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Abstract: Rechargeable potassium ion batteries have long been regarded as one alternative to
conventional lithium ion batteries because of their resource sustainability and cost advantages.
However, the compatibility between anodes and electrolytes remains to be resolved, impeding their
commercial adoption. In this work, the K-ion storage properties of Bi nanoparticles encapsulated
in N-doped carbon nanocomposites have been examined in two typical electrolyte solutions, which
show a significant effect on potassium insertion/removal processes. In a KFSI-based electrolyte, the
N-C@Bi nanocomposites exhibit a high specific capacity of 255.2 mAh g−1 at 0.5 A g−1, which remains
at 245.6 mAh g−1 after 50 cycles, corresponding to a high capacity retention rate of 96.24%. In a KPF6-
based electrolyte, the N-C@Bi nanocomposites show a specific capacity of 209.0 mAh g−1, which
remains at 71.5 mAh g−1 after 50 cycles, corresponding to an inferior capacity retention rate of only
34.21%. Post-investigations reveal the formation of a KF interphase derived from salt decomposition
and an intact rod-like morphology after cycling in K2 electrolytes, which are responsible for better
K-ion storage properties.

Keywords: potassium ion batteries; bismuth anodes; electrolytes; nanostructures; nanocomposites

1. Introduction

Rechargeable potassium ion batteries (KIBs) have attracted increasing attention due
to the high natural abundance of K elements and suitable redox potential (−2.93 V vs.
SHE.) [1–5]. In addition, the lower cost of salts for K-ion electrolytes and lower de-solvation
kinetic barriers also make KIBs a commercially feasible alternative to conventional lithium
ion battery technologies [6–8]. Specifically, KIBs are composed of cathodes, anodes and
K-ion electrolytes. The compatibility between anodes and K-ion electrolytes holds the key
to the stability of cycles of KIBs, which still remains a challenge [9–11].

Typically, graphite can serve as an anode for KIBs, which display a specific capacity of
279 mAh g−1 and a relatively low potential of 0.1 V vs. K+/K. However, graphite anodes
encounter the great challenges of limited capacity and the potential dendrite growth of
K-metal because of their low working potential [12–14]. Interestingly, bismuth, with
alloying and de-alloying working mechanisms, has been considered as one of the most
promising alternatives to graphite anodes due to its larger specific capacity (384 mAh g−1)
and more suitable operating voltage range (voltage plateau of 0.25 V) [15–17]. Nevertheless,
a significant challenge hindering its commercialization still exists, which is the inevitable
volume expansion (approximately 406%) during repeated potassium insertion/removal
processes, which can lead to structural instability and rapid capacity decay [18–20].

Confining Bi nanoparticles into a highly conductive and porous carbon skeleton repre-
sents an efficient solution to mitigate its volume expansion and capacity degradation [21–23].
Yin and co-workers have reported Bi nanoparticles encapsulated in mesoporous carbon
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nanofibers through the electrospinning method, which displayed a reversible capacity of
163.3 mAh g−1 at relatively high rate [24]. Xu and co-workers have presented carbon-
encapsulated Bi/Bi2O3 heterostructures for KIBs, which demonstrated good capacity reten-
tion after 350 cycles (251.8 mAh g−1) [23]. A composite of Bi@Bi2O3 anchored on porous
graphene has also been reported to show good capacity retention after 100 cycles [25].

Despite these achievements, the performances of Bi-based compound anodes still
need to be improved. In addition, the charge and discharge behavior of Bi-based anodes in
varied electrolyte solutions is rarely investigated, which may have a potential impact on
the electrode and electrolyte interphases and, consequently, the K-ion storage properties.

In this work, Bi nanoparticles confined by N-doped carbon (abbreviated as “N-C@Bi”)
nanocomposites have been prepared based on a Bi-containing metal organic framework
(MOF), and their K-ion storage properties have also been examined with two electrolyte
solutions. The as-prepared N-C@Bi nanocomposites display rod-like morphology, finely
distributed Bi nanoparticles with a diameter of ~18 nm, and abundant N/O-doped sites. In
0.8 M KPF6/EC+DEC electrolyte (K1), the N-C@Bi nanocomposites show a specific capacity
of 209.0 mAh g−1, which remains at 71.5 mAh g−1 after 50 cycles, corresponding to an
inferior capacity retention rate of only 34.21%. In 3.0 M KFSI/DME (K2) electrolyte, the
N-C@Bi nanocomposites exhibit a high specific capacity of 255.2 mAh g−1 at 0.5 A g−1,
which remains at 245.6 mAh g−1 after 50 cycles, corresponding to a high capacity retention
rate of 96.24%. Post-investigations reveal the formation of a KF interphase derived from
salt decomposition and the intact rod-like morphology after cycling in the K2 electrolyte,
which might be responsible for better K-ion storage properties. This work highlights the
importance of electrolyte solutions for alloying-type anodes for batteries applications.

