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ABSTRACT: Sluggish sulfur redox kinetics remain a critical
bottleneck in the advancement of high-performance lithium-
sulfur batteries (LSBs). Single-atom catalysts (SACs) offer a
promising solution to this limitation, particularly when their
coordination structures are carefully engineered. Here, we
develop a chromium-based SAC featuring a unique
undercoordinated CrN; configuration to boost sulfur
electrochemistry. Compared with conventional CrN,, the CrN;
motif lowers 3d orbital occupancy and meanwhile activates the
in-plane hybridizations with S 3p orbitals upon interaction with
polysulfides, contributing to moderate adsorption strength and
reduced energy barriers for bidirectional sulfur conversions.
Additionally, the integration of the two-dimensional (2D) porous
framework ensures abundant electrochemically active surfaces
and efficiently exposed active sites. As a result, CrN;-based cells demonstrate fast and durable sulfur redox reactions,
enabling an ultralow capacity decay of 0.0075% per cycle over 1000 cycles and a high-rate capability of 651.9 mAh-g™" at 5
C. The CrNj catalyst retains robust catalytic efficiency under demanding conditions, delivering a high areal capacity of 5.53
mAh-cm™ at high sulfur loading and lean electrolyte. This work establishes a compelling paradigm of SAC coordination
engineering for designing advanced sulfur electrocatalysts for next-generation LSBs.
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1 Introduction

With the rapid expansion of electronics and electric vehicle
markets, conventional lithium-ion batteries (LIBs) are increasingly
constrained by their limitations in energy density and cost for
meeting rising energy demands. Among emerging alternatives,
lithium-sulfur batteries (LSBs) have attracted significant attention
due to their exceptionally high theoretical capacity (1675 mAh-g™)
and energy density (2600 Wh'kg™) [1-4]. In addition, sulfur’s
abundance, wide geographical availability, low cost, and
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environmental benignity render LSBs particularly appealing for
large-scale applications [5, 6]. Despite these advantages, the
practical implementation of this technology is hindered by
fundamental challenges. The dissolution and diffusion of
intermediate lithium polysulfides (LPSs) trigger the notorious
“shuttle effect”, leading to active material loss and electrode
passivation. Moreover, the insulating nature of sulfur and its
lithiation products, coupled with the complex multi-electron, multi-
phase conversion mechanism, determines the sluggish sulfur redox
kinetics. These issues collectively result in low reaction efficiency,
limited cycle life, and poor rate capability [7-9].

Over the past decades, extensive research has focused on
developing advanced sulfur electrocatalysts to address these
persistent challenges [10-12]. Carbon-based materials have been
widely studied owing to their high conductivity and lightweight
characteristics [13, 14]. Nevertheless, the inherently weak sulfur

Nano Research, 2026, 19, 94907915


https://orcid.org/0000-0002-9336-6137
https://orcid.org/0000-0002-9336-6137
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://doi.org/10.26599/NR.2025.94907915
mailto:hm-polyu.wang@polyu.edu.hk
mailto:hm-polyu.wang@polyu.edu.hk
mailto:gaoranli@njust.edu.cn
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915
https://www.sciopen.com/article/10.26599/NR.2025.94907915

Lietal.

Nano Research | Vol. 19, No. 1

affinity limits their catalytic activity, often necessitating functional
modifications such as heteroatom doping (e.g., N, P, and S) [15].
Apart from that, polar metal compounds like oxides [16, 17],
sulfides [18], and phosphides [19], exhibit stronger interactions
with LPSs and enhanced electrocatalytic activity, but typically suffer
from poor conductivity and limited exposure of active sites. Metal-
organic frameworks (MOFs) and covalent-organic frameworks
(COFs), with highly ordered architectures and high porosity, offer
promising platforms for sulfur confinement, yet their limited
charge transfer efficiency hampers redox kinetics [20-22]. Recently,
single-atom catalysts (SACs) have emerged as compelling
alternatives [23, 24]. Featuring atomically dispersed active sites,
SACs ensure maximum metal utilization and exceptional catalytic
efficiency. Beyond that, their well-defined local structure enables
precise modulations of electronic structures and interaction
behaviors with LPSs, presenting a powerful avenue to break the
bottleneck in sulfur electrocatalysis.

