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ABSTRACT

Sulfurized polyacrylonitrile (SPAN), as an inherently safe, low-cost, and long-cycle-life material, holds a
promising future in large-scale energy storage applications. However, there are still issues such as sluggish
electrochemical reaction kinetics and low energy utilization efficiency, which severely constrain practical ap-
plications. Herein, we introduce the displacement reaction of Cu3S-Li,S to the conversion reaction of SPAN/Li»S
by incorporating Carbon Nanotube (CNT) and Copper (Cu) to fabricate Cu-SPAN/CNT cathode. Detailed
experimental investigations demonstrate the fast and reversible CuzS-LisS displacement reaction, enhancing the
SPAN/LiyS redox kinetics. Consequently, Cu-SPAN/CNT achieves 1450 mAh g~ at 1 C with 80.3 % retention
after 1000 cycles, while delivering 1207 mAh g~! at 4 C and maintaining operation under practical conditions
(6.75 mg cm ™2 sulfur loading, —20 °C). Crucially, it attains 79.8 % energy utilization efficiency at the 100th
cycle. In conclusion, this work optimizes the cycling process of SPAN-based batteries, particularly the highly
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polarized charging processes, providing a simple solution for developing energy storage applications with
extended cycle life, accelerated reaction kinetics, and enhanced energy utilization efficiency.

1. Introduction

With growing demands for cost-efficient storage, the imperative to
develop cost-effective, high-energy-density, long-cycle-life, and high-
energy-efficiency storage batteries has become increasingly critical [1,
2]. Lithium-sulfur battery (Li-S), owing to its high theoretical energy
density of 2600 Wh kg™! and the advantages of low cost, high abun-
dance, and environmental friendliness of sulfur, is considered as one of
the most promising candidates for the next generation of energy storage
batteries [3,4]. However, the severe polysulfide shuttle effect and poor
electrochemical reaction kinetics limit the widespread use of traditional
Li-S batteries [5,6]. Sulfurized polyacrylonitrile (SPAN), as an inher-
ently safe organic sulfur material, has been widely validated for its
stable long-cycle performance, and its low-cost advantage aids in the
advancement of large-scale energy storage systems [7,8]. Nonetheless,
SPAN suffers from poor conductivity and high energy barriers for the
electrochemical reaction of discharge product LisS [9,10]; simulta-
neously, its “solid-solid” conversion mechanism during the cycling
processes results in high potential hysteresis [1,11,12]. This is man-
ifested as larger polarization voltages, overcoming which requires the
consumption of more energy, reducing the energy utilization efficiency
of large-scale energy storage batteries, contradicting the goal of pro-
moting efficient energy storage[13-15].

In past research, much attention has been focused on aspects such as
the cycle life and discharge capacity of batteries, while the kinetically
hindered charging process remains understudied. Optimizing charging
behavior is critical for enhancing energy efficiency, as it directly cor-
relates with electrochemical kinetics acceleration. In efforts to amelio-
rate the sluggish electrochemical reaction kinetics of SPAN, researchers
have conducted regulatory optimizations from several aspects, including
the compounding of conductive agents [16-19], doping with hetero-
atoms [1,20-22], the use of redox electrolyte additives [11,12,23,24],
and improvements in electrode preparation processes [19,25-27]. These
strategies are crucial for enhancing the performance of SPAN-based
energy storage systems and are in line with the ongoing advancements
in battery technology research. For instance, Wang et al. introduced
carbon materials with superior conductivity, such as CNT [16], CNF
[18], and rGO [28], into the PAN precursor to enhance the electronic
conductivity of SPAN and LiyS. Xie and Zuo et al. introduced non-metal
elements such as selenium (Se) [1], tellurium (Te) [20], iodine (I) [21],
and phosphorus (P) [22] from groups VA, VIA, and VIIA into the SPAN
synthesis process to modify the material, thereby promoting electron
and Li* migration and enhancing the electrochemical reaction kinetics.
Wang et al. improved the cycling stability of SPAN in ether-based
electrolytes and strengthened the reaction kinetics by adding small
amounts of redox additives such as LiySg [23], phenyl diselenide (PDSe)
[24], lithium selenide (Li»Se) [11], and fluorinated anthraquinone
(DFAQ) [14] to the electrolyte. Zhang et al.[29-32] employed methods
such as electrospinning to mix CNT, Se with PAN (polyacrylonitrile) etc.,
to enhance the electrochemical reaction kinetics of SPAN from the as-
pects of catalytic activity and structural stability enhancement. Previous
studies have predominantly focused on the modification of SPAN raw
materials, doping with elements, and electrolyte additives. Neverthe-
less, the research on LisS during the charging process back to SPAN is
relatively insufficient, while the high reaction energy barrier of LisS
leads to a wide voltage hysteresis gap [33,34], ultimately resulting in a
low charge-discharge energy efficiency. Reducing the activation po-
tential of Li»S and enhancing the stability of SPAN/Li,S cycling consti-
tutes a problem that urgently needs to be addressed.

