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Marrying V5S8 and Sb2S3 for volume-tolerant and high-rate 
potassium-ion storage 
 Yulian Dong,a,b Yubin Fu,c,d Vincent Hartmann,b Changfan Xu,b Ping Hong,b Yueliang Li,e Huaping 

Zhao,b Weidong Shi,*a Ute Kaiser,*e  and Yong Lei*b

To address the challenges of sluggish ion transport and severe volume fluctuation in potassium-ion batteries (PIBs) arising 
from the large K+ radius, we design a covalently bonded V5S8/Sb2S3 heterostructure encapsulated in N-doped carbon 
(V5S8/Sb2S3@NC). Calculations using density functional theory (DFT) show that the metallic V5S8 and semiconducting Sb2S3 
form a bandgap-free interface, facilitating rapid charge transfer, while the V–S–Sb covalent bonds enhance interfacial 
stability. Where V5S8 undergoes partial (de)intercalation-induced amorphization that relaxes lattice stress and buffers the 
~300% volume expansion of Sb2S3 to only ~112% (verified by in situ optical microscopy). The synergistic design delivers a 
high reversible capacity of 657.6 mA h g–1 at 0.05 A g–1, long-term cycling stability with 301.5 mA h g–1 retained after 600 
cycles at 1 A g–1, and rate capability superior to most reported PIB anodes. This work highlights the critical role of covalent 
interface engineering and amorphization-regulated K+ storage for high-energy PIB anodes.

1. Introduction
The pursuit of high-performance potassium-ion batteries (PIBs) has 
driven extensive research into advanced electrode materials that 
combine high electronic conductivity with structural stability.1,2 
Although the natural abundance and low cost of K supplies make PIBs 
particularly appealing, they are hindered by the large ionic radius of 
K+, which causes sluggish reaction kinetics and severe electrode 
volume fluctuations.3–5 Among various anode materials, Sb2S3 with a 
narrow-bandgap semiconductor, offers a high theoretical capacity 
(974 mA h g−1),6,7 but suffers from poor electronic conductivity and 
drastic volume expansion (~300%) upon cycling.8–10 Conversely, V5S8 
with zero bandgap (Eg = 0 eV), exhibits exceptional electrical 
conductivity and high pseudocapacitive storage, but provides limited 
capacity.11 A rational integration of these two materials could 
potentially combine their respective advantages, if the interfacial 
coupling is sufficiently robust. 
Traditional heterostructures often rely on weak van der Waals or 

electrostatic interactions at the interface, which are insufficient to 

sustain long-term cycling stability.12–15 Covalently bonded 
heterointerfaces can act as atomic-scale “bridges”, effectively 
ensuring strong electronic coupling and structural integrity.16–18 Here, 
we propose a covalent heterointerface engineering for K⁺ storage. 
Guided by density functional theory (DFT) calculations, we design a 
covalently bonded V5S8/Sb2S3 heterostructure (encapsulated in N-
doped carbon, denoted V5S8/Sb2S3@NC), where V–S–Sb covalent 
bonds create a bandgap-free interface for rapid charge transfer. 
When integrated into a V5S8/Sb2S3 heterostructure, DFT simulations 
indicate the elimination of the bandgap near the Fermi level, forming 
a continuous charge transport channel that greatly improves 
electronic conductivity. 
Theoretical calculations reveal substantial charge transfer from V5S8 

to Sb2S3, generating an internal electric field (IEF) that optimizes 
charge redistribution and enhances electron mobility.19–21  As a result, 
the V5S8/Sb2S3@NC anode material delivers exceptional 
performance in half/full PIBs, including a high capacity (484.7 mA h 
g–1 at 0.1A g–1) and outstanding rate capability (301.5 mA h g−1 at 1 A 
g−1 after 600 cycles). Ex situ XRD, HRTEM, and DFT calculations 
collectively reveal that the synergistic interaction between the 
heterostructure and carbon matrix accelerates K+ migration. It also 
mitigates volume expansion (only ~112%) and ensures long-term 
structural integrity of the active material during repeat charging and 
discharging. This work highlights the critical importance of 
integrating interfacial covalent bonding with amorphization-
regulated ion storage for next-generation PIB anodes.

2. Materials and methods
2.1 Preparation of Active Materials.
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A first pale-yellow solution A was formed by swirling and slowly 
heating 30ml of deionised (DI) water to 60°C to dissolve 3mmol of 
NH4VO3. Solution B was prepared by thoroughly dissolving 15 mmol 
of C2H5NS in 30 mL of ethylene glycol (EG). Following a period of 
stirring for 0.5-hour, solution B was gradually introduced into 
solution A under mild agitation for 2 minutes. The combined solution 
was subsequently enclosed in Teflon-lined stainless-steel autoclave 
(TLSSA) and then subjected to hydrothermal treatment at 160°C for 
a duration of 24 hours. The final product underwent multiple washes, 
subsequent to an overnight drying to yield the compound known as 
VSx.

 Initially, 1mmol of SbCl3 was solved in 30ml of DI water under 
moderate stirring to produce solution A. Meanwhile, 3mmol of 
C2H5NS was dissolved into 30ml of EG, yielding a clear solution B. 
After stirring for 0.5 hour, solution B was introduced dropwise to 
Solution A as well as mixed for 2 minutes. The homogeneous mixture 
was TLSSA-heated at 160°C for 24 hours. The final product 
underwent multiple washes with DI water and ethanol through 
centrifugation, subsequently undergoing overnight drying, to obtain 
Sb2S3. 

For the composite VSx/Sb2S3 precursor synthesis, a method 
analogous to the above was followed. Solution A was prepared by 
dissolving NH4VO3 and SbCl3 in deionized water with stirring and 
heating, using molar ratios of 3:1, 1:1, and 1:3, respectively. While 
stirring, solution B, which consists of C2H5NS in EG, was carefully 
introduced to solution A. The solution was warmed to 160°C for a 
duration of 24 hours in a TLSSA. After synthesis, the product was 
washed with 1:1 ethanol-water and dried overnight at 100°C.

