed in Figure 4b.

To further evaluate the catalytic activity under practical con-
ditions, several coin cells using Co—Bi/CN/S cathodes with a
high sulfur loading of 4.3 mg cm™ were assembled and tested
(Figure 4c). Remarkably, even after 500 cycles, the best electrodes
retained 952 mAh g1, and all cells demonstrated capacity reten-
tion rates above 85%. Moreover, at a sulfur loading of 4.6 mg cm =2
and under lean electrolyte conditions (6.5 uL mg™), the cells ex-
hibited stable cycling (Figure S25, Supporting Information), de-
livering 814.9 mAh g™' initially and retaining 698.6 mAh g=! af-
ter 300 cycles, with 85.8% capacity retention and 0.048% aver-
age degradation per cycle. Notably, the specific capacity at 0.5C
under high sulfur loading is lower than the capacities observed
at higher current rates (1C and 2C) with lower sulfur loadings
(~1.2 mg cm~2, Figure 4a,b). This is attributed to increased elec-
trode thickness and reduced electrolyte-to-sulfur ratio at high
loading, which limit ion and electron transport and enhance poly-
sulfide shuttle effects, thereby reducing sulfur utilization despite
the lower current rate. These findings demonstrate that our DAC
catalysts maintain high catalytic activity and durability under re-
alistic high-loading and limited-electrolyte conditions, highlight-
ing their promise for practical high-energy-density LSBs. Finally,
to demonstrate commercial potential, pouch cells incorporating
Co-Bi/CN/S cathodes were assembled and evaluated. As shown
in Figure 4d, the pouch cell delivers an initial discharge capacity
0f 1372 mAh g~! at 0.05C. After the activation process, the second
discharge capacity stabilizes at 890.7 mAh g~!. When cycled at
0.2C for 300 cycles, it maintained 698.6 mAh g, corresponding
to a low capacity decay rate of ~0.08% per cycle after activation,
demonstrating excellent cycling stability. Additionally, Figure 4e
presents a practical demonstration of the pouch cell power-
ing an LSB sign containing 46 light-emitting diodes (LEDs),
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Figure 4. Cycling stability of coin/pouch cells at moderate/high sulfur loadings. a,b) Long-term cycling performance at 1C of TM-Bi/CN/S cells (a), and
at 2C of Bi/CN/S, Co/CN/S, and Co-Bi/CN/S cells (b). c) Cycling performance at 0.5C of four coin cells equipped with Co-Bi-CN/S-cathodes containing
a sulfur loading of ~#4.3 mg cm~2. d) Cycling performance of a Co-Bi/CN/S-based pouch cell with 1.85 mg cm~2 sulfur loading at 0.2C current density,

and e) photograph of the pouch cell powering an LED sign.

highlighting its robust performance and potential for real-world
energy storage applications.

Post-cycling XPS analysis (Figures S26,S27, Supporting Infor-
mation) revealed that Co-Bi/CN and Ni-Bi/CN cathodes con-
tained higher proportions of fully reduced sulfur species (Li,S)
and exhibited markedly lower residual polysulfide content com-
pared with other catalysts, confirming their sustained catalytic
promotion of complete SRR. The N 1s spectra showed well-
preserved pyridinic-N and pyrrolic-N environments with only mi-
nor losses, indicating robust atomic coordination structures. F
1s and C 1s signals further suggested that DAC-based electrodes
formed more stable electrode—electrolyte interfaces, with reduced
carbonate/SO,F, species relative to SP/S.[*¥~#1]

Post-mortem separator and lithium anode SEM analyses
(Figure S28, Supporting Information) supported these findings:
separators from cycled Co-Bi/CN and Ni-Bi/CN cells displayed
much lighter coloration, indicating more effective polysulfide
confinement, while SEM images of Li anodes showed smoother
surfaces without severe dendrite growth, in contrast to control
electrodes. These results demonstrate that Co-Bi/CN and Ni-
Bi/CN DACs maintain catalytic efficiency, structural integrity,
and effective polysulfide management over prolonged cycling—
critical factors for achieving durable, high-performance LSBs.