2. Results and Discussions

The synthesis process is shown in Figure 1. Firstly, 1,3,5 benzoic acid and bismuth
nitrate pentahydrate are dispersed in 60 mL of methanol, followed by a solvothermal
reaction to obtain white Bi-MOF. The unreacted Bi+ is removed by centrifugation and
washing. Subsequently, the sample is dried and heated to 700 ◦C in an argon atmosphere
in a tube furnace, and kept for 4 h, and then, N-C@Bi nanoparticles are obtained.
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Figure 1. Schematic illustration of synthesis procedure of the N-C@Bi nanocomposites.

The crystal structure and carbon content of N-C@Bi nanocomposites were analyzed by
XRD and TG. Figure 2a shows XRD patterns of N-C@Bi nanocomposites, which clearly show
obvious XRD characteristic peaks at 27.17◦, 37.95◦, 39.17◦, 48.69◦, and 64.50◦, corresponding
to the (012), (104), (110), (202), and (122) crystal planes of Bi (PDF card: 44-1246). The main
crystalline phase of nanocomposites is metallic bismuth. Figure 2b shows the TG curve of
N-C@Bi nanocomposites. The weight increase in the temperature range of 100 ◦C to 291 ◦C
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is due to the oxidation of bismuth, during which, the oxygen element is introduced into the
sample. During the subsequent heating process, a significant decrease in total mass can be
observed within the temperature range of 291 ◦C to 382 ◦C. This is because the carbon and
nitrogen will react with oxygen in the air to generate CO2 and NOx, respectively, leading to
a decrease in mass. It is noted that a gradual weight increase from 400 ◦C to 600 ◦C might
be also be due to the oxidation of Bi. The percentage of carbon and nitrogen in N-C@Bi
nanocomposites can be calculated to be around 13% based on this mass decrease.
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Figure 2. XRD pattern (a) and TG curve (b) of N-C@Bi nanocomposites (Blue line in a shows the
standard XRD pattern of Bi). C 1s (c) and Bi 4f (d) XPS spectra of N-C@Bi nanoparticles.

The surface chemical composition of the N-C@Bi nanocomposites was analyzed by
XPS. As shown in Figure 2c, the C 1s XPS spectrum shows three characteristic peaks at
284.7 eV, 285.5 eV, and 288.8 eV, corresponding to the bonding states of C-C bond, C-O
bond, and C-C=O bond, respectively [26]. As shown in Figure 2d, the Bi 4f XPS spectrum
shows two distinct characteristic peaks at 158.2 eV and 163.5 eV, corresponding to the Bi 4f
orbital bonds of bismuth elemental [23,27].

The typical SEM image in Figure 3a reveals a cylindrical short rod with a length of about
6 µm and a diameter of about 1 µm. The surface of the sample is not smooth, and some
small spherical particles can be observed, which are bismuth metal particles derived from the
high-temperature reaction. The corresponding EDS-mapping images in Figure 3b–d reveal the
uniform distribution of C, N, and Bi elements in the N-C@Bi nanocomposites. The TEM image
in Figure 3e reveals the spherical particles of Bi, which are randomly distributed onto the
carbon matrix. The diameter of the spherical particles is around 15 nm, which is conductive
to ion transportation (Figure 3f). Figure 3g reveals the (012) crystal plane of bismuth metal
and the carbon matrix embedding Bi nanoparticles. The good crystallinity of Bi and the
amorphous nature of the carbon matrix are also reflected by the SAED image in Figure 3h.
Figure 3i–l clearly show the presence of C, O, N, and Bi elements, and the allocation of oxygen
is associated with bismuth, which might be due to the partial surface oxidation of Bi. The
relative element ratio is listed in Table 1.
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Table 1. Element ratio in N-C@Bi nanocomposites.