CusS shares structural similarities with LisS, and the ionic radii of
Cu' and Li" are close (0.077 nm and 0.076 nm, respectively), with high

ion diffusion coefficients (approximately 107 t010"% em? s )[35-371.
This allows for a rapid and reversible displacement reaction between
Cu' and Li" in the sulfur matrix, which effectively reduces the activa-
tion potential of Li»S, enhancing its electrochemical activity and aiding
in the optimization of the charging process [38]. Pioneering work by
Tarascon (2006) [35] conducted research on the reaction mechanism of
Cu with S and pointed out that the reaction between Cu,S and Li,S was a
displacement reaction. Zhao et al. (2020) [37]significantly improved
sulfur utilization and rate performance by adding Cu into the traditional
sulfur cathode to introduce the displacement reaction. Subsequently,
Guo et al. [38] found that incorporating Cu into the Li>S cathode was
helpful in reducing the activation potential of Li;S and promoting the
improvement of reaction kinetics. Consequently, introducing the
displacement reaction involving Cu/CuyS into SPAN battery can not
only improve the electronic conductivity of SPAN but also accelerate its
sluggish solid-solid conversion process, especially the rate-determining
step reaction of LisS. Moreover, enhancing the charge-discharge en-
ergy utilization efficiency of SPAN battery, which is of great significance
for promoting the application of SPAN battery in large-scale energy
storage.

In this work, the displacement reaction of CuyS-LisS is firstly intro-
duced to the conventional conversion reaction of SPAN/Li,S by a simple
incorporating CNT and Cu strategy (Cu-SPAN/CNT). Electrochemical
tests, including direct current polarization and cyclic voltammetry,
confirmed the superior electronic and ionic conductivity of Cu-SPAN/
CNT. Additionally, in situ XRD and XPS, combined with TEM charac-
terization, have confirmed the rapid and reversible displacement reac-
tion of CuyS-LisS, which accelerates the conversion between SPAN/Li,S,
improves the electrochemical reaction kinetics, and reduces the polari-
zation voltage during the charge-discharge process. Consequently, Cu-
SPAN/CNT exhibits enhanced long-term cycling stability, excellent
high-rate performance, high-loading capacity, low-temperature perfor-
mance and high energy utilization efficiency. Specifically, after 1000
cycles at 1 C, it retains a capacity of 80.3 %, with an average decay rate
of merely 0.0197 % per cycle. At a high rate of 4 C, it delivers a high
capacity of 1207 mAh g™}, and it demonstrates outstanding performance
under high sulfur loading of 6.75 mg cm ™2 and at low temperatures of
—20 °C. At the 100th cycle of 1 C, the Cu-SPAN/CNT demonstrates an
excellent energy utilization efficiency of 79.8 % and reduced energy
loss, which is equally important for large-scale energy storage. In sum-
mary, this work optimizes the charge-discharge process of SPAN-based
batteries, particularly the highly polarized charging process, providing
a scalable approach to achieve high-energy-density batteries with
extended cycle life and improved energy efficiency.

2. Experimental section
2.1. Synthesis and preparation of materials

SPAN was synthesized by a co-heating method. Initially, 1 g of PAN
(M,y 150000, Aldrich) was mixed with 4 g of sublimed sulfur (Ss,
Aladdin). To facilitate dispersion, 10 mL of isopropanol was added as a
dispersing agent. The mixture was ball-milled at a speed of 300 rpm for
6 h to ensure thorough mixing, then dried in a vacuum oven at 60 °C for
12 h. Subsequently, the sample was calcined in a ceramic boat under an
argon atmosphere at 350 °C for 6 h [39,40]. After grinding, SPAN
powder was obtained. Elemental analysis determined a sulfur content of
44.14 wt%.

The electrolyte was 1 M LiPFg dissolved in ethylene carbonate/
diethyl carbonate (EC: DEC, volume ratio = 1:1), supplemented with 10
wt% fluoroethylene carbonate (FEC) obtained from DoDoChem. The
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adding amount of electrolyte in coin cell is controlled at 100 pL, cor-
responding to an electrolyte-to-sulfur ratio (E/S) of approximately 88 pL
mg~!. The separator was 16 pm polyethylene (PE). Nano copper
dispersed in ethylene glycol was subjected to vortex mixing followed by
ultrasonication to ensure uniform dispersion prior to use. Conductive
carbon black, Ketjenblack (KB), was procured from Suzhou Yilongsheng
Energy Technology Co., Ltd. CNT (>95 %, ID: 2-7 nm, OD: 11 nm,
Length: 10 pm, Macklin). No further purification of the materials was
conducted.

