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Abstract

To enhance the utilization of lithium-ion battery anodes, it is crucial to improve both the lithium storage stability
and kinetics of transition metal sulfides. This optimization is critical for the development of battery technologies
that are more efficient, durable, and environmentally sustainable. In this study, a facile electrospinning technique
followed by a thermal treatment was used to fabricate a bimetallic sulfide/porous carbon fiber composite (FeS-
ZnS/PCFs). Its stability was largely improved due to the buffered ability derived from its porous structure. The
presence of FeS-ZnS grain boundaries fosters the generation of extra redox active sites, ultimately boosting the
kinetics of lithium storage. The optimized composite material exhibits excellent stability and efficient lithium
storage performance. Density functional theory calculations and kinetics analysis further clarify superior lithium
storage capabilities of this material.
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INTRODUCTION

The rising necessity for lithium-ion batteries (LIBs) in electronic gadgets and electric vehicles calls for
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improved energy and power density, as well as enhanced cycle durability. Nevertheless, advancements in
anode materials for LIBs have lagged behind that of cathode materials, ultimately obstructing the overall
progress of LIBs"*. The deficit of the regular graphite anodes, especially regarding theoretical specific
capacity and rate performance, underlines the necessity to consider other anode materials'*®. One of the
most attractive alternate materials is the compound zinc sulfide (ZnS), which reaches a remarkable
theoretical capacity of 962.0 mAh g'"”. Furthermore, ZnS has some other strengths: first, it is found quite
easily in nature, and second, it can be produced through rather simple means of synthesis®*".

However, one of the main complaints about ZnS is the weakness of its electrical conductivity, which can
result in polarization during lithium storage processes. Moreover, the volume variation in lithium storage
cycles may cause a rapid decrease in capacity. Hence, it is crucial to employ effective optimization
techniques to address these problems efficiently. Wang et al. utilized electrospinning to produce ZnS
composite porous carbon fiber materials"". The unique porous structure of the material effectively mitigates
the volume expansion of ZnS nanoparticles throughout lithium storage cycles, thereby ensuring exceptional
stability. Additionally, Zhang et al. synthesized ZnS/SnS@C yolk-shell microspheres (ZSS@NC) using a
combination of hydrothermal processing, polypyrrole (PPy) coating, and microsphere sulfidation
strategies”. The material exhibited a consistent specific capacity of 571.2 mAh g after experiencing 1,000
cycles at a current density of 1 A g”. The optimization of morphology and structure is key to enhancing the
lithium storage performance of composites'’. Therefore, employing multi-metal compounds and the
construction of composite and porous structures have emerged as promising strategies"*'”. Contrary to the
generally accepted view that heterophase interfaces could hinder electronic transfer and cause interface
polarization"*"”, multi-metal sulfides within a polycrystalline structure can produce multiple active sites at
grain boundaries and synergistic effects. Therefore, the reversible capacity of the material is increased,
supporting effective charging and discharging operations. Guan et al. developed novel hydrangea-like
hierarchical Zn,..Co,,,S@NC@MoS,, termed ZCS@NC@MS". The N-doped carbon framework in this
material serves to enhance electrical conductivity and reduce volume expansion effects. Additionally, the
heterointerfaces play a crucial role in inducing a built-in electric field, thereby promoting ion diffusion
kinetics. The material maintains a specific capacity of 680.0 mAh g™ after 1,000 cycles at a current density of
1 A g'. Notably, the lithium insertion/extraction reactions of multi-metal components occur at varying
voltages, displaying a stepwise lithium storage phenomenon akin to tin-antimony alloys"*. This mechanism
could offer structural buffering through the facilitation of asynchronous lithium storage'”. Additionally, the
incorporation of porous structures can facilitate electrolyte diffusion at material interfaces and within the
bulk™, necessitating its inclusion in material design considerations. He et al. developed MoS, nanoflowers
on N-doped hollow multi-nanochannel carbon nanofibers"’. By leveraging the hollow, multi-nanochannel
architecture to withstand significant internal strain and volume fluctuations during cycling, they achieved
outstanding lithium storage performance.

