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A B S T R A C T

Synergistic effects could significantly improve slow redox kinetics and structural pulverization of electrodes in 
potassium ion batteries (PIBs); however, the performance of single synergistic designs is limited. Multi- 
synergistic composite, shaped by a blend of factors, substantially boosts performance, yielding outcomes that 
surpass single synergistic coupling design. Herein, we develop a Bi2Se3/Sb2Se3@NC@G electrode that integrates 
three key features for enhanced potassium-ion storage: p-n junctions enhance electron transfer through internal 
electric fields, dual confinement prevents K2Se dissolution into the electrolyte, and lattice softening in the Bi-Sb 
alloy relieves stress during potassium ion insertion/extraction. These multi-synergistic effects enable the het
erostructure to exhibit superior electrochemical performance in potassium-ion batteries. The Bi2Se3/ 
Sb2Se3@NC@G electrode demonstrates notable capacity of 640 mA h g-1 at current density of 50 mA g-1, 
achieving 95.5 % of its theoretical capacity, maintain stable capacity of 310 mA h g− 1 after 5000 cycles at current 
density of 0.5 A/g with 0.002 % per cycle degradation, and exhibits the fastest rate capability up to 10 A/g (172 
mA h g− 1). Furthermore, potassium ion hybrid capacitor (PIHC) can achieve a high energy density of 118 Wh 
kg− 1 and a power density of 5200 W kg− 1, and full cell shows an attractive energy density of 97 Wh kg -1 and a 
stable performance after 250 cycling number under 1 A g-1. This study proposes an effective strategy that em
ploys multiple synergistic coupling designs to maximize potassium-ion storage capacity, achieving a break
through in extending battery lifecycle.

1. Introduction

Developing advanced energy storage technologies beyond lithium- 
ion batteries (LIBs) is increasingly urgent for sustainable, low-cost, 
large-scale solutions [1–3]. Potassium-ion batteries (PIBs) have 
emerged as a promising alternative, offering close oxidation–reduction 
potentials to LIBs (K: − 3.04 V, Li: − 2.93 V), which suggests a high en
ergy density potential[4,5]. However, PIBs confront considerable chal
lenges, primarily slow redox kinetics and structural pulverization due to 
the large radius of K+, thus leading to rapid capacity decay and inade
quate cycling stability [2,6–8]. To overcome these obstacles, recent 
progress focus on improving electrode materials and electrolyte com
positions. Enhanced electrode designs aim to accommodate K+ better, 

reducing volumetric expansion and structural degradation during 
charge cycles. Simultaneously, electrolyte modifications seek to increase 
ionic conductivity and stabilize electrode interfaces, crucial for 
extending battery life and enhancing performance. These advancements 
are critical for realizing the full potential of PIBs in practical energy 
storage applications.

The anode materials utilized in PIBs can be classified into three 
distinct types: intercalation-type, alloying-type, and conversion-type, 
each characterized by unique electrochemical properties and chal
lenges [9–14]. Intercalation-type materials, despite extensive investi
gation, often exhibit limited active sites and insufficient capacity, 
consequently constraining the battery’s overall energy density [15]. On 
the other hand, alloying-type and conversion-type anodes, which 

* Corresponding author.
E-mail address: hytuan@che.nthu.edu.tw (H.-Y. Tuan). 

Contents lists available at ScienceDirect

Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

https://doi.org/10.1016/j.cej.2024.155370
Received 31 May 2024; Received in revised form 25 July 2024; Accepted 29 August 2024  

Chemical Engineering Journal 498 (2024) 155370 

Available online 3 September 2024 
1385-8947/© 2024 Published by Elsevier B.V. 

mailto:hytuan@che.nthu.edu.tw
www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2024.155370
https://doi.org/10.1016/j.cej.2024.155370
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2024.155370&domain=pdf


facilitate multi-electron transfer reactions, have garnered significant 
attention due to their potential in enhancing mass energy density. These 
materials primarily include transition metal oxides (TMOs), sulfides 
(TMSs), and selenides (TMSes). The mass energy density of electrode 
materials can be calculated using the extended Nernst equation [16,17]: 

ED =
ΔrGθ
∑

Mi
= −

nFE
∑

Mi 

Here, n represents the number of charges transferred per mole of 
reaction, F is the Faraday constant, E represents the thermodynamic 
equilibrium voltage or electromotive force (emf), and ΣMi is the sum of 
the mole weights or mole volumes of the reactants. Notably, the Gibbs 
formation energy, which significantly impacts reactivity and energy 
density, can be derived from first-principles calculations, emphasizing 
the reaction’s dependence on electron transfer mechanisms. Alloying 
and conversion-type anodes face critical challenges during operation. 
Significant volume expansions during the charge and discharge cycles 
often lead to material aggregation and pulverization, thereby impeding 
electrical contact and slowing reaction kinetics. Furthermore, these 
materials are prone to the formation of solid electrolyte interface (SEI) 
layers, which are initially unstable and can dissolve, thus diminishing 
the Coulombic efficiency—a paramount factor for practical applications. 
Addressing these issues, various strategies like synergistic effects, 
morphology control, and conductive substrates have been employed to 
enhance structural stability and electrochemical performance [18–21]. 
For example, morphological modifications have proven effective in 
facilitating potassium ion diffusion and improving electron transfer, 
both of which are essential for high-performance PIBs. Techniques such 
as Cu doping in SnSe have been shown to alter local charge distributions 
and improve interlayer binding energy, significantly enhancing the 
electrochemical stability of the materials [22]. Additionally, the con
struction of ZnTe/CoTe2 heterostructures exemplifies how strategic 
design can lead to superior electrochemical storage capabilities [23]. 
Despite the advancements in material design and strategic enhance
ments, the overall capacity of these electrodes remains limited by the 
inherent specific capacities of the substrates, such as carbon materials, 
which typically exhibit lower specific capacities (e.g., KC8 = 279 mA h 
g− 1) [24,25]. Thus, while strategies like the introduction of conductive 
substrates increase cycling stability, they simultaneously decrease the 
electrode’s total capacity. Moreover, although the lattice softening ef
fect in Bi-Sb nanograins forms stable intermediate phases that exhibit 
lower expansion rates, these advancements do not fully resolve the is
sues related to cyclic stability [26].

The multi-synergistic composite, influenced by a combination of 
factors, significantly enhances performance, achieving results greater 
than the sum of its parts [27,28]. Extensive potential applications are 
evident across diverse sectors such as automotive manufacturing, 
medical devices, and infrastructure and construction. These composites 
demonstrate nonlinear cumulative impacts, where interactions between 
two active ingredients produce superior outcomes, either through 
similar or sequential activities. In the context of PIBs, the application of 
multi-synergistic composites involves integrating various strategies into 
material design, thereby elevating electrochemical performance. Multi- 
element compounds are attractive because of their diverse compositions, 
adaptable crystal structures, and distinctive morphologies, which 
bestow excellent physical, chemical, optical, and electronic properties 
[29,30]. The synergistic interaction of these multicomponent properties 
makes them highly promising for applications in electrochemical energy 
storage. In recent years, encapsulating carbon materials has been a 
widely employed approach to achieve synergistic effects across various 
battery systems and material designs. This method can yield diverse 
outcomes. For instance, Hu et al. designed a ZnTe@C/Ti3C2Tx (ZCT) 
nano-hybrid material [31], demonstrating outstanding long-term 
cycling performance over 3500 cycles, surpassing a single carbon- 
coated ZnTe@C counterpart. Carbon coating enhances charge transfer 

and strengthens electrode structural stability. Dual confinement can 
combine carbon hosts of different dimensions, achieving remarkable 
electrical conductivity and significant cycling performance [32,33]. In 
potassium–selenium batteries, hollow carbon spheres promote electro
lyte penetration and provide fast transfer channels, playing a synergistic 
role.