To synthesize the N-doped carbon-coated active materials, 100 
mg of each precursor (VSx/Sb2S3, Sb2S3, and VSx) and was distributed 
in 100 ml of Tris buffer (10 mM and pH 8.5) under vigorous stirring 
for 2 minutes. Ultrasonic treatment for 20 minutes ensured 
consistent dispersion of the solution. Ultrasonication for 5 minutes 
followed the administration of 100 mg dopamine hydrochloride. The 
amalgamation was allowed to agitate gently for 7 hours. The 
obtained materials were rinsed, dried overnight at 100°C, and then 
annealed for 3 hours at 600°C at 5°C/min in a nitrogen environment. 
The three final active material (V5S8/Sb2S3@NC, Sb2S3@NC, and 
V5S8@NC) were achieved. 

 2.2 Synthesis of Cathode Material. 
The cathode precursor, 3,4,9,10-perylene–tetracarboxylicacid–
dianhydride (PTCDA), was thermally treated at 600°C for a duration 
of 3 hours in an inert nitrogen environment, at a rate of 5 °C per 
minute. The resultant carbonized product, named as annealed 
carbon (AC), exhibited a color transition from dark red to black during 
pyrolysis. Each batch utilized approximately 300 mg of PTCDA, 
yielding between 200 to 240 mg of AC.

2.3 Assembly of full cell. 
The cathode electrode for full-cell testing was combined with AC, 
Super P conductive carbon, together with CMC binder in a 7:2:1 mass 
ratio. AC material had a mass loading of around 4 mgcm−2, while the 
V5S8/Sb2S3@NC electrode mass loading was about 1 mgcm−2. Prior to 
full cell assembly, the AC cathode underwent 5 preconditioning 
cycles (voltage:1.5–3.5 V). The anode, derived from V5S8/Sb2S3@NC, 
was subjected to pre-potassiation by cycling 5 times from 0.01 V to 3 

V, with the final state at 0.01 V. The active material mass in both 
electrodes and an operating voltage range of 0.5–3.4 V were used for 
determining capacity.
2.4 Sample characterization, electrochemical measurements, and 
theoretical calculation 

Further details and additional information can be found in the 
SI.

3. Results and discussion
3.1 Design of V5S8/Sb2S3@NC and Its Characterization.
The V5S8/Sb2S3@NC composite was synthesized, as schematically 
illustrated in Fig. 1a. To begin, SbCl3 and NH4VO3 were dispersed in 
DI water. Thioacetamide-containing ethylene glycol followed. Active 
material was created from mixed solution by hydrothermal reaction, 
dopamine coating, and annealing. Notably, flake-like V5S8 
nanocrystallites develop and grow uniformly in the Sb2S3 matrix. The 
exterior surface of Sb2S3 develops ultrathin nanoribbons due to in 
situ nucleation. As revealed by SEM in Fig. 1b and S1, these 
nanoribbons exhibit widths ranging from approximately 200 to 400 
nm. Furthermore, V5S8 nanoparticles or nanoplatelets with 
dimensions of 65–140 nm is symmetrically anchored on both sides of 
the ribbons. For comparative analysis, individual Sb2S3@NC and 
V5S8@NC composites were synthesized under similar hydrothermal 
conditions. According to SEM images (Fig. S2, S3), V5S8@NC forms 
flower-like nanostructures with 500 to 800 nm diameters and 45-85 
nm nanosheet thickness. In contrast, Sb2S3@NC is composed of 
densely packed nanorods, which aggregate into larger structures 
spanning 1180 to 3500 nm in length, as shown in Fig. S3. These 
aggregates are significantly bulkier than the ultrathin nanoribbon 
morphology observed in the V5S8/Sb2S3@NC hybrid. The loading of 
V5S8 is a key factor in controlling the morphology of the 
heterostructure V5S8/Sb2S3@NC nanoribbons, which can be easily 
adjusted by varying the molar ratio of precursor vanadium source 
and antimony source (Fig. S1, S4, and S5). Combined with the 
morphological analysis, these results suggest that the optimized 
nanoribbon structure and more uniform phase distribution at the 1:1 
ratio (V5S8/Sb2S3@NC) is beneficial for maintaining structural 
integrity and facilitating ion transport during cycling (Fig. S6).22 
Therefore, the precursor ratio of 1:1 was selected for subsequent 
studies.
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Fig. 1 (a) Conceptual diagram illustrating the synthetic route for the 
V5S8/Sb2S3@NC material. (b) SEM image of V5S8/Sb2S3@NC. (c-e) 
TEM and HRTEM images depicting the detailed nanostructure of 
V5S8/Sb2S3@NC. (f) Atomic ball-and-stick model of the 
V5S8(110)/Sb2S3(101) heterointerface. (g) HADDF-EDS analysis of 
V5S8/Sb2S3@NC material, confirming the spatial distribution of V, Sb, 
S, C, and N elements.