2.2. Preparation of Cu-SPAN/CNT and SPAN cathodes

Cu-SPAN/CNT Cathodes: A mixture of SPAN, KB, and CNT in a
weight ratio of 80:5:5 was thoroughly ground, to which a binder 10 wt%
LA133 was added. An appropriate amount of deionized water was used
as a dispersant. The slurry was stirred at 2000 rpm for 15 min, after
which a nano copper paste with a solid content of 5 wt% was added to
the stirring box; the mixture was further stirred at 2000 rpm for an
additional 15 min to ensure thorough mixing of Cu with SPAN, KB, and
CNT. The slurry was then coated onto carbon-coated aluminum foil, pre-
dried on a 60 °C heating plate, and subsequently transferred to a vacuum
oven at 60 °C for overnight drying. The dried cathodes were punched
into 12 mm diameter discs for later use, with a SPAN loading of
approximately 3 mg cm~ 2, equivalent to a sulfur loading of about
1.0-1.2 mg cm 2

SPAN Cathodes: The weight ratio of SPAN to KB was controlled at
80:10 wt%. following the same procedures as described above, with the

sulfur loading controlled at approximately 1.0-1.2 mg cm 2.

2.3. Material characterization

Elemental analysis for C, H, N, O, and S was conducted using an
Elementar Unicube (CHNS/O) analyzer. The morphology of the samples
was characterized by using a scanning electron microscope (SEM, TES-
CAN VEGA 3) and a transmission electron microscope (TEM, JEOL JEM-
F200), with energy-dispersive X-ray spectroscopy (EDS, Oxford AZTE-
CONE) employed for morphological and elemental distribution analysis.
Additional TEM (Tecnai F30 TWIN, FEI) was utilized for morphological
and elemental distribution assessment. Crystalline structure information
was obtained using an X-ray diffractometer (Rigaku, Miniflex 600).
Fourier-transform infrared spectroscopy (FT-IR, Bruker Vertex 70V) and
Raman spectroscopy (LabRAM Odyssey with a 532 nm laser wave-
length) were used to characterize the functional groups of SPAN. X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha) was
employed to analyze the transformation of sulfur-containing bonds in
Cu-SPAN/CNT. In situ X-ray diffraction (in situ XRD) was performed
using a Malvern Panalytical Empyrean system with X-ray radiation of
wavelength 1.5406 A (Cu Ka) to acquire in situ XRD patterns, aiding in
the analysis of the mechanism of action of Cu within the battery.

2.4. Electrochemical measurement methods

Electrochemical performance of the materials was assessed using CR
2016 coin cells assembled in an argon-filled glovebox (O3 < 0.05 ppm,
H;0 < 0.05 ppm). The LAND battery tester was utilized for constant
current charge-discharge tests at room temperature (25 °C), and the
calculation of specific capacity is based on the sulfur mass in the cath-
ode. Cyclic voltammetry (CV) tests were conducted using a Shanghai
Chenhua CHI 660E electrochemical workstation, with a voltage range of
1-3 V and a scan rate of 0.1 mV s~ !, In situ electrochemical impedance
spectroscopy (in situ EIS), variable scan rate cyclic voltammetry (diff-
scan rate CV), and direct current polarization (DCP) tests were per-
formed using a Swiss Metrohm AutoLab workstation. The amplitude for
in situ impedance tests was 10 mV, with a frequency range from 10° Hz
to 0.1 Hz; the diff-scan rate CV tests had a voltage range of 1-3 V with
scan rates of 0.2, 0.4, 0.6, 0.8, and 1 mV s’l; DC polarization tests were
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conducted using a symmetric cell with a stainless-steel disk structure to
assess the electronic conductivity of the materials. Before DC polariza-
tion measurements, the prepared cathode powder was pressed into a
disc with a diameter of 13 mm and a thickness of approximately 400 pm.
Galvanostatic intermittent titration tests (GITT) were performed using a
LAND battery tester, with conditions set for 120 min of charge-discharge
followed by a 20-min pause.

3. Results and discussion

SPAN was synthesized via the method by ball milling Sg with PAN
and then co-heating them in Ar. Then, SPAN was mixed and stirred with
KB and CNT, and 5 wt% Cu was added to prepare Cu-SPAN/CNT cath-
odes, as illustrated in the preparation process diagram (Fig. 1a). SEM
was employed to observe the micromorphology of SPAN particles and
the electrode before or after cycling, and Energy Dispersive Spectrom-
eter (EDS) was used to characterize the elemental distribution. The
morphology of SPAN, as shown in Fig. 1b, presents densely packed
nanosphere-like particles, with individual particle sizes around
200-300 nm. Elemental analysis tests revealed that the mass content of S
is 44.14 wt% (Table S1). As shown in Fig. S1, it is clearly visible that
SPAN, KB, CNT, and Cu are uniformly distributed and intertwined,
maintaining their connectivity even after cycling.