This work utilized the surplus sulfur content in zinc diethyldithiocarbamate (ZDEC) for sulfur and zinc,
along with iron acetylacetonate for iron, to successfully synthesize bimetallic sulfides (FeS-ZnS) in a single
step. Using polyacrylonitrile (PAN) as the electrospinning substrate and poly(ethylene oxide)-
poly(propylene oxide)-poly(ethylene oxide) copolymer (Pluronic P123) as the soft template, bimetallic
sulfide/porous carbon fiber (FeS-ZnS/PCFs) composite materials were fabricated through a straightforward
electrospinning technique followed by a calcination process. The effective mixing of two different metal
sulfides leads to enhanced lithium storage performance through synergistic effects and increased site
availability. Furthermore, the asynchronous lithium storing of multi-metal components efficiently reduces
structural strain. The proposed methodology for designing and preparing materials in this study offers
valuable insights to improve the efficacy of lithium storage materials that contain transition metal sulfides.
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EXPERIMENTAL
Materials

In this experiment, analytical grade chemicals were used without any further purification. Zinc diethyl
dithiocarbamate (ZDEC), ferric acetylacetonate, PAN, N-dimethylformamide (DMF), and N-methyl-2-
pyrrolidone (NMP) were sourced from Aladdin Reagent Co., LTD., China. The ploy(ethylene glycol)-block-
poly(propylene glycol)-block-poly(ethylene glycol) copolymer (Pluronic P123) was supplied by Sigma-
Aldrich Co., LTD., Germany.

Preparation of FeS-ZnS/PCFs

Initially, 1 g of PAN and 1.5 g of Pluronic P123 were combined in a 10 mL solvent (DMF and NMP in a 1:1
volume ratio) and thoroughly stirred at 45 °C. Subsequently, 1.6 g of ZDEC and 0.388 g of ferric
acetylacetonate (with a molar ratio of 4:1) were added to the mixture, which was stirred for 12 h at 45 °C.
Electrospinning was then carried out at a voltage of 19 kV, with a nozzle-to-substrate distance of 20 cm and
a constant flow rate of 0.1 mL h™. The resulting precursor underwent heat treatment at 250 °C for 2 h in a
muffle furnace, followed by a 2-h calcination process in a nitrogen-saturated tube furnace at 600 °C. The
resulting product was designated as FeS-ZnS/PCFs-20%. By adjusting the molar ratio of ZDEC and ferric
acetylacetonate to 9:1 and 7:3, FeS-ZnS/PCFs-10% and FeS-ZnS/PCFs-30% were obtained, respectively.
Besides, samples lacking iron acetylacetonate and any metal salts are referred to as ZnS/PCFs and PCFs,
respectively. The sample produced through the direct thermal decomposition of ZDEC is labeled as ZnS/C.

RESULTS AND DISCUSSION

The process of preparing FeS-ZnS/PCFs, as illustrated in Supplementary Figure 1, entails utilizing
electrospinning to produce precursors and employing calcination to produce composite materials. PAN
functions as the electrospinning substrate, with Pluronic P123 serving as the soft template. Furthermore,
ZDEC is used as the sulfur and zinc source while iron acetylacetonate is employed as the iron source. PAN
transforms into carbon fibers when it is calcined in a nitrogen atmosphere. At the same time, Pluronic P123
volatilizes and causes pores to grow on the surface of carbon fibers. ZnS particles are synthesized in situ on
carbon fibers using ZDEC, which has an atomic ratio of 1:4 of Zn to S. As a result, surplus S combines with
Fe to form FeS. As a result, as the structural model shows, the resulting FeS-ZnS/PCFs material might have
heterointerfaces between FeS and ZnS.

X-ray diffraction (XRD) analysis was conducted to examine the crystallographic characteristics of the
composites, as demonstrated in Figure 1A and Supplementary Figure 2. The diffraction peaks observed for
FeS-ZnS/PCFs-20% corresponded with the standard reference patterns for wurtzite-type ZnS (PDF#89-
2942) and FeS (PDF#86-0389). These results confirm the presence of both ZnS and FeS within the
composite materials”'!. The XRD patterns for the other FeS-ZnS/PCFs samples are very similar to those of
FeS-ZnS/PCFs-20%. Identifying the diffraction peak on the (002) crystalline plane of carbon in the
composite sample was difficult because it slightly overlaps with the ZnS peaks in terms of 20 position. The
content of carbon and metal sulfide in the material was measured by thermogravimetric analysis (TGA).
Carbon oxidation is indicated by the weight reduction at 400 °C, as shown in Figure 1B"”. The peak around
450 °C, followed by a gradual decrease in weight, signifies the oxidation of sulfides””. The mass percentage
of FeS-ZnS/PCFs-20% maintains at 32.4% above 650 °C. The TGA results for ZnS/PCFs and other FeS-ZnS/
PCFs samples are similar, with about 30% mass retention, as shown in Supplementary Figure 3.

