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Exfoliated misfit layer compounds synergize 
conversion-alloying-intercalation triple mechanism for enhanced rate 
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Shou-Shan Mai , Yi-Chun Yang , Hsing-Yu Tuan * 

Department of Chemical Engineering, National Tsing Hua University, Hsinchu 30013, Taiwan   

A R T I C L E  I N F O   

Keywords: 
Misfit layered compound 
Few-layer 
Hybrid capacitor 
High rate 
Potassium ion 

A B S T R A C T   

Misfit layer compounds (MLC) exhibit a distinctive alternating stacking structure, fostering mismatched heter
ointerfaces that synergistically enhance interface charge storage and electrode structural integrity. In this study, 
we synthesized exfoliated few-layer (BiSe)1.10NbSe2 MLC (FL-(BiSe)1.10NbSe2 MLC) through vacuum solid-state 
synthesis complemented by point probe ultrasonic processing. By strategically alternating BiSe and NbSe2 layers, 
a structured stack with a naturally mismatched heterogeneous interface is achieved. This design leverages a 
threefold mechanism involving conversion, alloying, and intercalation, contributing to enhanced electrochemical 
stability of the material. Finite element analysis reveals that the FL-(BiSe)1.10NbSe2 exhibits reduced interfacial 
stress compared to pure BiSe, ensuring superior structural integrity of BiSe within the NbSe2 layers. Utilizing the 
van der Waals gaps within NbSe2 layers for improved K+ migration, the MLC exhibits remarkable rate perfor
mance, representing its first successful integration into potassium ion hybrid capacitor (PIHC) components. 
Consequently, the FL-(BiSe)1.10NbSe2 electrode, serving as the potassium-ion battery (PIB) anode shows a ca
pacity of 191 mA h g− 1 at 4 A/g with consistent cyclability, enduring 2000 cycles at a 1 A/g current density in the 
PIHC configuration. This study provides new insights into the structural strategy for electrodes with conversion, 
alloying, and intercalation triple mechanisms, in addition to offering a reliable pathway for designing carbon-free 
potassium-ion intercalation anode materials.   

1. Introduction 

Given the challenges posed by the depletion of lithium resources, 
characterized by a scarcity rate of 0.0017 % and a concentrated distri
bution with South America accounting for 70 %, there is an escalating 
concern regarding cost implications. In this context, potassium-ion 
batteries (PIBs) emerge as a promising alternative for the next genera
tion of rechargeable batteries, presenting a compelling option for energy 
storage systems [1–3]. A significant challenge with PIBs arises from the 
larger atomic radius of potassium ions (K+ with a radius of 0.138 nm) 
compared to lithium ions (Li+ with a radius of 0.076 nm). The size 
difference diminishes K+ mobility in solid states, impeding their 
movement within the host material. As the host material interacts with 
negatively charged ions, it undergoes pronounced volume expansion, 
reducing the electrode’s integrity and leading to a decline in the capacity 
and energy density of PIBs. Widely used carbon-based anode materials 
like graphite offer benefits in conductivity, cost, and abundance [4–7]. 

However, the limited capacity due to low K+ insertion (e.g., KC8 in PIBs) 
poses challenges, prompting a focus on developing non-carbon elec
trodes for improved potassium-ion storage [8]. 

Two-dimensional (2D) conversion materials [9–12] derived from 
layered compounds, are advantageous in evenly dispersing internal 
stress during the K+ insertion/extraction process. Their inherent 2D 
structure effectively alleviates mechanical stress, preventing electrode 
degradation [13]. Moreover, due to their expansive surface area 
compared to other materials, 2D structures facilitate superior contact 
with the electrolyte, leading to a more homogeneous charge distribution 
beneficial for K+ adsorption [14,15]. Within the category of 2D con
version materials, transition metal dichalcogenides (TMDCs) are 
particularly noteworthy for their distinct interlayer spacing [16–19], 
impressive theoretical storage capacity, tunable interlayer distances, 
and intrinsic high conductivity. These attributes collectively expedite 
ion transport, enhancing ion migration speed and reducing the energy 
thresholds for intercalation reactions, offering an optimal landscape for 
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swift K+ intercalation/deintercalation. For example, 1 T′-phase WS2 
nanosheets allow control over thickness and improve Li+ storage in 
TMDC nanosheets. NbSe2, a prototypical TMDC, is notable for its 
exceptional conductivity, measured at 6.7 × 103 S cm− 1 [20], and high 
bulk modulus of 114 GPa [21], making it highly sought after in energy 
storage applications. For instance, Subramanian et al. synthesized a 
layered NbSe2 structure as an anode material for sodium-ion hybrid 
capacitors through a gas-phase solid-state reaction. They achieved an 
impressive 93.2 % retention of their initial capacity after 3,000 cycles at 
a current rate of 300 mA g− 1 [22]. Similarly, Carrasco et al. employed 
aqueous electrochemical exfoliation to produce NbSe2 nanosheets/ 
nanorolls, resulting in elevated Li+ storage capacities [23]. However, 
the van der Waals (vdW) forces in TMDCs can lead to layer re-stacking, 
reducing surface area and impairing ion diffusion, which hinders K+

transport and degrades electrochemical performance [24]. 
Misfit layer compounds (MLC) have recently gained attention due to 

their distinct atomic arrangement, characterized by a unique alternating 
layered stacking structure [25]. These materials follow the formula 
(MX)1+a(TX2)b; MX refers to a monochalcogenide layer, including ele
ments like Sn, Pb, Bi, Sb, and rare earths, with TX2 representing a TMDC 
layer, where X can be S, Se, or Te. The variable b represents the number 
of TMDC layers before each MX layer, and the misfit index a, ranging 
from 0.08 to 0.28, indicates the degree of layer incongruity, whose es
timate comes from ionic radii [26,27]. Recent investigations into MLC 
include (LaSe)1.14(NbSe2)2 using various techniques, revealing the 
adjustable nature of its layers [28]. Nader et al. studied the magnetic 
field’s temperature dependency for (BiSe)1.10NbSe2 and (BiS)1.11NbS2, 
suggesting their potential as anisotropic 3D superconductors [29]. 
Muhammad et al. highlighted the thermoelectric properties of BSC-222 
misfit layered oxide materials for supercapacitor applications [30]. 
Zullo et al. confirmed superconductivity in (LaSe)1.27(SnSe2)2, hinting at 
its potential in field-effect transistors [28]. The vdW bond between MX 
and TX2 creates a natural heterojunction, enhancing mechanical prop
erties capable of countering volume fluctuations. As a result, NbSe2- 
based MLC are gaining attraction as potential anode materials in energy 
storage [27]. 