The rational selection of central metals is crucial in designing
SAC:s for LSBs [25]. Compared with noble-metal SACs, those based
on 3d transition metals (TM-SACs) offer a more cost-effective and
practical approach. First-principles calculations have revealed that
the interactions between TM-SACs and LPSs primarily occur
through the M-S bonding, governed by the Lewis acid-base
principle. These behaviors are dictated by the hybridization
between TM 3d and S 3p orbitals, where the electronic structure of
the hybridized states determines the bonding strength and catalytic
activity for sulfur redox [26]. Generally, late 3d TMs, with mostly
filled 3d orbitals, provide limited empty states to accept electrons
from sulfur, resulting in weak LPS adsorption. In comparison,
group VIII TMs (e.g., Fe, Co, Ni), with partially filled 3d orbitals,
offer superior electron acceptance and exhibit stronger M-S
interaction with good catalytic activity [27], making them widely
studied. Further extending this trend, early 3d TMs such as V and
Ti, with lower 3d orbital occupancy, provide abundant empty
orbitals and demonstrate the highest-level LPS adsorbability among
TM-SACs. However, excessively strong LPS fixation may hinder
electrocatalytic performance by disrupting the balance among
adsorption, diffusion, and desorption, ultimately impairing overall
sulfur redox kinetics.

Considering these factors, chromium stands out as a promising
candidate, situated at the boundary between early- and mid-TMs in
the periodic table. Its moderate 3d electron density enables a
balanced electronic interaction with LPSs, facilitating optimized
adsorption and catalytic performance. Despite this potential, Cr-
SACs remain largely unexplored in LSBs to date. Beyond that, the
local coordination environment also plays a critical role in
governing the catalytic behavior of SACs. Conventional SACs
typically adopt a symmetric MN, configuration, in which the metal
center is surrounded by four nitrogen atoms, corresponding to a
coordination number (CN) of four. While this configuration offers
favorable thermodynamic stability, it does not translate into optimal
catalytic performance. Recent studies have demonstrated that
modulating the coordination number, either through
overcoordination (CN > 4) or undercoordination (CN < 4), can
finely alter the electronic structure and optimize the SACs-LPSs
interactions, thereby enhancing catalytic activity [28].

In this contribution, we developed a unique undercoordinated
Cr single-atom catalyst (denoted as CrN;) to enhance sulfur redox
efficiency and kinetics in LSBs. The CrNj catalyst was synthesized
employing a Cr-impregnated layered zeolitic imidazolate
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framework (Cr@ZIF-L) as a precursor, yielding atomically
dispersed Cr sites anchored on a nitrogen-rich, porous, and two-
dimensional (2D) carbon matrix. Compared to conventional CrN,,
the undercoordination in CrNj increases Cr 3d electron density and
activates the Cr d,, and d,._,» orbitals upon hybridization with S 3p
orbitals, leading to moderately weakened LPS adsorption but
significantly reduced energy barriers for bidirectional sulfur
conversions. This favorable correlation between coordination
environment and catalytic behaviors was systematically investigated
and validated through extensive theoretical calculations,
physicochemical characterizations, and electrochemical evaluations.
As a result, CrN;-based LSBs demonstrated accelerated and
reversible sulfur electrochemistry, delivering outstanding cycling
stability and rate capability that significantly outperformed their
CrN, counterparts. Moreover, robust electrochemical performance
was maintained even under demanding conditions, including high
sulfur loading (5.5 mg-cm™) and limited electrolyte (5.0 mL-g™),
underscoring the great potential of this undercoordination
engineering for advancing high-performance and practically viable
LSBs.

2 Results and discussion

Figure 1(a) schematically illustrates the preparation of CrN, and
CrN;. Particulate ZIF-8 and leaf-like ZIF-L were obtained by
assembling Zn* and 2-methylimidazole in methanol and aqueous
media, respectively, upon which Cr ions were in situ impregnated
into these frameworks (Cr@ZIF-8 and Cr@ZIF-L). Subsequent
pyrolysis under an Ar atmosphere produced CrN, with
conventional coordination and CrN; with undercoordination.
Scanning electron microscopy (SEM) images reveal the
morphological evolution throughout the synthesis. As shown in
Figs. S1 and S2 in the Electronic Supplementary Material (ESM),
ZIF-L exhibits a well-defined leaf-like morphology with a smooth
surface and a thickness of around 130 nm, which becomes notably
rougher upon Cr impregnation while well retaining its 2D
structure.  After high-temperature pyrolysis, the leaf-like
micromorphology is preserved but becomes more porous and
loosely structured (Fig. 1(b) and Fig. S3 in the ESM). Energy-
dispersive X-ray spectroscopy (EDS) mapping confirms the
uniform distribution of C, N, and Cr in CrN; manifesting
successful carbonization and Cr incorporation into the N-doped
carbon matrix (Fig. 1(c)). Transmission electron microscopy (TEM)
image further reveals the layered leaf-like architecture with
abundant meso- and micro-pores (Fig. 1(d)), which are beneficial
for facilitating charge/mass transfer and exposing active sites for
catalytic processes. High-angle annular dark field-scanning
transmission electron microscope (HADDEF-STEM) image
identifies atomically dispersed bright spots (yellow circled)
throughout the matrix, confirming the existence of Cr single atoms
in the as-prepared CrN; (Fig. 1(e)). For comparison, CrN, was
prepared using Cr@ZIF-8 as the precursor, which retained a typical
polyhedral morphology in uniform particle size after carbonization,
with Cr single atoms similarly identified by HADDE-STEM
(Figs. 1(f)-1(i) and Fig. $4 in the ESM). The Cr contents in CrN,
and CrN, were determined to be 130 wt% and 123 wt%,
respectively, as measured by inductively coupled plasma (ICP)
analysis. In addition, bare N-doped carbon (NC) was also obtained
by carbonizing ZIF-L without Cr-impregnation, showing a similar
2D leaf-like architecture (Fig. S5 in the ESM).
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Figure1 (a) Schematic preparation of CrN; and CrN,. (b) SEM, (c) EDS mapping, (d