3.2 Microstructure and composition. 
TEM and HRTEM investigations to better understand the 
microstructure, as shown in Fig. 1c–e. The V5S8/Sb2S3@NC material 
displays a well-maintained nanostructure, wherein V5S8 nanosheets 
or nanoparticles are intimately integrated with Sb2S3, and the entire 
composite is encapsulated by a uniform amorphous carbon layer 
approximately 20–35 nm thick. This carbon coating not only 
enhances reaction kinetics but also provides mechanical stability 
during cycling. In the HRTEM image (Fig. 1e), distinct lattice fringes 
corresponding to the Sb2S3 (101) and V5S8 (220), with interplanar 
spacings of 3.81 and 2.55 Å, respectively, an interfacial region is 
observed between the two components.7,23 Considering the 
coherent contact between the two phases, together with the XPS 
shifts and DFT-calculated interfacial charge redistribution, this 
feature is tentatively attributed to local lattice distortion/disorder 
and the difference in projected potential across the heterointerface, 
rather than to a separately identified phase. As depicted in Fig. 1f, 
the V5S8 (110) plane used in the DFT calculations belongs to the same 
crystal plane family as the V5S8 (220). The corresponding ball-and-
stick model of the V5S8 (110)/ Sb2S3 (101) interface is displayed. We 
further characterized the structure and composition of 
V5S8/Sb2S3@NC using high-angle annular dark field (HAADF) as well 
as energy dispersive X-ray spectroscopy (EDS), Fig. 1g. This revealed 

their hierarchical structure and interconnected V5S8 
nanosheets/particles with Sb2S3, as seen in SEM and TEM images. 
HAADF-EDS elemental mapping confirmed the combination of S, Sb, 
V, C, and N, indicating that the material is mainly made up of 
V5S8/Sb2S3@NC. Considering the local nature of EDS and the carbon 
support, this result is semi-quantitative, indicating an Sb2S3-
dominant structure with surface-dispersed V5S8, as shown in Fig. S7.

The XRD pattern, Fig. 2a, for Sb2S3@NC and V5S8@NC 
correspond closely to Sb2S3 (PDF#42-1393) and V5S8 (PDF#29-1381), 
respectively, confirming the successful synthesis of each benchmark 
material.7,24 In the V5S8/Sb2S3@NC composite, however, V5S8 peaks 
appear markedly weaker than in pristine V5S8@NC, indicating that 
crystal growth of the vanadium sulfide phase is partially suppressed 
by the simultaneous formation of Sb2S3, which can be referred to the 
XRD spectra of V5S8 and Sb2S3 with mixed-ratio (Fig. S8). Although the 
diffraction fingerprint of the Sb2S3@NC and V5S8/Sb2S3@NC is mostly 
consistent, the (020) and (120) reflections at 15.64° and 17.52° are 
noticeably attenuated, implying that ultrathin Sb2S3 nanoribbons 
develop when V5S8 is present. This structural modulation is further 
corroborated by the SEM and TEM analyses discussed in a later 
section. For V5S8/Sb2S3@NC materials, the Raman spectra, presented 
in Fig. S9, provide structural information that align the effective 
building of the heterostructure material. The bands around at 324.7 
and 254.5 cm–1 relate to the A1g mode of V5S8 and also the B1g 
vibrations of Sb2S3, respectively. For the reference phases, V5S8@NC 
displays Ag and A1g bands at 146.5 cm−1 and 319.25  cm−1, whereas 
Sb2S3@NC shows sharp Sb–S bending modes (Ag and B1g) at 186.41  
cm−1 and 251.66  cm−1, verifying the coexistence of both components 
in the V5S8/Sb2S3 composite.24,25 In the higher frequency Raman 
region (900–1800 cm–1), all three active materials exhibit broad 
bands near 1342 cm–1 (disorder‑induced D band) as well as 1562 cm–

1 (graphitic G band), indicating an existence of amorphous carbon.4

The elemental composition as well as surface valence states of 
the three active material samples were clarified by XPS. Full survey 
spectra (Fig. S10) reveal C, S, N, V, and Sb signals in the composite, 
with C 1s and N 1s peaks stemming from the N‑doped carbon shell. 
In the Sb 3d region (Fig. 2b), doublets at 538.8 / 529.5 eV for 
Sb2S3@NC and V5S8/Sb2S3@NC correspond to Sb 3d3/2 as well as Sb 
3d5/2 of Sb3+ within Sb2S3, whereas features at 537.8 / 528.4 eV are 
assigned to metallic Sb(0).8,25 Importantly, the Sb 3d peaks in 
V5S8/Sb2S3@NC exhibit a move of approximately 0.6 eV toward 
higher binding energy relative to pristine Sb2S3@NC, signifying 
stronger electron transfer and enhanced electronic coupling at the 
V5S8-Sb2S3 heterointerface.26 The lower vanadium oxidation states of 
V2+/V+ accounts for the peaks at 522.5 and 515.2 eV (Fig. 2c). In 
contrast, the distinctive peaks at 523.4 and 516.1 and eV, which are 
consistent with earlier research, belong to the V 2P1/2 together with 
V 2P3/2 states of V4+, respectively.11,27 V2p binding energies in 
V5S8/Sb2S3@NC were 0.3 eV lower than in V5S8@NC. Such shifts can 
be attributed to robust interaction across the heterointerface, 
signifying the transfer of electron from V5S8 to Sb2S3.17,28,29 The total 
change in binding energy further supports the quick electron transfer 
and charge separation, which may have been made possible by the 
powerful IEF.
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Nitrogen physisorption analyses (Fig. 2d–f) were used to probe 
the porosity of the three active material samples. The corresponding 
pore‑size distributions center at approximately 2–9 nm for the 
V5S8/Sb2S3@NC. composite, about 10 nm for V5S8@NC, and 2–4 nm 
for Sb2S3@NC. The broad 2–9 nm interval observed in 
V5S8/Sb2S3@NC indicates a hybrid mesoporous framework that likely 
results from the intergrowth of Sb2S3 and V5S8 nanocrystals within 
the N‑doped carbon matrix. Brunauer–Emmett–Teller (BET) 
calculations give a specific surface area of about 15.4 m2g–1 for the 
V5S8/Sb2S3@NC composite, intermediate between that of Sb2S3@NC 
(14.8 m2g–1) and V5S8@NC (15.6 m2g–1). Such mesopores offer an 
ample surface area for the electrolyte, reduce K-ion diffusion 
distance, and facilitate volume swelling, making them helpful to 
potassiation/depotassiation.30,31 Thermogravimetric analysis (TGA) 
was also carried out for V5S8/Sb2S3@NC and V5S8/Sb2S3, estimating 
the carbon content within the composite materials. The initial weight 
loss below 250°C may be due to the removal of adsorbed H2O, as 
seen in Fig. S11.32,33 The weight loss observed between 250–500 °C is 
attributed to the pyrolysis of the carbon, concurrently occurring with 
the thermal decomposition of V5S8 and Sb2S3.34–36 The significant 
weight loss above 500°C correlates with accelerated thermal 
decomposition of V5S8 and Sb2S3.37,38  The final residual mass of 
V5S8/Sb2S3@NC was approximately 7.1% higher than that of 
V5S8/Sb2S3, indicating that N-doped carbon contributed about 7.1 wt% 
to the V5S8/Sb2S3@NC composite total mass.

