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Due to the minimal electrochemical oxidation—reduction potential, the potassium (K) metal anode has
emerged as a focal in K-ion batteries. However, the reactivity of the K metal anode leads to significant
side reactions, particularly gas evolution. Mitigating gas generation from K metal anodes has been
a persistent challenge in the field. In this study, we propose a dual protective layer design through pre-
treatment of the K metal anode, employing a Bi,Os modification layer alongside a stable solid electrolyte
interface (SEl) formed during the initial charge—discharge cycle, which significantly suppresses gas
evolution. Furthermore, we observe that the Bi,Os modification layer enhances K nucleation due to its
strong potassiophilicity when incorporated into the substrate material. The resultant SEl, consisting of
dual inorganic layers of Bi—F and K—F formed through the Bi,Os modification, effectively mitigates side
reactions and gas generation while inhibiting dendrite growth. Utilizing a Cu@BO@K host, we achieve
a nucleation overpotential as low as 40 mV, with a stability of 1900 h in a Cu@BO@K||Cu@BO@K cell
and a high average Coulombic efficiency of 99.2% in a Cu@BO@K|Cu cell at 0.5 mA cm~?/
0.5 mA h cm™2. Additionally, Cu@BO@K||PTCDA also presents a high reversible capacity of 114 mA g tat
100 mA g~! after 200 cycles. We believe that this work presents a viable pathway for mitigating side
reactions in K metal anodes.

Received 5th November 2024
Accepted 10th December 2024

DOI: 10.1039/d4sc07483a

rsc.li/chemical-science

ionic conductivity, making them promising candidates for cost-
effective large-scale energy systems.®® The choice of electrode
materials is vital for achieving high energy density and cycling

Introduction

Lithium-ion batteries (LIBs) are favored for energy storage

systems due to their long cycle life and high energy density."*
However, the high cost of lithium resources significantly
hinders their further development. As we transition into an era
of large-scale energy storage, the focus has shifted toward
developing low-cost and highly stable storage technologies.’"
Potassium-ion batteries (KIBs) present notable advantages over
traditional LIBs, such as material abundance, affordability, and
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stability. Metallic K exhibits the highest theoretical capacity
(687 mA h g™ ') among K-ion carriers, leading to increased
interest in K metal anodes for higher energy density outputs.>*°
However, like many metal anode systems, K metal batteries
(KMBs) face critical challenges, particularly dendrite growth
and severe side reactions that limit their practical
applications."***

Current strategies to suppress dendrite formation largely
involve improving the interface or materials of current collec-
tors to enhance their potassiophilicity.* Previous modifications
included constructing SnO,-coated conductive porous carbon
nanofiber frameworks,' applying Al powder or graphene coat-
ings,'® functionalizing Cu mesh into Cu;Pt alloys'” and building
electrode skins.”® These enhancements have successfully
improved the potassiophilicity of current collectors and signif-
icantly increased the lifespan of symmetric cells. Yet, the high
reactivity of metallic K can lead to inefficient plating and
stripping, resulting in substantial side reactions.'®** Moreover,
conventional current collectors used in KMBs are susceptible to
corrosion and gas evolution during prolonged cycling, which
poses safety risks to battery systems.”*

To address the side reactions associated with K metal
anodes, researchers have begun to manipulate the K interface

© 2025 The Author(s). Published by the Royal Society of Chemistry
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by introducing protective layers derived from SbF; or red
phosphorus and regulating artificial SEI layers to minimize
direct contact between the electrolyte and K metal.”>** While
these approaches have shown improvements in Coulombic
efficiency (CE) and cycling performance, the substantial
expansion characteristics of K metal anodes and the complex
working environment can disrupt these modifications. Addi-
tionally, artificial SEI layers can change their composition and
structure due to battery operation, making it challenging to
create dense and uniform stability layers of K metal anodes.***
This situation allows electrolytes to continue infiltrating the K
metal anodes, exacerbating gas generation issues, which can
lead to swelling and safety concerns during operation.***®