Herein, we introduce FL-(BiSe)1.10NbSe2 MLC anode for PIBs. BiSe 
and NbSe2 synthesized via a vacuum solid-phase method are modulated 
to minimize interlayer repulsion and induce ordered stacking. Within 
(BiSe)1.10NbSe2, there exists a vdW gap between adjacent NbSe2 layers. 
Consequently, layer-by-layer exfoliation is achieved through point 
probe ultrasonication, yielding exceptional thin flakes by selectively 
delaminating individual NbSe2 vdW gaps. The unique interlayer struc
ture inherent in NbSe2-based MLC provides a robust and highly 
conductive scaffold for the fragile and poorly conductive BiSe. This 
distinctive MLC material, characterized by its unique structure and 
properties, offers K+ a novel migration pathway that enables a 
conversion-alloying-intercalation triple mechanism, further enhancing 
K+ diffusion rates. As a result, FL-(BiSe)1.10NbSe2 exhibits several ad
vantages over pristine BiSe, including excellent reversibility, notable 
pseudo-capacitive contributions, reduced charge transfer resistance 
(Rct) values, higher diffusion coefficients, and improved rate 
capabilities. 

2. Experimental section 

2.1. Materials 

Niobium powder, bismuth powder were purchased from Alfa Aesar. 
Selenium powder, potassium metal, and anhydrous dimethyl carbonate 
were obtained from Sigma-Aldrich, while potassium bis(fluorosulfonyl) 
imide was acquired from Combi-Blocks. We purchased sodium carbox
ymethyl cellulose (NaCMC), Super-P, and coin-type cell CR2032 from 
Shining Energy, and glass fiber from Advantec. Additionally, aluminum 
and copper foil were procured from the Chang-Chun group. All chem
icals were used as received without additional purification. 

2.2 . Material characterization 

We examined the morphologies of all materials using various tech
niques, including scanning electron microscopy (SEM, HITACHI- 
SU8010), atomic force microscopy (AFM, Veeco DI-3100, NCHU), 
transmission electron microscopy (TEM), selected-area electron 
diffraction (SAED), and high-angle annular dark-field (HAADF) imaging 
(JEOL, JEM-ARM200FT, NTHU). We also carried out X-ray photoelec
tron spectroscopy (XPS) analysis (XPSPEAK VER. 4.1 software), X-ray 
diffraction (XRD) using a Bruker D8 ADVANCE instrument with Cu-Kα 
radiation (λ = 1.54 Å), and high-resolution XPS using ULVAC-PH’s PHI 
QuanteraII instrument at NTHU. 

2.3 . Synthesis of bulk NbSe2, BiSe, (BiSe)1.10NbSe2 

Bulk NbSe2, BiSe, and (BiSe)1.10NbSe2 were synthesized by solid- 
state reaction with a total mass of 250 mg nominal composition pow
ders. Nb, Bi and Se powders were sealed in a vacuum quartz tube with 
the stoichiometric molar ratio, and the sealed tube was put into the tube 
furnace. For NbSe2, BiSe and (BiSe)1.10NbSe2, the tube was heated at 
10 ◦C min− 1 and kept at 750 ◦C for 24 h. After the solid sintering process, 
bulk NbSe2, BiSe, and (BiSe)1.10NbSe2 were obtained. 

2.4 . Synthesis of FL-(BiSe)1.10NbSe2 

After fully grounding (BiSe)1.10NbSe2in an agate mortar, 100 mg 
powder was added into a sample tube containing 25 mL deionized 
water. The mixture underwent point probe sonication at 125 W and 20 
kHz for 4 h, and the entire procedure was conducted while maintaining a 
cooling system with ice. Finally, FL-(BiSe)1.10NbSe2 was obtained 
through centrifugation, followed by multiple washes using deionized 
water and ethanol. The resulting material was then dried overnight at 
60 ◦C. 

2.5 . Electrochemical measurement 

A coin-type half-cell (CR2032) was meticulously assembled within a 
glovebox (filled with argon gas) for electrochemical testing. An evenly 
mixed slurry of the anode material was prepared by combining the 
active material, super P, and NaCMC in a ratio of 7:2:1 in deionized 
water. The resulting slurry was coated with copper foil and dried at 
80 ◦C under an argon atmosphere. Each electrode exhibited an average 
material mass loading range from 0.9 to 1.1 mg cm− 2. Glass fiber and a 
Celgard 2400 membrane were used as the separator in the half-cell 
setup, while a potassium metal foil functioned as the counter elec
trode. The electrolyte consisted of a 1 M KFSI solution in DMC (~200 μL 
per cell). Galvanostatic discharge/charge tests were conducted within 
0.01 V to 3 V using a Neware battery analyzer (Neware, China). Elec
trochemical impedance spectroscopy (EIS) and cyclic voltammetry (CV) 
data were recorded with a multi-channel electrochemical analyzer (Bio- 
Logic-Science Instruments, VMP3). Additionally, the galvanostatic 
intermittent titration technique (GITT) involved charging and dis
charging at a current density of 50 mA g− 1 for 10 min, with a relaxation 
time of 1 h, utilizing the Maccor Series 4000 battery test system. 