3.3 Electrochemical Properties. 

The electrochemical behavior of the three active material electrodes 
was investigated using a half coin-cell potassium system. The first 5th 
CV curves for the V5S8/Sb2S3@NC electrode (Fig. 3a) were recorded 
from 0.01 to 3V at 0.1 mV s−1. There was one broad peak around 0.9 
V and one sharp peak at 0.19 V in the initial cathodic scan, which 
belonged to the intercalation of K+ into V5S8/Sb2S3 and the alloying 
reaction of Sb, respectively, and accompanied by the formation of 
solid electrolyte interphase (SEI) film.7,39 The HRTEM and XRD data 
can validate this, which will be detailed later. Oxidation peaks around 
at 0.64 along with 1.26 V may come from step-depotassiation.8 
Electrochemical behavior of Sb2S3@NC and V5S8@NC materials was 
compared using CV curves. Fig. S12a illustrates that the initial 
insertion process of V5S8 into KxV5S8 accounts for observed reduction 
in the peak at 0.77 V. The conversion behavior of K+ and SEI layer 
generation accounted for the subsequent peaks observed at 0.48 V 
as well as 0.01 V, respectively.11 A redox couple observed at 
0.67/0.51 V originates from the V‑centred conversion reaction. In 
contrast, the CV trace of the Sb2S3@NC electrode (Fig. S10b) reveals 
two visible redox pairs that reflect successive redox and alloying 
events during potassiation. The cathodic sweep reveals peaks at 
approximately 0.76, 0.18, and 0.02 V, indicating multiple Sb and K 
alloying and SEI film development. The CV curves exhibit near 
overlap, with peaks at 1.32/1.14 V, revealing K⁺ 
intercalation/extraction in KxSb2S3, while sharp signals at 0.42 and 
0.64 V arise from reversible alloying and dealloying of K with metallic 
antimony.6  

Fig. 2 Structural and chemical characterization for three active materials. (a) XRD patterns. XPS study of: (b) Sb 3d spectra and (c) V 
2p spectra. (d-f) Nitrogen adsorption/desorption isotherms were recorded to assess both surface area and porosity; the 
corresponding pore size distribution is displayed in the insets for each sample (d) V5S8/Sb2S3@NC, (e) V5S8@NC, and (f) Sb2S3@NC.
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The V5S8/Sb2S3@NC galvanostatic charge-discharge (GCD) 
curves recorded over the first 10 cycles are shown in Fig. 3b. With 0.1 
A g−1 current, V5S8/Sb2S3@NC attains a 1st-cycle discharge capacity 
of 702.1 mA h g−1 along with an associated charge capacity of 526.3 
mA h g−1, yielding an initial Coulombic efficiency (CE) of as much as 
75%. The inaugural GCD trace exhibits a series of gently sloping 
potential plateaus, reflecting the multistep electrochemical 
transformations discussed earlier, consistent with CV observations. 
By contrast, the initial CE of Sb2S3@NC and V5S8@NC electrodes were 
relatively lower, measuring 66% and 53%, respectively, as presented 
in Fig. S13. As displayed in Fig. 3c, at 0.1 A g−1, V5S8/Sb2S3@NC 
electrode sustains a substantial capacity of around 484 mA h g−1, 
achieving a maximum CE of 99.7%, even at 100th. This capacity is 
much greater than the capacities of V5S8@NC, which is 315 mA h g−1, 
and Sb2S3@NC, which is 103.5 mA h g−1. We also assessed the carbon-
free V5S8/Sb2S3 electrode for comparison in order to further clarify 
the function of N-doped carbon. Fig. 3c depicts that the 
electrochemical performance exhibits a distinct trend, with the 
specific capacity initial increasing from 382.1 mA h g−1 at 2nd to 454.8 
mA h g−1 at 31st, followed by a gradual decline to 300 mA h g−1 at 

100th cycle. This behavior makes it abundantly evident that the N-
doped carbon in the V5S8/Sb2S3@NC electrode largely serves as a 
protective layer, greatly increasing structural stability during cycling 
while making a negligible contribution to the total capacity. 