We propose that in designing high-performance K metal
anodes, it is crucial not only to address dendrite growth and
reversibility but also to effectively suppress gas generation. This
aspect is often overlooked in prior studies. Due to the prefer-
ential reaction of Bi,O; with K-ions, it readily forms alloys and
corresponding oxides. The resulting active layer can effectively
isolate the solvent in the electrolyte from the metallic K, thus
holding potential to solve the gas evolution issue in KMBs.
Therefore, we utilized a 3D Cu host and applied electroplating
followed by oxidation to achieve the tight adhesion of Bi,O; on
the Cu surface (Cu@BO), resulting in electrodes with high
potassiophilicity. We found that the Bi,O; layer enhances the
potassiophilicity on the Cu@BO host due to the lower Fermi
level and the presence of Bi and O dual-K-affine sites in Cu@BO.
This result promotes uniform nucleation, suppressing dendrite
growth in K metal anodes. Based on this design, the Cu@BO
host achieved an ultra-stable reversible cycling of 1900 h in
Cu@BO@K||Cu@BO@K symmetric cells while maintaining an
exceptional average CE of 99.3% at 0.5 mA cm 2/0.5 mAh cm 2.
Notably, while previous K metal anodes commonly exhibited
significant gas evolution, the use of the Cu@BO host in KMBs
resulted in almost no gas formation. We attribute this to the
spontaneous formation of KF and BiF during K plating, which
creates a denser layer that effectively isolates the electrolyte
from the K metal, thereby mitigating gas generation.

Results and discussion

We obtained the Cu@BO host through electrochemical pre-
plating followed by high-temperature oxidation in air. A Cu
foam was immersed in a bismuth nitrate aqueous solution and
subjected to a fixed voltage. Under the influence of the electric
field, metallic Bi was uniformly deposited onto the Cu foam,
resulting in Cu@Bi. After washing and drying, the sample
underwent high-temperature oxidation in air to yield the
Cu@BO host. The detailed fabrication process is illustrated in
Fig. 1a. Fig. Sla and bt display the X-ray diffraction (XRD)
pattern of Cu@BO, revealing strong diffraction peaks corre-
sponding to Cu (PDF#04-0836) and Bi,O; (PDF#27-0050), con-
firming the substantial presence of Bi,O; in the Cu@BO
host.?”?® The Raman spectrum of Cu@BO is shown in Fig. Sic,t
where four peaks at 92, 125, 316, and 466 cm™ ' correspond to
the Bi-O bending vibration, Bi-O-Bi bending vibration, Bi-O

stretching vibrations, and Bi-O symmetric stretching,
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indicating the existence of B-Bi,03.”° To further investigate the
loading of Bi,O; on the Cu@BO host, we performed scanning
electron microscopy (SEM) analysis. Fig. S2a and bt present the
surface of Cu foam, characterized by a smooth interface. After
the deposition of metallic Bi, the Cu@Bi surface exhibited
distinct fibrous attachments (Fig. S2c and df). Following
oxidation to form Cu@BO, Bi,O; remained visibly attached to
the surface of Cu foam (Fig. 1b). Although some structural
degradation was observed in the magnified image of Cu@BO
compared with Cu@Bi, fibrous features of Bi,O; were still
clearly discernible. Fig. 1d shows a cross-sectional view of the
Cu@BO host, revealing a host thickness of approximately 198
um with a 3D porous morphology. We also conducted element
mapping analysis of the Cu@BO host (Fig. 1e and f), which
indicated the uniform distribution of Bi and O across the foam
surface of Cu foam, confirming the even dispersion of Bi,O;. To
further analyze the structure of Bi,O3 in the Cu@BO substrate,
we scraped off Bi,O; and performed transmission electron
microscopy (TEM). The needle-like structure of Bi,O; can be
observed in Fig. S3a.f From the high resolution TEM image in
Fig. S3b,T clear lattice fringes were observed with a lattice
spacing of 0.328 nm, corresponding to the (201) plane of B-
Bi,03, consistent with the XRD results.?*3*