In this study, a novel composite material composed of Bi2Se3/Sb2Se3 
p-n junction heterostructure material and carbon materials (N-doped 
carbon and graphene) has been developed, named Bi2Se3/ 
Sb2Se3@NC@G, aiming to achieve high-performance potassium ion 
energy storage systems. The synergistic triple-action morphological 
composite anode is designed based on nanonetwork BiSbO4 selenization 
and carbonization, featuring a regularly stacked design, with nanosheets 
of Bi2Se3 attached to nanorods of Sb2Se3. We introduce the three main 
concepts of p-n junction, bond softening, and dual confinement into the 
Sb2Se3 system to achieve highly reversible stable cycling (Scheme 1). 
First, due to the difference in band structure and electron concentration, 
leading to charge redistribution, an internal electric field is spontane
ously generated, accelerating the diffusion capacity of electrons/ions 
and enhancing charge transfer in electrode materials. The abundant 
heterojunctions effectively improve the reaction kinetics, benefiting 
excellent high-rate performance [34]. Second, through the introduction 
of dual confinement, the synergistic effect between the design of p-n 
junction heterostructure and dual-layer carbon materials creates effec
tive electron transport channels, and the framework effectively allevi
ates the large volume expansion of Sb during potassium insertion/ 
extraction processes, preventing K2Se dissolution into the electrolyte 
and consequent shuttle effect during long-term cycling [35,36]. Third, 
the chemical properties of lattice softening in Bi-Sb alloy can mitigate 
the relevant stresses during potassium ion insertion/extraction pro
cesses, thereby suppressing volume expansion and achieving highly 
reversible stable cycling [26]. By maximizing the multi-synergistic ef
fects, we demonstrate the technical feasibility and engineering approach 
of electrode design for potassium ion energy storage systems.

2. Experimental Section

2.1. Materials

Bismuth(III) nitrate pentahydrate (Bi(NO3)3⋅5H2O, reagent grade, 
98%), hexa-decyltrimethylammonium bromide (CTAB, for molecular 
biology, 99%), Selenium (powder, 325 mesh, 99.5%), dopamine hy
drochloride ((HO)2C6H3CH2NH2⋅HCl), 2-Amino-2-(hydroxymethyl)- 
1,3-propane-diol (NH2C(CH2OH)3, ACS reagent grade,≧99.8%), 
dimethyl ether (DME, anhydrous 99.5%), dimethyl carbonate (DMC, 
anhydrous 99%), and potassium metal (chunks in mineral oil, 98%) 
were purchased from Sigma-Aldrich. Antimony (III) oxide (Sb2O3, 99%) 
were purchased from Alfa-Aesar. Potassium bis(fluorosulfonyl)imide 
(KFSI, 97%) was purchased from Combi-Blocks. Sodium carboxymethyl 
cellulose (NaCMC, average Mw ~ 700,000), Super-P and coin-type cell 
CR2032 were purchased from shining energy. Active carbon (AC) was 
purchased from Kuraray Chemical. Glass fiber was purchased from 
Advantec. Copper and aluminum foil were purchased from Chang-Chun 
group. All chemicals were used directly with no additional purification.

2.2. Material characterization

The morphologies of the obtained samples were investigated using 
scanning electron microscopy (SEM, Hitachi SU8010) equipped with 
energy-dispersive X-ray spectroscopy (EDS) detector. Transmission 
electron microscopy (TEM) (JEOL, JEM-ARM200FTH, serviced pro
vided by NTHU) with an accelerating voltage of 200 kV for investigating 
structural analysis including morphology, crystal lattice spacing, and 
selected-area electron diffraction (SAED). The structural evolution and 
composition were identified using X-ray diffraction (Bruker, D8 
ADVANCE) with Cu-Kα radiation (λ = 1.54 Å) and the oxidation states 
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of the samples were characterized by high-resolution Xray photoelect 
ron spectrometer (XPS, ULVAC-PH, PHI QuanteraII, NTHU). All the 
spectra obtained from XPS analysis were first calibrated by referencing 
the standard binding energy of C 1 s (284.8 eV), followed by the curve 
fitting using the software of XPSPEAK VER. 4.1. The ultraviolet photo
electron spectroscopy (UPS, ULVAC PHI 5000 Versa Probe, serviced 
provided by NTU) and UV–vis (Aglient, serviced provided by NTNU) 
spectra are used for confirming the valence band and energy gap.
Thermogravimetric analysis was performed using a thermogravimetric 
analyzer (TA, Q50) in the atmosphere with a temperature ramp rate of 
10 ◦C min− 1 and a temperature range of 25–800 ◦C. Raman spe 
ctroscopy was performed using a Micro Raman Identify Dual (MRID). 
Surface area was detected by Brunauer–Emmett–Teller (BET) method.

2.3. Fabrication of BiSbO4 nanonetworks

The BiSbO4 nanonetworks were prepared by hydrothermal method. 
The aqueous CTAB solution was prepared by adding 0.075 g of CTAB 
into a serum bottle with 25 mL of deionized water via constant stirring 
(500 rpm) for 30 min. Thereafter, 485.1 mg Bi(NO3)3⋅5H2O and 145.8 
mg Sb2O3 were added into the serum bottle. The mixture was transferred 
into 50 mL Teflon autoclave at 170 ◦C for 24h. The obtained solution 
was collected by centrifugation (5 min per cycle at 8000 rpm) three 
times using absolute ethanol and deionized water.

2.4. Fabrication of Bi2Se3/Sb2Se3@NC

50 Mg as-prepared BiSbO4 nanonetworks was dispersed into a tris- 
buffer solution (10 mmol, 50 mL) by sonication for 2 h, 25 mg dopa
mine hydrochloride (DA. HCl) was subsequently added into the solution 
and vigorously stirred for 4 h. The black BiSbO4@PDA precursor powder 
was collected by rinsing thoroughly with deionized water several times. 
BiSbO4@PDA (100 mg) and Se powder (600 mg) were put into a quartz 
boat and annealed under Ar atmosphere at 500◦C for 7.5h (3◦C min) to 
obtain Bi2Se3/Sb2Se3@NC

2.5. Fabrication of Bi2Se3/Sb2Se3@NC@G

The Bi2Se3/Sb2Se3@NC@G composites were synthesized via high 
energy mechanical milling. Bi2Se3/Sb2Se3@NC and graphene (the mass 
ratio was 3:1) were placed into a stainless-steel jar with stainless-steel 
balls and sealed inside an argon-filled glovebox. The mass ratio of ball 
to powder is about 180:1. Finally, the mixture was ball milled for 24 h. 
For comparison, the Bi2Se3@NC@G and Sb2Se3@NC@G were synthe
sized by a similar method.

2.6. Electrochemical measurement

These electrodes were prepared by mixing the active material 
(Bi2Se3/Sb2Se3@NC@G 70%), super-P carbon black (20%), and NaCMC 
(10%) in DI water to form a uniform slurry. The homogeneous slurry was 
coated onto the copper foil and dried under vacuum at 80 ◦C for 1 h in a 

Scheme 1. Schematic illustration of the synergistic triple-action concepts of Bi2Se3/Sb2Se3@NC@G composites.

J.-S. Lin et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 498 (2024) 155370 

3 

https://www.sciencedirect.com/topics/engineering/photoelectron
https://www.sciencedirect.com/topics/engineering/photoelectron
https://www.sciencedirect.com/topics/materials-science/thermogravimetric-analysis
https://www.sciencedirect.com/topics/engineering/ramp-rate
https://www.sciencedirect.com/topics/materials-science/raman-spectroscopy
https://www.sciencedirect.com/topics/materials-science/raman-spectroscopy


furnace to remove the residual solvent. The mass loading of active ma
terial in Bi2Se3/Sb2Se3@NC@G are 0.7~0.9 mg cm− 2. For electro
chemical test, the half cells were assembled with the potassium foil as 
the counter electrode, a solution of 4 M KFSI in DME as electrolyte, and 
glass fiber filters (Advantec.) as a separator. CR2032 coin cells were 
assembled in an argon-filled glove box with both the moisture and the 
oxygen content bellow 1 ppm (M. Braun UNILAB). Galvanostatic 
charge/discharge tests were evaluated by NEWARE CT-4000 battery 
measurement system from 0.01 to 3.0 V vs. K+/K. Galvanostatic inter
mittent titration technique (GITT) were evaluated by Maccor Series 
4000 battery test system. Cyclic voltammetry (CV) and electrochemical 
impedance spectroscopy (EIS) curves were obtained on Bio-Logic- 
Science Instruments, VMP3 workstation. EIS was set with a potential 
window of 0.01–3.00 V and a frequency of 600 kHz to 50 kHz. For 
Mott–Schottky measurements, the Bi2Se3/Sb2Se3@NC were employed 
as working electrodes, while Ag/AgCl and Pt were used as the reference 
and counter electrode, respectively. The Mott–Schottky plots were car
ried out in 0.5 M Na2SO4 aqueous solution.