2.3. TM-Bi Electronic Interaction
DFT calculations were performed to explore the electronic struc-

ture and charge redistribution within coupled heteroatom pairs.
As discussed earlier, Co and Ni possess partially filled asymmet-
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rical 3d orbitals close to the Fermi level, making them highly ef-
fective for orbital overlap and bonding with adsorbed species.
These elements, even as isolated atoms, can exhibit indirect
exchange interactions via the Ruderman-Kittel-Kasuya—Yosida
mechanism within the CN framework, leading to ferromagnetic
spin alignment. In contrast, Mn, with its half-filled symmetric
3d shell, offers higher stability and has its 3d orbital center posi-
tioned further from the Fermi level. These distinctions partially
account for the superior catalytic performance observed in Niand
Co-based systems compared to Mn-based ones. However, this ex-
planation falls short of accounting for the significantly enhanced
performance of the Co—Bi/CN system relative to Co/CN, suggest-
ing that additional factors, likely linked to the synergistic effects
between Co and Bi, contribute to the observed improvement.
Upon combination, the 3d orbitals of the TM (Mn, Co, and Ni)
and the half-filled Bi 6p? orbitals(?’) may undergo hybridization to
o, w, o*, and 7* orbitals, as visualized in the scheme in Figure 5a
and the top and side views of the electron cloud diagram of the
generated models in Figure 2. The d,, of TM 3d can selectively hy-
bridize with the pz orbital of Bi 6p, forming ¢ and o orbitals due
to their compatible orbital symmetries. Meanwhile, the d,,/d,,
orbitals of TM 3d interact directionally with the p,, orbitals of
Bi 6p, resulting in the generation of = and #* orbitals. On the
other hand, the d,, and d,* — ,* orbitals of TM 3d are consid-
ered nonbonding, as their orbital orientations do not align effec-
tively with the Bi 6p orbitals.*>*}] d-p hybridization significantly
reduces the energy gap between the highest occupied molecu-
lar orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO). As an example, the energy gap decreases from 0.84 eV
for Bi/CN and 1.04 eV for Co/CN single atom models to just
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Figure 5. Electronic structure of TM-Bi/CN DACs. a) Scheme of the Bi 6p — TM 3d orbital hybridization. b) HOMO and LUMO schemes for Co/CN,
Bi/CN, and Co-Bi/CN. c) TM TDOS for the different TM-Bi/CN DACs. d) TM d,» PDOS and e) valence band center in TM-Bi/CN. f-h) Top and cross
views of the spin slabs of Bi/CN (f), Co/CN (g), and Co-Bi/CN (h). i—k) Bi 6p orbitals (p, p,, and p,) PDOS from Bi/CN (dash line) and Co-Bi/CN

(solid line) models.

0.34 eV for Co-Bi/CN (Figure 5b). The higher HOMO level facil-
itates electron transfer from the catalyst to sulfur species during
the reduction process, while a lower LUMO level promotes elec-
tron acceptance from sulfur species during the oxidation process.
This effect aligns with the significantly enhanced performance
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observed for the DACs, particularly for Co-Bi/CN, compared to
the single-metal systems, Co/CN and Bi/CN.

According to Marcus’ theory!*) the electron transfer rate is pri-
marily governed by the electronic coupling between donor and
acceptor states. The diverse electron configurations of 3d TMs

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

d ‘0 'S607T2ST

\pe//:sdny wouy

ny) suonipuod pue swie 1 8y 88S *[G202/TT/2T] Uo ArigiTauliuo 4|1 *(Pepiues ap OLBISILIAI) UOSIACK [eUOIEN SUeIY0D UsIUeds AQ SrETTSZ0Z ewpe/z00T OT/I0p/wod A m A

*fo|Im Al

85UB0| 7 suoWLWoD aAIEa1D a|qed!|dde ay) Aq peusenoh afe sapile O ‘8sn Jo Sojni Joj Areiqi auljuo A3]IAN UO (SUONIPUOD-pue:


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

result in distinct hybridization with Bi atoms, leading to differ-
ences in their electron capture and donation capabilities. The TM
total density of states (TDOS) and the d,, contribution to the hy-
bridized orbitals in the Mn-Bi/CN, Co-Bi/CN, and Ni-Bi/CN,
systems is displayed in Figure 5c,d. Among these heteroatom
pairs, the Co 3d orbitals exhibit a d,, partial density of states
(PDOS) (Figure 5d) positioned closest to the Fermi level, followed
by the Ni-based system. In addition, Co—Bi/CN has the lowest va-
lence band center for the entire system. (Figure 5e). This favorable
electronic alignment partially explains why Ni-Bi/CN and partic-
ularly Co-Bi/CN possess the most well-suited electronic structure
for enhanced catalytic performance.