To investigate the potassiophilicity of Cu@BO, we brought it
into contact with molten K and observed rapid adsorption of the
molten K within 5 s (Fig. S41). In contrast, the Cu electrode
failed to adsorb molten K, confirming that Bi,O; enhances the
potassiophilicity of the Cu@BO host. Building on this property,
we electrochemically deposited a certain amount of metallic K
onto the Cu@BO electrode (denoted as Cu@BO®@K), while also
depositing metallic K onto the Cu foam electrode (Cu@K) for
comparison, using bare K as a control. The electrolyte and
separator used were 5 m potassium bis(fluorosulfonyl)imide in
dimethoxyethane (DME) and glass fiber, respectively. Fig. 2a
presents the cycling performance of the bare K|bare K,
Cu@K||Cu@K, and Cu@BO@K||Cu@BO®@K symmetric cells. It
is found that the bare K||bare K cell experienced a short circuit
after less than 100 h of cycling due to K dendrite growth
piercing the separator at 0.5 mA cm 2/0.5 mA h cm™ 2 The
Cu@K]||Cu@K cell exhibited a polarization voltage of 200 mV,
which increased over 200 h at 0.5 mA cm %/0.5 mA h cm ™2,
indicating significant side reactions on the Cu@XK surface and
notable interface degradation. In contrast, the Cu@BO@K]||0
Cu@BO@X cell displayed markedly enhanced stability, main-
taining a low polarization voltage of 52 mV even after 1500 h at
0.5 mA cm ™ 2/0.5 mA h cm >, suggesting that the potassiophi-
licity of the oxygen-doped structure reduces the nucleation
overpotential for K ions and highlights the synergistic effect of
the active Bi and O sites.*” Fig. 2b shows the cycling perfor-
mance of the three different symmetric cells at varying current
densities (0.5-5 mA cm™%/0.5 mA h em™?). The bare K|/bare K
cell could not complete the testing due to rapid short-circuiting
during the rate testing. Compared to the Cu@XK||Cu@K cell, the
Cu@BO®@K||Cu@BO@XK cell exhibited distinct reduced polari-
zation voltages, demonstrating that the introduction of Bi,O; in
Cu@BO enhances the deposition capability of K ions on the
host.*® From the symmetric cell, we also observed a degree of
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Fig. 1 The preparation process and structure information of a Cu@BO host. (a) Preparation process schematic of the Cu@BO host, (b) large-
scale, (c) enlarged and (d) cross-sectional SEM images of the Cu@BO host; (e) SEM image and the corresponding (f) Bi and (g) O element

mappings of the Cu@BO host.

swelling in both the bare K||bare K and Cu@K|/Cu@K -cells
while the Cu@BO®@K|Cu@BO®@K cell shows little of this
swelling. We attribute this swelling in bare K|bare K and
Cu@K||Cu@X cells to side reactions occurring within the cells.
To quantify this phenomenon, we measured the thickness of
the bare K||bare K, Cu@K||Cu@K and Cu@BO®@K|Cu@BO@K
cells after different cycles, as shown in Fig. 2c. The bare K||bare
K cell showed the largest thickness change compared with the
initial state with increased cycling, while the thickness change
in Cu@K||Cu@K was reduced, indicating mitigation of side
reactions. In contrast, the Cu@BO@K||Cu@BO@K cell exhibi-
ted minimal change in thickness, confirming that side reac-
tions within the cell were significantly suppressed.

Fig. 2d presents the Tafel curves for bare K, Cu@XK, and
Cu@BO@K in symmetric cells. It is found that Cu@BO@K
presents an exchange current density of 5.902 x 10~* mA em ™,
which exhibits higher exchange current density compared to
bare K (1.614 x 10™* mA cm™?) and Cu@K (9.419 x 10”° mA
ecm %), indicating superior kinetics for CU@BO@K in the K
metal anode.*** The chronoamperometry (CA) tests for all the
symmetric cells are illustrated in Fig. 2e. The CA results indicate
that the current density at a constant potential sensitively
reflects the nucleation process and surface changes. All the CA
tests operated at a constant voltage of —10 mV. An oblique CA
curve can be observed in the bare K||bare K cell and this process
was maintained approximately for 45 s. This process indicates
2D diffusion during the K plating. After 45 s, the CA curve of the
bare K||bare K cell turned to almost constant current, indicating
the K plating process transitioning to 3D diffusion.*® Compared