2.7. Potassium-ion full cell of Bi2Se3/Sb2Se3@NC@G//Prussian blue 
(PB)

The CR2032 potassium-ion coin type full cell was assembled by 
setting the cathode-to-anode overall surface charge ratio to be 1. Before 
full cell assembly, PB was prepotassiated for 23 cycles. The working 
window of PB is set between 2.0 V ~ 4.0 V and discharge to 2.0 V. 
Bi2Se3/Sb2Se3@NC@G was prepotassiated for 23 cycles. The working 
window of Bi2Se3/Sb2Se3@NC@G is set between 0.01 V ~ 3.0 V and 
discharge to 0.01 V. For full cell assembly, the working window for full 
cell is set between 1.0 V ~ 3.8 V and the electrolyte used in the cells was 
1M KFSI in DMC.

2.8. Potassium-ion hybrid capacitor (PIHC) of Bi2Se3/Sb2Se3@NC@G// 
AC

The PIHC was assembled by using Bi2Se3/Sb2Se3@NC@G for anode 
and active carbon for cathode, with an overall mass ratio to be 1. Before 
the hybrid capacitor assembly, the anode was prepotassiated for 23 
cycles and discharge to 0.01 V. The working window for the hybrid 
capacitor is 0.01 V ~ 3.8 V.

2.9. DFT calculation

The DFT as implemented in the Vienna Ab initio simulation package 
(VASP) in all calculations [37]. The exchange–correlation potential is 
described by using the generalized gradient approximation of Perdew- 
Burke-Ernzerhof (GGA-PBE) [38]. The projector augmented-wave 
(PAW) method is employed to treat interactions between ion cores 
and valence electrons [39]. The plane-wave cutoff energy was fixed to 
450 eV. Given structural models were relaxed until the Hell
mann–Feynman forces smaller than − 0.02 eV Å− 1 and the change in 
energy smaller than 10-5 eV was attained. Grimme’s DFT-D3 method
ology was used to describe the dispersion interactions among all the 
atoms in adsorption models.

2.10. Finite element analysis (FEA) simulation

Finite element simulation using the Structural Mechanics Module of 
COMSOL Multiphysics software, a simulation is constructed for two 
different material structures in a microscopic 3D form. Due to the 
expansion stress brought about by embedded reactions, the implicit 
computation mode calculates the stress and strain caused by expansion 
in the rod material. The overall conservation equations comply with 
Newton’s second law. For both structures, the expansion rate due to the 
reaction is applied to the strain of the rod material in the form of 
interlayer strain, simulating the expansion of the rod. The outermost 

boundaries are set as fixed boundaries. For the mass transfer process, a 
simplified rod array structure at the local region of the interface with the 
electrolyte was constructed. A free mass transfer simulation model based 
on Fick’s law was developed, which simulates mass transfer using the 
diffusion equation. The top boundary is set as a relative concentration 
boundary with a relative concentration of 1, while the other outer 
boundaries are set as no-diffusion boundaries.

3. Results and discussion

Multi-synergistic composite Bi2Se3/Sb2Se3@NC@G were synthe
sized via a four-step reaction: hydrothermal synthesis of a BiSbO4 
nanonetwork (Fig. S1), followed by a polydopamine (PDA) coating, and 
concluding with a thermal selenization treatment and a ball milling 
method [40–42]. In an alkaline environment, dopamine self- 
polymerizes in a tris-buffer solution to form a uniform PDA layer on 
the BiSbO4 nanonetwork, creating BiSbO4@PDA. This template under
went thermal selenization with Se powder in a tube furnace, producing 
the multi-synergistic composite Bi2Se3/Sb2Se3@NC. At the end, Bi2Se3/ 
Sb2Se3@NC was mixed with graphene to form Bi2Se3/Sb2Se3@NC@G. 
SEM analysis (Fig. 1b) revealed a composite structure of rod-shaped 
Sb2Se3 and plate-like Bi2Se3 with a rough surface from in-situ form n- 
doped carbon[43]. X-ray diffraction (XRD) analysis confirmed the ma
terial’s crystalline phases (Fig. 1c), with overlapping peaks for rhom
bohedral Bi2Se3 (R-3m (166), JCPDS No. 00–033-0214) and 
orthorhombic Sb2Se3 (Pnma (62), JCPDS No. 01–075-1462), indicating 
the coexistence of both phases without impurities. Fig. 1d shows crystal 
structure of Bi2Se3/Sb2Se3. TEM observations (Fig. 1e) showed a den
dritic structure with rod-shaped Sb2Se3 and wrapped plate-like Bi2Se3, 
forming a three-dimensional structure that prevents self-aggregation 
and buffers volume expansion during potassium ion insertion/extrac
tion. SEM images (Fig. S3) depict Bi2Se3 synthesized via hydrothermal 
synthesis with a dopamine and carbon coating, preserving its layered 
structure. This is evidenced in Fig. S4, which shows rod-shaped 
Sb2Se3@NC. Fig. S5 illustrates Bi2Se3/Sb2Se3 @NC@G after ball mill
ing, fully encapsulated by graphene. HRTEM images of Bi2Se3/ 
Sb2Se3@NC@G (Fig. S6) confirm a double-layer carbon structure, 
featuring an outer graphene layer from ball milling and an inner layer of 
amorphous n-doped carbon [44]. To distinguish the morphology of the 
Bi2Se3/Sb2Se3@NC, Fig. S7 show the morphology of the Bi2Se3/ 
Sb2Se3@NC, Sb2Se3@NC nanorod and Bi2Se3@NC nanosheets. Fig. S7a 
exhibit the Sb2Se3 nanorods are covered with the Bi2Se3 nanosheets. 
Fig. S7b exhibits the morphology of Bi2Se3, which has a 200 nm in 
diameter. Fig. S7c shows that Sb2Se3 has a nanorod morphology. The 
Bi2Se3/Sb2Se3@NC@G is fully encapsulated in graphene, proving the 
successful carbon confinement. The dual confinement approach has 
been shown to greatly enhance structural integrity, leading to improved 
long-term cycling performance. The features enhance potassium storage 
and electron transfer, buffer volume expansion, and prevent K2Se 
dissolution in the electrolyte during charge/discharge cycles.

Raman spectra (Figs. S8, S9) show a prominent D band at 1350 cm− 1, 
indicating disordered or defective carbon, and a G band at 1580 cm− 1, 
reflecting graphite carbon. The ID/IG ratio of 0.737 for ball milled 
Bi2Se3/Sb2Se3@NC@G suggests structural defects and a degree of 
graphitization, confirming successful graphene encapsulation[45]. 
Thermal gravimetric analysis (TGA) (Figs. S10, S11) reveals carbon 
contents of 24.3%, 27.71%, and 21% for Bi2Se3/Sb2Se3@NC@G, 
Bi2Se3@NC@G, and Sb2Se3@NC@G, respectively [46]. Bi2Se3/ 
Sb2Se3@NC@G exhibits a specific surface area of 10.296 m2g− 1 

(Fig. S12). The chemical composition of Bi, Sb, Se is 35.13%, 17.83%, 
36.03 wt%, respectively by ICP analysis (Table S2). HRTEM images 
(Fig. 1f) reveal distinct interfaces and lattice structures of Bi2Se3 and 
Sb2Se3 within Bi2Se3/Sb2Se3@NC, demonstrating no phase separation 
and aligning with XRD findings (Fig. S13). Furthermore, we use 
geometrical phase analysis (GPA) derived from HTERM confirm the 
distinct interfaces again (Fig. 1g). High-angle annular dark-field 
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scanning transmission electron microscopy (HAADF-STEM) images 
(Fig. 1h–i) display Bi2Se3 with a 0.179 nm gap corresponding to the (2 
0 0) crystal plane and Sb2Se3 with a 0.224 nm gap for the (4 1 0) plane. 
SAED analysis (Fig. 1j) confirms the polycrystalline nature of Bi2Se3/ 
Sb2Se3@NC@NC, highlighted by pink and yellow rings indicating 
various crystal planes of Bi2Se3 and Sb2Se3, respectively. EDS elemental 
mapping (Fig. 1k) verifies a uniform distribution of Bi, Sb, Se, and C, 
further confirming the heterostructure’s integrity. Furthermore, Fig. S14
shows the HRTEM image of Bi2Se3 in Bi2Se3/Sb2Se3@NC, Fig. S14b and 
shows a 0.182 nm gap corresponding to the (2 0 0) crystal plane. The 
corresponding IFFT images and lattice spacing measured by Gatan 
Software are provided. Fig. S15 shows the HRTEM image of Sb2Se3 in 
Bi2Se3/Sb2Se3@NC, Fig. S15b shows a 0.249 nm gap corresponding to 
the (4 1 0) crystal plane. Fig. S15c and d are the corresponding IFFT 
image and lattice spacing. XPS analysis (Fig. 1l–n) reveals the elemental 
valence states and surface composition of Bi2Se3/Sb2Se3@NC, 

displaying characteristic spectra for Bi 4f, Sb 3d, and Se 3d. The Bi 
spectra (Fig. 1l) show peaks at 163.1 and 157.9 eV for Bi 4f5/2 and Bi 4f7/ 