C N O Bi

Element ratio (%) 45 2 9 45

To verify the effect of electrolytes on the K-ion storage properties of the N-C@Bi
anode, constant charge and discharge tests were conducted using K1 and K2 electrolytes at
0.5 A g−1. As shown in Figure 4a, the discharge capacities of the N-C@Bi anode in the K1
electrolyte are 209.0 mAh g−1 and 71.5 mAh g−1 at the 10th and 50th cycle, respectively. The
capacity retention is only 34.21%. In the K2 electrolyte (Figure 4b), the discharge capacities
of the N-C@Bi anode are 255.2 mAh g−1 and 245.6 mAh g−1 at the 10th and 50th cycle,
respectively. The capacity retention is 96.24%, much higher than that of the K1 electrolyte.
In addition, the charging and discharging voltage plateaus of the N-C@Bi anode gradually
disappear in the K1 electrolyte but remain stable in the K2 electrolyte. Figure 4c shows the
cycle performances of the N-C@Bi anode at 0.2 A g−1. During the initial cycles, the N-C@Bi
anode in the K1 electrolyte shows a higher discharge capacity than that in the K2 electrolyte,
which might be due to serious side electrochemical reactions with the electrolyte. This
is consistent with the comparatively lower Columbic efficiencies in the K1 electrolyte, as
shown in Figure 4c. It is obvious that the capacity in the K2 electrolyte (192 mAh g−1

after 100 cycles) is significantly higher than that in the K1 electrolyte (94 mAh g−1 after
100 cycles). These results demonstrate better cycling stability in the K2 electrolyte for the
N-C@Bi anode.

As shown in Figure 5a, the CV curves of the N-C@Bi anode in the K1 electrolyte have
obvious reduction peaks at around 0.2 V and 0.7 V, corresponding to the two processes
of potassium–bismuth alloying. There are obvious oxidation peaks at 0.61 V and 1.24 V,
corresponding to the potassium–bismuth de-alloying process. It is noted that the first
oxidation peak for the N-C@Bi anode in the K1 electrolyte changes from 0.61 V to 0.64 V
during the first and third cycles (Figure 5b). Meanwhile, in the K2 electrolyte, the oxidation
peaks are almost unchanged during the CV cycles, which are located at 0.62 V (Figure 5f).
As shown in Figure 5e, the CV curves of the N-C@Bi anode in the K2 electrolyte have
obvious reduction peaks at 0.2 V and 0.7 V and obvious oxidation peaks at 0.62 V and
1.24 V. At a low scan rate, the second and third CV cycles in both K1 and K2 do not overlap,
which might be due to the gradual activation process during the first several cycles. Several
weak peaks at lower and higher voltages can be clearly observed during the first scanning
process, which might be caused by the side reaction between the electrolyte and electrode.
As the scanning rates increase (Figure 5c,d,g,h), these weak peaks disappear, indicating the
formation of solid–electrolyte interphases (SEIs) in both electrolytes. At a higher scan rate,
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the first and second CV curves of the N-C@Bi anode in the K2 electrolyte overlap better than
those in the K1 electrolyte. These results suggest better cycle stability in the K2 electrolyte,
which might be due to the formation of a KF-rich interphase, as discussed below.
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To verify the reaction kinetics of the N-C@Bi electrode in two electrolytes, GITT tests
were performed (Figure 6a,b). In the K2 electrolyte, the voltage difference between the
working voltage and equilibrium voltage is smaller than in the K1 electrolyte, which
indicates faster potassium–bismuth alloying kinetics in the former electrolyte. In addition,
the value of the DK-ion was also calculated by Fick’s second law [28]:

DK−ion=
4

πτ

(
mBVM
MBS

)2(∆ES
∆Eτ

)2
(1)

where τ represents the current pulse time. mB is the mass of active material in the electrode.
VM is the molar volume of active material. MB is the molar mass of active material. S is the
surface area of the electrode. ∆ES and ∆Eτ are the voltage difference and time difference,
respectively. As shown in Figure 6c,d, during the discharge process, the K-ion diffusion
kinetics of the N-C@Bi anode in K2 electrolyte is much better than that in the K1 electrolyte
within voltage range from 0.2 V to 1.1 V. During the charging process, the diffusion ability
of K+ within the two electrolytes is basically the same, and the diffusion ability of K+ in the
K2 electrolyte is much higher than K1 electrolytes at a high voltage. Faster K-ion kinetics
in the K2 electrolyte might be responsible for the lower overpotential and higher specific
capacity for the N-C@Bi electrode.
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The electrolyte solutions are shown to have a significant influence on the K-ion storage
ability, which might be due to the decomposition of salt and solvents. To prove this
conjecture, SEM images of a cycled N-C@Bi anode with varying electrolytes have been
characterized, as shown in Figure 7a–c. The pristine N-C@Bi anode shows a similar
morphology to the N-C@Bi nanocomposites. Fine Super-P particles are also observed
which surround the N-C@Bi nanocomposites (Figure 7a). After cycling in the K1 electrolyte,
the surface of the N-C@Bi anode changes significantly. An uneven and unsmooth electrode
surface is observed, which might be caused by the formation of an uneven and thick SEI
layer. As shown in Figure 7c, SEM images of the cycled N-C@Bi anode in the K2 electrolyte
show that its surface remains smooth and flat. This indicates that a thin and uniform SEI
layer is generated on the surface of the cycled N-C@Bi anode in the K2 electrolyte.

To check the composition of the SEI layer, XPS tests have been conducted. The
characteristic peaks in Bi 4f XPS spectra can be clearly observed, which reveal the existence
of Bi0 and Bi3+ species [23]. Since the main component of the K1 electrolyte is KPF6, the
characteristic peaks of KxPFy and KF can be clearly observed in the F 1s XPS spectra [1,29].
These phosphides are also the main constituents of the inorganic SEI layer. A distinct
characteristic peak can be observed in the P 2p XPS spectra, indicating that its P element is
mainly present in the KxPFy form [29]. As for the K2 electrolyte, no characteristic peak of Bi
4f XPS spectra is observed (Figure 7g). This might indicate that the SEI layer formed after
cycling in the K2 electrolyte is a dense protective layer, which can completely wrap the
N-C@Bi anode and prevent it from side reactions with electrolytes. In the S 2p XPS spectra
(Figure 7h), clear characteristic peaks of -SO2-F, -SO2-, and SOx can be observed [30]. In
F 1s XPS spectra, characteristic peaks of SO2-F and KF can be clearly observed, and the
peak of KF is more obvious [1,29]. This suggests the formation of a KF-containing SEI layer
in the K2 electrolyte, which can effectively protect the N-C@Bi anode from degradation
during repeated cycling.
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3. Experimental Section
3.1. Materials Syntheses

The synthesis of Bi-MOF was analogous to previous reports [27,31,32]. Typically,
768.90 mg of trimesic acid (H3BTC) (>98%) and 149.88 mg of Bi(NO3)3·5H2O (>99%) were
dispersed into 60 mL of methanol at room temperature. After continuous stirring, it was
transferred into a Teflon-lined steel reactor (100 mL in volume). The solvothermal reaction
was maintained at 120 ◦C for 24 h. Finally, all the resultant products were centrifuged and
washed three times with methanol in sequence, which were dried at 60 ◦C under vacuum
for 12 h to obtain the Bi-containing MOF (Bi-MOF) precursor.

Bi-MOF was placed in a porcelain boat. Then, a porcelain boat was placed in a tube
furnace and heated at 700 ◦C (heating rate is around 5 ◦C min−1) for 4 h to obtain the
N-C@Bi nanocomposites.

3.2. Materials Characterizations

The microstructures of the samples were characterized by typical scanning electron
microscope (SEM, JSM 6700F, Japan Electronics Co., Ltd., Tokyo, Japan), energy dispersive
spectroscope (EDS, JEOL-6300F), and transmission electron microscope (TEM, JEM-2100
Plus, Japan Electronics Co., Ltd., Tokyo, Japan) measurements. (The working voltage was
10 KV, and the current was 8 µA.) Powder X-ray diffraction (XRD, Rigaku Smartlab, Rigaku
Corporation of Japan, Osaka City, Japan) was used to characterize the crystal structures of
the samples with Cu Kα radiation (λ = 1.5406 Å), and the diffraction angle ranged from 10◦

to 80◦. X-ray photoelectron spectroscopy (XPS) measurements were tested on an AXIS Ultra
DLD electron spectrometer. The X-ray source was Al Ka (1486.6 eV) (data presentation was
achieved through Origin2021 and MDI JADE 6 software). The thermal stability and carbon
content of the sample were analyzed by thermogravimetric (TG) tests. The sample was
heated in air at 10 ◦C min−1, and the temperature range was from 20 ◦C to 800 ◦C. (Data
fitting was achieved through Origin2021 software).
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3.3. Electrode Preparation, Battery Assembly and Tests