(h) TEM, and (i) AC-HAADF-STEM images of CrN,.

The phase and crystalline evolution during synthesis were
investigated using X-ray diffraction (XRD). As shown in Fig. S6 in
the ESM, the Cr-impregnation does not significantly alter the
crystalline structures of either ZIF-8 or ZIF-L, aligning the well-
preserved morphologies observed in SEM. After pyrolysis, the XRD
patterns of CrN;, CrN,, and NC all demonstrate typical amorphous
character with a broad band at around 26°, confirming the
complete decomposition and carbonization of ZIF precursors.
Importantly, no characteristic peaks associated with Cr species were
detected, suggesting the atomic dispersion of Cr in both CrN; and
CrN,, consistent with the HAADF-STEM findings. Given the SEM
and TEM observations, N, adsorption-desorption measurement
was carried out to further characterize the porous texture. CrN; and
CN exhibit typical type-I curves, indicative of their dominance by
micropores, while CrN, displays a type-II curve, suggesting a higher
proportion of mesopores (Fig. 2(a)). The specific surface areas of
CrN;, CrN,, and NC were measured to be 773.84, 966.41, and
998.38 m*g™, respectively. This distinction is further clarified by the
pore size distributions in Fig. 2(b). Although mesopores generally
benefit charge/mass transport, architectural factors should also be
considered. To evaluate the electrochemically active surfaces of
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) TEM, and (e) AC-HAADF-STEM images of CrN. (f) SEM, (g) EDS mapping,

CrN; and CN,, cyclic voltammetry (CV) was conducted at various
scan rates. The slope from the linear fitting of current density versus
scan rate (Fig. 2(c) and Fig. S7 in the ESM) is noted to be higher for
CrN;, indicating a larger electrochemically active surface area
compared with its CrN, counterpart. This enhancement is
attributed to the topological advantage of CrNjs 2D layered
structure, which reduces ion/electron diffusion distances and
promotes efficient exposure of active surfaces, anticipated to
translate into superior catalytic activity and efficiency. By contrast,
the bulkier architecture of CrN, may restrict access to internal
regions, limiting the overall utilization of active sites.

The local coordination environments of CrN; and CrN, were
investigated using synchrotron radiation X-ray absorption
spectroscopy. As shown in Fig. 2(d), the Cr K-edge X-ray
absorption near-edge structure (XANES) spectra position the
absorption edges of CrN; and CrN, between those of Cr foil and
Cr,0;, with both leaning closer to the latter, suggesting the Cr
valence close to +3 in these SACs. Notably, the slightly lower edge
position of CrNj indicates a marginally reduced Cr valence state
and, accordingly, a higher 3d electron density compared with CrN,.
Further insight can be gained from the pre-edge features (right inset

Nano Research, 2026, 19, 94907915
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Figure2 (a) N, adsorption—desorption isotherms and (b) pore size distributions of CrN;, CrN,, and NG; (c) linear fitting of current density versus CV scan rate for
symmetric cells of CrN; and CrN,; (d) Cr K-edge XANES; (e) Cr 2p XPS spectra; (f) N 1s XPS spectra; (g) k*-weighted Fourier transformed EXAFS spectra and (h) the

corresponding fitting in R space, and (i) WT-EXAFS spectra pf CrN; and CrN,,.

in Fig. 2(d)). CrN; exhibits a stronger pre-edge peak at lower energy
than CrN, and Cr,0, indicative of its reduced coordination
symmetry and lower coordination number [29]. The electronic
distinction in these two Cr-SAC systems can be also illustrated in X-
ray photoelectron spectroscopy (XPS). CrN; witnesses the Cr 2p
peak shifts toward a lower binding energy range compared to CrN,
(Fig. 2(e)), manifesting its higher electron density and lower valence
state. The N 1s XPS spectra provide additional insight into the local
structure (Fig. 2(f)). Four subpeaks can be deconvoluted in both
CrN, and CrN; spectra, indexed to pyridinic N (398.8 eV),
pyrrolic N (401.3 eV), graphitic N (403.6 eV), and the metal-N
bond (400.4 eV), respectively [30, 31]. Notably, the Cr-N peak for
CrN; appears at a lower binding energy than that of CrN,
suggesting stronger electron donation from Cr to N in CrN,,
despite the overall lower Cr valence.