2.6 . Potassium-ion hybrid capacitor (PIHC) of FL-(BiSe)1.10NbSe2//AC 

The PIHC was constructed with FL-(BiSe)1.10NbSe2 as the anode 
material and active carbon as the cathode material, in a mass ratio of 
1:1.2. Before assemblingthe hybrid capacitor, the anode underwent 
preactivation through 20 cycles of discharge down to 0.01 V. Subse
quently, we utilized 1 M KFSI in DMC as the electrolyte and defined the 
operational voltage range of the hybrid capacitor as 0.05 V to 3.8 V. 
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2.7 . Finite element analysis (FEA) simulation 

We used a perfectly elastic–plastic model to characterize the defor
mation induced by potentiation and applied a nonlinear diffusion model 
to simulate the particle diffusion process. All simulation, pre-processing, 
and post-processing tasks were executed using COMSOL 6.1. Due to the 
analogous nature of the governing equations for thermal and mass 
diffusion, we opted to substitute COMSOL’s diffusion and stress–strain 
fields with the temperature-displacement coupling program. Within our 
model, we substituted the thermal expansion coefficient for the expan
sion coefficient βij and the temperature field for the normalized K+

concentration. It was assumed that the volume of (BiSe)1.10NbSe2 in
creases by 223 % after complete diffusion. The volume expansion co
efficient for BiSe was set at βij = 1.9 × 10-5 [31], and for NbSe2, at βij =

6.6 × 10− 6 K− 1 [32]. Under ideal conditions, NbSe2 acted as the outer 
boundary, maintaining uniform K3Bi, K2Se, K0.67NbSe2, constant Pois
son’s ratio and elastic modulus. This configuration provided mechanical 
support for the confinement of (BiSe)1.10NbSe2. 

3. Results and discussion 

As shown in Fig. 1, the manufacturing process of FL-(BiSe)1.10NbSe2 
primarily consists of several stages. Initially, BiSe and NbSe2 are syn
thesized through a straightforward vacuum solid-phase method, and a 
vacuum quartz tube is employed for the mutual modulation, leading to 
an ordered and balanced stacking of (BiSe)1.10NbSe2. Subsequent ul
trasonic treatment with a point probe enlarges the vdW gaps between 
(BiSe)1.10NbSe2, achieving a layered exfoliation effect, resulting in the 
formation of the extremely thin FL-(BiSe)1.10NbSe2. FL-(BiSe)1.10NbSe2 
possesses a unique layered and alternately stacked structure [27]. The 
synergy between different characteristic components, such as NbSe2 and 
BiSe, creates a naturally misfitted heterojunction, leading to a cooper
ative effect. The FL-(BiSe)1.10NbSe2 MLC material, with its distinctive 
structure and properties, offers new pathways for K+, making it easier 
for K+ to undergo conversion-alloying reactions with BiSe to generate 
K3Bi and K2Se. Additionally, its improved mechanical properties effec
tively mitigate volume changes during potassium insertion/extraction, 
thus significantly enhancing K+ storage performance during potassium 
cycling. By merging BiSe’s conversion-alloying with NbSe2′s 

intercalation reactions [33,34,25,35], FL-(BiSe)1.10NbSe2 material was 
developed, featuring three mechanisms: conversion, alloying, and 
intercalation. This anode offers a triple-capacity contribution from these 
processes. As a result, it offers a significantly higher specific capacity 
compared to materials relying solely on the alloying mechanism or 
conversion reaction. Furthermore, the alloying reaction effectively re
duces the average working voltage of the electrode. Finally, the MLC 
structure acts as a buffer zone for the substantial stress caused by the 
volume expansion during the conversion-alloying reaction, enhancing 
the mechanical stability of the electrode material and maintaining its 
structural integrity. The synergistic effect resulting from the combina
tion of BiSe and NbSe2 also enhances the potassium storage pseudoca
pacitive performance. 

XRD analysis of the synthesized product yields a unique diffraction 
pattern, consistent with a misfit phase of (BiSe)1.10NbSe2, BiSe, and 
NbSe2 (as depicted in Fig. 2a, S1). This pattern suggests the coexistence 
of hexagonal BiSe (P-3m1 (164), JCPDS No. 04-011-5568) and hexag
onal NbSe2 (P63/mmc (194), JCPDS No. 04-007-0992). The observed 
diffraction peak corresponding to BiNbSe3 (JCPDS No. 00-046-1025) is 
attributable to the misfit phase (BiSe)1.10NbSe2 [36,37], which reveals a 
combination of the individual diffraction peaks of BiSe and NbSe2 ob
tained via the burnt tube method. Subsequently, the weak interlayer 
adhesion in (BiSe)1.10NbSe2 facilitates the inclusion of solvent mole
cules, thereby expanding layer spacing and enhancing both capacitance 
and rate performance. FESEM was employed to investigate the 
morphology and microstructure of FL-(BiSe)1.10NbSe2, BiSe, and NbSe2 
(Fig. 2b-c, S2-4). After a post-ultrasonic treatment, this phase transi
tioned into a well-layered structure with an average particle size of 500 
nm. AFM measurements, represented in Fig. 2d and Fig. 2e, revealed a 
single flake thickness of approximately 5 nm for FL-(BiSe)1.10NbSe2, 
thus affirming its successful synthesis. Fig. S5a-f discloses that 
(BiSe)1.10NbSe2 and NbSe2 display a thickness range of 15–40 nm, while 
pure BiSe exhibits a notably greater thickness (~120 nm), thereby 
substantiating the comparative thinness of FL-(BiSe)1.10NbSe2. High- 
resolution XPS analyses were performed on FL-(BiSe)1.10NbSe2 
(Fig. 2f-h, S7a), as well as on control samples of pure BiSe and NbSe2 
(Figs. S6, S7b-c). As illustrated in Fig. 2f, the Bi-4f spectrum of FL- 
(BiSe)1.10NbSe2 contains four peaks, two of which at 158.4 eV and 163.7 
eV correspond to Bi-4f7/2 and Bi-4f5/2 states [38], respectively. The 

Fig. 1. Schematic illustration of synthetic route and crystal structure with K+ transfer direction of FL-(BiSe)1.10NbSe2 MLC interface defect engineering.  
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other two peaks at 159.7 eV and 164.7 eV are attributed to bismuth 
oxide [39,40]. The Nb 3d spectrum of FL-(BiSe)1.10NbSe2 (Fig. 2g) 
comprises four distinct peaks. Peaks at 206.5 eV and 203.7 eV corre
spond to Nb4+3d3/2 and Nb4+3d5/2 in NbSe2, aligning well with previous 
literature [41,42]. In addition, the small peaks centered at 207.5 eV 
(Nb5+ 3d5/2) and 209.8 eV (Nb5+ 3d3/2) can be indexed to Nb2O5 due to 
the oxidation on the surface [43]. The Se 3d spectrum features three 
peaks at 54.6, 53.7, and 55.7 eV, attributable to a blend of BiSe and 
NbSe2 compositions (Fig. 2h). 