The anodes were prepared by mixing the N-C@Bi nanocomposites, Super-P, and
polyvinylidene fluoride with 7:2:1 in N-methyl-2-pyrrolidone (NMP) solvent. The mixed
slurry was evenly coated on a copper foil, and then, it was put into a vacuum drying
oven and dried under 120 ◦C for 12 h. The anodes were shaped into a circular pellet
which was 12 mm in diameter and had a mass loading of ~0.6 mg cm−2. The CR2032-
type coin cells were assembled in an Ar-filled glovebox with O2 and H2O concentrations
of <0.01 ppm. Potassium metal was used as the counter electrode, and glass fiber was
selected as a separator. The adopted electrolyte was prepared by mixing KPF6 (0.8 M) into
ethylene carbonate and diethyl carbonate (1:1) (namely 0.8 M KPF6/EC + DEC electrolyte,
abbreviated as the “K1” electrolyte) and KFSI (3.0 M) into ethylene glycol dimethyl ether
(namely 3.0 M KFSI/DME, abbreviated as the “K2” electrolyte).

The cycle performance and galvanostatic intermittent titration technique (GITT) of
the N-C@Bi anode were tested using LAND CT2001A and LAND CT3001A battery-testing
systems with constant charge and discharge currents in a fixed voltage window from
0.001 to 2.0 V (data presentation was achieved through Origin and LAND V7 software).
Cyclic voltammetry and electrochemical impedance spectroscopy were carried out on
the AUTOLAB electrochemical workstation. CV curves were measured at different scan
rates of 0.1 mV s−1. (Data presentation was achieved through Origin2021 and Nova
1.8.14 software).

4. Conclusions

In this work, N-C@Bi nanocomposites have been prepared by a facile calcination
process with Bi-MOF as a template. The N-C@Bi nanocomposites serve as a good model
anode for K-ion storage because they show the high crystallinity of Bi nanoparticles, highly
conductive carbon nanocomposites, and abundant N/O-doping sites. In a typical elec-
trolyte of 3.0 M KFSI/DME (K2), N-C@Bi nanocomposites exhibit superior specific capacity
of 192 mAh g−1 after 100 cycles compared to the electrolyte of 0.8 M KPF6/(EC+DEC) (K1)
(94 mAh g−1 after 100 cycles). In addition, N-C@Bi nanocomposites with the K2 electrolyte
display much better K-ion diffusion kinetics and lower overpotential compared to those
with the K1 electrolyte, as revealed by a series of CV and GITT tests. Post-investigations
of N-C@Bi nanocomposites after cycling reveal the formation of a robust KF-containing
interphase in the K2 electrolyte, which might be derived from the decomposition of KFSI
salts. This work is of significance to the design of alloying-type anodes and the rational
screening of electrolytes for KIBs and other battery chemistries.

Author Contributions: T.Z. and N.Y. contributed equally. Conceptualization, T.Z. and N.Y.; methodol-
ogy, T.Z. and N.Y.; software, Z.L.; validation, Z.L., K.C. and Z.Z.; formal analysis, K.C.; investigation,
T.Z.; writing—original draft preparation, T.Z., N.Y. and Z.Z.; writing—review and editing, K.C.; su-
pervision, G.L.; funding acquisition, Z.Z. and G.L. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (22279068,
52374306), Qingdao New Energy Shandong Laboratory Open Project (QNESL OP202312).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be made available on request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, T.; He, X.; Zhou, M.; Ning, J.; Cao, S.; Chen, M.; Li, H.; Wang, W.; Wang, K.; Jiang, K. In Situ Ions Induced Formation of