Extended X-ray absorption fine structure (EXAFS) analysis was
conducted to further probe into the local structures. As shown in
Fig. 2(g), both CrN; and CrN, exhibit a prominent first-shell peak
at approximately 1.6 A in the k*-weighed Fourier-transformed R
space spectra, which can be attributed to the Cr-N scattering path,
closely resembling the Cr-O path in Cr,Os. Crucially, no Cr-Cr
scattering peak can be detected in either CrN; or CrN,, confirming
the atomically dispersed Cr and excluding the presence of metallic
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particles or oxide impurities, as further corroborated by the wavelet
transformed (WT) EXAFS contour plots (Fig. 2(i) and Fig. S8 in the
ESM). Quantitative EXAFS fitting in R space reveals an average
coordination number to be approximately 4.0 for CrN, and 3.0 for
CrN; (Table S1 in the ESM). Meanwhile, CrN; exhibits a slightly
shorter Cr-N path compared with that in CrN, (1.87 vs. 2.01 A),
signifying stronger Cr-N bonding in the undercoordination
structure consistent with the XPS results. Collectively, these findings
confirm the successful synthesis of CrN; with a well-defined
undercoordinated structure, accompanied by a finely modulated
chemical state and electron density relative to the conventional
CrN, structure.

Given this, the effect of coordinative modulation on sulfur
electrochemistry was elucidated by density functional theory (DFT)
calculations. The geometrically stable configurations of NC, CrN,,
and CrN; were modeled as shown in Fig. S9 in the ESM, with their
corresponding polysulfide adsorptions illustrated in Figs. S10-S12
in the ESM. Representatively, Fig. 3(a) displays the adsorption
geometry of Li,S, on different catalysts. It is noted that Li bonding
dominates the interaction between Li,S, and NC, while strong Cr-S
bonding is established on CrN; and CrN,. These interactions are
visualized via differential charge density patterns, where yellow and
cyan regions refer to electron accumulation and depletion,

Tsinghua Univ
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Figure 3 (a) Differential charge density and charge transfer upon Li,S, adsorption on NC, CrN3;, and CrN,. (b) Schematic for Cr 3d-S 3p orbital hybridization and (c) Cr-
S COHP patterns upon Li,S, adsorption on CrN; and CrN,. (d) Adsorption energies of LPSs on different catalysts. (e) Cr 3d pDOS before and after Li,S, adsorption on
CrN; and CrN,. (f) Gibbs free energy profiles of sulfur reduction and (g) energy barriers for Li,S decomposition on different catalysts.

respectively. The Li,S, adsorption energies are 1.75, 1.89, and
2.18 eV for NC, CrN;, and CrN, respectively, aligning with their
charge transfer (0.244e, 0.302e, and 0.327¢) from Li,S, to the
catalytic surfaces. Despite both outperforming NC, CrNj, is noted
with slightly weaker adsorption than CrN,, which should be
attributed to the coordination-induced modulation in electronic
structure. With less N-coordination, CrN; delivers a higher Cr 3d
orbital occupation with a lower capability of accommodating S 3p
electron donation upon the Cr 3d-S 3p hybridization (Fig. 3(b)).
This trend is corroborated by the partial density of states (pDOS) of
Cr d-band, as shown Fig. S13 in the ESM. According to the d-band
center theory, a higher d-band center suggests an elevated energy
level of the antibonding states formed upon hybridization with S 3p
orbitals. This, in turn, promotes greater occupation of the bonding
states, thereby enhancing the stability of the adsorption
configuration. Accordingly, the higher d-band center of CrN,
(-=0.13 €eV) than that of CrN; (-1.13 eV) contributes more
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significantly to the hybridized bonding state, leading to stronger
adsorption of sulfur species. Consistently, the crystal orbital
Hamilton population (COHP) analysis (Fig. 3(c)) reveals a less
Cr-S bonding state of CrN; (-COHP = 1.0717) than that of CrN,
(-COHP = 1.3622), confirming weaker polysulfide adsorption
strength on the undercoordinated CrN; compared with that in the
conventional CrN, scenario. This trend remains consistent across
various LPSs, with CrN; showing slightly lower adsorption energies
than CrN, but significantly higher than NC and electrolyte solvents
(typically below 0.8 eV), as shown in Fig. 3(d).