TEM was employed at a higher magnification, it can be observed that
CNT act as a long-range conductive “bridge” connecting SPAN with KB
and other particles (Fig. lc-d), constructing an effective electronic
conductive network that facilitates rapid electron transfer in the cath-
ode. Simultaneously, along with corresponding elemental mapping im-
ages, reveal that uncycled SPAN particles exhibit an amorphous
structure with uniform distribution of components (Fig. S2). Focusing on
the Cu-SPAN/CNT, TEM images and elemental mapping reveal the
uniform distribution of C, N, S, and Cu elements, indicating that nano Cu
particles are well dispersed and can infiltrate the conductive network
constructed by CNT and KB, maintaining close contact with SPAN par-
ticles, which contributes to leveraging the high energy density of SPAN
(Fig. 1g-k). The uniform distribution of these elements indicates the
effective integration of Cu within the electrode structure, facilitating the
introduction of the CupS displacement reaction during battery cycling.
Furthermore, the high-resolution TEM tests were carried out on Cu-
SPAN/CNT cathode of cycled (Fig. le-f). Obvious lattice fringes
emerged on the amorphous SPAN particles, and the measured width was
0.326 nm, which corresponded to the (102) crystal plane of CuyS [38]. It
is thus indicated that Cu plays a part in the reaction throughout the
battery cycling, with a conversion from Cu to CuyS and an existence as
Cu', persistently participating in the SPAN redox reactions.

The phase structure of the material was investigated by XRD patterns
(Fig. 2a). Upon the addition of nano Cu, the Cu-SPAN/CNT cathode
exhibited typical diffraction peaks at 43.3° (111) and 50.4° (200) cor-
responding to Cu (PDF# 085-1326). These peaks are clearly discernible,
and no additional peaks for copper compounds such as CuyS or CuyO
were observed, indicating that oxidation or sulfidation did not occur
during the electrode preparation process. A broad diffraction peak
around 25° was consistently observed across all cathodes, corresponding
to the amorphous graphite/n-conjugated structure inherent in SPAN
[21]. This observation suggests that the incorporation of CNT and Cu
does not disrupt the amorphous carbon framework of SPAN. Fourier
Transform Infrared Spectroscopy (FTIR), and Raman spectroscopy were
employed to analyze the molecular and functional group structural in-
formation of the materials. The peaks at 668, 1240 and 1497 cm ! are
attributed to the stretching vibrations of the C-S, -C=N- and -C=C-
bonds, respectively. The ring-breathing mode of the hexahydric-ring is
observed at about 799 cm ™, and the ring-breathing peak corresponding
to the -C-S- bond appears at 940 cm! [1]1(Fig. 2b). As shown by the
Raman spectroscopy, peaks at 308 and 369 cm ™! can be observed cor-
responding to C-S bonds, and peaks at 476 and 938 cm corresponding to
S-S bonds are presented [13](Fig. 2c). No information regarding Cu-S
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Fig. 1. (a) Schematic diagram of Cu-SPAN/CNT cathode preparation, (b) SEM image of SPAN, (c, d) TEM image of Cu-SPAN/CNT cathode, (e, f) TEM images of Cu-
SPAN/CNT and Cu,S lattice stripe, (g—k) TEM images of Cu-SPAN/CNT and elemental mapping of Cu-SPAN/CNT for carbon (C, green dots), nitrogen (N, blue dots),
sulfur (S, yellow dots), and Copper (Cu, purple dots). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 2. (a) XRD patterns, (b) FT-IR spectra and (c) Raman spectra of SPAN, SPAN/CNT and Cu-SPAN/CNT cathodes. (d) Nyquist plots of initial and (e) after five

cycles, (f) CV curves of SPAN, SPAN/CNT and Cu-SPAN/CNT batteries.

bonds was detected, and the molecular structure of SPAN remains intact.
This indicates that the addition of CNT and Cu doesn’t disrupt the SPAN
structure, and it maintains its stability.

To investigate the reaction kinetics and interfacial structural changes
of the electrode, EIS tests were conducted on different cathodes