Also, the particle size was determined by low-magnification TEM 
(Fig. 2i), consistent with high-resolution TEM (HRTEM) findings 
(Fig. 2j). HRTEM images delineate alternating layers of NbSe2 and BiSe, 
confirming the misfit phase structure in (BiSe)1.10NbSe2 [25,36]. SAED 
confirmed the multiphasic nature (Fig. 2k), while HAADF-STEM 

revealed lattice stripe spacings corresponding to distinct planes in BiSe 
and NbSe2 (Fig. 2l). The crystal structure of FL-(BiSe)1.10NbSe2 is 
composed of alternating stacking of BiSe and NbSe2 (Fig. 2m). 
Furthermore, elemental mapping (Fig. 2n) confirms the uniform distri
bution of bismuth, niobium, and selenium across the nanolayers, indi
cating the structural integrity of the misfitted phase post-exfoliation. 
The elemental percentage of (BiSe)1.10NbSe2 was performed by the 
inductively coupled plasma-optical emission spectroscopy (ICP-OES). 
Table S1 shows that the weight percentages of Bi:Nb:Se elements are 
32.18 %: 16.34 %: 38.47 %, that the ratio of Bi:Nb:Se elements are 
approximately 1:1:3. 

Fig. 3a displays the CV of FL-(BiSe)1.10NbSe2 over ten cycles between 
0.01 and 3.0 V (vs. K+/K) at a 0.1 mV s− 1 scan rate. The CV allows clear 
observation of the conversion, alloying, and intercalation triple 

Fig. 2. (a) XRD patterns of FL-(BiSe)1.10NbSe2 MLC and (BiSe)1.10NbSe2, (b,c) SEM images of FL-(BiSe)1.10NbSe2, (d,e) AFM characterizations of FL-(BiSe)1.10NbSe2, 
(f) XPS spectrum of Bi 4f, (g) Nb 3d, and (h) Se 3d region of FL-(BiSe)1.10NbSe2, (i) TEM image, (j) HRTEM image, (k) SAED pattern, (l) HAADF-STEM images of FL- 
(BiSe)1.10NbSe2, (m) crystal structure of FL-(BiSe)1.10NbSe2 (n) EDS mapping images of MLC FL-(BiSe)1.10NbSe2 and corresponding elements of Bi, Nb, and Se. 
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mechanisms within FL-(BiSe)1.10NbSe2. The cathode peak at 0.42 V on 
the first scan, indicating the formation of a solid electrolyte interface 
(SEI). After the negative scan of the second cycle, the reduction peaks 
appear at 2.2 V, 1.3 V and 0.74 V, corresponding with the intercalation 
and conversion peak of NbSe2, and the conversion reaction of BiSe. 
Another peak at 0.01 V represents the K3Bi alloying reaction from K and 
Bi in BiSe. During the forward scan from 0 V to 3 V, BiSe undergoes a 
dealloying reaction at 0.67 V. Oxidation peaks at 1.24 V and 1.56 V 
relate to the deconversion of BiSe and NbSe2, respectively [44]. Addi
tionally, there are two subtle reduction peak between 1 V and 1.5 V and 
oxidation peaks between 2 V and 3 V corresponding to the intercalation 
reaction of NbSe2 [45,46]. 

The CV of the FL-(BiSe)1.10NbSe2 anode in the first ten cycles exhibits 
curves similar to those obtained by superimposing the individual curves 
of BiSe and NbSe2 (Fig. S8). Notably, the peaks for the conversion and 
deconversion reactions progressively vanish in the pure BiSe CV curve 
shown in Fig. S8a as the number of cycles increases. FL-(BiSe)1.10NbSe2, 
which doesn’t show the same issues due to protection by the intercala
tion reaction product. This allows BiSe to fully undergo conversion and 
reconversion reactions, consistent with the enhanced capacity of FL- 
(BiSe)1.10NbSe2 compared to pure BiSe. The electrochemical perfor
mance of FL-(BiSe)1.10 NbSe2 was assessed using coin-type half cells. 
Fig. 3b displays the galvanostatic charge and discharge (GCD) curves for 
the first three cycles at 50 mA g− 1. The initial capacities for FL- 
(BiSe)1.10NbSe2 are 529.3 and 319.8 mA h g− 1 for charge and discharge, 
respectively. The initial Coulomb efficiency is around 60.42 %, 

attributed to higher electrolyte consumption and a thicker SEI layer 
formation. Fig. 3c displays the reactions corresponding to each reaction 
platform in the GCD curve. Before comparing the performance of BiSe, 
NbSe2, and FL-(BiSe)1.10NbSe2, the cycling performance of FL-(BiSe) 
NbSe2 after the different sonication time was test (Fig. S9). The result 
shows that the capacity after 4 h sonication is higher than that before 4 
h, indicating that it can be obtained the high level of layer-by-layer 
exfoliation material after 4 h. Fig. 3d shows the cycling performance 
of BiSe, NbSe2, and FL-(BiSe)1.10NbSe2 at 0.05 A g− 1. Initially, BiSe’s 
capacity drops from 450 mA h g− 1 to about 200 mA h g− 1 due to its 
fragile structure, compromising its capacity. In contrast, NbSe2 has a 
robust structure and good conductivity, allowing it to sustain capacity 
close to 200 mA h g− 1, with a gradual increase. FL-(BiSe)1.10NbSe2 ex
hibits a reversible capacity of around 350 mA h g− 1, merging BiSe’s high 
capacity with NbSe2′s cycle stability, indicative of the efficient K+

insertion/deintercalation process. The unique interlayer structure 
inherent in FL-(BiSe)1.10NbSe2 provides a robust and highly conductive 
scaffold for the fragile and poorly conductive BiSe, so it exhibits better 
cycling performance. However, the poor electrical conductivity affects 
long-term cycle stability. Therefore, through mixing FL-(BiSe)NbSe2 
with graphite (FL-(BiSe)NbSe2@G), the cycling performance can be 
improved (Fig. S10). The rate capability of various materials was con
ducted from 0.1 to 4 A g− 1 to understand the effect of the misfit layered 
structure on PIB, as seen in Fig. 3e. For FL-(BiSe)1.10NbSe2, as current 
density increases from 0.1 to 4 A g− 1, the reversible capacities are 283, 
275, 265, 249, 224, 210, 202, and 191 mA h g− 1. Notably, when the 