To examine the chemical composition and states on the surface of FeS-ZnS/PCFs-20% and ZnS/PCFs
composites, X-ray photoelectron spectroscopy (XPS) analysis was conducted. As depicted in Figure 1C, the
XPS spectrum of FeS-ZnS/PCFs-20% exhibits” characteristic peaks corresponding to Zn 2p, Fe 2p, O 1s,
N 1s, C 15, S 2s and S 2p, whereas the XPS result of ZnS/PCFs [Supplementary Figure 4A] does not show
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Figure 1. (A) XRD patterns of the FeS-ZnS/PCFs-20% composite; (B) TG curve of the FeS-ZnS/PCFs-20% composite; (C) XPS spectra
of the FeS-ZnS/PCFs-20% composite; (D) High-resolution S 2p of the FeS-ZnS/PCFs-20% composite; (E) Fe 2p spectrum of the FeS-
ZnS/PCFs-20% composite.

the presence of Fe, indicating the incorporation of a Fe elemental component into FeS-ZnS/PCFs-20%. The
two main peaks of the high-resolution spectra of S 2p [Figure 1D] at 160.6 and 160.2 eV, respectively,
correspond to S 2p,, and S 2p,,, of lattice sulfide (ZnS and FeS), according to the deconvolution
analysis'”>*. The peaks of S 2p spectrum at 161.4 and 161.9 eV are attributed to C-S-C bonds present in
carbon-based materials””. The high-resolution Zn 2p spectrum depicted in Supplementary Figure 4B
reveals peaks at 1,044.58 and 1,021.58 eV, which are indicative of ZnS, aligning with the Zn 2p,,, and Zn 2p,,,
peaks, as reported”®. FeS-ZnS/PCFs-20%’s Zn 2p high-resolution spectra showed a noticeable positive shift
when compared to ZnS/PCFs. Zn 2p,,, and Zn 2p,, are represented by the peak binding energies in ZnS/
PCFs, which are 1,043.9 and 1,020.8 eV, respectively. This shift indicates that Zn ion electron cloud density
in FeS-ZnS/PCFs-20% has decreased, which can be attributed to the natural influence of FeS
heterointerfaces™. The deconvolution analysis of the Fe 2p high-resolution spectrum [Figure 1E] revealed
that the peaks at 723.38 and 709.98 eV correspond to the Fe 2p,, and Fe 2p,, peaks of Fe*", respectively".
Additionally, the distinctive peaks at 725.68 and 712.38 eV are attributed to Fe 2p,, and Fe 2p,,, of Fe™,
respectively”'. The presence of Fe’* is a result of the oxidation of a small quantity of Fe** on the FeS surface
by atmospheric oxygen"””. The XPS characterization results offer additional support for the successful
synthesis of FeS-ZnS/PCFs composites and suggest potential interactions between FeS and ZnS.

With the use of a scanning electron microscope (SEM), the microstructure of materials was analyzed. In
Figure 2A, the ZnS/PCFs sample exhibits a configuration characterized by the presence of ZnS
nanoparticles dispersed loosely on porous carbon fibers, with the pores on the cross-section of the fibers
being distinctly observable. On the other hand, the structure of the FeS-ZnS/PCFs-20% composite, as shown
in Figure 2B, indicates the transition metal sulfide nanocrystals are slightly agglomerated. Furthermore,
Supplementary Figure 5 shows that a higher ferric acetylacetonate content during preparation leads to a
propensity for disorder in the stacking arrangement of sulfide nanocrystals in the composite. The formation
of transition metal sulfide nanocrystals does not impede the creation of pore channels in the carbon fibers,
as demonstrated by the distinctive porous structure evident in the cross-sections. However, the presence of
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Figure 2. (A) SEM images of ZnS/PCFs; (B) SEM images of FeS-ZnS/PCFs-20%; (C) N, adsorption-desorption isotherms with the BJH
pore-size distribution of ZnS/PCFs and FeS-ZnS/PCFs-20%; (D) High-magnification TEM image of FeS-ZnS/PCFs-20%; (E) Raman
spectra of ZnS/PCFs and FeS-ZnS/PCFs-20%; (F) HRTEM image of FeS-ZnS/PCFs-20%; (G) Selected area electron diffraction (SAED)
pattern of FeS-ZnS/PCFs-20%; (H) TEM-EDS mapping image of the FeS-ZnS/PCFs-20%.