1346 | Chem. Sci, 2025, 16, 1344-1352

with the bare K| /bare K cell, the current for Cu@K|/Cu@K and
Cu@BO®@K||Cu@BO@X cells showed little variation, indicating
that their 2D diffusion is suppressed. However, the
Cu@BO@K||Cu@BO®@K cell exhibited a lower polarization
current density of 0.018 mA ¢cm ™2, which is lower than that of
the Cu@K||Cu@K cell (0.03 mA cm™?). Low polarization current
density reflects a stable nucleation process governed by 3D
diffusion.’” To evaluate the electronic and ionic transfer capa-
bilities of our cells, we also conducted electrochemical imped-
ance spectroscopy (EIS) of the bare K||bare K, Cu@K||Cu@K and
Cu@BO®@K||Cu@BO@X cells after cycling. Fig. S5t shows the
corresponding equivalent circuit diagram. The results revealed
that the Cu@BO@K|/Cu@BO@K cell exhibited significantly
lower impedance (R.. = 40 Q) compared to the Cu@K||Cu@K
cell (Rex = 405 Q) and bare K||bare K cell (R.. = 2678 Q) after
fitting, further confirming the faster kinetics of Cu@BO@XK.
The pre-treated Bi,O; modification layer contributes to the
formation of a more effective solid electrolyte interphase (SEI)
layer, facilitating ion transport.

To further evaluate the reversibility of Cu@K and
Cu@BO@XK in battery applications, we assembled Cu@K]||Cu
and Cu@BO@®K]|/Cu asymmetric cells to test their electro-
chemical performance. Fig. 3a presents the charge-discharge
curves of these asymmetric cells at 0.5 mAg~ /0.5 mAh g ' and
Fig. S61 shows the enlarged charge-discharge curves of these
asymmetric cells. The Cu@K||Cu cell demonstrated a limited
cycling capability, achieving only 110 cycles (220 h), while the
Cu@BO®@K||Cu cell exhibited a substantial increase in cycling
life, achieving 598 cycles (1196 h). Furthermore, the CE of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Electrochemical testing of symmetric cells. (a) Cycling and (b) rate performances of bare K||bare K, Cu@K||Cu@K and Cu@BO@K||o
Cu@BO@K cells at 0.5 mA cm™2/0.5 mA h cm™2, and the insets in (a) show enlarged charge—discharge curves at 35 h, 260 h and 1500 h. (c)
Thickness of the bare K||bare K, Cu@K||Cu@K and Cu@BO@K||Cu@BO@K cells after cycles at 0.5 mA cm2/0.5 mA hcm™2. (d) Tafel plots, (e) CA
and (f) EIS curves of bare K||bare K, Cu@K||Cu@K and Cu@BO@K||Cu@BO@K cells.

Cu@K]||Cu half-cell dropped sharply after 110 cycles, indicating
significant irreversible phenomena at the metallic K anode
interface. In contrast, the Cu@BO®@XK]||Cu cell maintained an
impressive average CE of 99.2% over 598 cycles, confirming that
the addition of Bi,O; effectively enhances the deposition and
stripping of metallic K (Fig. 3b). To investigate the underlying
reasons for the enhanced reversibility in the Cu@BO@XK cell, we
compared the voltage-time profiles of Cu@K and Cu@BO@XK at
a current density of 1 mA cm™? (Fig. 3c and d). Both cells
exhibited a rapid voltage drop during the initial deposition
phase, indicative of 2D diffusion of metallic K. Subsequently,
the voltage curves flattened, signaling a transition to diffusion.*®
Notably, the Cu@K]||Cu cell transitioned to the 3D diffusion
region after 35 min, whereas the Cu@BO@K]||Cu cell entered
this region after just 5 min, demonstrating accelerated kinetics
under the Cu@BO®@K substrate. We also compared the over-
potentials of the Cu@K]||Cu and Cu@BO@XK]||Cu cells, finding
that the overpotential for the Cu®@BO@XK||Cu cell (40 mV) was
significantly lower than that for Cu@K||Cu (62 mV). This further
substantiates that metallic K nucleates more readily on the
Cu@BO@XK host, promoting the kinetics of K ion deposition.
Fig. S71 presents the CV curves for the Cu@K|Cu, and
Cu@BO@K]||Cu cells. The results reveal that the cell with the