DFT analyses also reveal significant differences in the electron
cloud distribution around the metal atoms in Co-Bi/CN com-
pared to the Bi/CN and Co/CN single-atom models (Figure 5f~h).
The PDOS of the different Co 3d orbitals within Co-Bi/CN
and Co/CN shows the filled d, orbital contribution to shift
0.26 eV closer to the Fermi level after hybridization with Bi
atoms (Figures S29,S30, Supporting Information). Concurrently,
the PDOS of the Bi 6p orbitals in Co-Bi/CN shows a substan-
tial rearrangement in the electron cloud distribution around the
Bi atom (Figure 5i-k). Specifically, the p, and p, orbital elec-
trons are displaced further from the Fermi level, while the p,
orbital electron density increases significantly near the Fermi
level.

Top and side views of the DFT models of Li,S,, Li,S,, and
Li,S molecules adsorbed on TM-Bi/CN DACs are shown in
Figures S31-S33 (Supporting Information). Both initial and fi-
nal adsorption geometries are shown in Figure S34 (Support-
ing Information).[*=#1 1i,S, primarily binds to the TM site via
a TM—S bond, with Li atoms interacting with nearby nitrogen
atoms but without charge transfer, thus forming fragile Li—N
bonds. In contrast, Li, S preferentially binds to the Bi site through
a Bi—S bond, with Li atoms interacting with the nitrogen sur-
rounding the TM atom.

The adsorption energies of Li,S, on various TM-Bi/CN cata-
lysts are presented in Figure 6a, indicating that Mn-Bi/CN ex-
hibits the weakest adsorption strength, while Co-Bi/CN shows
the strongest. These results are consistent with the experimen-
tal LiPS adsorption findings shown in Figure 6b. The LiPS ad-
sorption capability of the DACs was experimentally assessed by
dispersing equal amounts of each TM-Bi/CN catalyst in vials con-
taining a Li,S, solution. After 1.5 h, the ultraviolet-visible (UV—
vis) spectra revealed a substantial reduction in the characteristic
UV absorption peak of Li,S, for the vials containing Co—Bi/CN-
and Ni-Bi/CN, indicating their relatively high LiPS adsorption
capacities (Figure 6b). In contrast, Mn—Bi/CN exhibited signif-
icantly lower adsorption abilities. These observations were vi-
sually supported by optical photographs of the vials after Li,S,
adsorption (inset Figure 6b). The strong affinity of Ni-Bi/CN/S
and Co-Bi/CN/S for Li,S, can promote effective solid phase
growth from solution, being Li,S, a key species bridging the
solid-liquid-solid reaction.l*! Additionally, we performed Bader
charge analysis showing minimal charge transfer on Li atoms but
significant charge redistribution on S atoms upon adsorption,
confirming strong TM-S interactions (Figure S35, Table S6, Sup-
porting Information). This indicates weak electronic coupling be-
tween Li and N, disproving the presence of a substantial Li—N
bond.
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Side and top views of the DFT-optimized geometrical con-
figurations for diatomic Co-Bi/CN and single-atom Bi/CN and
Co/CN models, with adsorbed Sy, Li,S,, Li, S, Li,S,, Li,S,, and
Li,S species are presented in Figures S36-S38 (Supporting In-
formation). The corresponding adsorption energies are compiled
in Figure 6¢. The spin-slab side view in Figure S39 (Support-
ing Information) illustrates the electron cloud distributions for
the three systems. Among these, Bi/CN exhibits strong adsorp-
tion capacities for all sulfur species, Co/CN demonstrates signif-
icantly weaker adsorption, and Co-Bi/CN displays intermediate
adsorption energies. The notable affinity of the Co-Bi/CN DAC
for polysulfides aligns with the observed low increase in overpo-
tential at higher discharge rates. In contrast, Co/CN exhibits rel-
atively weak interactions with LiPS, which is consistent with the
notable rise in overpotential as the discharge rate increases, as
previously noted. Interestingly, while Bi demonstrates a strong
affinity for polysulfides, it struggles to sustain the reaction pace
athigh discharge rates. This observation suggests the presence of
additional underlying mechanisms that hinder its performance
under rapid cycling conditions.