transition metal sulfides may influence the porous nature of the material. Following this, an investigation
into the specific surface area and pore structure of the samples was performed utilizing nitrogen isothermal
adsorption-desorption curves. The isotherms of the ZnS/PCFs and FeS-ZnS/PCFs samples [Figure 2C and
Supplementary Figure 6A] demonstrate distinct International Union of Pure and Applied Chemistry
(IUPAC) classification type IV characteristics. Additionally, the observation of a H4-type hysteresis loop
within a P/Po range of 0.5-1.0 suggests the existence of mesopores in the composites”®”. The Brunauer-
Emmett-Teller (BET) specific surface area of FeS-ZnS/PCFs-20% (55.72 m* g') showed a slight increase
compared to that of ZnS/PCFs (47.9 m* g"). This indicates that the produced FeS impacted the pore
structure of the carbon fibers. The utilization of the Barrett-Joiner-Halenda (BJH) method for pore size
distribution curves [Supplementary Figure 6B] has revealed that all samples are mesoporous with
predominant pore sizes falling within the 2-5 nm range. However, the FeS-ZnS/PCFs-20% variant displays
smaller pores compared to ZnS/PCFs. This result is ascribed to the denser configuration of nanocrystals
made of transition metal sulfide, as previously mentioned.

The microstructure of FeS-ZnS/PCFs-20% was extensively examined through the high-resolution
transmission electron microscope (HRTEM) technique®™. Figure 2D clearly demonstrates the distribution
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of sulfide nanoparticles on the carbon fibers. The fibers serve as a carbon-based substrate, potentially
exhibiting strong inherent interactions with the sulfide nanoparticles. Furthermore, the distinct contrast
between bright and dark areas on the carbon fibers serves as proof of the existence of mesoporous channels
within the fibers. These channels could potentially hinder the expansion of volume during the storage of
lithium. The Raman spectra data presented in Figure 2E and Supplementary Figure 7 indicate a notable
resemblance in the high defect ratio I,/1; (the intensity ratio of the D peak to the G peak) of the composite.
Both values exceed 1.6. The presence of transition metal sulfides alongside carbon fibers appears to create a
significant quantity of defect sites, which enhance the adsorption of Li-ions at the surface and interface"”.

Lattice fringes in Figure 2F reveal the (100) crystal plane with a spacing of 0.3331 nm in the ZnS$
composites™. Additionally, a crystal plane spacing of 0.3133 nm is specific to the (111) crystal plane, which
is prevalent in FeS™. These findings support the conclusions of the XRD analysis. The lack of distinct
demarcation between ZnS and FeS particles indicates strong connectivity at the nanocrystalline scale,
resulting in the formation of numerous polycrystalline particles. The selected area electron diffraction
(SAED) pattern in Figure 2G reveals diffraction rings, characteristic of a polycrystalline structure. However,
it does not show clear diffraction spots, indicating a uniform distribution of ZnS and FeS in the FeS-ZnS/
PCFs-20% composite™. The sizes of the polycrystalline diffraction rings can be utilized to identify that they
correspond to the (110), (102), and (100) crystallographic planes of FeS, as well as the (102) and (110) planes
of ZnS. The transmission electron microscopy-energy dispersive X-ray spectroscopy (TEM-EDS) mapping
of the FeS-ZnS/PCFs-20% composite in Figure 2H demonstrates a substantial convergence in the spatial
arrangement of zinc (Zn), iron (Fe), and sulfur (S) elements inside the composite material. This result offers
more substantiation for the interconnection of FeS and ZnS at the nanocrystal scale, as opposed to mere
blending in the composite. Furthermore, as indicated by the EDS analysis, the zinc-to-iron molar ratio is
3.4:1 [Supplementary Table 1], slightly lower than the initial feed ratio of 4:1. This discrepancy suggests a
potential loss of zinc, likely due to its higher sublimation tendency during calcination. Based on the
elemental ratios and TGA findings, the sample is found to contain 30.09 wt.% of ZnS and 7.98 wt.% of FeS.