Additionally, the V5S8/Sb2S3@NC electrode demonstrates 
outstanding rate performance during the broad current density 
range, as depicted in Fig. 3d. Specifically, it delivers discharge 
capacities of around 642, 614, 597, 533, 471, 389, 241, and 124 mA 
h g–1 at the present density of 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 A g–

1, respectively. Remarkably, When the current density returns to 0.05 
A g−1, the V5S8/Sb2S3@NC recovers an impressive capacity of around 
657 mA h g–1, indicative of its outstanding structural reversibility and 
superior cycling stability. It is noted that the specific capacity of the 
V5S8/Sb2S3@NC electrode returns to 0.05 A g−1 at the rate test, which 
is slightly higher than the initial 5 cycles’s capacity (~642 mA h g−1) 
after the electrode has been activated through low-current cycling 
(e.g., at 0.1 or 0.2 A g−1). This initial activation helps optimize 
electrode–electrolyte wetting and improves K+ diffusion, resulting in 
an increased observed capacity once the current reaches 1 A 
g−1.27,40,41 In contrast, the single-phase sulfide electrodes of V5S8@NC 

Fig. 3 Electrochemical characteristics of the three active material electrodes. (a) CV curves of V5S8/Sb2S3@NC at 0.1 mVs−1. (b) GCD 
profiles of V5S8/Sb2S3@NC at 0.1 Ag−1. (c) Cycling performance at 0.1 Ag−1, and (d) rate performance comparison of active material 
electrodes at different current density. (e) V5S8/Sb2S3@NC rate performance comparison with published anodes. (f) Extended 
cycling capacity of V5S8/Sb2S3@NC at 1 Ag−1.
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and Sb2S3@NC experienced a rapid capacity decay, with capacities 
dropping to 44.7 and 13.4 mA h g−1, respectively, at the high current 
rate of 10 A g–1. Interestingly, the carbon-free V5S8/Sb2S3 electrode 
also shows a similar trend, but exhibits higher specific capacities than 
both V5S8@NC and Sb2S3@NC in limited cycles, which highlights the 
synergistic effect and intrinsic of V5S8/Sb2S3 heterostructures to 
enhance K storage performance. The remarkable rate capability of 
V5S8/Sb2S3@NC primarily arises from the improved transport of ions 
and electrons boosted by its heterostructure, where the 
heterointerface generates a IEF as well as a denser electron cloud, 
speeding up charge transfer while promoting charge redistribution, 
as supported by theoretical calculations, which will be discussed in 
future studies.11,42,43 Moreover, compared with reported V-based or 
Sb-based anodes for PIBs, as shown in Fig. 3e and Table S1,6,8,11,42,44–

52 the V5S8/Sb2S3@NC demonstrates competitiveness This indicates 
that V5S8/Sb2S3@NC exhibits excellent a competitive capacity level 
and superior capacity retention at high current density. Notably, it 
achieves a balanced combination of high capacity and long-term 
cycling stability, whereas most reported systems typically sacrifice 
one for the other. This balanced performance highlights the 
advantage of the heterostructure design in simultaneously 
regulating reaction kinetics and structural stability. 

The V5S8/Sb2S3@NC electrode experienced long-term cycling 
analysis for its durability at 1.0 A g–1 (Fig. 3f), maintaining a discharge 
capacity exceeding 300 mA h g−1 after 600 cycles, with a CE 
consistently above 99.6%. The specific capacity attained during the 
rate capability test (~470 mA h g−1 at 1 A g–1) surpassed the stabilized 
capacity (~410 mA h g−1) observed under prolonged cycling at the 
same current. This difference arises from the gradual structural 
evolution and interfacial stabilization, while the rate test reflects 
transient capacity under partially actively involved.53 For comparison, 
the V5S8@NC electrode demonstrated a lower capacity around 111 
mA h g−1 (Fig. S14), whereas the Sb2S3@NC electrode exhibited an 
even lower value of 72 mA h g−1 (Fig. S15) after 600 cycles. These 
results indicate that V5S8/Sb2S3@NC exhibits superior cycling stability 
compared to both V5S8@NC and Sb2S3@NC, further highlighting its 
potential as a stable and high-performance electrode material for 
PIBs. 
3.5 Electrochemical Performance and Kinetic Mechanism Analysis.
To assess the influence of capacitive behavior on electrochemical 
performance of three active material electrode, CV calculations were 
conducted. And CV curves for sweep speeds 0.2 to 1.0 mV s−1 are 
shown in Fig. 4a and S16. As the scan rates increased, the curves 
follow a similar trend with slight peak shifts, indicating a potential 
decline in cell performance attributed to electrode-electrolyte 
contact or slow electron transport. The area enclosed by the CV curve 
reflects the combined effects of Faradaic processes and non-Faradaic 
double-layer storage of charges processes. The Faradaic process 
consists of major processes: (i) the intercalation of K+ ions into the 
host material, and (ii) a pseudocapacitive reaction related to charge 
transfer at or near the surface of active particles.41,54 Scan rate (v) 
and peak current (i) are related by the formula 𝑖 = 𝑎𝑣𝑏 , where a and 
b refer to constants.8 A value of b = 0.5 indicates a semi-infinite 
diffusion control reaction, while a value of b = 1 corresponds to a 
capacitive process. In Fig. 4b, the extracted b-values for the redox 
peaks Re1 (0.82) along with Re2 (0.87), suggesting that capacitive 
behavior is the dominant mechanism in V5S8/Sb2S3@NC. For 

comparison, Fig. S17a reveals that V5S8@NC exhibits a b-value 
approaching 1, reinforcing the dominance of capacitive storage. In 
contrast, Sb2S3@NC shows a b-value below 0.8, as shown in Fig. S17b, 
suggesting the coexistence of both capacitive and diffusion behavior. 
Furthermore, a voltammetry sweep rate-dependent analysis was 
performed to investigate the specific pseudocapacitive contributions 
and diffusion-controlled reactions in the V5S8/Sb2S3@NC electrode, 
as further elucidated by the equation:

𝑖(𝑉) = 𝐾1𝑣 + 𝐾2𝑣1/2                                                         (1)                                                                               

Fig. 4 Electrochemical kinetics and ion transport analysis of 
V5S8/Sb2S3@NC-based electrodes. (a) CV profiles of the 
V5S8/Sb2S3@NC electrode. (b) Log-log charts demonstrating the 
linear correlation. (c) Proportion of capacitive versus diffusion-
controlled contributions. (d) EIS of three electrodes (V5S8/Sb2S3@NC, 
V5S8@NC, and Sb2S3@NC) after 100 cycles. GITT profiles during (e) 
the discharge and (f) the charge processes, along with the 
corresponding K+ diffusion coefficients for the three electrodes.