Fig. 3. Electrochemical performances and analysis of FL-(BiSe)1.10NbSe2, (a) CV curves at 0.1 mV s− 1 of FL-(BiSe)1.10NbSe2. (b) GCD for first three cycles at 0.05 A/g. 
(c) GCD for 1st cycle at 0.05 A/g. (d) Cycling performance at a current density of 0.05 A/g. (e) Rate capability of FL-(BiSe)1.10NbSe2 and others in this work at various 
rates. (f) The corresponding GCD profiles for the 44th cycle at 2 A/g. (g) The corresponding GCD profiles at various rates. (h) Discharge capacity from the conversion 
plateau (I), the first alloying plateau (II), and the second alloying plateau (III) at different current rates. (i) A comparison between the results of this study and those 
reported in the literature. 
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current density reverts to 0.1 A g− 1, the capacity recovers to 301 mA h 
g− 1. (BiSe)1.10NbSe2, while stable at high rates compared to FL- 
(BiSe)1.10NbSe2, exhibits a lower reversible capacity. The robustness and 
conductivity of NbSe2, combined with its support for internal BiSe, yield 
a synergistic effect enhancing potassium storage, despite BiSe’s limited 
capacity at high rates. Consequently, (BiSe)1.10NbSe2 displays strong 
rate capability and reversibility at high rates. Fig. 3f depicts the GCD 
curves of different materials after 44 cycles. FL-(BiSe)1.10NbSe2 and 
(BiSe)1.10NbSe2 exhibit similar reaction trends but differ in capacitance 
values at high rates, indicating no side reactions from ultrasonic vibra
tion during FL-(BiSe)1.10NbSe2 preparation. In contrast, BiSe offers 
limited capacity at high rates because of its fragility and reduced con
ductivity. In Fig. 3g, the GCD curves of the rate performance of FL- 
(BiSe)1.10NbSe2 clearly reveal three distinct plateaus. The first plateau 
(I) corresponds to the conversion reaction of K2Se (theoretical capacity: 
678 mA h g− 1), the second plateau (II) corresponds to the alloying re
action forming KBi2 (theoretical capacity: 64 mA h g− 1), and the third 
plateau (III) corresponds to the alloying reaction of KBi2 alloying into 
K3Bi (theoretical capacity: 322 mA h g− 1). As shown in Fig. 3h, BiSe 
within FL-(BiSe)1.10NbSe2 can undergo a complete reduction reaction 
with the assistance of the NbSe2 conductive framework, allowing 
plateau I to deliver 58.9 % of its discharge capacity at a high current 
density of 4 A g− 1, not far from the 64.6 % observed at 0.1 A g− 1. These 
results confirm that the fragility and low conductivity of the BiSe 
structure in FL-(BiSe)1.10NbSe2 can be overcome by incorporating the 
NbSe2 framework, enhancing the overall electrical conductivity, and 
fully exploiting the electrochemical performance of BiSe’s high capacity 
[40]. Additionally, the cycling performance of FL-(BiSe)1.10NbSe2 at 
current densities ranging from 100 mA g− 1 to 500 mA g− 1 were inves
tigated. Fig. S11 shows FL-(BiSe)1.10NbSe2 can deliver the capacity of 
340 mA h g− 1 at 100 mA g− 1 after 80 cycles. Even at 500 mA g− 1, it can 
maintain a capacity of 275 mA h g− 1. The rate capability of FL- 
(BiSe)1.10NbSe2 negative electrode material was compared with other 

relevant carbon-free materials in PIBs, as shown in Fig. 3i. For non- 
carbon-based anode materials, the electrochemical stability is effec
tively enhanced by employing laminar and layered structures, and the 
construction of heterogeneous structures significantly improves their 
electrochemical performance. The FL-(BiSe)1.10NbSe2, achieved by 
combining layered NbSe2 with BiSe, forms a heterogeneous structure 
with a conversion-alloying-intercalation triple mechanism, enhancing 
its intrinsic electrochemical rate capability. It can be observed in Fig. 3i 
[8,25,40,47–52], except for FL-(BiSe)1.10NbSe2 and Bi2S3/Bi2Se3 
vdWHs, the rate capability of most materials is limited to around 2 A g− 1 

or below. Although the capacity at low rates is superior to FL- 
(BiSe)1.10NbSe2 for some materials, at high current density (4 A g− 1), FL- 
(BiSe)1.10NbSe2 evidently demonstrates the most outstanding perfor
mance among carbon-free materials, showing excellent rate capability. 