The lithium storage mechanism of the anodes was clarified through the use of galvanostatic charge-
discharge (GCD) and cyclic voltammetry (CV). Figure 3A illustrates the GCD curves of the first and fifth
cycles for ZnS/PCFs and FeS-ZnS/PCFs-20%. The findings reveal that the initial discharge capacity of FeS-
ZnS/PCFs-20% is 1,490.4 mAh g, surpassing both ZnS/PCFs (1,022.4 mAh g') and FeS-ZnS/PCFs-10%
(1,255.5 mAh g"), and marginally outperforming FeS-ZnS/PCFs-30% (1,445.7 mAh g*). The main reason
for capacity reduction in the first cycle is primarily linked to the development of the solid electrolyte
interface (SEI) layer and the degradation of the electrolyte™. In addition, the FeS-ZnS/PCFs-20%
arrangement has a separate plateau that exceeds 2.5 V while charging, indicating unsynchronized phase
transitions in lithium retention*”. The GCD curves observed for the FeS-ZnS/PCFs-10% and FeS-ZnS/
PCFs-30% anodes [Supplementary Figure 8] show resemblances to the GCD curve of the FeS-ZnS/PCFs-
20% anode. Figure 3B and C displays the CV curves for ZnS/PCFs and FeS-ZnS/PCFs-20%, respectively.
The peaks observed at approximately 0.3-0.4 V in the initial CV scan are attributed to the development of
the surface SEI for the active material*. A reduction peak between 0.5 and 1.0 V indicates the phase
transition between Li-ions and transition metal sulfides (FeS + 2Li* + 2" — Fe + Li,S"?; ZnS + 2Li* + 2¢* —
Zn + Li,S""). The reductive peak of FeS-ZnS/PCFs-20% exhibits more prominence, indicating its higher
reactivity in comparison to ZnS/PCFs. During the positive scan, the FeS-ZnS/PCFs-20% sample exhibits a
wide oxidation peak spanning from 1.0 to 1.7 V, along with an additional oxidation peak at 2.7 V. The
results suggest that the existence of FeS enhances a cooperative interaction between ZnS and FeS, hence
increasing the reactivity during the entire process*. The material has exceptional reversibility, as indicated
by the great repeatability observed in the CV curves after the initial cycle. This suggests that the FeS-ZnS/
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Figure 3. (A) 1st, 5th GCD profiles of the FeS-ZnS/PCFs-20% anode at 0.2 A g'w; (B) CV curves of the ZnS/PCFs anode at 0.5 mV s ;
(C) CV curves of the FeS-ZnS/PCFs-20% anode at 0.5 mV s™: (D) Cycling performance of ZnS/PCFs and FeS-ZnS/PCFs-20% anodes
at 0.2 A g’w; (E) Rate performance of the ZnS/PCFs and FeS-ZnS/PCFs-20% anodes at different current densities of 1, 2, 3, 4 and
5 Ag": (F) Capacity histograms of ZnS/PCFs and FeS-ZnS/PCFs-20% anodes; (G) Long cycling performance of the anodes at TA g

PCFs-20% anode is capable of undergoing lithiation-delithiation cycles multiple times without undergoing
substantial deterioration, making it a very desirable characteristic in LIBs. In general, the data above suggest
that FeS has the ability to initiate non-synchronous phase transitions in lithium storage, resulting in a
significant reduction in structural strain".

As shown in Figure 3D, FeS-ZnS/PCFs-20% exhibits a high discharge specific capacity of 1,208.9 mAh g*
after 150 cycles at a current density of 0.2 A g”. This value is considerably greater than that of ZnS/PCFs.
Notably, the specific capacity of FeS-ZnS/PCFs-20% shows a modest rise as the cycle continues. The
observed behavior, as well as the high lithium storage capacity of the material, can be attributed to the
synergistic interaction between ZnS and FeS. This interaction leads to a more active redox reaction with Li-
ions and an increase in the ability of the material to store lithium by interfacial adsorption“”. While the
discharge specific capacity of the FeS-ZnS/PCFs-10% and FeS-ZnS/PCFs-30% anodes is lower than that of
the FeS-ZnS/PCFs-20% anode, it is still higher than that of the ZnS/PCFs anode, as shown in
Supplementary Figure 9A. Figure 3E displays the rate performance of FeS-ZnS/PCFs-20% and ZnS/PCFs.
For FeS-ZnS/PCFs-20%, its discharge capacity is 904.5 mAh g at a current density of 1 A g"'. Notably, even
at a higher current density of 5 A g, the discharge capacity can also achieve 763.9 mAh g’. When the
current density reverts to 1 A g, the capacity increases to 975.2 mAh g, which exceeds that of ZnS/PCFs.
Figure 3F displays capacity histograms of ZnS/PCFs and FeS-ZnS/PCFs-20% anodes at varying current
densities. Additionally, Supplementary Figure 9B compares the reversible capacity retention of ZnS/PCFs
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and FeS-ZnS/PCFs-20% at different speeds. As current density rises, the reversible capacity retention
diminishes owing to polarization. However, the presence of heterointerfaces in FeS-ZnS/PCFs-20%
facilitates rapid Li-ion insertion and extraction, leading to superior retention of reversible capacity
compared to ZnS/PCFs. At a high current density of 5 A g", FeS-ZnS/PCFs-20% exhibits a reversible
capacity retention of 82.35%, surpassing the 72.43% retention of ZnS/PCFs. The electron transfer occurring
between ZnS and FeS at their interface facilitates the adsorption of Li-ions on the interface and surface of
FeS-ZnS/PCFs-20%, leading to enhanced lithium storage capacity””. Clearly, FeS-ZnS/PCFs-20% has
exceptional rate performance. The anodes FeS-ZnS/PCFs-10% and FeS-ZnS/PCFs-30%
[Supplementary Figure 9C] demonstrate exceptional rate performance due to the synergistic impact coming
from the interconnected interfaces between ZnS and FeS. Supplementary Table 2 presents a comparison of
the mean specific capacities of the samples at various current densities in order to provide a clearer
representation of this pattern. The results suggest that the material has higher surface/interface activity,
which helps to speed up the processes of lithiation and delithiation"**.