Figure 6d presents the Gibbs free energy evolution of the sul-
fur reduction reaction on the surfaces of Co-Bi/CN, Bi/CN, and
Co/CN catalysts at the molecular level. Bi/CN shows high overpo-
tentials for the formation of both Li, S, and Li, S, while Co/CN ex-
hibits a very low Gibbs free energy change for Li, S, formation but
a significant energy barrier for Li, S formation. Although these re-
sults are obtained at the molecular level and do not account for
the energy of formation or crystallization of solid phases, they
align with the observed extended dip at the onset of the second
discharge plateau, the rapid increase in overpotential with rising
rates during the second plateau, and the absence of Li,S forma-
tion at high current densities observed for the less performing
catalysts. In contrast, Co-Bi/CN displays a notable energy barrier
for Li,S, formation, consistent with the observed dip, but a sig-
nificantly lower energy barrier for the Li,S,-to-Li,S conversion.
This finding is well-supported by experimental data indicating
more facile Li, S nucleation in this material.

Among TM-Bi catalysts, Co-Bi/CN also demonstrates the
lowest energy barrier (0.26 eV) for the Li,S,-to-Li,S conver-
sion (Figure 6a), followed by Ni-Bi/CN. Nucleation experiments
(Figure S40, Supporting Information) further show that among
DACs, Co-Bi/CN is particularly effective at promoting solid-
phase precipitation from a Li, S, solution. Overall, these findings
are consistent with the experimentally observed superior perfor-
mance of Ni-Bi/CN and especially Co-Bi/CN DACs as sulfur re-
duction electrocatalysts.

During the reverse process of charging, compared with
Co/CN and Bi/CN, Co-Bi/CN exhibits a particularly large Gibbs
free energy barrier for the Li,S; — Sg oxidation step. This is ex-
perimentally reflected in the relatively higher potentials required
toward the end of the charging process for this final two-electron
step. Notably, this characteristic might actually be advantageous
as it could help prevent chemical S precipitation outside the elec-
trode, thereby enhancing the LSB cycling stability.

To experimentally verify the transfer of charge within the
coupled metal atoms at the origin of the DACs enhanced per-
formance and analyze its evolution with the reaction process,
operando Co K-edge XAS spectra were obtained. The operando Co
K-edge spectra of Co/CN/S and Co-Bi/CN/S cathodes revealed

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH

d ‘0 'S607T2ST

'sdny wouy

B5UB0 | SUOLILLOD aAIR1D) 3|edtdde ay) Aq pausenob ae sap e YO ‘9N JO Sajni Joj AriqiTauljuQ A3]IM UO (SUOIIPUOD-PUB-SLLIIALIOD' AS | IM' ALeiq | U1 |UO//:SdNY) SUOIPUOD pUe SWLB | 8Y) 88S *[GZ0g/TT/ZT] uo AriqiqauliuQ A3|IM ‘(Pepiues ap OLBISIUI) UOSIAOLY [eUOIIeN aUeIY0D UsiLedS Ag SETTSZ0Z BWPe/200T OT/I0p/wod A3 | Im A


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a -Mm- Li,S, Adsorption Energy b C 0,
__ i j,S,Li,S Gibbs Free Energy .
> --290 o~ 2
L 124117 < S Y
> 2 & <)
2 > o ()
[0 fe)) o (=)
[ = (=] L
1084 e 8 Mn-Bi/CN S 4] ;
8 - Co-Bi/CN = LipSe"LisSe" | g LiS,*
2 = @ il o 294 Li; Sy
- ks o) ——Ni-Bi/CN 5 Sg* Li,S*
® 0.4 5 T ® ¢ 2
S 5 After 1.5 h 2 -6/
o) @ Co/CN [l Co-Bi/CN [l Bi/CN
5 3.00 g T T = 1 T 1 5
Co-Bi/CN 360 400 440 480 520 Adsorption Species
d & Wavelength (nm) &
L ol —. ———Co/CN ——Bi/lCN ——Co-Bi/CN
= 0.93 eV S
o =12
8 1.07 eV 0.75 eV 5
' : 0.58 eV @
53] oigev 0206V BEREV = oxidation
o 613ey 0206V = g
w 0.39ey _ 0.77eV- = E
8 ' o e ' P z —— 1°' MCR component
g -6 — fi Mfwzm ——2"4 MCR component
Se Li,Se'  LiSe  LiS¢  LiSy Li,S* 7710 7740 7770 7800
Reaction Proceeding Photon Energy (eV)
. 122 121 h
- : Co/CN —v—MCR 1 27
o 0.8 [
I S 084 —+—MCR?2
© ‘ o
1.08 [ 110 € =
(0]
o
s ; g
(&) ST : ©
x S >
O 0.2 v
= ¥ 1.8
0.840L 0020 %0 —
7730 7740 7750 7760 77250 77256 7726.2 Specific Capacity
Photon Energy (eV) Photon Energy (eV)
1.21 i
122 ; - =
g _  ficosicy 1,
S 081 "
s P s
1.08 110 € 067%. A2
2 __________ et >
8 04+ Sy . ‘ —+—MCR1 |54 S
o’ . | ——MCR2 =
O 021 L
= el 1.8
0 Co-N
0.840 0.920