(Fig. 2d-e). At the initial stage, the impedance of Cu-SPAN/CNT was
lower than that of SPAN/CNT, while the impedance of the unmodified
SPAN cathode was the highest. This situation remained the same after 5
cycles. This suggests that the addition of CNT and Cu to the SPAN
cathode enhanced electronic and Li" conduction, effectively reducing
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ohmic resistance (Rg) and charge transfer resistance (Rcr), particularly
at the initial, a pronounced discrepancy is evident (Table S2). Moreover,
after 5 cycles, the Cu-SPAN/CNT maintains a substantially lower Ry
and solid electrolyte interphase resistance (Rsgy), facilitating rapid Li*
diffusion across the electrode-electrolyte interface (Table S3). CV curves
were conducted on the batteries with different cathodes (Fig. 2f). After
adding CNT, thanks to the enhanced electronic conductivity, the in-
tensity of the redox peak currents in the SPAN/CNT battery witnessed a
slight increase, and the potential gap between oxidation and reduction
was decreased. Subsequently, when Cu was added to the SPAN/CNT, the
initial reduction peak current potentials of the SPAN and SPAN/CNT
electrodes were observed to be within the range of 1.48-1.50 V. In
contrast, those of the Cu-SPAN/CNT were around 1.70 V, indicating an
elevation of approximately 0.20 V in the reduction potential. Therefore,
compared with the improvement of electron conductivity by CNT, it is
evident that the introduced displacement reaction is more effective in
enhancing the reaction reversibility of SPAN. This shift is indicative of a
higher discharge platform and enhanced cathodic reduction reaction
kinetics, which is conducive to leveraging the high-capacity advantage
of SPAN. At second cycle, the reduction peak potentials for the SPAN
stabilized at around 1.75 V and 2.05 V, with Cu-SPAN/CNT showing an
increase of about 0.1 V. Focusing on the oxidation process, the peak
current of the Cu-SPAN/CNT is significantly sharper and the potential is
lower, indicating that the incorporation of Cu can lower the activation
potential of Li5S. Consequently, the addition of CNT and Cu effectively
improves the electrochemical reaction kinetics of SPAN, resulting in
better reversibility of the reactions.

To validate the improvement in electronic transport properties of the

Journal of Power Sources 655 (2025) 237989

modified cathode, DCP tests [21] were conducted on SPAN and
Cu-SPAN/CNT electrodes (Fig. 3a), with the calculation method detailed
in Equation (1). The calculated electronic conductivity of SPAN was
found to be 8.59 x 107> S cm™?, while that of Cu-SPAN/CNT was 9.46 x
1075 S ecm™}, significantly higher than that of SPAN (Table S4). In situ
EIS tests were conducted to investigate the continuous changes in the
electrochemical reaction kinetics and interfacial structural evolution of
the cathodes (Fig. 3b—c). During the discharge-charge process, the Rg of
Cu-SPAN/CNT at various state of charge (SOC) and depth of discharge
(DOD) was consistently lower than that of SPAN. It is well known that Rg
is typically associated with the internal resistance of the electrode ma-
terial, the contact resistance between the current collector and the
electrode material. The smaller Ry indicates that the incorporation of
CNT and Cu has enhanced the overall electrical conductivity of the
cathode, effectively reducing the internal resistance. Additionally, the
Rcr of the Cu-SPAN/CNT remains consistently lower than that of the
SPAN, and it further decreases with ongoing cycling. This reduction in
Rer for both systems is partly attributed to the improved electrical
conductivity of SPAN because of the interaction between Li" and SPAN
during the initial discharge [10]. Concurrently, the addition of CNT and
Cu enhances the electrochemical properties of the cathode by increasing
the active sites available for Li™ transport, which in turn reduces Rcr and
accelerates the electrochemical reaction kinetics.

Through GITT tests, the polarization voltage and charge transfer
characteristics of different cathodes were examined. Compared to the
SPAN, the Cu-SPAN/CNT exhibited a smaller voltage hysteresis gap
during cycling, and the potential gap between the polarization potential
and the quasi-equilibrium potential was reduced (Fig. S3). This indicates
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Fig. 3. (a) I-t curves of cathodes through DCP test. (b, c) in situ EIS measurement evolution of SPAN and Cu-SPAN/CNT. (d—e) The GITT profiles and Li* diffusion
coefficients of SPAN and Cu-SPAN/CNT. (f) The peak currents versus square root of scan rates of SPAN and Cu-SPAN/CNT cathodes during oxidation process. (g-h)
CV curves obtained at various scan rates of SPAN and Cu-SPAN/CNT. (i) Normalized contribution ratios of capacity/diffusion contribution at various scan rates of Cu-
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that the lithiation and delithiation kinetics of SPAN are faster, which is
conducive to fully leveraging the high specific capacity of SPAN. Addi-
tionally, the GITT curves were utilized to calculate and compare the Li™
diffusion coefficients, with Cu-SPAN/CNT demonstrating a higher
diffusion coefficient, particularly evident during the charging process
(Fig. 3d-e). More specifically, at early charging phase (1.0-1.5 V),
corresponding to initial Li»S decomposition, which occurred by slow
kinetics. In conventional SPAN, substantial polarization occurs during
initial charging, making Li " extraction from Li,S difficult, resulting in
low Df. For Cu-SPAN/CNT, the introduced Cu,S displacement reaction
effectively accelerates Li,S decomposition, reduces the reaction energy
barrier in early charging stages, and promotes Li* transport/migration,
thereby significantly increasing Dy; © [38]. At late charging phase
(2.5-3.0 V), corresponding to the delithiation-induced reconstruction
phase of SPAN, most Li* ions have been extracted, while the residual Li™
ions exhibit kinetic barriers during extraction [26]. In Cu-SPAN/CNT,
the enhanced electronic/ionic conductivity of Cu/CuyS provides crit-
ical advantages. Even during late charging stages, this facilitates effi-
cient Li*/electron exchange in Cu-SPAN/CNT, effectively increasing Dy};.
Therefore, the enhanced diffusion coefficient is a prerequisite for its
higher sulfur utilization efficiency, excellent C-rate performance, and
high energy utilization efficiency.