The durability of ZnS/PCFs and FeS-ZnS/PCFs-20% anodes under a current density of 1 A g is evidenced
in Figure 3G. The FeS-ZnS/PCFs-20% anode surpasses the ZnS/PCFs anode, demonstrating a significant
discharge capacity of 881.9 mAh g after 500 cycles. Similarly, the anodes of FeS-ZnS/PCFs-10% and FeS-
ZnS/PCFs-30% exhibit improved long-term cycling capacities compared to ZnS/PCFs, as shown in
Supplementary Figure 9D. Additionally, as depicted in Supplementary Figure 10, PCFs show good stability,
albeit with a lower lithium storage capacity, whereas ZnS/C also exhibits inferior lithium storage
performance in comparison to the composite material. The remarkable lithium storage capacities
demonstrated by the FeS-ZnS/PCFs-20% anode can be explained by three main factors. The synergistic
effect of FeS and ZnS enhances the redox activity of the material, facilitating the lithiation-delithiation
processes'*”. Furthermore, the inclusion of various transition metal sulfide components in the design allows
for separate storage of lithium, effectively reducing the impact of structural strain®. Finally, the grain
boundaries of multi-transition metal sulfides provide many active sites, which enhance electron transport
and the adsorption of Li-ions at interfaces. This improves the amount of charge that can be stored and
allows for fast charging and discharging abilities'*”. Hence, the FeS-ZnS/PCFs-20% anode demonstrates a
significant superiority in terms of lithium storage capacity when compared to current ZnS-based
investigations, as depicted in Table 1.

For a deeper understanding of the exceptional ability of FeS-ZnS/PCFs-20% to store lithium, we employed
density functional theory (DFT) and conducted investigations on the kinetics of lithium storage. The extra
information provided an explanation of the procedures used to distinguish the composite materials.
Figure 4A and B depicts the crystal structures of ZnS and FeS, respectively. The composite models shown in
Figure 4C consist of a combination of single-layer graphene with a ZnS cluster (Zn,,S.,) for ZnS/PCFs"?,
and a combination of a ZnS$ cluster (Zn,,S,;) and an FeS cluster (Fe,S,,) for FeS-ZnS/PCFs*". The charge
density difference result of FeS-ZnS/PCFs model indicates significant charge transfer taking place at the
FeS-ZnS contact. The red and blue regions on the diagram signify electron gain and loss, respectively. The
findings align with the observed change in binding energy of Zn in previous XPS investigations, suggesting
that the combined effect of FeS and ZnS promotes the transfer of charges, hence enhancing the movement
of Li-ions at the interface'”. In addition, the density of states (DOS) for both models was determined by
normalizing and setting the Fermi energy to 0 eV. As seen in Figure 4D, the DOS in the FeS-ZnS/PCFs
model exhibits a modest increase. This is attributed to the greater abundance of d orbitals in close proximity
to the Fermi energy, in contrast to the ZnS/PCFs model. This phenomenon has a positive impact on
improving the electrochemical reactivity of the material®. In addition, the analysis of the d orbital partial
DOS revealed that the d-band center of the FeS-ZnS/PCFs model (-2.783 eV) shifts upwards in comparison
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Table 1. Comparison of ZnS-based materials for lithium storage properties