7730 7740 7750 7760
Photon Energy (eV)

7725.0
Photon Energy (eV)

77256 7726.2

Specific Capacity

Figure 6. Dynamic evolution of polysulfide conversion in DACs. a) Adsorption energy of Li,S, and Gibbs free energy change for the conversion of Li,S,
to Li,S on the surface of Mn-Bi/CN, Co-Bi/CN, and Ni-Bi/CN catalysts. b) UV-vis absorption spectra of the supernatant of the vials containing the
different catalysts and a Li,S, solution after 1.5 h adsorption. The inset shows an optical photograph of the vials after 1.5 h adsorption. c) Adsorption
energies of Sg, Li,Sg, Li,Sg, Li,Sy, LiyS,, and Li,S on Bi/CN, Co/CN, and Co-Bi/CN catalysts. d) Gibbs free energy of Sg, Li,Sg, Li,Sg, Li,S4, Li,S,, and
Li,S on Bi/CN, Co/CN, and Co-Bi/CN catalysts. e) MCR-retrieved XANES spectra for the operando XAS Co K-edge dataset. f-i) Operando XAS 3D map
of Co K-edge results for Co/CN/S and Co—Bi/CN/S, the second rows show enlarged details of the spectra to more clearly show the different oxidation
states. Operando concentration profiles of the 2 identified Co-species of f,g) Co/CN /S and h,i) Co-Bi/CN/S.
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subtle yet analyzable spectral changes during cycling. As shown
in Figure 6e-g, within the battery environment, the average ox-
idation state of Co in Co-Bi/CN/S was slightly lower during the
entire cycle than in Co/CN/S, denoting a higher interaction with
S in the former cathode. Principal component analysis was used
to highlight the evolution of spectral features during the reac-
tion. Two principal components were identified and deconvolved
using the multicurve resolution (MCR) technique, implemented
in the MCR-alternating least squares (MCR-ALS) Python library
(Figure 6€).[*1 In both Co/CN/S and Co-Bi/CN/S, the relative
concentration of the first MCR component, associated with the
highest oxidation state, decreased during charging and increased
during discharging, while the second MCR component exhib-
ited the opposite trend (Figure 6h,i). These concentration profiles
match the gradual formation of Co—S bonds and thus the de-
crease of Co—N structural bonds during the discharge process,
when S is converted into progressively shorter chain polysul-
fides, and the reversal of this process during charging. This evolu-
tion and the lower valence state of Co in the Co—S bond compared
to the Co—N bond, due to nitrogen’s higher electronegativity, al-
lowed us to assign the first MCR component to Co—N and the
second MCR component to Co—S. Notably, the concentration of
Co-S was significantly higher in Co-Bi/CN/S than in Co/CN/S,
and the evolution of these two components was more reversible
in Co-Bi/CN/S, aligning with the higher catalytic activity and im-
proved cycling stability.