2 respectively, with additional peaks indicative of surface is oxidized Bi 
(Bi2O3) [47]. Sb 3d spectrum includes peaks at 538.4 and 529.1 eV for 
Sb 3d3/2 and Sb 3d5/2, representing Sb3+, plus peaks at 539.3 and 530.4 
eV from surface oxidation. The Se 3d spectrum (Fig. 1n) shows peaks at 
54.8 and 53.9 eV for Se 3d3/2 and Se 3d5/2. Fig. S20 reveals the XPS 
spectra of Bi2Se3@NC, the Bi spectra show peaks at 163.3 and 158.1 eV 
for Bi 4f5/2 and Bi 4f7/2 respectively. XPS spectra of Sb2Se3@NC shows 
that Sb 3d spectrum includes peaks at 538.5 and 529.2 eV for Sb 3d3/2 
and Sb 3d5/2, representing Sb3+ (Fig. S21a). The Se 3d spectrum 
(Fig. S21b) shows peaks at 54.8 and 53.9 eV for Se 3d3/2 and Se 3d5/2.

To verify the semiconductor types and the p-n heterojunction, UPS 
was used to examine the electronic band structures, revealing valence 
band maximum (VBM) edges at 1.57 eV for Bi2Se3@NC and 1.91 eV for 
Sb2Se3@NC, as depicted in Fig. 2a–c [43]. The bandgap of the 

Fig. 1. Material characterization of Bi2Se3/Sb2Se3@NC. (a) The synthetic route of the Bi2Se3/Sb2Se3@NC. (b) SEM image, (c) XRD patterns, and (d) Crystal structure 
of Bi2Se3/Sb2Se3@NC. (e) TEM images. (f) HRTEM images. (g) GPA derived from HTERM. (h, i) HAADF-STEM images. (j) SAED pattern. (k) EDS elements mapping. 
(l, m, n) High-resolution XPS spectra of Bi, Sb, and Se.
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Bi2Se3@NC and Sb2Se3@NC are estimated according to the Tauc’s 
method are 1.04 and 1.09 Ev [48]. Due to the varying positions of the 
Fermi level, natural electron transfer happens upon contact, resulting in 
the creation of an intrinsic electric field. The band alignment diagram in 
Fig. 2b shows that in the p-n heterojunction, holes from p-type Bi2Se3 
migrate towards n-type Sb2Se3, while electrons move from n-type to p- 
type [45]. Carrier recombination at the interface establishes an equi
librium, forming a depletion region with positive and negative charges 
[49]. This charge redistribution and depletion zone formation crucially 
modify the local and electronic structure of the material. Density func
tional theory (DFT) calculations were used to analyze the density of 
states (DOS) for Bi2Se3, Sb2Se3, and their heterostructures, as shown in 
Fig. 2d [50]. Bi2Se3, influenced by topological effects, displays a narrow 
bandgap, where both conduction and valence bands are predominantly 

made up of Se-p states with minor contributions from Bi-p states. In 
contrast, Sb2Se3 features a larger bandgap, with its conduction and 
valence bands also primarily composed of Se-p states, but with slight 
involvement of Sb-p states. The formation of Bi2Se3/Sb2Se3 hetero
structures significantly enhances conductivity compared to pure Bi2Se3 
and Sb2Se3, improving diffusion dynamics and electrochemical perfor
mance. This increase in conductivity is attributed to p-n heterojunctions 
with built-in electric fields that promote efficient charge transfer. 
Furthermore, the presence of numerous heterojunctions facilitates K+

diffusion and electron transfer, thereby augmenting the ion storage ca
pacity in K+ electrodes. Charge density difference studies, illustrated in 
Fig. 2e, show electron distributions in depletion (green) and accumu
lation (yellow) zones, indicating electron movement directions. At the 
heterojunction interface, electrons diffuse from n-type Sb2Se3 to p-type 

Fig. 2. (a) Tauc’s bandgap plots, UPS valence band spectra of Bi2Se3@NC. (b) Band diagram. (c) Tauc’s bandgap plots, UPS valence band spectra of Sb2Se3@NC. (d) 
Calculated DOS analyses. (e) Charge density difference for Bi2Se3/Sb2Se3@NC. (f) Mott-Schottky plots of Bi2Se3/Sb2Se3@NC. (g) Comparison of energy barrier of 
K+ diffusion.
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Bi2Se3, aligning the Fermi level. This electron movement enables bidi
rectional charge transfer, enhances electron transport at the interface, 
and improves ion diffusion dynamics, thereby boosting the performance 
and long-term cycling stability of PIB. Fig. S22 shows the charge density 
difference of Sb2Se3. Theoretical calculations corroborate these experi
mental observations in high-performance PIB systems. The type of a 
semiconductor can be classified from the slope in the Mott-Schottky plot; 
a positive slope signifies n-type, while a negative slope signifies p-type 
(Fig. S23). Fig. 2f, marked by an inverted “V” pattern, verifies the suc
cessful formation of an p-n junction with an intrinsic electric field. 
Furthermore, Mott-Schottky plots at the fully discharged state (0.01 V) 
demonstrates that the p-n junction still exists at the fully discharged 
state (Fig. S24). As illustrated in Fig. 2g, the energy barrier of K atoms on 
the Bi2Se3/Sb2Se3 are 0.06, 0.08, 0.16, 0.1 eV, which is apparently lower 
than the Sb2Se3. The diffusion barrier of K on Bi2Se3/Sb2Se3 is three 
times smaller than Sb2Se3, which can be attributed to the built-in electric 
field generation [51–53]. We compare another diffusion path of Bi2Se3/ 
Sb2Se3 with Sb2Se3 in Fig. S25, confirms the same result that Bi2Se3/ 
Sb2Se3 has a smaller energy barrier than Sb2Se3. Therefore, the con
struction of the heterostructure enhances charge transfer and ion 

diffusion during cycling.
Based on the special designed engineering and unique morphology, 

the impact of the structural design of the Bi2Se3/Sb2Se3@NC@G was 
investigated through SEM images under different cycles because the 
results can reflect the stability of the material and the influence of bond 
softening. The pristine electrode of Bi2Se3/Sb2Se3@NC@G showed a 
smooth surface without any fracture (Fig. 3a). After 250 cycles, the 
electrode maintained a smooth and integrity surface, thus avoiding the 
pulverization of active materials (Fig. 3c) [54]. In comparison, the 
aggregated Sb2Se3@NC@G electrode undergo large volume variation 
and structural collapse after 100 cycles (Fig. 3f) [54,55]. With the in
crease of cycle numbers, the size of the cracks increases accordingly 
(Fig. 3g). FEA studies were conducted using the simplest model, which 
does not include the two-layer carbon. We developed two models to 
investigate the stress distribution of the morphological Bi2Se3/Sb2Se3 
and Sb2Se3 nanorods during potassium insertion. The mechanical 
properties of Bi2Se3 and Sb2Se3 are shown in Table S1 [30,56]. The 
design of the morphological Bi2Se3/Sb2Se3 model involves Sb2Se3 rods 
encapsulated by Bi2Se3, whereas the second model consists of pure 
Sb2Se3 rods. The simulations captured the stress evolution during 