According to Sabatier principle, excessively strong adsorption
may impede product desorption and intermediate diffusion,
ultimately limiting the overall reaction kinetics and catalytic
efficiency. Therefore, a moderate interaction strength is preferred to
balance adsorption and desorption for optimal catalytic activity.
Beyond the occupation effect, the orbital orientation also plays a key
role in the interactions between SACs and LPSs. In the case of
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conventional CrN,, the Cr-S bonding primarily arises from the
hybridization between the vertical 3d orbitals of metal (i.e., d.. and
d.,,) and the 3p orbitals of sulfur, while the in-plane 3d orbitals
(do_p and d,)) remain largely inactive, as illustrated by the
significant (active) and negligible (inactive) change, respectively, in
their pDOS patterns after Li,S, adsorption (Fig. 3(e)), leading to a o-
dominant bonding mode. By contrast, the asymmetric
undercoordination in CrNj activates the in-plane d,, and d._,
orbitals, enabling significant pDOS change after polysulfide
adsorption for all these orbital orientations, thus contributing to a g,
7 dual-mode bonding upon the Cr-S p-d hybridization. The higher
participation of m-bonds with enhanced electron delocalization
would promote charge transfer and lower energy barriers for fast
sulfur redox kinetics. Given this, Fig. 3(f) compares the Gibbs
energy profiles of successive sulfur reduction reactions (SRR) on
different catalytic surfaces. The undercoordination engineering
shifts the rate-determining step from Li,S,-Li,S for CrN, to Li,S,-
Li,S, in the CrNj; scenario, with an energy barrier of 0.4 eV,
significantly lower than both CrN, (0.59 €V) and NC (1.13 eV).
Moreover, sulfur evolution reaction (SER) was also investigated
with a focus on the oxidative dissociation of Li,S (Fig. 3(g)). CrN;
demonstrates the lowest energy barrier (1.06 eV) for Li-S bond
cleavage and Li* diffusion, compared with those on CrN, (1.32 eV)

and NC (1.8 eV). These results collectively underscore the
significant superiority of undercoordination engineering in
boosting both SRR and SER Kkinetics, offering a compelling strategy
for enhancing sulfur electrocatalysis.

To validate the LPS anchoring capability, a static adsorption test
was conducted by immersing catalysts in Li,S, solutions and
monitoring the color change (inset of Fig. 4(a)). Both CrN; and
CrN, decolorized the solution significantly, in sharp contrast to the
negligible change observed with NC and super P (SP), confirming
their superior LPS adsorbability. This enhancement was further
verified by ultraviolet-visible (UV-vis) spectroscopy, where Cr-
SACs exhibited markedly reduced absorbance intensities near 290
and 420 cm™, which correspond to S and S;> species, respectively
[32]. Notably, the CrN, specimen retains a slightly stronger
absorbance than CrN, indicating a relatively weaker LPS
adsorption consistent with the DFT prediction. The underlying
chemical interaction was further investigated by XPS. As shown in
Fig. 4(b), the S 2p spectrum of pristine Li,S¢ exhibits typically two
doublets referring to terminal sulfur (S;, 161.4 eV) and bridging
sulfur (S, 163.1 eV), respectively. After adsorption on CrNj, these
peaks shift to a higher energy range accompanied by the emergence
of a new band at around 168.6 eV associated with thiosulfate/sulfate
species [33], indicating the partial oxidation and electron-donating
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character of sulfur upon polysulfide adsorption. Meanwhile, the Cr
2p peaks exhibit a negative shift after the adsorption, manifesting
the electron acceptance of Cr, consistent with the classic Lewis acid-
base principle and the DFT results [34].