Current density Capacity
Samples . Cycle number ke Ref.
P (mAg") y (mAhg")
FeS-ZnS/PCFs-20% 1,000 500 881.9 This work
ZnS-C/G 1,000 120 571.0 [8]1
ZnS/CFs 1,000 500 602.2 [1]
ZnS/SnS@C 1,000 500 598.9 [12]
ZCS@NC@MS 1,000 500 448.0 [18]
ZnS/NC 1,000 500 420.0 [23]
ZnS@HPC 1,000 200 408.0 [28]
Ti-doped ZnS 1,000 500 463.1 [50]
ZnO@Zn$S 200 100 513.4 [51]
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Figure 4. (A) Crystal structure model of FeS; (B) Crystal structure model of ZnS; (C) Theoretical calculation model; (D) Partial density of
states (PDOS) of ZnS/PCFs and FeS-ZnS/PCFs-20%:; (E) CV curves of the FeS-ZnS/PCFs-20% anode at various scan rates; (F)
Corresponding b value fitting using the relationship between peak current and scan rate; (G) CV curves with capacitive contribution at
1.0 mV s™; (H) Contribution ratio vs. scan rate; (I) Corresponding Li-ion diffusion coefficient of the ZnS/PCFs and FeS-ZnS/PCFs-20%
anodes; (J) EIS spectra of the ZnS/PCFs and FeS-ZnS/PCFs-20% anode; (K) linear fitting of the Warburg impedance of the ZnS/PCFs
and FeS-ZnS/PCFs-20% anode; (L) DRT of the ZnS/PCFs and FeS-ZnS/PCFs-20% anodes.

to that of the ZnS/PCFs model (-5.144 eV). This upward shift is advantageous for the adsorption of ions on
the surface™. The DFT calculation results are consistent with the experimental characterization and
electrochemical performance testing stated previously. This not only provides a deeper theoretical

comprehension for the research, but also suggests prospective benefits in the speed at which lithium is
stored for FeS-ZnS/PCFs.

To investigate the lithium storage kinetics in the composite, CV measurements were conducted on the FeS-
ZnS/PCFs-20% anode. The scan rates varied from 0.2 to 1 mV s7, as depicted in Figure 4E. With increasing
scan rates, the reduction peak potential of FeS-ZnS/PCFs-20% shifted towards the negative side, and the
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oxidation peak potential moved slightly towards the positive side. The results demonstrate that the lithium
storage kinetics of FeS-ZnS/PCFs-20% exhibit good reversibility. The equation i = a+" is used to determine
the apparent current type during a lithium storage cycle. The exponent value of b represents the correlation
between the current and the scan rate. It indicates the degree of capacitive or diffusion control in the
system. A b-value of 1 indicates complete capacitance control, while a b-value of 0.5 indicates complete
diffusion control®. The b-values measured at the oxidation or reduction peak potentials are 0.953, 0.974,
and 0.908, as shown in Figure 4F. The data suggest that the material exhibits a capacitive-controlled
characteristic near the redox peak potential. The extraordinary rate performance is mainly attributed to the
increased adsorption of Li-ions at the surface contact. Moreover, it is feasible to determine the capacitive
component of the specific capacity of the material for lithium storage. The shaded region in Figure 4G
shows that the fitting result of FeS-ZnS/PCFs-20% indicates a capacitive contribution of 54.92% to the
overall capacity when the scan rate is 1 mV s”. The value exceeds that of ZnS/PCFs (50.12%), as shown in
Supplementary Figure 11. The aforementioned discovery offers additional proof of the synergistic impact
arising from the well-suited and evenly distributed ZnS and FeS nanocrystals. The synergy between the
components leads to the generation of additional active sites, enhancing the reactivity of lithium ions at
both the surface and interface of the composite. Figure 4H illustrates the impact of the altering scan rate on
the diffusion-controlled and capacitive-controlled contribution of FeS-ZnS/PCFs-20%. While the
capacitive-controlled contribution does grow as the scan rate increases, the magnitude of this increase is not
substantial. This confirms that the diffusion rate of Li-ions inside the bulk phases of the composite is
likewise favorable.

Consequently, the diffusion coefficient of Li-ions (Dy,,) in the bulk phases of the samples was determined
using the galvanostatic intermittent titration technique (GITT). The GITT curves produced for the
discharge procedure are displayed in Supplementary Figure 12A. The determination of the apparent D, in
the active substance of the electrode can be achieved by utilizing the equation derived from Fick’s second
law (see Supplementary Materials)"”. Figure 41 and Supplementary Figure 12B illustrate the variation in D,
while the active material of the electrode is undergoing lithiation upon discharge. Both samples exhibit a
decline in Dy;, during the initial stages of lithium storage at high state of charge, which can be attributed to
the challenge of Li-ion diffusion caused by the rapid initial lithium embedding®. As the level of charge falls,
a significant quantity of Li ions diffuses slowly into the main part of the material, leading to the progressive
stability of Dy,,. FeS-ZnS/PCFs-20% exhibits a higher D;;, compared to ZnS/PCFs, indicating that the
combined effect of ZnS and FeS not only enhances activity at the grain boundaries (as confirmed by XPS
analysis), but also influences bonding and promotes the diffusion of Li-ions in the bulk phase.