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cu@BO host exhibits superior redox properties compared to
those with the Cu and K hosts, indicating that the Cu@BO host
significantly enhances the reversibility of the K-ion stripping
process. To study the deposition state and side reactions of
metallic K on different hosts, we constructed a sealed visuali-
zation device for in situ observation of the metallic K plating
process on bare K, Cu@K, and Cu@BO®@K at 0.5 mA cm 2.
Fig. 3e shows in situ optical photographs of bare K, which dis-
played typical bubble formation upon contact with the electro-
Iyte, indicating a pronounced gas evolution effect. As plating
continued, more bubbles appeared on the bare K surface,
confirming persistent gas evolution throughout the plating
process. Additionally, notable uneven growth of metallic K led
to severe dendrite formation, which can induce short circuits,
consistent with rapid short-circuiting observed in symmetric
cells. When using Cu@K as the substrate, no significant
dendrite formation was observed, suggesting that the Cu@K
electrode partially mitigates the dendrite issue. However, gas
bubbles persisted in the electrolyte, indicating that encapsu-
lating metallic K does not effectively resolve the gas evolution
problem. The presence of gas evolution can lead to ongoing
decomposition of the electrolyte during subsequent cycling,
exacerbating  interfacial degradation and increasing

Chem. Sci., 2025, 16, 1344-1352 | 1347
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resolution optical microscope images of separators with (h) bare K, (f) Cu and (g) Cu@BO hosts after 100 cycles at 0.5 mA cm~2/0.5 mA hcm™2.

polarization. In comparison to bare K and Cu@XK electrodes,
Fig. 3g illustrates that no dendrites formed during cycling on
the Cu@BO@X electrode, indicating that the 3D structure of Cu
foam helps suppress rapid dendrite growth. Notably, no gas
bubbles were observed in the electrolyte during the plating
process with the Cu@BO®@K electrode, confirming that the
introduction of Bi,0O; effectively isolates metallic K from the
electrolyte, significantly reducing the gas evolution effect.

To further confirm the suppression of gas bubble formation
on the Cu@BO®@K electrode, we provided in situ optical
photographs of K plating on both Cu and Cu@BO electrodes at
high current density (Fig. S81). Compared to the Cu electrode,
the Cu@BO electrode remained bubble-free even at 10 mA g™,
further demonstrating that Bi,O; in the electrode effectively
inhibits gas evolution resulting from electrolyte decomposition.
Given that this observation captures only the initial stages, it
cannot fully elucidate the side reactions throughout the entire
cycling period. We also present high-resolution optical

1348 | Chem. Sci, 2025, 16, 1344-1352

microscopy images of the separators from the symmetric cells
after 200 h of cycling with bare K (Fig. 3h), Cu@K (Fig. 3i), and
Cu@BO®@K (Fig. 3j). The separator from the bare K cell
exhibited a significant accumulation of black dead K, indicative
of an unstable SEI formation, which promotes corrosion of the
metallic K and leads to dead K formation. Similarly, residual K
was observed on the Cu@K separator due to continuous gas
evolution side reactions causing detachment of metallic K;
however, the interface showed some improvement compared to
bare K. In stark contrast, the separator from the Cu@BO®@XK cell
showed minimal residual dead K, further confirming that Bi,O3
significantly inhibits side reactions involving metallic K. We
also provide the photographs of Cu@K and Cu@BO®@XK elec-
trodes after plating, as shown in Fig. S9a and b.t It is found that
the K metal on the Cu electrode appears white and uneven,
while the K metal on the Cu@BO electrode retains its metallic
luster, demonstrating that K ions can be uniformly plated on
the Cu@BO electrode. In addition, from the high-resolution

© 2025 The Author(s). Published by the Royal Society of Chemistry
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optical microscopy images of the symmetric cells after 20 h of
cycling with Cu@K (Fig. S9ct) and Cu@BO®@K (Fig. S9dft),
obvious exposed Cu and dendrites can be observed in the Cu
host. In contrast, fewer dendrites in Cu@BO®@K can be
observed, further indicating the Bi,O; significantly inhibits the
dendrite growth. To further investigate the characteristics of
bare K, Cu@K, and Cu@BO®@K in battery applications, we
conducted X-ray photoelectron spectroscopy (XPS) analysis on
different hosts post-cycling, as shown in Fig. 4a-c and S10.f
Notably, prominent F 1s peaks were observed in all three hosts.
After deconvolution, the F 1s XPS spectra of bare K and Cu@K
hosts revealed two distinct peaks at 688.0 eV and 683.2 eV,
corresponding to C-F and K-F bonds, respectively.*** In
contrast, the Cu@BO@®@XK host exhibited a new peak at 679.8 eV,
attributed to Bi-F bonds. Our findings indicated that the K-F
bond content was lowest in bare K, while it significantly
increased in Cu@K. Previous studies have established that
a high content of K-F bonds is crucial for forming a high-quality
SEI layer on K metal anodes and that this enhancement is
beneficial for suppressing K dendrite growth.**>* Consequently,
the cycling stability of Cu@K was improved relative to bare K.
However, while comparing Cu@K to Cu@BO@XK, a slight
decrease in K-F bond content was observed alongside the
emergence of the new Bi-F bond. The presence of these dual
inorganic fluorides facilitates the formation of a high-quality
SEI layer.* A comparison of the K 2p and C 1s XPS spectra
shows minimal shifts in their corresponding peak positions,
indicating that the introduction of Bi,O; has no significant
effect on K ions or organic species.