The catalytic performance was further evaluated via CV
measurements in symmetric cells. As shown in Fig. 4(d), the CrN;
cell exhibits the highest current peak intensity and the smallest
redox polarization, indicating its most rapid and efficient
bidirectional LPS conversions. CV profiles at various scanning rates
were collected (Fig. S14 in the ESM), with the evolution of redox
potential gaps (AE) presented in Fig. 4(e). The CrN; cell
consistently displays the smallest AE and the slowest AE increases
with increasing scan rates, further highlighting its superior LPS
conversion kinetics. Electrochemical impedance spectroscopy (EIS)
also shows the lowest internal resistance of the CrNj cell (Fig. 4(f)),
demonstrating its excellent charge transfer characteristics.
Moreover, Li,S precipitation, a generally acknowledged kinetic
bottleneck in sulfur electrochemistry, was studied by potentiostatic
measurement (Fig. 4(g)). CrN; enables the earliest reduction peak
(387 s), the highest current response, and the largest precipitation
capacity (357 mAh-g"), surpassing those of CrN, (800 s,
321 mAh-g") and NC (1150 s, 202 mAh-g"). Correspondingly, the
highest Li,S nucleation and growth rate constant was obtained by
CrN; (Fig. 4(h)). The Li,S precipitation behaviors were further
assessed according to the Bewick-Fleischmann-Thirsk and
Scharifker-Hills models (Fig. 4(i)) [35]. The CrNj electrode aligns
well with the three-dimensional instantaneous (3DI) growth mode,
indicative of rapid and spatially uniform Li,S nucleation and
growth along both lateral and vertical directions. In contrast, CrN,
and NC follow mixed 3D progressive/2D instantaneous (3DP/2DI)
and 2DI/2DP modes, respectively, which are typically associated
with planar LS film formation that tends to block catalytic
interfaces and hinder ion/electron transport. Collectively, these
results strongly confirm the superior catalytic activity of
undercoordinated CrNj in promoting both SSR and SER kinetics.

Based on the above results, coin cells were assembled to evaluate
the practical catalytic performance in LSBs. As shown in Fig. 5(a),
the CV profiles of all cells exhibit two distinct cathodic peaks and
two partially overlapped anodic peaks, assigned to the stepwise
reduction of element sulfur to soluble LPSs and further into
insoluble LiS, as well as their subsequent reoxidation during
reverse scanning [36]. It is noteworthy that the CrN; cell delivers
the highest peak currents and narrowest potential gaps between
redox peaks, indicating enhanced redox kinetics and reduced
electrochemical polarization. This improvement was further
quantified using Tafel slope analysis at different conversion steps
(marked in the CV profiles). The CrNj cell shows consistently the
lowest Tafel slopes among these samples (Fig. S15 in the ESM),
confirming its superior facilitation of sulfur redox reactions. The
activation energy barriers of these redox steps were calculated using
a modified Arrhenius equation (Table S2 in the ESM) [37]. As
shown in Fig. 5(b), CrN, reduces the energy barrier for the Sg-to-
Li,S, Li,S,to-Li,S, and LiS-to-Li,S, steps by 16.91, 19.13, and
2591 kJ-mol™, respectively, compared with NC. Remarkably, CrN;
achieves even lower barriers, further demonstrating the superiority
of undercoordination engineering in boosting both SRR and SER
kinetics. Considering Li* transfer property as another critical
contributor to kinetic performance, CV profiles at varying scan
rates were also recorded (Figs. 5(c) and 5(d), and Fig. S16 in the
ESM), and the peak currents at different steps (peak I, II, and III)
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were plotted as a function of the square root of the scan rate to
estimate Li* diffusion coefficients according to the Randles-Sevcik
formula (Fig. 5(e) and Fig. S17 in the ESM) [38]. The CrNj cell
demonstrates the highest fitting slope across all peaks, manifesting
the fastest Li* diffusion. EIS measurement was also conducted to
further probe the kinetic characteristics (Figs. 5(f) and 5(g), and Fig.
S18 in the ESM). The CrNj cell exhibits the smallest semicircle at
the high-medium frequency, indicative of its lowest charge-transfer
resistance. By linearly fitting the temperature-dependent resistance
based on the Arrhenius equation (Fig. S19 in the ESM) [39], the
CrN; cell was proven to possess the lowest activation energy
for charge transfer (26.1 kJ-mol), in comparison with CrN,
(36.5 kJ-mol™) and NC (40.3 kJ-mol™). These findings conclusively
demonstrate the kinetic enhancement by the undercoordination
engineering.

Galvanostatic charge-discharge measurements were carried out
to evaluate the cycling performance of LSBs employing different
catalysts. As shown in Fig. 6(a), all cells exhibit a typical two-plateau
discharge profile and extended charging slope, corresponding to the
multi-step sulfur redox reactions. Notably, the CrN; cell delivers an
initial capacity of 1235.8 mAh-g™ that significantly surpasses CrN,
(1104.8 mAh-g") and NC (983.8 mAh-g") at 0.2 C, indicating a
higher sulfur utilization. Moreover, a larger low-to-high plateau
capacity ratio (Q/Qy) of 2.3 is obtained for CrN; compared with
CrN; (2.0) and NC (2.15), suggesting that the soluble LPSs
generated at the upper plateau can be more efficiently reutilized and
precipitated as solid Li,S during the lower-plateau stage.
Meanwhile, CrNj also demonstrates the smallest potential gap (AE)
between charge and discharge curves, indicative of minimized
polarization. The galvanostatic intermittent titration technique
(GITT) further illustrates the kinetic feature during cycling. The
instantaneous voltage drops (IR drops), referring to the deviation of
working potential from equilibrium upon current interruption,
were extracted across the depth of charge and discharge (Fig. S20 in
the ESM). Among all the cells, CrN; enables consistently the
smallest IR drop throughout the cycling range, highlighting its
superior capability of mitigating overpotential and facilitating fast
SRR and SER processes.