Fig. 3. SEM images of Bi2Se3/Sb2Se3@NC@G electrode surface before cycling and after cycling: (a) pristine, (b) 100th cycle, (c) 250th cycle. (d) Finite element 
simulation models of Bi2Se3/Sb2Se3 with the stress distribution. SEM images of Sb2Se3 electrode surface before cycling and after cycling: (e) pristine, (f) 100th cycle, 
(g) 250th cycle. (h) Finite element simulation models of Sb2Se3 with the stress distribution. (i) Schematic illustration of Bi2Se3/Sb2Se3@NC electrode. (j, k) The 
maximum and minimum stress of the morphological Bi2Se3/Sb2Se3 and Sb2Se3 nanorod. (l) K+ concentration distribution for morphological Bi2Se3/Sb2Se3 and 
Sb2Se3 nanorod.
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potassium insertion, with both models transitioning from blue to red, 
indicating increased stress levels. The morphological Bi2Se3/Sb2Se3 
shows lower stress during potassium insertion, resulting in the material 
remaining intact (Fig. 3d). On the other hand, the Sb2Se3 nanorods 
experienced higher stress and deformation during potassium insertion, 

leading to material fracture due to unresolved stresses, which facilitated 
the formation of a new SEI layer. The newly formed SEI layer would 
obstruct charge transfer rate (Fig. 3h). The FEA results align with the 
SEM images after cycling. Fig. S26 shows the SEM images of 
Bi2Se3@NC@G electrode after cycling, which exhibits a similar trend to 

Fig. 4. (a) CV curves at 0.1 mV/s. (b) Cycling performance at 50 mA g− 1. (c, d) GCD profiles of the 1st cycle at 50 mA/g. (e, f) GCD profiles of 60th cycle at 50 mA g−
1. (g) Rate capability when the current densities are in the range from 0.1 A g-1 to 10 A g-1. (h) The corresponding GCD profiles at various rates. (i) The corresponding 
specific capacities from 0.1 A g-1 to 10 A g-1. (j) Long-term cycling performance at 500 mA g-1. (k) ICE, CR, SCL, SCH, and cycle number with previous works. (l) 
Comparison of cycle number among the Bi2Se3/Sb2Se3@NC@G and other reported PIBs anodes. (m) Comparison of current density, capacity at high rate, capacity at 
low rate among the Bi2Se3/Sb2Se3@NC@G and other reported PIBs anodes.
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the fracture tendency of the Sb2Se3@NC@G electrode. Fig. 3i is the 
schematic illustration of the Bi2Se3/Sb2Se3@NC@G composite, the 
morphological design can not only relive the stress during charge/ 
discharge, but also enhance the transfer rate by the cross section. The 
maximum and minimum stresses for Sb2Se3 (2.65 GPa and 2.34 GPa, 
respectively) exceed those of morphological multicomponent Bi2Se3/ 
Sb2Se3 (2.34 GPa and 1.06 GPa, respectively) (Fig. 3j, k). The findings 
indicate that the morphological Bi2Se3/Sb2Se3 structure more effec
tively alleviates volume expansion compared to the Sb2Se3 nanorods 
during the charge and discharge process. The unique structural features 
of the morphological Bi2Se3/Sb2Se3 and the Sb2Se3 rods influence their 
distinct potassium (K+) diffusion kinetics. Fig. 3l illustrates a more 
uniform distribution of K+ concentration in Bi2Se3/Sb2Se3 compared to 
Sb2Se3, which improves the electrode’s wettability in the electrolyte 
[56]. Uniform electrolyte contact promotes higher Coulombic effi
ciency, correlating with experimental findings.

Fig. 4a presents the measured CV curve at a scan speed of 0.1 mV s− 1, 
where the CV plot reveals three distinct peaks at 1.3, 0.7, and 0.1 V 
during the first discharge cycle, indicating a three-step reduction pro
cess. The peak voltage at 1.3 V corresponds to the conversion reaction, 
while 0.7 V and 0.1 V indicate the two-step alloying reaction of Bi and 
Sb: (Bi,Sb)→Kx(Bi,Sb)→K3(Bi,Sb) [57]. The first charge cycle shows 
three clear peaks at 0.65 V, 1.4 V, and 2.2 V, representing a three-step 
oxidation process. A notable anodic peak at 0.33 V signifies carbon 
intercalation. The voltages at 0.65 V and 1.4 V correspond to the two- 
step dealloying reaction: K3(Bi,Sb)→Kx(Bi,Sb)→(Bi,Sb) [58]. Peak 
overlap in subsequent CV curves demonstrates the high reversibility and 
stability of the Bi2Se3/Sb2Se3@NC@G electrode. Fig. S27 displays the 
CV curves of Bi2Se3@NC@G and Sb2Se3@NC@G. Fig. 4b shows that the 
Bi2Se3/Sb2Se3@NC @G electrode delivers an initial capacity of 668 mA 
h g− 1, a reversible capacity of 583 mA h g− 1 at 50 mA g-1 and maintains a 
94.7% capacity retention after 300 cycles. In contrast, the 
Sb2Se3@NC@G electrode starts with a higher capacity of 683 mA h g− 1 

but experiences a dramatic decay after 60 cycles. The Bi2Se3@NC@G 
electrode’s capacity quickly declines within the first 30 cycles. The 
mixture of Bi2Se3@NC@G with Sb2Se3@NC@G performs poorly, 
reflecting the intrinsic properties of Bi2Se3 and Sb2Se3. This suggests that 
the substantial volume expansion in single metal alloying reactions 
significantly hampers electrochemical performance.

In the alloying reaction, the Sb2Se3@NC@G electrode experiences a 
volume expansion rate of 407 % due to the formation of K3Sb [59], 
significantly impairing its electrochemical performance. Conversely, the 
Bi2Se3/Sb2Se3@NC@G electrode can alleviate the volume changes from 
alloy reaction by synergistic triple-action design. Fig. 4c–f displays the 
galvanostatic charge–discharge (GCD) curves for the 1st and 60th cycles. 
For the Sb2Se3@NC@G electrode, the conversion reaction occurs at 
2.2–1.0 V, involving the reaction Sb2Se3+6K++6e− →3K2Se+2Sb, and 
the alloying reaction takes place at 1.0–0.01 V, where 
Sb+3K++3e− →K3Sb [60]. After 60 cycles, the conversion and alloying 
reactions have almost disappeared in the Sb2Se3@NC@G electrode, 
indicating significant material degradation (Fig. 4e). In contrast, Fig. 4f 
shows that the Bi2Se3@NC@G electrode maintains distinct conversion 
(K2Se) and alloying (K3Bi) reactions [44]. Thanks to the synergistic 
triple-action design, which enables clear observation of both reaction 
types in the Bi2Se3/Sb2Se3@NC@G electrode even after 60 cycles. The 
Bi2Se3/Sb2Se3@NC@G electrode demonstrates long-term cycling sta
bility, with outstanding rate performance attributed to its three- 
dimensional structure. Tested across a range of current densities from 
0.1 A g− 1 to 10A g− 1, the electrode’s capacity at various current levels 
shows a decline from 580 mA h g− 1 at 0.1 A g− 1 to 172 mA h g− 1 at 10 A 
g− 1. Remarkably, when the current density is reduced back to 0.1 A g− 1, 
the capacity recovers to 620 mA h g− 1 (Fig. 4g–h, Fig. S28). This re
covery is likely due to structural rearrangement and nanoparticle size 
reduction during cycling, enhancing material activation [41]. The 
single-phase Sb2Se3@NC@G electrode delivers high capacity but ex
hibits unstable performance at high current densities, while the 