FL-(BiSe)1.10NbSe2 outperforms other materials in cycling and K+

storage due to its pseudocapacitance and diffusion behavior. CV tests on 
FL-(BiSe)1.10NbSe2 and NbSe2 electrodes at varying scan rates (0.1 to 
0.9 mV s− 1) showed similar curve shapes (Fig. 4a, S12, and S13). 
Increasing scan rates led to shifts in cathode and anode peaks due to 
ohmic resistance. The current is influenced by surface-controlled and 
diffusion-controlled reactions, as described by a specific equation: 

i = avb(0.5 ≤ b ≤ 1) (1)  

logi = blogv+ loga (2) 

Equation (1) relates peak current (i) to scan rate (v) through 
adjustable constants a and b in a power law. The value of b is crucial for 
the kinetic role of the electrode surface. A b value of 0.5 or 1.0 signifies 
whether the material’s electrochemical process is diffusion-controlled or 
capacitance-controlled, respectively. Fig. 4b, c, and S13b show that the 
calculated b values for peaks in FL-(BiSe)1.10NbSe2 and NbSe2 exceed 
0.75. Values nearing 1.0 indicate a pseudocapacitive charge storage 
mechanism, pointing out NbSe2′s stable structure and superior 

Fig. 4. (a) CV curves of FL-(BiSe)1.10NbSe2 from 0.1 mV s− 1 to 0.9 mV s− 1, (b) b values in linear regression are associated with the plotted data in graph (a), (c) 
Calculated b values for FL-(BiSe)1.10NbSe2 and NbSe2 at anode and cathode, (d) Capacitive-controlled contribution at different scan rates, (e) voltage variation 
against τ1/2, (f) In-situ EIS curves, (g) corresponding voltage profile and (h) calculated impedances, (i) corresponding Dk+ of each material. 
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conductivity for high-rate capability. A constant k allows for quantita
tive analysis of the capacitance-controlled process. 

i = k1v+ k2v0.5 (3) 

k1v and k2v0.5 correspond to non-Faradaic and Faradaic reactions, 
respectively. At a scan rate of 0.9 mV s− 1 in Fig. S12, the capacitive 
contribution comprises 83.16 % of the CV curve’s total area, indicating 
that capacitance-controlled current prevails over diffusion-controlled 
current, boosting high-rate performance. Figs. S12 and S13 illustrate 
an amplified surface capacitance effect in FL-(BiSe)1.10NbSe2 and NbSe2 
at elevated scan rates, leading to its prominent high-rate K+ storage and 
swift charge/discharge traits. Fig. 4d indicates that NbSe2 consistently 

surpasses FL-(BiSe)1.10NbSe2 in capacitance contribution across all scan 
rates, stemming from BiSe’s fragility and poor conductivity [45]. 

The stability and superior conductivity of NbSe2 enhance BiSe’s rate 
performance, with the enhanced characteristics of FL-(BiSe)1.10NbSe2 
resulting from the synergistic interplay of NbSe2 and BiSe. In-situ EIS 
analysis (Fig. 4f-h, S14, and S15) reveals varying Rct values during the 
first charge and discharge cycle. NbSe2′s superior conductivity results in 
a lower Rct compared to FL-(BiSe)1.10NbSe2 and BiSe. Supported by 
NbSe2′s conductive framework, FL-(BiSe)1.10NbSe2 exhibits an Rct be
tween the two. The layered structure synergizes NbSe2′s stability and 
BiSe’s reactivity, enhancing K+ storage. To study the diffusion kinetics 
of FL-(BiSe)1.10NbSe2, NbSe2, and BiSe electrodes, GITT was used to 

Fig. 5. Low magnification TEM images, HRTEM images, SAED patterns and EDS elements mapping of the cycled FL-(BiSe)1.10NbSe2: (a–h) discharged to 0.01 V, (i–p) 
charged to 3 V. 
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measure the diffusion coefficient of K+ (DK+) in Figs. 4, S16 and S17 
[53]. The corresponding polarizer thickness is shown in Fig. S18. For the 
linear relationship between Eτ and τ1/2 shown in Fig. 4e [54]. As shown 
in Fig. 4i, NbSe2 electrode exhibited a higher average DK+ compared to 
FL-(BiSe)1.10NbSe2 and BiSe electrodes. However, in the potassium- 
intercalated state, the diffusion rate of NbSe2 fluctuated significantly 
in the range of 10− 9 to 10− 13 cm2 s− 1, whereas FL-(BiSe)1.10NbSe2 dis
played a stable DK+ trend, falling in between the values of NbSe2 and 
BiSe, demonstrating a stable diffusion rate within the range of 10− 10 to 
10− 11 cm2 s− 1. These correspond with the trend observed in the change 
of Rct values in the in-situ EIS analysis, indicating that throughout the 
electrochemical performance, FL-(BiSe)1.10NbSe2 maintains Rct values 
between those of NbSe2 and BiSe. GITT measurements confirm that the 
FL-(BiSe)1.10NbSe2 electrode has achieved enhanced reaction kinetics, 
effectively improving the high-rate cycling capability of potassium ions 
through the synergistic effect between NbSe2 and BiSe [33]. 

During cyclic testing, we employed ex-situ TEM and HRTEM to study 
the lattice structure and phase evolution of the FL-(BiSe)1.10NbSe2 anode 
(Fig. 5). Fig. 5a and 5i reveal stable morphology at both 0.01 V and 3 V 
states. Additional ex-situ HRTEM and SAED studies confirmed this sta
bility across various charge and discharge states. At 0.01 V, SAED pat
terns revealed products from conversion, alloying, and intercalation 
reactions (Fig. 5c). Specifically, K3Bi alloy showed (225) and (113) 
planes, K2Se had a (220) plane, and K0.67NbSe2 displayed (100), (104), 
and (106) planes. Fig. 5b and 5e-h from HRTEM analyses display 
multiple lattice spacings. The spacings of 0.141 nm, 0.283 nm, 0.309 
nm, and 0.206 nm in Fig. 5b and 5e are associated with the (204), 
(102), (100), and (106) planes of K0.67NbSe2, respectively. Fig. 5e and 
5f show lattice spacings of 0.218 nm and 0.220 nm corresponding to the 
(223) and (214) planes of K3Bi, while 0.27 nm and 0.271 nm relate to 
the (220) plane of K2Se. The EDS mapping (Fig. 5d) shows a uniform 
element distribution. Upon recharging to 3.0 V, Fig. 5i-p display lattice 
details for reversible phases BiSe and NbSe2. Specifically, in Fig. 5k, 
SAED rings correspond to the (014) and (110) planes of BiSe and the 
(220), (203), (201), and (401) planes of NbSe2. Fig. 5j depicts lattice 
spacings of 0.27 nm and 0.309 nm, corresponding to the (202) plane of 
NbSe2 and the (014) plane of BiSe, respectively. Matching the findings 
in Fig. 1h confirms the preservation of FL-(BiSe)1.10NbSe2′s misfit phase 
structure after cycling. The uniform element distribution in the EDS 
diagram occurs after one cycle (Fig. 5l). Lattice distortion in the large- 
scale heterostructure weakens diffraction peaks in the misfit layered 
structure. To clarify FL-(BiSe)1.10NbSe2′s reaction mechanism, ex-situ 
XRD was performed. As show in Fig. S19, in addition to the peak of 
Cu and parafilm, these broad peaks appear from 25◦ to 35◦ when dis
charging to 0.01 V. The broad peak makes analysis difficult. Fortunately, 
when charging to 3 V, the peaks of FL-(BiSe)1.10NbSe2 were observed, 
indicating the reversible reaction. On the other hand, the peaks of FL- 