Figure 6(c) compares the cycling capacities of different cells at
0.2 C. The CrNj cell retains a capacity of 11164 mAh-g" after
100 cycles, much higher than those of the CrN, (952.8 mAh-g)
and NC (776.3 mAh-g") cells, alongside nearly 100% Coulombic
efficiency, indicating excellent redox reversibility and effective
suppression of the shuttle effect. The cells were also subjected to
continuous cycling at varying current rates to evaluate rate
capability, with the corresponding voltage profiles presented in
Fig. 6(d) and Fig. S21 in the ESM. Notably, the CrN; cell maintains
well the two-plateau discharge profile even at a high rate of 5 C,
while the CrN, and NC cells suffer from pronounced profile
distortion accompanied by the disappearance of the second
discharge plateau at high rates. Correspondingly, the CrN; cell
delivers the smallest and slowest-growing redox potential gaps with
the increasing current rates (Fig. 6(e)), further corroborating its
superior catalytic activity and ability to sustain efficient redox
reactions under high-rate conditions. As a result, the highest
capacity of 651.9 mAh-g" is achieved by the CrN; cell at 5 C
(Fig. 6(f)). When the current rate is reverted to 0.2 C, the CrN; cell
recovers a capacity of 1050 mAh-g’, verifying its excellent
electrochemical reversibility. Long-term cyclability was further
investigated to validate the sustained catalytic advantage. As shown
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in Fig. S22 in the ESM, two distinct discharge plateaus can be
maintained for both CrN; and CrN, cells throughout extended
cycling, while CrN; consistently exhibits higher capacity retention
and lower polarization. Specifically, the CrNj cell retains a capacity
of 883.0 mAh-g™ after 1000 cycles at 1 C with a minimal fading rate
of only 0.0075% per cycle, significantly outperforming its CrN,
(507.9 mAh-g*, 0.039 % per cycle) and NC (288 mAh-g™, 0.053%
per cycle) counterparts (Fig. 6(g)). The steady Coulombic efficiency
close to unity also manifests excellent redox reversibility in the CrN;-
based configuration. Post-cycling SEM images were further
collected. The CrNj electrode after charging (Figs. S23(a)-S23(f) in
the ESM) displays uniform sulfur deposition, indicating excellent
structural stability and effective suppression of sulfur agglomeration
in contrast to those of the CrN, and NC electrodes. Moreover, SEM
images after full discharge (Figs. S23(g)-S23(i) in the ESM) also
reveal distinct Li,S deposition across the different electrodes. The
CrN; electrode features typical 3D Li,S deposition, which facilitates
efficient electron/ion transport. In comparison, the CrN, electrode
displays a mixed 2D/3D deposition pattern, while the NC electrode
is dominated by planar 2D Li,S deposition, consistent with their
sluggish redox kinetics and faster capacity decay. Overall, CrN;
delivers outstanding cycling and rate performance, outperforming
the conventional CrN, configuration and ranking competitively
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among state-of-the-art SAC-based systems (Fig. 6(h) and Table S3
in the ESM), affirming the significant advantage of undercoor-
dination design in accelerating sulfur redox kinetics and improving
LSB performance.

To further elucidate these electrochemical advancements,
operando Raman spectroscopy was employed to monitor the
evolution of sulfur species during cell cycling (Fig. 7(a)). The
Raman contour plots for the CrN; and CrN, cells as a function of
charge and discharge depth were depicted in Fig. 7(b). As the
discharge initiates, distinct Raman bands emerge and intensify
around 400, 450, and 510 cm™, corresponding to the formation and
accumulation of S¢, S;/S5>, and S¢ species, respectively [40—-42].
Continued discharge leads to suppression of these signals,
attributed to the reduction of high-order LPSs into insoluble
Li,S,/Li,S, which deposit onto the electrode surface. During the
subsequent charging process, these LPS signals reappear and reach
a maximum before diminishing sharply near full charge, reflecting
their oxidation to the element sulfur. By comparison, these LPS
species in the CrNj; configuration accumulate predominantly near
the end of the upper discharge plateau and become nearly
undetectable during later discharging, whereas CrN, witnesses a
significantly prolonged presence of these intermediates. This
strongly indicates that CrNj significantly accelerates both the
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Figure6 (a) Voltage profiles, (b) Q;/Qy and redox potential gaps, and (c) cycling performance at 0.2 C of LSBs based on CrN;, CrN,, and NC. (d) Voltage profiles of
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performances of CrN;, CrN,, and NC cells at 1 C. (h) Performance comparison among CrN; cell and recently reported SAC-based LSBs.