The measured current (i) at a given voltage consists of two 
primary components: a diffusion-limited contribution (proportional 
to k2v1/2) and a surface-controlled capacitive response (proportional 
to k1v).8  As illustrated in Fig. 4c, the capacitive behavior of 
V5S8/Sb2S3@NC was evaluated across scan rates ranging (0.2-1.0 mV 
s−1). Notably, the capacitive portion rises from 57% at the lowest scan 
rate to 75% as the rate increases to 1 mV s−1, indicating a growing 
dominance of surface-controlled charge storage at higher scan 
speeds. Fig. S18 shows that at 1 mV s–1, the surface capacitive effect 
contributes 75% of the V5S8/Sb2S3@NC electrode's capacitance, 
identifying it as the main contributor. In comparison, the surface-
controlled charge storage behavior exhibited by V5S8/Sb2S3@NC and 
V5S8@NC was similar to that observed in Sb2S3@NC, as shown in Fig. 
S19. However, V5S8@NC consistently delivered a greater 
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pseudocapacitive contribution across all tested scan rates, with 
values varying between 77% to 88% (scan rates:0.2 -1.0 mV s−1). In 
contrast, Sb2S3@NC demonstrated significantly reduced level of 
pseudocapacitive contribution, ranging from 25% to 43% over the 
same scan rate interval. The presence of V5S8 facilitates improved 
reaction kinetics in the V5S8/Sb2S3@NC electrode. Consequently, 
capacitive processes dominate at elevated scan rates, supporting 
V5S8/Sb2S3@NC’s improved rate performance. 

Furthermore, in order to assess the impact of the active material 
structures on the reaction kinetics of K+, EIS technique was carried 
out. The Nyquist plots of the tested materials display a characteristic 
semicircular region followed by an inclined linear segment, as 
depicted in Fig. 4d. At low frequencies, the diagonal line indicates 
diffusion, while the semicircle represents high-frequency charge 
transfer impedance (Rct). Table S2 shows that the Rct value of 
V5S8/Sb2S3@NC (1745 Ω) is much lower after 100 cycles compared to 
the Sb2S3@NC (3161 Ω) and V5S8@NC (2211 Ω). It is important to 
highlight that the fresh V5S8@NC electrode exhibits a lower Rct of 
1062 Ω compared to V5S8/Sb2S3@NC (1606 Ω) and Sb2S3@NC (1747 
Ω) which is a good indication that V5S8@NC has the best conductivity 
in agreement with other works.11 Furthermore, V5S8/Sb2S3@NC 
electrode EIS spectra were taken in the fresh state as well as after 
the 1st, 2nd, 5th, and 50th cycles (Fig. S20). During the first cycle, the 
V5S8/Sb2S3@NC shows the highest Rct value of 2022 Ω, which reflects 
a deceleration in charge transfer likely resulting from the appearance 
of the SEI layer. Within the first fifty cycles of V5S8/Sb2S3@NC, the Rct 
value decreases significantly, which significantly improves the 
battery conductivity, then the active material is slowly destroyed and 
the impedance increases. Table S3 shows the whole Rct value and 
fitting circuit fitting results.

To understand the active electrode's electrochemical kinetics, 
compare the chemical K+ diffusion coefficient, where is estimated via 
a simplified Fick's second law:
𝐷𝑘 = 4

𝜋𝜏
( 𝑚𝑏𝑉𝑀

𝑀𝐵𝑆
)

2
( ∆𝐸𝑠

∆𝐸𝑡
)

2
     (𝑡 ≪ 𝐿2

𝐷 )                                                                                  
(2)

where Dk is the K+ diffusion coefficient (cm2 s−1), the τ denotes 
the duration of the applied current (s), mb is the active electrode 
material mass (g), MB corresponds to its molar mass (gmol−1), VM is 
its molar volume (cm3mol−1), as well as S is its geometric surface area 
(cm2). The steady-state voltage variation resulting from the pulse is 
represented as ΔES, ΔEt indicates the transient potential shift 
observed during the pulse at constant current. The trends of DK value 
for three active material electrodes as illustrated in Fig. 4e and f, 
exhibit comparability. The diffusion coefficients of K+, varying with 
cell voltage, are estimated to range from 1.33 × 10−9 to 2.37 × 10−11 
for the discharge process and from 2.4 × 10−9 to 6.48 × 10−11 (cm2s−1) 
charging process in the V5S8/Sb2S3@NC electrode. Furthermore, a 
sudden or gradual decline in the diffusion coefficient is noted at 
specific discharge and charge potentials where the electrochemical 
mechanism transitions between intercalation, conversion, and alloy 
reactions. This pattern of one or multiple significant or gradual drops 
in diffusion rate across discharge and charge potentials is also 
evident in other two-phase transition metal electrodes. 

Ex situ characterizations (e.g., XRD, TEM) were conducted on 
V5S8/Sb2S3@NC electrodes to clarify the K+ storage mechanism and 
explore changes in structure throughout the charge–discharge 
processes (Fig. 5 and S21). At 0.6 V (corresponding to terminated 