The CV curves tested by a range of scan rates were utilized to
investigate the lithium-ion migration characteristics (Fig. 3g-h), the
redox peak potential separation (AE;) of Cu-SPAN/CNT was consistently
smaller than that of SPAN across varying scan rates, indicating enhanced
electrochemical reversibility, which is attributed to the synergistic
suppression of polarization mechanisms. The continuous conductive
network formed by CNT additives effectively reduces ohmic polarization
(as verified by DC polarization analysis), while the CuyS-Li»S displace-
ment reaction mitigates electrochemical polarization by lowering the
Li»S decomposition energy barrier and enhancing Li ™ diffusion kinetics,
which is supported by the reduced Rcr observed in EIS measurements.
The optimized electronic/ionic conductivity of Cu-SPAN/CNT not only
ensures reversible redox reactions but also enhances long-term cycling
stability.

The apparent Li* diffusion coefficient (Df;) was calculated according
to the Randles-Sevick equation. At various scan rates, the peak currents
of both oxidation and reduction for Cu-SPAN/CNT were higher than
those of the SPAN, with a more pronounced difference observed during
the oxidation process (Fig. 3f, Fig. S4a). This indicates that the incor-
poration of CNT and Cu significantly enhances the diffusion of Li* and
improves the electrochemical reaction kinetics of SPAN. The Cu-SPAN/
CNT exhibited a diffusion coefficient of 4.414 x 10~/ cm? s~ !, markedly
higher than that of SPAN at 2.748 x 10~/ cm? s™! (Fig. S4c). Further-
more, a fitting calculation was performed to analyze the capacity
contribution. Typically, capacity contribution analysis to classify the
total capacity into diffusion-limited reactions (DLR) and surface-driven
processes (SDP) [41]. In which, SDP represents the rapid electro-
chemical reactions, and a higher proportion of SDP indicates superior
charge and discharge capabilities of the battery. At various scan rates
from 0.2 to 1.0 mV s’l, the SDP contribution of Cu-SPAN/CNT was
calculated to be 91.5 %, 93.0 %, 94.2 %, 95.2 %, and 96.0 %, respec-
tively, which is significantly higher than that of SPAN (Fig. 3i, Fig. S4b).
The detailed experimental results demonstrate that Cu-SPAN/CNT
remarkably promotes the diffusion of Li™, which is thanks to the rapid
displacement reaction of Cu/CusS, thereby resulting in faster electro-
chemical reaction kinetics.

To assess the role of the introduction of displacement reaction of
CuyS-LiyS, electrochemical performance tests were conducted on SPAN
and Cu-SPAN/CNT. In the initial cycle, Cu-SPAN/CNT exhibited an
impressive initial Coulombic efficiency of 80.2 %, demonstrating high
sulfur utilization (Fig. S5). Assembled with Cu-SPAN/CNT as the cath-
ode and lithium metal as the anode, a visually transparent cell [29] as
depicted in Fig. S6a was constructed. By continuously monitoring the
discharge process, the electrolyte remained colorless and transparent
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throughout, indicating the absence of soluble intermediate products and
shuttling during the discharge process. Additionally, the self-discharge
rate of the battery was tested (Fig. S6b). The Cu-SPAN/CNT battery
was discharged to 1.80 V and then left to rest for 24 and 240 h before
resuming discharge. No significant capacity decay was observed, which
can be attributed to its unique solid-solid conversion mechanism. This
mechanism limits the loss of active intermediate products but is also the
cause of the sluggish electrochemical reaction kinetics. Therefore, the
CupS-LisS displacement reaction was introduced to accelerate the
SPAN/Li5S solid-solid conversion reaction.