Bi2Se3@NC electrode maintains stable but lower rate capabilities [61]. 
Fig. 4i illustrates that the Bi2Se3/Sb2Se3@NC@G electrode combines 
Bi2Se3′s stability with Sb2Se3′s high specific capacity, offering a balance 
between rate capacity and cyclability. Fig. 4j demonstrates that the 
Bi2Se3/Sb2Se3@NC@G electrode maintains a reversible capacity of 311 
mA h g− 1 and an average Coulombic efficiency of 99.9% even after 5000 
cycles at a high rate of 500 mA g− 1. The high Coulombic efficiency of the 
Bi2Se3/Sb2Se3@NC@G electrode can be attributed to the uniform con
tact with electrolytes, facilitated by the design of lattice softening and 
double confinements, which also enhance long-term cycling stability 
and rapid kinetics during potassiation/depotassiation processes. 
Fig. S29 displays the cycling performance of the Bi2Se3/Sb2Se3@NC@G 
and Bi2Se3/Sb2Se3@NC electrodes at 0.5 A g− 1. The Bi2Se3/ 
Sb2Se3@NC@G electrode has superior performance compared to 
Bi2Se3/Sb2Se3@NC electrode. The reason of the result can be credited to 
the synergistic effect between the graphene and Bi2Se3/Sb2Se3@NC. 
Fig. S30 shows the photographs, SEM images and TEM images of the 
Bi2Se3, Bi2Se3/Sb2Se3 and Sb2Se3 electrodes after 60 cycles at 0.5 A g− 1. 
First, it can be observed that Bi2Se3 and Bi2Se3/Sb2Se3 remained intact 
(Fig. S30a–e). On the other hand, Sb2Se3 electrode showed obvious 
cracks (Fig. S30g− h). The results are the same as the TEM image 
(Fig. S30c, f, i). Fig. S30c and f showed nanoparticles encapsulated in 
graphene uniformly after 60 cycles. In contrast, the Sb2Se3 exhibited 
pulverized fragments after 60 cycles (Fig. S30 i). The reason could be 
credited to the bond energy of Bi-Se is lower than Sb-Se. According to 
Guo et al. previous report, the lattice softening effect is caused by the 
low bond energy. The Bi-Se bond energy is lower than Sb-Se and can 
avoid the pulverizations caused by volume expansion. The result could 
explain why there were almost no cracks on the surface of Bi2Se3/Sb2Se3 
electrode (Fig. S30 f), The result of Fig. S30 can correspond to Fig. 4j, the 
long-term cycling performance could be enhanced by the bond softening 
effect. It is worth to mention that Bi2Se3/Sb2Se3 electrode shows supe
rior cycling stability than the mixture Bi2Se3 with Sb2Se3 which do not 
have bond softening effect in Fig. 4b and j. We experimented with using 
DMC instead of DME as the electrolyte in half-cells and tested it at 
current densities of 0.05 and 0.5 A g− 1. The results showed that DMC is 
unsuitable for K+ storage in this electrode, as demonstrated in Fig. S31
[31,62]. Fig. S32 shows that pure graphene provides a limited capacity 
of 88 mA h g− 1 after 80 cycles at a current density of 500 mA g− 1, 
underscoring its minimal capacity contribution in electrochemical tests. 
This contrasts with the Bi2Se3/Sb2Se3 @NC@G electrode, which exhibits 
excellent cycling stability and rate capability.

Based on the results of the electrochemical tests, the design of the 
synergistic triple-action morphological composite anode proves benefi
cial for excellent cycling performance and rapid potassium ion transport 
rates. Various comparisons were conducted from multiple perspectives, 
including comparing single materials with multi-materials synthesized 
using the same method, comparing BiSe-based and SbSe-based materials 
using different synthesis methods, evaluating the protective effects of 
different carbon materials, and comparing single synergistic effects with 
multiple synergistic effects. The findings demonstrate that multiple 
synergistic effects have a significant impact on electrode development, 
greatly enhancing electrochemical performance. A radar diagram in 
Fig. 4k compares all materials across five parameters: initial Coulombic 
efficiency (ICE), specific capacity at low rate (50 mA g− 1, SCL), high rate 
(500 mA g− 1, SCH), cycle number, and capacity retention (CR at 10 A 
g− 1) [42]. Due to irreversible capacity loss in conversion reactions, all 
materials show an ICE below 80% [63]. The Bi2Se3/Sb2Se3@NC@G 
electrode demonstrates superior performance in the remaining four 
parameters, with discharge capacities 4.4 times and 1.3 times higher 
than the Sb2Se3@NC@G and Bi2Se3@NC@G electrodes, respectively. 
The Sb2Se3@NC@G electrode shows poor cycling life and low-capacity 
retention, which can be attributed to the absence of the bond softening 
effect (single alloy reaction). The Bi2Se3@NC@G electrode presents low 
capacity because it did not induce Sb, which can contribute large ca
pacity. Fig. 4l highlights the outstanding cycling performance of the 
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Bi2Se3/Sb2Se3@NC@G electrode, surpassing most advanced Bi/Sb/Se 
anodes in potassium ion batteries, such as Sb2Se3, BiSbSe3, SnSbSe4, and 
other alloying and conversion type anode [46,47,60,64–68]. It is note
worthy that most Bi, Sb, Se based electrode have limited cycling per
formance (<2000 cycles), indicating that the insufficient strategy is not 
able to tackle the volume expansion and shuttle effect. The excellent 
performance of Bi2Se3/Sb2Se3@NC@G electrode can be attributed to 
the synergistic triple-action design, which can greatly inhibit the ma
terial dissolve into the electrolyte, showing superior long-term cycling 
performance, high capacity, and high-rate performance [31]. A 3D plot 
in Fig. 4m compares low-rate specific capacity (SCL at 50 mA g− 1), high- 
rate specific capacity (SCH at 500 mA g− 1), and rate capability (at 1.0 A 
g− 1), demonstrating the Bi2Se3/Sb2Se3@NC@G electrode’s superior 
capacity and rate capability. It is worth to mention that the Bi2Se3/ 
Sb2Se3@NC@G electrode shows astonishing rate capability up to 10 A 
g− 1 with the capacity of 172 mA h g− 1 due to the existence of p-n 
junction [34,69]. Therefore, the Bi2Se3/Sb2Se3@NC@G electrode have a 

higher capacity than (Bi,Sb) based electrode and have a superior cycling 
performance than selenium based electrode.

The Bi2Se3/Sb2Se3@NC@G electrode exhibited notable rate capa
bilities in Fig. 4g and even demonstrate a higher capacity back to 0.1 A 
g− 1. Importantly, we observed that the capacity of Bi2Se3/ 
Sb2Se3@NC@G after 110 cycles is higher than before 5 cycles, specu
lating that it can exhibit high reversible rate performance. In addition to 
electrochemical kinetic testing, the multi-rate performances of four 
samples from 0.1 A g− 1 to 5 A g− 1 are tested with three consecutive 
times (Fig. 5a) [70]. Based on the consecutive multistep, it can be 
explored the recovery at the high rate. Therefore, the capacity was 636 
mA h g− 1 upon returning to 0.1 A g− 1 during the first cycle, 622 mA h 
g− 1 in the second cycle, and 584 mA h g− 1 in the third, demonstrating 
the highest capacity among all the electrodes. In comparison, the 
Bi2Se3@NC@G electrode and the mixture of Bi2Se3@NC@G with 
Sb2Se3@NC@G electrode shows a relative low capacity, and 
Sb2Se3@NC@G presents a fast capacity degradation. Fig. 5b highlights 

Fig. 5. (a) Three consecutive rate capability tests under the current densities from 0.1 A/g to 5 A g-1. (b) Capacity retention comparison. (c) CV curves at various scan 
rates in the range of 0.2 – 1.0 mV s− 1. (d) Linear relation of log (i, peak current) and log (v, scan rate). (e) Contribution ratio of the capacitive and diffusion-controlled 
capacities of the Bi2Se3/Sb2Se3@NC@G electrode. (f) Pseudocapacitive contribution at the scan rate of 0.4 mV s− 1. (g) Capacitive-controlled contribution at different 
scan rates. (h) Nyquist plots before and after cycling test.
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the capacity retention between the Bi2Se3/Sb2Se3@NC@G electrode and 
Sb2Se3@NC@G electrode based on 1–65 cycles and 66–125 cycles. The 
Sb2Se3@NC @G electrode exhibits over 60 % capacity lost when the 
current density is larger than 1 A g− 1. On the contrary, the Bi2Se3/ 
Sb2Se3@NC@G electrode even demonstrate a higher capacity in 66–125 
cycles. This phenomenon is likely attributed to the reduction in nano
particle size during cycling, which enhances material activation. Despite 
the dual confinement design of the Sb2Se3@NC@G electrode, it still 
exhibits extremely poor capacity retention. In contrast, the Bi2Se3/ 
Sb2Se3@NC@G electrode, with its synergistic triple-action design, 
demonstrates excellent capacity retention.