KxF-Rich SEI Layers toward Ultrastable Life of Potassium-Ion Batteries. Adv. Mater. 2024, 36, 2401943. [CrossRef]
2. Cheng, L.; Qi, M.; Yu, J.; Zhang, X.; Wang, H.-G.; Cui, F.; Wang, Y. Conjugation and Topology Engineering of 2D π-d Conjugated

Metal–Organic Frameworks for Robust Potassium Organic Batteries. Angew. Chem. Int. Ed. 2024, 63, e202405239. [CrossRef]

https://doi.org/10.1002/adma.202401943
https://doi.org/10.1002/anie.202405239


Molecules 2024, 29, 2996 10 of 11

3. Zhang, C.; Chen, Z.; Zhang, H.; Liu, Y.; Wei, W.; Zhou, Y.; Xu, M. Uniformly Dispersed Sb-Nanodot Constructed by In Situ
Confined Polymerization of Ionic Liquids for High-Performance Potassium-Ion Batteries. Molecules 2023, 28, 5212. [CrossRef]

4. Shchurik, E.V.; Kraevaya, O.A.; Vasil’ev, S.G.; Zhidkov, I.S.; Kurmaev, E.Z.; Shestakov, A.F.; Troshin, P.A. Anthraquinone-
Quinizarin Copolymer as a Promising Electrode Material for High-Performance Lithium and Potassium Batteries. Molecules 2023,
28, 5351. [CrossRef]

5. Xu, Y.; Titirici, M.; Chen, J.; Cora, F.; Cullen, P.L.; Edge, J.S.; Fan, K.; Fan, L.; Feng, J.; Hosaka, T.; et al. 2023 roadmap for
potassium-ion batteries. J. Phys. Energy 2023, 5, 021502. [CrossRef]

6. Cai, P.; Wang, K.; Wang, T.; Li, H.; Zhou, M.; Wang, W.; Jiang, K. Comprehensive Insights into Potassium-Ion Capacitors:
Mechanisms, Materials, Devices and Future Perspectives. Adv. Energy Mater. 2024, 14, 2401183. [CrossRef]

7. Larhrib, B.; Larbi, L.; Madec, L. Nonaqueous potassium-ion full-cells: Mapping the progress and identifying missing puzzle
pieces. J. Energy Chem. 2024, 93, 384–399. [CrossRef]

8. Dhir, S.; Wheeler, S.; Capone, I.; Pasta, M. Outlook on K-Ion Batteries. Chem 2020, 6, 2442–2460. [CrossRef]
9. Chen, W.; Zhang, D.; Fu, H.; Li, J.; Yu, X.; Zhou, J.; Lu, B. Restructuring Electrolyte Solvation by a Partially and Weakly Solvating

Cosolvent toward High-Performance Potassium-Ion Batteries. ACS Nano 2024, 18, 12512–12523. [CrossRef]
10. Yi, X.; Fu, H.; Rao, A.M.; Zhang, Y.; Zhou, J.; Wang, C.; Lu, B. Safe electrolyte for long-cycling alkali-ion batteries. Nat. Sustain.

2024, 7, 326–337. [CrossRef]
11. Tan, H.; Lin, X. Electrolyte Design Strategies for Non-Aqueous High-Voltage Potassium-Based Batteries. Molecules 2023, 28, 823.

[CrossRef]
12. Hu, Y.; Fu, H.; Geng, Y.; Yang, X.; Fan, L.; Zhou, J.; Lu, B. Chloro-Functionalized Ether-Based Electrolyte for High-Voltage and

Stable Potassium-Ion Batteries. Angew. Chem. Int. Ed. 2024, 63, e202403269. [CrossRef] [PubMed]
13. Zhang, Y.; Zhu, L.; Xu, H.; Wu, Q.; Duan, H.; Chen, B.; He, H. Interlayer-Expanded MoS2 Enabled by Sandwiched Monolayer

Carbon for High Performance Potassium Storage. Molecules 2023, 28, 2608. [CrossRef]
14. Cheng, B.; Li, X.; Pan, L.; Xu, H.; Duan, H.; Wu, Q.; Yin, B.; He, H. Ultra-Thin Wrinkled Carbon Sheet as an Anode Material of