The galvanostatic charge-discharge (GCD) test results at 1 C
demonstrate that the initial reversible specific capacity of SPAN is only
1318 mAh g7}, and the capacity drops sharply after 800 cycles, indi-
cating battery failure. In contrast, Cu-SPAN/CNT exhibits a higher
reversible specific capacity and sulfur utilization rate, initially deliv-
ering a specific capacity of 1450 mAh g~*, and it maintains stability over
1000 cycles with minimal capacity decay, retaining 80.3 % of its ca-
pacity, which equates to an average decay of only 0.0197 % per cycle
(Fig. 4a). At a higher C-rate of 2 C, SPAN exhibited a sharp decline in
capacity after 780 cycles, with a mode of failure consistent with that at 1
C. Conversely, the Cu-SPAN/CNT, benefiting from enhanced electro-
chemical reaction kinetics, was able to stably cycle for 1000 cycles, with
a capacity retention of 78 % after 800 cycles, demonstrating excellent
long-term cycling stability (Fig. 4c). Comparing the voltage-capacity
curves at 1 C, from 2nd to 800th cycle, the Cu-SPAN/CNT battery
exhibited smaller capacity attenuation and polarization voltage growth
relative to SPAN. The potential hysteresis gap of the SPAN increases
from 0.59 V to 1.41 V, while that of the Cu-SPAN/CNT merely grows
from 0.48 V to 0.89 V (Fig. 4b). In addition, at the 100th cycle of 1 C, the
Cu-SPAN/CNT demonstrates an excellent energy utilization efficiency of
79.8 %, while the efficiency of SPAN is 77.4 %. After 800 cycles, the
energy utilization efficiencies of Cu-SPAN/CNT and SPAN are 70.5 %
and 65.3 % respectively, and the gap further increases from 2.4 % to 5.2
%, which indicates that the energy loss becomes more severe with the
progress of cycling (Fig. S7).These results indicate that the addition of
CNT and the CuyS-LiyS displacement reaction can effectively improve
the redox kinetics and reduce cycling polarization. On the one hand,
enhanced redox kinetics can reduce the occurrence of side reactions and
then improve the long-term cycling performance. On the other hand, the
reduced polarization voltage contributes to the improvement of energy
utilization efficiency, which is significant for saving energy loss in large-
scale energy storage. To compare the stability of SPAN and Cu-SPAN/
CNT at different current densities, C-rate performance tests were con-
ducted at 0.2C-4 C. As shown in Fig. 4d, the reversible specific capac-
itiesof SPAN at 0.2 C, 0.5C, 1 C, 2 C, 3 C, and 4 C rates were 1424, 1400,
1354, 1266, 1187, and 1078 mAh g_l, respectively. In contrast, the
reversible specific capacities of Cu-SPAN/CNT were 1456, 1414, 1372,
1304, 1255, and 1207 mAh g™, all of which were higher than those of
SPAN, indicating a higher sulfur utilization rate. Additionally, by
comparing the voltage-specific capacity curves at different C-rates
(Fig. S8b-c), Cu-SPAN/CNT exhibits smaller polarization. Consequently,
Cu-SPAN/CNT maintains a high specific capacity exceeding 1200 mAh
g~ ! even at a high rate of 4 C, which amounts to approximately 83 % of
the capacity at 0.2C. When the current density is reduced back to 0.2 C,
Cu-SPAN/CNT can still deliver a specific capacity of 1439 mAh g1,
nearly equivalent to its initial value, demonstrating the excellent elec-
trochemical stability and high sulfur utilization rate of Cu-SPAN/CNT.

To assess sulfur utilization and the improvement effects on kinetics
under high SPAN loading, GCD tests were conducted, with the results
depicted in Fig. 4e. Even at an ultra-high SPAN loading of 15.28 mg
em~2 (6.75 mg ecm ™2 of Sulfur), Cu-SPAN/CNT demonstrates cycling
stability. At a rate of 0.2C, Cu-SPAN/CNT delivers a reversible specific
capacity of 1378 mAh g}, corresponding to a reversible areal capacity
as high as 9.3 mAh em ™2, with a very high sulfur utilization rate of
approximately 82.4 % (Fig. S8d). This indicates that the construction of
excellent conductive network with Cu as the metal active center helps to
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Fig. 4. (a, ¢) The cycling performance of SPAN and Cu-SPAN/CNT at (a) 1C (c¢) 2 C. (b) GCD profiles of SPAN and Cu-SPAN/CNT at 1 C from the 2nd to the 800th
cycle. (d) C-rate capabilities of SPAN and Cu-SPAN/CNT. (e) The cycling performance of high loading Cu-SPAN/CNT cathode. (f) The cycling performance and (g) CV

curves of SPAN and Cu-SPAN/CNT at —20 °C.