Fig. 5c analyzes the capacitive effects of the electrode at varying scan 
rates (0.2–1.0 mV s− 1) through CV curves. The increasing shape simi
larity across higher scan rates confirms stable electrochemical reactions 
in the Bi2Se3/Sb2Se3@NC@G electrode, validating its performance in 
the PIB system [71]. The relationship between peak current (i) and scan 
rate (ν) in power-law terms is described by i = aνb, where a and b are 
constants. The b value quantifies the degree of capacitive behavior: a 
value of 0.5 suggests a diffusion-controlled process, whereas a value of 
1.0 indicates a capacitive-controlled process [72]. By plotting log(i) 
against log(ν), b values are determined from the linear slope, with re
sults for peaks 1 to 6 being 0.93, 0.84, 0.98, 0.73, 0.87, and 0.97, 
respectively (Fig. 5d). The b values calculated for Bi2Se3@NC@G and 
Sb2Se3@NC@G are less than 0.7 (Fig. S33). The nearly 0.9’b’ values for 
Bi2Se3/Sb2Se3@NC@G indicate a pseudocapacitive storage mechanism. 
The above results confirm that bond softening effect can improve the 
rate capability. This method allows further quantification of capacitive 
contributions. The current i(v) as a function of scan rate v is modeled by i 
(v)=k1v+k2v1/2, where k1v corresponds to non-Faradaic processes and 
k2v1/2 to Faradaic processes [73]. Fig. 5e shows pseudo-capacitive 
contributions at scan rates of 0.2, 0.4, 0.6, 0.8, and 1.0 mV s− 1, with 
capacitive ratios of 74 %, 79 %, 83 %, 83 %, and 87 %, respectively. At a 
lower scan rate of 0.4 mV s− 1, the capacitive contribution reaches 78.7 
%, indicating a significant pseudo-capacitive storage capacity (Fig. 5f). 
Fig. 5g and S30 illustrate that the surface capacitance of the Bi2Se3/ 
Sb2Se3@NC@G electrode has a capacitive contribution larger than 80 
%. On the other hand, the Bi2Se3@NC@G and Sb2Se3@NC@G elec
trode’s capacitive contribution are less than 60 %.

Additionally, the diffusion coefficient of the electrode was assessed 
using the GITT. After calculation, the diffusion coefficient of the Bi2Se3/ 
Sb2Se3@NC@G electrode range from 1.4×10− 11 to 6.18×10− 10 cm2 s-1 

during potassiation and 4.6×10− 11 to 7×10− 10 cm2 s-1 during depot
assiation (Figs. S34–S35), demonstrating rapid K+ diffusion due to the 
electrode’s structural properties [74]. Furthermore, the Bi2Se3/ 
Sb2Se3@NC@G electrode exhibits reduced electrochemical polariza
tion, implying that the voltage variation at steady current is lower 
during each charging and discharging cycle compared to 
Sb2Se3@NC@G electrode. The Sb2Se3@NC@G electrode shows an 
average smaller diffusion coefficient. These results demonstrate an 
effective triple-Action design, which lowers the energy barrier and im
proves the kinetics of the alloying process. Fig. 5h shows a Nyquist plot 
with depressed semicircles and a diffusion tail, indicating the charge 
transfer resistance (Rct) at the electrode/electrolyte interface. Rct de
creases with increasing cycle number, with lower values suggesting 
faster charge transfer and higher electronic conductivity[75]. Addi
tionally, in-situ electrochemical impedance spectroscopy (EIS) was used 
to analyze the electrochemical reactions of the Bi2Se3/Sb2Se3@NC@G 
electrode during charging and discharging. In the initial cycle, resistance 
increases slightly at 1.7 V due to irreversible K+ insertion, SEI formation, 
and conversion reactions. Below 1.5 V, resistance significantly drops, 
linked to the alloying reaction of (Bi,Sb). As charging approaches 0.6 V, 
resistance further decreases, reflecting the K3(Bi,Sb) alloying reaction 
(Fig. S36 a). The Bi2Se3@NC@G electrode and Sb2Se3@NC@G electrode 
exhibit a higher resistance compared to the Bi2Se3/Sb2Se3@NC@G 
electrode (Fig. S36 b, c). The Bi2Se3@NC@G electrode exhibits an in
crease slightly at 1.6 V due to SEI formation. Below 1.25 V, resistance 

dramatically drops, linked to the alloying reaction. As charging ap
proaches 0.2 V, resistance further decreases, reflecting the dealloying 
reaction of K3Bi (Fig. S36 b). The Sb2Se3@NC@G electrode shows a 
similar resistance change with Bi2Se3@NC@G electrode. Operando and 
ex-situ EIS spectra confirm reduced charge transfer and diffusion bar
riers during potassium ion insertion/extraction, due to bond softening 
effect and dual confinement [50,76].

To investigate the bond softening effect and ensure high reversibility 
of the electrode, we employed a range of analytical techniques, 
including in situ XRD, ex situ XPS, and ex situ TEM. Bi exhibits a 
chemical bond softening effect, which can effectively reduce the volume 
expansion caused by the (Bi,Sb) alloy. Additionally, the (Bi,Sb) alloy 
structure typically features small nanocrystals (<20 nm) that form a 
stable matrix [42,77]. These nanocrystals are strategically separated by 
voids, playing a crucial role in mitigating the effects of volume changes 
during charge/discharge cycles, thereby enhancing the long-term 
reversibility of the electrode [47]. By observing the compositional and 
morphological changes of the materials after cycling, it can be more 
clearly demonstrated that the introduction of Bi2Se3 is beneficial for 
improving the poor electrochemical performance of Sb2Se3. This is 
visually found in figures showing rod-shaped Sb2Se3@NC and Bi2Se3/ 
Sb2Se3@NC@G fully encapsulated by graphene after ball milling. The 
in-situ contour mapping of the Bi2Se3/Sb2Se3@NC electrode, detailed in 
Fig. 6a, captures the dynamic phase changes during battery operation. 
As the potential drops to 1.2 V, the appearance of the (Bi,Sb) phase is 
noted, and upon further discharging to 0.1 V, a new peak corresponding 
to the K3(Bi,Sb) phase emerges. This electrode demonstrates high ca
pacity due to the synergistic effects of alloying ((Bi,Sb)) and conversion 
reactions, achieving a total theoretical capacity of 670 mA h g-1 as 
depicted in Fig. 4f. These results not only confirm the existence of the 
(Bi,Sb) alloy but also validate the bond softening effect, which effec
tively relieves volume expansion and provides substantial capacity 
during prolonged cycling tests. The observed multistep dealloying re
action during the depotassiation process aligns well with the CV results, 
marking a significant insight into the electrode’s performance. Further 
analysis through ex situ XPS measurements revealed insights into the 
chemical states and reversibility of the electrode. The distribution of 
zero-valence species exhibited lower binding energies in the discharged 
state as compared to the charged state, signifying a reversible reaction 
between the alloying and metallic phases [42]. Notable peaks at 158.1 
and 163.7 eV in the Bi 4f spectrum and at 529.2 eV in the Sb 3d spectrum 
during the discharge to 0.01 V indicated the occurrence of the alloying 
reaction, as demonstrated in Fig. 6b and Fig. 6d [78]. Upon recharging 
to 3.0 V, the disappearance of the Bi peak suggested a transformation 
involving Bi3+ and metallic Bi, a process confirmed by the shifts to 
higher binding energies shown in Fig. 6e, further confirming the 
reversible nature of the alloy reaction. To investigate the morphological 
changes accompanying the phase transformation during discharge and 
charge cycles and to confirm the existence of K2Se, extensive ex situ 
TEM, HRTEM, SAED measurements, and ex situ XRD were performed. In 
the discharged state (0.01 V), uniformly dispersed small nanoparticles 
(NPs) were observed, indicating a transition to a smaller grain size. Each 
nanoparticle, measuring below 10 nm, was closely interconnected, 
forming a uniformly distributed nanocrystal matrix. Despite the volume 
changes induced by alloying and dealloying processes, the nano
crystalline aggregate did not pulverize under stress. The interconnection 
of each nanocrystal, along with the lattice-softening effect in the (Bi,Sb) 
alloy, significantly enhanced structural integrity. The SAED patterns 
confirmed the discharge products consisted of K3(Bi,Sb) and K2Se, as 
displayed in Fig. 6g, with lattice fringes corresponding to various planes 
indicative of these phases. Upon charging to 3.0 V, the nanoparticles 
remained closely interconnected, forming a uniformly distributed ma
trix. The structural stability of the nanocrystalline aggregate suggests 
that stress from volume changes during alloying and dealloying pro
cesses did not cause fractures. This stability was confirmed by consistent 
elemental distribution in EDS mapping and XRD analysis, which showed 
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an increasing peak intensity at 20◦ as the discharge approached 0.01 V, 
indicating the formation of K2Se (Fig. S37). The stability of this nano
particle structure helps minimize reactive surface area loss, which is 
crucial for maintaining capacity over extended cycles.