High-Power-Density Potassium-Ion Batteries. Molecules 2022, 27, 2973. [CrossRef]
15. Wang, B.; Shi, L.; Zhou, Y.; Wang, X.; Liu, X.; Shen, D.; Yang, Q.; Xiao, S.; Zhang, J.; Li, Y. 3D Dense Encapsulated Architecture

of 2D Bi Nanosheets Enabling Potassium-Ion Storage with Superior Volumetric and Areal Capacities. Small 2024, 20, 2310736.
[CrossRef]

16. Zhang, J.; Kim, G.; Park, M.; Zhang, J.; Lee, S.; Cui, Y.; Zhang, K.; Zou, F.; Kang, Y.-M. Nanostructuring-Promoted Non-Equilibrium
Phase Transformation of Bi Anodes Toward Diffusion-Controlled Reaction for K-Ion Batteries. Adv. Energy Mater. 2022, 12,
2202446. [CrossRef]

17. Ababaikeri, R.; Sun, Y.; Wang, X.; Li, X.; Li, M.; Zhang, F.; Li, Y.; Wang, P.; Guo, J.; Cao, Y. Scalable fabrication of Bi@N-doped
carbon as anodes for sodium/potassium-ion batteries with enhanced electrochemical performances. J. Alloys Compd. 2023, 935,
168207. [CrossRef]

18. Jia, J.H.; Lu, X.F.; Yang, C.C.; Jiang, Q. Advances in bismuth-based anodes for potassium-ion batteries. J. Mater. Chem. A 2024, 12,
1359–1391. [CrossRef]

19. Wang, A.; Hong, W.; Yang, L.; Tian, Y.; Qiu, X.; Zou, G.; Hou, H.; Ji, X. Bi-Based Electrode Materials for Alkali Metal-Ion Batteries.
Small 2020, 16, 2004022. [CrossRef]

20. Feng, Y.; Lv, Y.; Fu, H.; Parekh, M.; Rao, A.M.; Wang, H.; Tai, X.; Yi, X.; Lin, Y.; Zhou, J.; et al. Co-activation for enhanced K-ion
storage in battery anodes. Nat. Sci. Rev. 2023, 10, nwad118. [CrossRef]

21. Wei, Y.; Zhang, P.; Zhou, S.; Tian, X.; Soomro, R.A.; Liu, H.; Du, H.; Xu, B. Encapsulating Bi Nanoparticles in Reduced Graphene
Oxide with Strong Interfacial Bonding toward Advanced Potassium Storage. Small 2024, 20, 2306541. [CrossRef] [PubMed]

22. Liu, C.; Lu, Q.; Qu, J.; Feng, W.; Thomas, A.; Li, Y.; Martinez, I.G.G.; Pan, C.; Mikhailova, D. Operando Studies of Bismuth
Nanoparticles Embedded in N, O-Doped Porous Carbon for High-Performance Potassium-Ion Hybrid Capacitor. Small 2024, 20,
2311253. [CrossRef] [PubMed]

23. Zhang, P.; Wei, Y.; Zhou, S.; Soomro, R.A.; Jiang, M.; Xu, B. A metal-organic framework derived approach to fabricate in-situ
carbon encapsulated Bi/Bi2O3 heterostructures as high-performance anodes for potassium ion batteries. J. Colloid Interface Sci.
2023, 630, 365–374. [CrossRef] [PubMed]

24. Ouyang, D.; Wang, C.; Zhu, H.; Yu, F.; Yin, J. Bismuth Nanoparticles Encapsulated in Mesoporous Carbon Nanofibers for Efficient
Potassium-Ion Storage. ACS Appl. Nano Mater. 2022, 5, 13171–13179. [CrossRef]

25. Li, W.; Gao, N.; Li, H.; Sun, R.; Liu, Q.; Huang, B.; Chen, Q. Bi@Bi2O3 anchored on porous graphene prepared by solvothermal
method as a high-performance anode material for potassium-ion batteries. J. Alloys Compd. 2023, 939, 168766. [CrossRef]

26. Yang, J.; Zhang, J.; Zhang, K.; Liu, J.; Zhou, Z.; Li, Z.; Li, G.; Cui, G.; Zhang, Z. Ion recognition enables fast Mg–Cl bond
dissociation kinetics and better Mg plating/stripping reversibility. J. Magnes. Alloy. 2023, in press. [CrossRef]

27. Yu, X.; Sun, J.; Zhao, W.; Zhao, S.; Chen, H.; Tao, K.; Hu, Y.; Han, L. MOF-derived Bi2O3@C microrods as negative electrodes for
advanced asymmetric supercapacitors. RSC Adv. 2020, 10, 14107–14112. [CrossRef] [PubMed]