In addition to the Co-Bi heteronuclear DACs, we acknowledge
that the presence of homonuclear DACs, such as Co—Co, Ni—
Ni, Mn-Mn, and Bi-Bi, may also influence the catalytic perfor-
mance. To address this, we conducted a comparative DFT analy-
sis of these homo-DACs to understand their potential impact on
the adsorption of sulfur species. The analysis focused on calculat-
ing the Gibbs free energy for the adsorption of various sulfur in-
termediates, particularly Li,S,, on both homo-DACs and hetero-
DACs (Figure S41, Supporting Information). Our results suggest
that electron transfer primarily occurs at the sulfur atoms during
adsorption, with negligible involvement of lithium atoms, indi-
cating that no stable Li—N bonds are formed (Figure S34, Sup-
porting Information). Notably, the Gibbs free energy barriers for
the Li,S, — Li,S, and Li, S, — Li, S transitions on Co-Bi sites are
0.58 and 0.26 eV (Figure S42, Supporting Information), respec-
tively, demonstrating the favorable catalytic effect of the Co-Bi
DACs. In contrast, homo-DACs such as Co—Co and Mn-Mn dis-
play relatively low activation barriers for the Li,S, — Li, S* trans-
formation, with barriers of 0.60 and 0.78 eV, respectively. Bi-Bi
sites show significantly higher energy barriers (1.58 eV), suggest-
ing slower kinetics. These results highlight the superior catalytic
performance of the Co—Bi heteronuclear DACs, where the asym-
metric electronic environment enables better modulation of sul-
fur species adsorption and reaction pathways. Overall, our DFT
analysis confirms that the Co-Bi DACs exhibit enhanced catalytic
dynamics, further supporting the central role of heteronuclear
DACs in optimizing LSB performance.

3. Conclusion

In conclusion, a series of TM-Bi DACs supported on a CN sub-
strate, namely Mn-Bi/CN, Co-Bi/CN, and Ni-Bi/CN, were suc-
cessfully synthesized using a simple and low-cost process. While

Adv. Mater. 2025, 11345 e11345 (13 of 15)

www.advmat.de

all DACs demonstrated notable performances, the fastest sulfur
redox kinetics were obtained in Co-Bi/CN/S and Ni-Bi/CN/S,
which displayed the highest first discharge plateau (~2.38 V) and
a balanced Q,/Q, ratio. In contrast, Mn—-Bi/CN/S, Co/CN/S, and
Bi/CN/S exhibited an extended first discharge plateau at a lower
voltage (~2.34 V) with a low Q,/Q, ratio, attributed to the inef-
ficient Sg — Li,Sg conversion. This inefficient conversion low-
ers the voltage of the first discharge plateau, thereby facilitating
additional electrochemical reactions and subsequent compropor-
tionation processes. As a result, some Li, S, is chemically formed
early in the reaction, during the Q, step. The premature Li, S, pre-
cipitation, indicated by the extended Q, beyond the four-electron
Sg-Li,S, process and the corresponding Q, reduction, may oc-
cur outside the electrode, leading to active material loss and ulti-
mately poor cycling stability. Additionally, the early formation of
Li, S, is linked to prolonged Li, S nucleation times in the less ef-
fective catalysts. This is associated with a low overpotential at the
onset of the second discharge plateau, which reflects the facile
heterogeneous growth of preformed Li,S, and/or the challeng-
ing nucleation of Li,S through solid-state transformation of the
preformed Li,S,. The extended nucleation time observed in the
less-performing electrodes accounts for their relatively poor rate
performance, as these systems struggle to initiate Li, S nucleation
and thus fail to promote extensive Li,S crystallization at high
rates (>1C). This stands in stark contrast to the Ni-Bi/CN/S and
Co-Bi/CN/S electrodes, which sustain high capacities even at el-
evated discharge rates. Similarly, during charging, Ni-Bi/CN/S
and Co-Bi/CN/S exhibited a steady potential increase with a fi-
nal two-electron plateau, effectively confining the electrochemi-
cal LiPS to Sq conversion to the electrode. In contrast, other cath-
odes showed lower potential and prolonged final plateaus, which
could reflect the chemical formation of electrically isolated sul-
fur, thereby diminishing cycling stability. DFT calculations reveal
that the asymmetric coordination configuration of Co-Bi signif-
icantly modulates the local electronic structure and introduces
additional electron density to Co within the Co-Bi/CN frame-
work. This modification enhances the interaction between Co
and polysulfides, facilitates Co—S bond formation, improves elec-
tron transfer, and ultimately boosts the catalytic activity of the Co
sites. Consequently, this leads to Co-Bi/CN/S-based LSBs with
superior rate performance and long-term stability. Overall, this
study not only elucidates the mechanisms of metal interaction,
LiPS adsorption, and catalytic enhancement in TM-Bi DACs but
also establishes a robust platform for the rational design of opti-
mized DACs. These advancements hold significant potential for
improving conversion-type cathodes, particularly sulfur cathodes
in LSBs, as well as other electrocatalytic applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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