(BiSe)1.10NbSe2 can correspond to the peaks of pure BiSe and pure 
NbSe2, respectively (Fig. 3a and S8). Therefore, it can be speculated that 
BiSe and NbSe2 react with K+, respectively. In order to figure out the 
phase transition of FL-(BiSe)1.10NbSe2, ex-situ XRD was performed on 
NbSe2 (Fig. S20). The XRD peak at 14.8◦ shifts to a lower angle during 
discharge, forming K0.67NbSe2, and reverses during charging, confirm
ing structural integrity. However, residual K+ in NbSe2 at 3 V shifts 
peaks to a lower angle, failing to return to their original positions, as 
corroborated by the EDS chart in Fig. 5l. During the charging and dis
charging process, we observe subtle peaks associated with Nb, K2Se, 
K5Se3, and Se which implies that alongside intercalation, some NbSe2 
undergoes deconversion, ultimately returning to its NbSe2 phase by the 
end of the cycle. Using HRTEM, we studied the lattice structure and 
elemental changes caused by potassium intercalation. K+ insertion 
during discharge expands the chalcogenide layers unevenly, resulting in 
squeezing deformations and subsequent lattice distortions and defects, 
as evident in Fig. 5g and 5 h. During the extraction of K+ in phase 
charging, the lattice contracts, bringing the bands closer, as evidenced in 
Fig. 5n. Despite this contraction, remnants of dislocations and vacancies 
from the potassium insertion process remain visible, especially in 
Fig. 5m–p. These defects, far from being mere artifacts, play a pivotal 
role in future cycles by offering enhanced pathways for K+ diffusion, 
improving the electrochemical reaction kinetics [25]. 

Using HRTEM, as depicted in Fig. 6a–c, we observed changes in 
lattice spacing across cycles. The findings indicate a notable expansion 
in the lattice following K+ insertion/deintercalation relative to its 
original configuration. Yet, the spacing after the first and fifth cycles 
remains remarkably consistent, with no discernible degradation of the 
core lattice patterns. This uniformity emphasizes the robustness of the 
NbSe2 structure, effectively withstanding the structural challenges 
introduced by the K+. The distinctive misfit layered design efficiently 
disperses mechanical stresses, stabilizing interlayer distances. Conse
quently, the core metal chalcogenide, BiSe, retains its reactivity across 
cycles, protected from rapid disintegration usually caused by significant 
volumetric changes during cycling. 

We developed two models to study stress distribution using FEA. The 
first model features nanocrystalline materials with a BiSe core and six 
BiSe faces (Fig. 7a-c), while the second has a BiSe core with NbSe2 layers 
on the top and bottom (Fig. 7d-f). We simulated the potassium inter
calation process using thermal expansion, with volume changes noted in 
Table S2. Constants for the simulations, including Young’s modulus, 
Poisson’s ratio (Table S3), and thermal expansion coefficient, are pro
vided. Compared to NbSe2, BiSe’s properties—its greater thermal 
expansion coefficient and lower Young’s modulus—cause more stress 
and deformation during the potassium intercalation process. Undis
sipated stress leads to interface breakdown when BiSe crystals are 
closely packed, prompting K+ to form a new SEI layer. However, the 

Fig. 6. HRTEM images depict changes in lattice spacing for FL-(BiSe)1.10NbSe2 under the following conditions: (a) pristine, (b) after the 1st cycle, and (c) after the 
5th cycle. 

S.-S. Mai et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 483 (2024) 149289

9

formation of the SEI layer diminishes the active material, shortening the 
battery’s lifespan. Pure BiSe materials show a high initial capacity that 
drops in subsequent cycles, as behavioral evidenced in Fig. 2b and 2d. By 
integrating NbSe2, known for its high Young’s modulus, into a misfitted 
bilayer setup, we successfully controlled BiSe’s expansion and optimized 
stress distribution between the two materials. Consequently, the com
bined (BiSe)1.10NbSe2 MLC showed enhanced structural and electro
chemical resilience relative to unjoined BiSe. In Fig. 7k, when the 
expansion factor of BiSe nanocrystals is approximately 0.3, the slope 
sharply increases, indicating that the nanocrystals cannot withstand the 
stress and therefore fracture. Subsequently, the addition of NbSe2 
effectively reduces the stress, preventing the internal BiSe nanocrystals 
from fracturing due to excessive stress. Fig. 7l displays the maximum 
stress values for each model when the expansion factor is 1.0 [55]. The 
material’s external stress resistance was tested using vertical Von-Mises 

stress (Fig. 7g-j) [56]. The (BiSe)1.10NbSe2 bilayer displayed less central 
stress than pure BiSe due to the effective stress distribution of the NbSe2 
outer layer. The material can better handle external stresses by utilizing 
NbSe2′s superior mechanical properties to envelop BiSe in this misfitted 
bilayer. Moreover, the protective NbSe2 layer helps offset stresses from 
volume changes in BiSe during potassium cycling, enhancing its elec
trochemical performance. 