28. Horner, J.S.; Whang, G.; Ashby, D.S.; Kolesnichenko, I.V.; Lambert, T.N.; Dunn, B.S.; Talin, A.A.; Roberts, S.A. Electrochemical
Modeling of GITT Measurements for Improved Solid-State Diffusion Coefficient Evaluation. ACS Appl. Energy Mater. 2021, 4,
11460–11469. [CrossRef]

https://doi.org/10.3390/molecules28135212
https://doi.org/10.3390/molecules28145351
https://doi.org/10.1088/2515-7655/acbf76
https://doi.org/10.1002/aenm.202401183
https://doi.org/10.1016/j.jechem.2024.01.033
https://doi.org/10.1016/j.chempr.2020.08.012
https://doi.org/10.1021/acsnano.4c02108
https://doi.org/10.1038/s41893-024-01275-0
https://doi.org/10.3390/molecules28020823
https://doi.org/10.1002/anie.202403269
https://www.ncbi.nlm.nih.gov/pubmed/38597257
https://doi.org/10.3390/molecules28062608
https://doi.org/10.3390/molecules27092973
https://doi.org/10.1002/smll.202310736
https://doi.org/10.1002/aenm.202202446
https://doi.org/10.1016/j.jallcom.2022.168207
https://doi.org/10.1039/D3TA05558B
https://doi.org/10.1002/smll.202004022
https://doi.org/10.1093/nsr/nwad118
https://doi.org/10.1002/smll.202306541
https://www.ncbi.nlm.nih.gov/pubmed/38409478
https://doi.org/10.1002/smll.202311253
https://www.ncbi.nlm.nih.gov/pubmed/38456580
https://doi.org/10.1016/j.jcis.2022.09.151
https://www.ncbi.nlm.nih.gov/pubmed/36265338
https://doi.org/10.1021/acsanm.2c02918
https://doi.org/10.1016/j.jallcom.2023.168766
https://doi.org/10.1016/j.jma.2023.09.021
https://doi.org/10.1039/D0RA01470B
https://www.ncbi.nlm.nih.gov/pubmed/35498489
https://doi.org/10.1021/acsaem.1c02218


Molecules 2024, 29, 2996 11 of 11

29. Zhang, Q.; Mao, J.; Pang, W.K.; Zheng, T.; Sencadas, V.; Chen, Y.; Liu, Y.; Guo, Z. Boosting the Potassium Storage Performance of
Alloy-Based Anode Materials via Electrolyte Salt Chemistry. Adv. Energy Mater. 2018, 8, 1703288. [CrossRef]

30. Wang, D.; Li, L.; Zhang, Z.; Liu, J.; Guo, X.; Mao, C.; Peng, H.; Li, Z.; Li, G. Mechanistic Insights into the Intercalation and
Interfacial Chemistry of Mesocarbon Microbeads Anode for Potassium Ion Batteries. Small 2021, 17, 2103557. [CrossRef]

31. Zhang, F.; Shen, Y.; Xu, H.; Zhao, X. Bismuth Nanoparticle-Embedded Carbon Microrod for High-Rate Electrochemical Magnesium
Storage. ACS Appl. Mater. Interfaces 2023, 15, 23353–23360. [CrossRef] [PubMed]

32. Ma, Y.; Tang, Y.; Xu, Y.; Su, S.; Chen, S.; Zheng, S.; Hu, C.; Li, X.; Dai, K.; Zhang, R. In Situ Structural Self-Optimization and
Oxygen Vacancy Creation to Boost the Stability of Bi-MOF Derived Bi2O3@C and BiOCl@C Anodes. ACS Appl. Energy Mater.
2024, 7, 1411–1420. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/aenm.201703288
https://doi.org/10.1002/smll.202103557
https://doi.org/10.1021/acsami.3c03877
https://www.ncbi.nlm.nih.gov/pubmed/37140917
https://doi.org/10.1021/acsaem.3c02400

	Introduction 
	Results and Discussions 
	Experimental Section 
	Materials Syntheses 
	Materials Characterizations 
	Electrode Preparation, Battery Assembly and Tests 

	Conclusions 
	References