generation and subsequent reduction of LPSs. Similarly, CrN;
facilitates rapid oxidation of LPSs near the end of charging, in
contrast to the persistent presence of LPSs throughout the charging
period in the case of CrN,. These observations further evidenced
the superior catalytic efficacy of the undercoordinated CrNj catalyst
in promoting fast and reversible sulfur redox conversions.

Based on these improvements, LSB performance under high
sulfur loading and limited electrolyte was further explored to assess
practical viability. When raising the sulfur loading to 3.0 mg-cm?,
the CrN; cell still delivers a high specific capacity of 1069.8 mAh-g™,
corresponding to an areal capacity of 3.21 mAh-cm™, and maintains
stability during cycling (Fig. S24 in the ESM). Figure 7(c) compares
the cycling performances of the CrN; and CrN, cells under more
demanding conditions, i.e., a sulfur loading of 5.5 mg:cm™ and a
low electrolyte-to-sulfur ratio (E/S) of 5 mL-g™. Impressively, the
CrN; cell achieves an areal capacity of 5.53 and retains
4.62 mAh-cm™ after 50 cycles, substantially outperforming the CrN,
counterpart (4.18 and 294 mAh-cm? respectively) and the
commercial LIB benchmark (~ 4.0 mAh-cm™), and exhibiting good
competitiveness among recent reports based on SAC designs (Table
$4 in the ESM). This highlights the exceptional catalytic capability
of the undercoordinated CrN; design in sustaining high redox
efficiency and reversibility under harsh operating conditions, which
can be further validated by the significantly suppressed potential
hysteresis in the voltage profile (Fig. 7(d)). Given this, pouch cells
incorporating the CrNj catalyst were fabricated and successfully
powered a cellphone (Fig. 7(e)), demonstrating its good potential
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for the development of practically viable LSBs. Based on the
comprehensive analysis above, the mechanistic framework of
undercoordination-enhanced sulfur electrochemistry is illustrated
in Fig. 7(f). In contrast to the conventional CrN, coordination, the
undercoordination in CrNj increases the Cr 3d electron density,
which in turn intensifies the antibonding state occupancy upon
hybridization with S 3p orbital, and moderately weakens LPS
adsorbability. Meanwhile, this electronic regulation activates Cr in-
plane orbital orientals for interacting with polysulfides, significantly
facilitating charge transfer and lowering energy barriers for
bidirectional sulfur redox. As a result, CrN; promotes faster
reaction kinetics and superior redox reversibility, driving notable
improvements in cyclability, rate capability, and high-loading
performance.

3 Conclusion

In summary, we have developed a unique undercoordinated CrN;
single-atom catalyst for boosting LSB performance. By employing a
2D layered ZIF precursor, we successfully lowered the coordination
number of the single-atom moieties (CrNs), in contrast to the
conventional CrN, formed from the particulate ZIF-8-based
precursor. The resulting 2D porous matrix facilitates efficient
exposure of active surfaces and improves accessibility to mass/ion
supplies, while the undercoordination slightly lowers 3d orbital
occupancy and activates in-plane orbital orientations, leading to
moderate LPS adsorption and reduced energy barriers for
bidirectional sulfur conversions. As a result, fast and durable sulfur
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schematic of advancing mechanism of undercoordination design.

electrochemistry was achieved, exhibiting excellent cyclability over
1000 cycles and commendable rate capability of up to 5 C,
outperforming CrN, and many recently reported SACs. Even under
challenging conditions of high sulfur loading (5.5 mg-cm™) and lean
electrolyte (E/S = 5.0 mL-g"), CrN; still ensures robust sulfur redox
activity, delivering a high areal capacity of 553 mAh-cm™ that
exceeds the commercial LIB benchmark. This work provides an
effective and insightful strategy for rational coordination
engineering in SACs, with broad potential to advance next-
generation energy storage and conversion systems.

Electronic Supplementary Material: Supplementary material (the
preparation and characterization methods of catalysts and
electrodes, as well as the characterization of materials including
XRD, SEM, adsorption configurations, electrochemical tests, etc.) is
available in the online version of this article at https://doi.org/
10.26599/NR.2025.94907915.
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