enhance the kinetics of SPAN, fully leveraging the high-capacity
advantage of SPAN under high loading. Under low-temperature condi-
tions, the internal kinetic processes of batteries are typically hindered,
preventing SPAN from fully participating in electrochemical reactions,
which in turn fail to fully exploit capacity. To evaluate the improvement
in kinetic reaction performance under low-temperature conditions, GCD
tests were conducted at —20 °C (Fig. 4f). Compared to the SPAN, which
offers a reversible specific capacity of only around 800 mAh g™, Cu-
SPAN/CNT can deliver a high specific capacity of approximately 1000
mAh g}, corresponding to sulfur utilization rates of 47.8 % and 59.8 %,
respectively. At the beginning of cycling, both SPAN and Cu-SPAN/CNT
undergo an “activation” process, where the specific capacity gradually
increases over the first few cycles, a phenomenon commonly observed in
low-temperature cycling[42-44]. However, the “activation” process for
Cu-SPAN/CNT is significantly shorter than that for SPAN, with the
battery reaching a stable state after only 5 cycles, whereas SPAN re-
quires 20 cycles (Fig. S8e-f). Simultaneously, compared to SPAN,
Cu-SPAN/CNT exhibits a larger and more extended voltage plateau, as
well as a lower activation potential for Li,S. The charging voltage pla-
teaus are 2.75 V and 2.45 V, respectively, showing a significant differ-
ence. Additionally, CV tests conducted at —20 °C characterized the
“activation” process, further investigating the differences in electro-
chemical kinetics at low temperature (Fig. 4g). The results reveal that
the CV curves at —20 °C are like those (Fig. 2f) at room temperature
(RT), but due to the sluggish redox kinetics at low temperature, the
potential gap between the oxidation and reduction peaks is wider
compared to that at RT, indicating greater electrochemical polarization
of the battery. Owing to the CNT and the rapid CuyS-LizS displacement
reaction, Cu-SPAN/CNT exhibits larger peak currents for both oxidation

and reduction, and a smaller potential difference between the redox
peaks (0.99 V in contrast to 1.35 V), showing a significant improvement
over SPAN.

To investigate the mechanism of the displacement of CuyS-LisS, in
situ XRD tests were carried out, the schematic diagram of which is shown
in Fig. 5a. As the Cu-SPAN/CNT discharges from 3.0 V to 1.0 V, the
characteristic peak of LisS [27] reduction product in SPAN at 27.0° (PDF
#077-2145) gradually forms and reaches its maximum, and as the
Cu-SPAN/CNT charges back to 3.0 V, this characteristic peak disap-
pears, confirming that the discharge product of SPAN is Li,S [9,10,26].
Concurrently, the intensity changes of the Cu characteristic peak at
43.3° (PDF #085-1326) exhibit an initial increase followed by a
decrease [37], indicating that the valence changes of Cu are in line with
the mutual conversion of the SPAN/Li,S redox couple (Fig. 5b—c). The
presence of Cu,S lattice fringes in the TEM of the cycled Cu-SPAN/CNT
cathode (Fig. 1f) further substantiates that Cu participates in the bat-
tery’s redox reactions in the form of Cu/Cu,S [38]. XPS measurement
results corroborate the conclusions (Fig. 5d). With increasing depth of
discharge, the S 2p spectra of Cu-SPAN/CNT at 0 % DOD, 50 % DOD,
and 100 % DOD demonstrate a gradual transition from C-Sx (163.3 and
164.5 eV) to Li-S (161.4 and 162.6 eV) [45,46], while the Cu-S (161.6
and 162.8 eV) [47] peak gradually diminish and eventually disappear.
Upon recharging the battery to 50 % SOC, the Li-S peaks weaken and the
C-Syx and Cu-S intensities enhance, indicating that the Cu/Cus,S partici-
pation in the SPAN/Li,S reaction is reversible. Therefore, experimental
characterization reveals Cu/CuyS optimizes SPAN cathodes through: (1)
synergistic conductivity enhancement with CNT; (2) introducing a
rapid, reversible CuyS-Li,S displacement reaction to activate decompo-
sition kinetics and improve SPAN’s cycling energy efficiency.
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cathodes of different DOD & SOC.

4. Conclusion

In this study, the Cu-SPAN/CNT cathode was successfully fabricated,
where Cu serves as the active center. Concurrently, the fast and
reversible displacement reaction of CuyS-Li,S was introduced into the
redox reaction of SPAN. Along with the introduction of the displacement
reaction and the synergistic rapid conduction of CNT, the process
enhanced the conversion rate of SPAN/Li,S, improved the sulfur utili-
zation efficiency, and strengthened the electrochemical reaction ki-
netics. Enhanced redox kinetics can reduce the occurrence of side
reactions and then improve long-cycle-life and energy utilization effi-
ciency. Therefore, Cu-SPAN/CNT exhibits a high-capacity retention of
80.3 % after 1000 cycles at 1 C and demonstrates superior performance
under a high C-rate of 4 C, high loading, and a low temperature of
—20 °C, reducing the useless energy loss during cycling and achieving
excellent energy utilization efficiency. In summary, taking the SPAN-Li
battery as an example, this study provides a simple electrode engi-
neering strategy for enhancing electrochemical reaction kinetics and
constructing energy storage batteries with high energy utilization
efficiency.
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