We developed full cell systems for practical applications in PIB and 
PIHC using Bi2Se3/Sb2Se3@NC@G as the anode. PB, synthesized by the 
co-precipitation method, showed diffraction peaks corresponding to the 
K2Co[Fe(CN)6] crystal phase (PDF no. 31–1000) (Fig. S38), and it can 
reversibly intercalate K ions without compromising its structure. Due to 
the high oxidation potential of K2Se and the inability of organic cathode 
materials like PTCDA to handle voltages above 3.5 V, high-voltage 
Prussian analogues were chosen [79]. The full cell, denoted as Bi2Se3/ 
Sb2Se3@NC@G//PB, was tested between 1.0 and 3.8 V (Fig. 7a). The CV 

curve (Fig. 7b) shows two redox peaks at 2.11/2.88 V and 2.6/3.2 V, 
indicating high reversibility. After the third cycle, the CV curves of the 
Bi2Se3/Sb2Se3@NC@G//PB full cell overlap, indicating high revers
ibility and stability. Fig. 7c shows the typical GCD curves for the Bi2Se3/ 
Sb2Se3@NC@G half-cell, the PB half-cell, and the full cell, consistent 
with the CV results. Fig. 7d illustrates the rate performance and cycling 
stability, with the full cell delivering discharge capacities ranging from 
384.5 mA h g− 1 at 0.1 A g− 1 to 303.4 mA h g− 1 at 3 A g− 1. Notably, the 
cell maintains over 99% Coulombic efficiency and excellent stability 
even at high current densities of 3 A g− 1. When the current density 
returns to 0.1 A g− 1, the discharge capacity of the Bi2Se3/ 
Sb2Se3@NC@G//PB full cell immediately recovers to 366 mA h g− 1. 
Following the rate performance test, the battery underwent a cycling 

Fig. 6. (a) Contour plot of the operando XRD pattern. (b, c) XPS spectra of Bi 4f (d, e) XPS spectra of Sb 3d after discharging to 0.01 V and charging to 3 V at the 
initial cycle. (f) Low magnification TEM images after discharging to 0.01 V. (g) SAED patterns. (h, i, j, k) HRTEM images. (l) EDS elements mapping. (f) Low 
magnification TEM images charged to 3.0 V. (g) SAED patterns. (o, p, q, r) HRTEM images.
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test at 1000 mA g-1, maintaining a discharge capacity of 295.0 mA h g-1 

after 250 cycles, with a capacity fade of 0.19% per cycle. Fig. 7e displays 
the GCD curves at various current densities, showing a slight over
potential at higher currents but still demonstrating excellent rate per
formance. These results affirm the Bi2Se3/Sb2Se3@NC@G//PB full cell’s 
outstanding cycling stability and rate capability, highlighting its po
tential for potassium-ion battery applications.

Inspired by the impressive potassium storage capabilities of the 
Bi2Se3/Sb2Se3 @NC@G anode, a PIHC was constructed using commer
cial activated carbon (AC) as the cathode. This setup capitalizes on the 
dynamic potassium ion kinetics of the Bi2Se3/Sb2Se3@NC@G material. 

Here, FSI ions undergo Faradaic reactions at the anode and engage in 
adsorption and desorption processes at the cathode, enabling high en
ergy density [80]. To prevent electrolyte decomposition at elevated 
voltages and maximize energy storage, the operational voltage of the 
Bi2Se3/Sb2Se3@NC@G//AC capacitor was limited to a range of 
0.01–3.8 V [81]. Fig. 7f shows that the Bi2Se3/Sb2Se3@NC@G//AC 
capacitor maintains a nearly rectangular CV profile even at high oper
ating voltages, without significant polarization, contrasting with the 
sharp redox peaks of the Bi2Se3/Sb2Se3@NC@G half-cell, indicating 
typical capacitor behavior. CV curves for the AC // potassium half-cell at 
varying scan rates from 1.0 to 50 mV s− 1 are shown in Fig. S39. The 

Fig. 7. (a) Schematic diagram of a Bi2Se3/Sb2Se3@NC@G//PB full cell. (b) CV profiles of the Bi2Se3/Sb2Se3@NC@G//PB full cell. (c) Charge/discharge curves of PB 
and Bi2Se3/Sb2Se3 half cells and a Bi2Se3/Sb2Se3@NC@G//PB full cell. (d) Rate performance of the Bi2Se3/Sb2Se3//PB full cell at current densities ranging from 0.1 
to 3.0 A g-1 and cycling stability at 1.0 A g-1. (e) The charge–discharge profiles of Bi2Se3/Sb2Se3//PB full cell at rates increased from 0.1 to 3.0 A g-1. (f) CV profiles of 
AC and Bi2Se3/Sb2Se3@NC@G half cells (top) and Bi2Se3/Sb2Se3@NC@G//AC PIHC (bottom). (g) Rate performance of the Bi2Se3/Sb2Se3@NC@G//AC PIHC at 
current densities. (h) Charge/discharge curves of the Bi2Se3/Sb2Se3@NC@G//AC PIHC at various current densities. (i) Energy densities and power densities in 
Ragone plots. (j) Ragone plots of the Bi2Se3/Sb2Se3@NC@G//AC PIHC compared with those of PIHCs. (k) Long-term cycling performance of the Bi2Se3/ 
Sb2Se3@NC@G//AC PIHC.

J.-S. Lin et al.                                                                                                                                                                                                                                    Chemical Engineering Journal 498 (2024) 155370 

13 



capacitor exhibits energy densities of 118.3, 112.3, 104.5, 95.7, 82.09, 
and 69.89 Wh kg− 1 at current densities of 0.1, 0.2, 0.5, 1.0, 2.0, and 3.0 
A g− 1, respectively, based on the total active mass of Bi2Se3/ 
Sb2Se3@NC@G and AC (Fig. 7g). When the current density is restored to 
200 mA g− 1, the energy density returns to 108 Wh kg− 1, demonstrating 
the capacitor’s excellent reversibility. Minor variations in the GCD curve 
slopes within the 3 V range at different current densities suggest both 
Faradaic and non-Faradaic interactions between the Bi2Se3/ 
Sb2Se3@NC@G anode and the adsorptive AC cathode, with no signifi
cant overpotential shift at high scan rates, indicating a dominant pseu
docapacitive behavior in the Bi2Se3/Sb2Se3@NC@G//AC capacitor 
(Fig. 7h). Energy and power densities plotted on Ragone plots (Fig. 7j) 
show that the Bi2Se3/Sb2Se3@NC@G//AC capacitor outperforms alter
native materials such as CuSbS2//AC and BiSbSe3@G//AC 
[42,47,82–84]. Notably, the capacitor achieved a power density of 70 W 
kg− 1 and an energy density of 5156.3 Wh kg− 1, which is three times the 
energy density of BiSbO4//AC at the same power level. Long-term 
cycling tests showed that the Bi2Se3/Sb2Se3@NC@G//AC PIHC main
tained 70.5% capacity retention after 2000 cycles at 2000 mA g− 1 

(Fig. 7k), demonstrating its potential as a high-performance energy 
storage device due to rapid ion transport, effective adsorption, and 
ample active sites.

4. Conclusion

Bi2Se3/Sb2Se3@NC@G with synergistic triple-action design was used 
as an anode material for PIBs. The Bi2Se3/Sb2Se3@NC@G benefits 
include: 1) heterostructure leads to the inherent electric field, enhancing 
the reaction kinetics. 2) lattice bond softening can effectively soften the 
chemical bonds, which could decrease the overall reaction energy. 3) 
double confinement can effectively mitigate volume expansion and 
inhibit material dissolved into the electrolyte during the charge/ 
discharge process, thus significantly enhancing long-term cycling per
formance. It is worthy to note that, coupled with DFT/FEA simulations, 
multi-morphological heterostructure can not only enhance the conduc
tivity but also facilitates electrolyte infiltration. This above-mentioned 
design addresses the reversibility and cycling challenges encountered 
in PIBs compared to single synergistic coupling design, thus obtaining a 
superior electrochemical performance (5000th cycles). The long-term 
cycling stability outperforms previously published Bi, Sb, and Se-based 
anodes. From a fundamental perspective, this study prevents struc
tural pulverization and the continuous formation of a solid electrolyte 
interface, which significantly enhances the electrochemical perfor
mance of multielectron transfer electrodes. In terms of design, this work 
presents an innovative approach that maximizes the energy storage 
capacity of potassium-ion batteries. It demonstrates that further explo
ration into nanoscale structure design and optimization can inspire new 
ideas for enhancing the performance of advanced energy storage 
materials.
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