Figure 4] displays the initial Nyquist plots obtained from the alternating current (AC) impedance
measurements of ZnS/PCFs and FeS-ZnS/PCFs-20%. The Nyquist plot depicted in Supplementary Figure 13
corresponds to the corresponding circuit. Typically, the charge transfer resistance is reflected in the
semicircles observed in the high-frequency region, while the Li-ion diffusion impedance is associated with
the straight tails observed in the low-frequency region. The lower interfacial resistance of FeS-ZnS/PCFs-
20% is seen. In addition, a Warburg impedance (Z,) analysis was conducted by fitting the impedance Z' in
the low-frequency range to the reciprocal square root of the angular frequency (« ') using linear regression.
The slope found, denoted as o, corresponds to the Warburg factor, which is directly related to the D;;,. The
relevant formulas are as follows":

Z'=R,+ R +on"? (1)
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D = R*T*/(2A’n* F'C,0?) (2)

where R is the gas constant (8.314 ] K™), T is the absolute temperature (298 K), A is the surface area of the
electrode, n is the electrons number per molecule in intercalation process, F is the Faraday constant
(96,485 C mol"), C; is the Li-ions molar concentration in electrode, o is the angular frequency, and o is the
Warburg factor related to Z'. The fitting results in Figure 4K show that FeS-ZnS/PCFs-20% has a ¢ value of
140.2, lower than that of ZnS/PCFs (285.1), thus demonstrating superior Li-ion diffusion performance, as

[60,61]

previously found'*.

Finally, to enhance the understanding of the electrode processes, the Distribution of Relaxation Times
(DRT) technique was utilized to elucidate distinct electrochemical processes. The DRT technique extracts
the time constants g(t) for each process from the collected electrochemical impedance spectroscopy (EIS)

data. The corresponding formula is as follows'*>*"):

Zoo(W)=ly 22 dr 3)

1+Hjwt

where 1 is the relaxation time, g(t) represents the DRT, j is an imaginary unit, and w is the angular
frequency™.

Thus, the overall polarization resistance can be expressed as the relaxation-dependent function g(z). The
relaxation duration signifies the electrochemical process that is linked to it, while the peak area that
corresponds to it signifies the resistance of the sub-steps'®>®’. The findings of the DRT are displayed in
Figure 4L. 12 and 13 represent the SEI impedance of the composite material and the counter electrode
(lithium metal) in the half-cell, respectively'***. The peaks at 10" to ten seconds (t4 and 15) represent the
charge transfer processes, with 15 often associated with the Li-ion intercalation process'®*. It is worth
mentioning that the time constants for FeS-ZnS/PCFs-20% are consistently shorter than those for ZnS/
PCFs, indicating that the target sample demonstrates an extraordinarily rapid electrochemical reaction. This
can be attributed to the composite structure of ZnS-FeS.

The unique structure and multi-metal compound composition of the FeS-ZnS/PCFs-20% composite make it
highly suitable for practical applications in full-cell LIBs!***. To assess its performance, we constructed a
full-cell LIB using FeS-ZnS/PCFs-20% as the anode and commercial lithium iron phosphate (LFP) as the
cathode. Cycling tests, as depicted in Supplementary Figure 14, reveal that after 50 cycles at a current of
0.2 A g within a voltage range of 0.5-3.9 V, the charging capacity of the FeS-ZnS/PCFs-20%//LFP battery
remained stable at 183.6 mAh g, with a Coulombic efficiency of approximately 87.6%. These findings
underscore the considerable potential of FeS-ZnS/PCFs-20% as a promising anode material for LIBs.

CONCLUSIONS

Using a straightforward electrospinning process, we were able to successfully create FeS-ZnS/PCFs
composites with porous architectures in this study. By modifying the quantity of iron acetylacetonate, we
improved the lithium storage capacity of the composite. The FeS-ZnS/PCFs-20% anode demonstrated
outstanding lithium storage capabilities, retaining a specific capacity of 881.9 mAh g after 500 cycles at a
current density of 1 A g*. The improved lithium storage capabilities of the FeS-ZnS/PCFs-20% anode arise
from the combined effects of FeS and ZnS, which lead to greater redox activity, increased reaction sites on
the surface interface, and improved asynchronous lithium storage properties. Moreover, the exceptional
electrochemical performance of FeS-ZnS/PCFs-20% is supported by DFT calculations and data on the
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kinetics of lithium storage. This study can provide new insights for designing and preparing a range of
composites tailored for high-performance LIB anodes.
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