state II, Fig. 5a), V5S8 is partially transformed into KxV5S8. As the 
electrode continues to discharge to 0.01 V (terminated state III), 
KxV5S8 peaks shift slight to lower angles, implying more potassiation 
and the production of Kx+yV5S8. The metal V peak is not observed, 
although K3Sb is at 0.01 V. During potassiation, no conversion 
reaction to metal V happened at a potential of 0.01V, and it is likely 
that only K was inserted into V5S8. As illustrated in Fig. 5b (terminated 
states IV to VI), K+ ions were removed from K3Sb and Kx+yV5S8 during 
charging, resulting in the simultaneous presence of KxV5S8 and a 
partial restoration of V5S8, Sb2S3, and amorphous V5S8 at 3 V.55 This 
remarkable contrast suggests the existence of interfacial contacts 
between the produced KxV5S8, Sb2S3, and amorphous V5S8 inside the 
V5S8/Sb2S3@NC, and that this amorphization is partially irreversible 
to the initial state of V5S8. The ex-situ HRTEM results provide support 
for this hypothesis, as illustrated in Fig. 5e-g (discharge state at 0.01V) 
and Fig. 5h-j (charge state at 3V). It is clearly evident that the (101) 
and (111) planes of KxV5S8 and K2S2, respectively, are represented by 
lattice fringes measuring 0.566 and 0.34 nm. Also, black K3Sb 
nanocrystals with 0.31 nm lattice edges that are indexed to the (110) 
plane are observed supporting the XRD spectrum and prior study.7,51 
The presence of a large amorphous region and obvious lattice 
diffraction stripes corresponding to the (101) plane of Sb2S3 
(0.385 nm) and the (112) plane of V5S8 (0.31 nm) are evident on 
charging to 3 V, as seen in Fig. 5h–j. Ex-situ XRD and HRTEM indicate 
that V5S8 undergoes partial amorphization during the 
potassiation/depotassiation process, resulting in the coexistence of 
crystalline and amorphous regions in the cycled electrode, these data 
consistently indicate that V5S8 undergoes partial amorphization 
and/or nanocrystallization during potassiation/depotassiation. Such 
structural evolution is expected to improve structural adaptability 
during cycling. The experimental findings indicate that the K+ ion 
storage process in V5S8/Sb2S3 may be summed up as follows:

Initial potassiation:   
Sb2S3 + xK+ + xe−→ KxSb2S3 →3KxS + 2Sb
and                     V5S8+ xK+ + xe−→KxV5S8

Further potassiation: 
3KxS + 2KSb + (3-x)K+ + (3-x)e− → K2S3 +2K3Sb 
and                      KxV5S8 +yK+ +ye−→ Kx+yV5S8

Depotassiation:  2K3Sb − 6K+ − 6e− → Sb2S3

And                    Kx+yV5S8 − yK+ − ye− →KxV5S8

3.6 Analysis of V5S8/Sb2S3@NC structural stability and 
morphological evolution after cycling.
A direct observational approach has been used to monitor the 
topological morphology of the V5S8/Sb2S3@NC electrode in order to 
investigate its structural integrity and expansion process. As shown 
in the movie and selected screenshots, in situ optical microscope 
recorded potassiation-induced morphological alterations. 
Interestingly, after 5 to 150 minutes of potassiation (Fig. 5c and d), a 
slightly whitish and darkened interface started to appear on the 
electrode surface, suggesting that the active material potassiated 
quickly. Movie S1 shows that despite the rapid potassiation, the 
electrode layer expands at a relatively slow rate that can be 
neglected. The average electrode expansion rate, as assessed by 
comparison and measurement of many reference sites, was found to 
be roughly 112.59%, which is considered competitive compared to 
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the significantly higher volume changes typically observed in alloying 
and conversion-type electrode materials.56,57 

Ex-situ SEM was also utilized to monitor the morphology 
evolution of V5S8/Sb2S3@NC electrode throughout the cycling 
process. After the first cycle, the electrode surface was uniformly 
coated with a relatively flat and compact SEI layer, accompanied by 
the formation of ultrafine particles distributed across the surface (Fig. 
S22). It’s worth noting that electrolyte-engineered interphases (e.g., 
bandgap-engineered SEI and K2SO3-rich interphase) are also a 
potential factor for improving electrode performance, as has been 
observed in other material systems.58–60 This warrants further 
investigation, but it's not the focus of this work. With continued 
cycling, these fine particles expanded and gradually fused together, 
forming a coherent and tightly bound outer layer that encapsulated 

the V5S8/Sb2S3@NC (Fig. S23). The creation of a strong SEI that could 
endure the mechanical stress brought on by repeated 

potassiation/depotassiation was demonstrated by the electrode’s 
surface becoming more uniform and structurally stable. This 
structural adaptation likely contributed to the enhanced long-term 
cycling performance of the electrode. Significant morphological 
changes were noted after 700 cycles, though, as the outermost layer 
lost its distinctive granular texture and it became more challenging 
to discern between the conductive additives, active material, and 
other structural elements (Fig. S24). This phenomenon may indicate 
the gradual passivation or structural collapse of the electrode surface, 
which may be the major cause of electrode material electrochemical 
activity decline and active material failure. 