Fig. 8 illustrates the visual differences and conditions before and 
after electrochemical cycling tests for FL-(BiSe)1.10NbSe2, 
(BiSe)1.10NbSe2, BiSe, and NbSe2 materials. BiSe experiences significant 
material expansion and structural damage due to the conversion- 
alloying reaction, resulting in material deformation and a substantial 
decrease in capacity after cycling. After cycling, NbSe2′s structure re
mains stable with only a slight interlayer expansion because it has suf
ficient interlayer spacing to accommodate the volume expansion of the 

Fig. 7. Finite element analysis. The stress distribution model for (a-c) BiSe nanocrystals and (d-f) (BiSe)1.10NbSe2. Linear distributions of externally applied vertical 
Von-Mise stress on (g, h) BiSe and (i, j) (BiSe)1.10NbSe2 structural units. (k) The corresponding stress values at various degrees of expansion, and (l) the value after 
complete expansion. 
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material. (BiSe)1.10NbSe2, by safeguarding BiSe after the conversion- 
alloying reaction within the framework of NbSe2, effectively maintains 
overall structural stability. However, the multilayer structure restricts 
the free movement space for K+, reducing its capacitance. FL- 
(BiSe)1.10NbSe2 addresses the shortcomings of (BiSe)1.10NbSe2 by 
providing sufficient free mobility space for K+, enhancing stability and 
capacity, and fully capitalizing on the advantages of the conversion, 
alloying, and intercalation triple mechanisms. 

Utilizing the distinct phase structure of FL-(BiSe)1.10NbSe2, featuring 
alternating molecular layers, we aimed to counteract the limitations 
inherent to BiSe and NbSe2. This enhanced composite is suitable for 
inclusion in a PIHC system with various cathode materials. Specifically, 
we employed the advantageous reaction kinetics and potassium storage 
capacity of FL-(BiSe)1.10NbSe2 to construct an asymmetric PIHC 
comprising a FL-(BiSe)1.10NbSe2 anode and a commercial activated 
carbon (AC) cathode (Fig. 9a). This asymmetric configuration was 
employed to elucidate the merits of the misfit phase structure in facili
tating electron and K+ transport. Owing to the accelerated diffusion 
kinetics and superior electrochemical performance of K+ in FL- 
(BiSe)1.10NbSe2, FSI ions in the electrolyte undergo non-faradaic 
adsorption and desorption processes on the activated carbon cathode, 
enhancing the energy density. Prior to the PIHC assembly, the FL- 
(BiSe)1.10NbSe2 anode was pre-activated for 20 cycles to minimize 
irreversible capacity loss during the initial cycles and ensure thorough 
K+ intercalation into the material. To relieve electrolyte decomposition 
at elevated operating voltages, we confined the operating voltage win
dow to 0.5–3.8 V. An optimal mass ratio of 1:1.2 for FL-(BiSe)1.10NbSe2 
to AC was determined to maximize power output. Subsequent electro
chemical characterization of the FL-(BiSe)1.10NbSe2//AC system 
included a representative CV curve (Fig. 9b). Additionally, Fig. 9c il
lustrates the charge and discharge profiles of FL-(BiSe)1.10NbSe2//po
tassium half-cell, AC//potassium half-cell, and the FL-(BiSe)1.10NbSe2// 
AC PIHC at a current density of 50 mA g− 1. The nearly linear, non- 
isosceles triangular charge/discharge curve indicates a synergistic 

pseudocapacitive contribution to charge storage [57]. Rate performance 
was evaluated at varying current densities (Fig. 9d and 9e), with energy 
densities ranging from 81 to 32 Wh kg− 1 based on the combined weight 
of FL-(BiSe)1.10NbSe2 and activated carbon. Notably, the system dis
played admirable reversibility, maintaining an energy density of 61 Wh 
kg− 1 upon returning to a current density of 1 A g− 1. The Ragone plot 
(Fig. 9f) revealed a maximum power density of 5823.6 W kg− 1 at an 
energy density of 32.4 Wh kg− 1. Moreover, long-term cycling tests 
(Fig. 9g) exhibited an energy density of 42 Wh kg− 1 of the initial ca
pacity after 2000 cycles at a high current density of 1000 mA g− 1, 
demonstrating the system’s robustness and longevity. 

4. Conclusion 

This work underscores the significance of systematically designing 
misfitted layered structures. Utilizing the intercalation reaction product 
as a framework during the reaction process, significantly alleviates the 
internal stress generated within FL-(BiSe)1.10NbSe2 during the conver
sion, alloying, and intercalation triple mechanisms, as BiSe expands 
during the conversion-alloying. FEA simulations predicted that this 
structure exhibits optimal stress-dispersion functionality, consistent 
with the results. Subsequently, employing point probe ultrasonication to 
selectively delaminate the NbSe2 vdW gaps, we obtained FL- 
(BiSe)1.10NbSe2, demonstrating excellent electrochemical performance. 
Given the limited literature on the application of MLC materials in 
potassium-ion storage systems, our work successfully unveils the elec
trochemical performance of MLC materials and their practical applica
tions through a series of electrochemical tests. Finally, by applying FL- 
(BiSe)1.10NbSe2 in PIHCs, we validate the stable performance of carbon- 
free MLC materials in potassium-ion storage systems. This study is the 
first to apply MLC materials in capacitors, offering a new method for 
developing potassium-ion intercalation anodes. Our results highlight a 
promising direction for MLC materials in novel applications. 

Fig. 8. Schematic diagram of structural changes after the reaction processes. The NbSe2 framework effectively protects BiSe and mitigates structural damage.  
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Fig. 9. (a) Schematic diagram of a FL-(BiSe)1.10NbSe2//AC hybrid capacitor. (b) CV curves of the AC half-cell, the FL-(BiSe)1.10NbSe2 half-cell and the FL- 
(BiSe)1.10NbSe2//AC PIHCs. (c) Normalized GCD curves of the AC half-cell, FL-(BiSe)1.10NbSe2 half-cell and the FL-(BiSe)1.10NbSe2//AC PIHCs. (d) Rate capability 
performance. (e) Normalized GCD curves plotted correspond to rate capability of the FL-(BiSe)1.10NbSe2//AC PIHCs. (f) Ragone plot of the FL-(BiSe)1.10NbSe2//AC 
PIHCs. (g) Long-term cycling performance of the FL-(BiSe)1.10NbSe2//AC PIHCs at 1.0 A/g. 
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