3.7 DFT calculation. 

Fig. 5 K+ storage mechanism of V5S8/Sb2S3@NC electrode. (a) Voltage–time curve of V5S8/Sb2S3@NC electrode during the 1st charge–
discharge cycle. (b) Selected ex-situ XRD patterns of V5S8/Sb2S3@NC electrodes at various states (I–VI). Selected in-situ optical 
microscopy images of K potassiation into the V5S8/Sb2S3@NC electrode after (c) 5min and (d) and 150 min. TEM images of 
V5S8/Sb2S3@NC: (e–g) Discharged to 0.01 V and (h–j) Charged to 3.0 V during the 1st cycle.
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Theoretical DFT simulations were performed to investigate the 
correlation between the reaction kinetics of V5S8, Sb2S3, and 
V5S8/Sb2S3 heterostructure with K+ under ideal conditions. Fig. 6a-c 
illustrate the calculated charge density difference iso-surfaces (at an 
isovalue of 0.007 eÅ−3) for V5S8, Sb2S3, and V5S8/Sb2S3, respectively. 
The blue and yellow areas indicate regions of charge depletion and 
accumulation, respectively, providing a visual indication of electron 
redistribution. Notably, in the V5S8/Sb2S3 heterostructure (Fig. 6c), a 
distinct electron redistribution and charge transfer from V5S8 to Sb2S3 
is observed, highlighting the electronic coupling at the interface and 
the successful establishment of the heterostructure. The density of 
states (DOS) plots (Fig. 6d) demonstrate that V5S8 displays metallic 
characteristics, whereas Sb2S3 functions as a type of semiconductor 
along with calculated bandgap of approximately 1.2 eV, in 
agreement with prior literature.11,57 Interestingly, the V5S8/Sb2S3 
heterostructure presents a continuous DOS near the Fermi level, 
indicating the absence of a bandgap and suggesting a substantial 
enhancement in electrical conductivity. This enhanced conductivity 
is due to the creation of the heterointerface, which imparts metallic 
behavior to the V5S8/Sb2S3 hybrid. When materials possessing 
different electronic structures form a junction, electron 
redistribution occurs at the interface, resulting in the emergence of 
an internal electric field.19,61,62 This field stimulates the accumulation 
of K+ ions in the negative-charge area, effectively acting as an ion 
reservoir. A concentration gradient is created when the localized 
region retains a high concentration of potassium ions even when the 
IEF weakens as a result of charge equilibrium.14,63,64 This mechanism 
promotes efficient charge transfer across the interface, thereby 
accelerating the overall electrochemical kinetics of the electrode 
system. 

The ion diffusion barrier energies in the bare V5S8, bare Sb2S3, 

and V5S8/Sb2S3 heterostructure, were employed to evaluate K-ion 
migration behavior using the CI-NEB method. Fig. 6e–g illustrates the 
plausible K+-ion diffusion pathways across the three model systems. 
For the V5S8/Sb2S3 heterostructure, ion movement is primarily 
considered within the interlayer region of V5S8, due to its external 
positioning in the composite. Corresponding energy profiles along 
these migration routes are presented in Fig. 6h. The computed 
energy barrier for K⁺ migration within the V5S8/Sb2S3 interface is 
notably low at 0.0314 eV, which is significantly reduced compared to 
the values for bare V5S8 and Sb2S3, measured at 0.0596 and 0.0681 eV, 
respectively. The lower energy barrier increases the transfer of K+, 
which can improve the reaction kinetics and charge storage of K in 
V5S8/Sb2S3. Combined with the ex-situ XRD and HRTEM results, which 
suggest partial amorphization and structural disordering of V5S8 

during cycling, we infer that the superior electrochemical 
performance arises from the synergy between heterointerface-
enabled fast transport and amorphization-enabled structural 
adaptability.65–67 In particular, the partially amorphous V5S8 may 
provide more disordered K+ diffusion environments and better 
accommodate stress evolution, which is consistent with the fast 
diffusion kinetics from GITT and the stable long-term cycling 
behavior.67 

3.8 Electrochemical Performance of V5S8/Sb2S3@NC||AC Full-cell. 
To investigate the practical feasibility of V5S8/Sb2S3@NC in full 
batteries, we created a PIB full-cell, as shown in Fig. S25a, in where 

consist of V5S8/Sb2S3@NC anode and AC cathode (obtained via 
PTCDA annealing at 600℃). At 0.1 A g–1 current density, Fig. S25b 
illustrates semi-plateau charge-discharge profiles. Additionally, 
cycling performance tests indicate a maintained discharge capacity 
exceeding 98 mA h g–1 even after 150 cycles, operating within 0.5–
3.2 V under the same current condition (Fig. S26). The CE 
demonstrated a notable upward trend. The reactivation of 
V5S8/Sb2S3@NC may account for the structural changes that 
enhanced its electrochemical performance.

4. Conclusions
As anodes for PIBs, a rationally engineered V5S8/Sb2S3 encapsulated 
in N-doped carbon has been created. The presence of internal V5S8 
nanoplates, interlayer Sb2S3 nanoribbons, and external N-doped 
carbon collectively contributes to a synergistic interaction within the 
V5S8/Sb2S3@NC structure. This integrated architecture promotes 
efficient electrolyte penetration and rapid ion diffusion, while 
simultaneously buffering volume fluctuations during repeated 
charge–discharge cycles. In addition, the ex-situ XRD technology and 

Fig. 6 The differential charge density images of (a) V5S8, (b) Sb2S3, and 
(c) V5S8/Sb2S3 with the top view (up) and side view (down) (yellow: 
charge increase, blue: charge decrease). (d) The DOS plot of 
V5S8/Sb2S3, Sb2S3, and V5S8. K ion migration paths in the (e) V5S8, (f) 
Sb2S3, and (g) V5S8/Sb2S3 with the view of top (up) and side (down). 
(h) The kinetic energy curve of K-ions on their diffusion path.
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HRTEM analysis were also used to explore V5S8/Sb2S3@NC storage 
processes. According to the DFT calculations, V5S8 and Sb2S3 display 
a significant disparity in Fermi energy levels, resulting in the 
production of an IEF across the heterointerface. This IEF drives 
electron migration from V5S8 to Sb2S3. The V5S8/Sb2S3@NC material 
demonstrates remarkable cycling durability, maintaining 301.5 mA h 
g–1 at the high current density of 1 A g–1 even across 600 cycles, with 
only 0.03% capacity fading each cycle. Furthermore, it delivers a 
significant reversible capacity of around 485 mA h g–1 afterwards 100 
cycles at 0.1 A g–1. Additionally, the V5S8/Sb2S3@NC anode and AC 
cathode of the potassium-ion full cell delivered a high capacity 
around 98 mA h g–1 at 0.1A g–1, maintaining this performance even 
after 150 cycles. Employing a general synthetic strategy to construct 
ultrathin-layered bimetallic sulfide heterostructures could provide 
valuable guidance for designing advanced electrode materials for 
PIBs.
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The data supporting this article have been included as part of the Supplementary 
Information.
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