To further elucidate the role of Bi,O; in the K metal anodes,
we employed density functional theory (DFT) calculations to
investigate the charge distribution in Cu and Cu@BO (Fig. 4d).
The results indicated a high electron cloud density around all
atomic centers in Cu, whereas the introduction of the Bi,O;
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modification layer in Cu@BO resulted in a decrease in atomic
charge distribution. This effect is attributed to the strong
electron-withdrawing nature of Bi,O;, which promotes passiv-
ation at the electrode interface.** Additionally, we calculated the
adsorption energies of K ions on both Cu and Cu@BO, as
illustrated in Fig. 4e. The binding energy between the K atom
and Cu was found to be —2.23 eV. With the addition of Bi,O3,
the adsorption energy (E,ps) for K ions on Cu@BO decreased to
—5.79 eV, indicating a preference for K to adsorb on the Cu@BO
surface.*** We also compared the Fermi levels of Cu and
Cu@BO, revealing a Fermi level of —0.105 eV for Cu, which
decreased to —0.174 eV upon Bi,0; loading in Cu@BO (Fig. 4f).
The lowered Fermi level of the host results in diminished
electron transitions within the electrode materials to the lowest
unoccupied molecular orbital (LUMO) energy level of DME,
thereby inhibiting charge transfer between Cu@BO and the
DME solvent.”” Given that gas evolution primarily stems from
solvent decomposition, suppressing electron transfer from the
electrode to the DME electrolyte significantly mitigates the gas
evolution effects during the stripping/plating processes of the K
metal anode.

Building on the advantages of performance and structure, we
paired the perylene tetracarboxylic dianhydride (PTCDA)
cathode with our K metal anode to assemble full cells for further
assessment of the practicality. Fig. 5a-c illustrate the cycling
performance of PTCDA| K, PTCDA|Cu@K, and PTCDA|Cu@-
BO@K cells. Notably, the PTCDA||K cell exhibited an initial
specific capacity of only 45.2 mA h g™, which diminished to
33.9mAhg 'at 100 mA g~ " after 200 cycles. This low capacity is
attributed to gas generation at the surface of the K anode, which
reduces the effective contact between the electrolyte and the
electrode material, hampering K-ion storage efficiency. In
comparison, the PTCDA||Cu@K cell demonstrated an initial
specific capacity of 68.3 mA h g~', maintaining this capacity of
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Fig.4 XPS spectra and theoretical calculation of the hosts. High resolution F 1s and O 1s XPS of (a) bare K, (b) Cu@K and (c) Cu@BO@K host after
cycles. (d) Surface charge density and (e) surface adsorption energy of Cu@K and Cu@BOa@K. (f) Plots of the Fermi levels of Cu and Cu@BO host

to the electrolyte.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2025, 16, 1344-1352 | 1349


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07483a

Open Access Article. Published on 12 December 2024. Downloaded on 2/13/2026 8:45:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
P 4.0
a 9200 d 55 6th ——50th
E150] < 7 1——100th 200th
= | 180 o
g 100 f charge discharge 60 o
3 ° J40 ©
O 504 -
P 420 :
S K||IPTCDA 10 K||PTCDA
2 0 0 : - v - -
a0 40 80 120 160 200 o 1o 20 30 40
Cycling number o Specific Capacity (mAh g™')
b5200 = —1120 4.0
< 150 %mm_ sy 100 __ 35 6th ——50th
E 80 % 3.0 ——100th 200th
> 8
-'§1oo’ 60 o 25—
R | S - 40 © 220
2 50 charge discharge 20 15
S ) o Cu@KI||PTCDA 10 Cu@KJ||PTCDA
(53 i
& 0 40 80 120 160 200 0 10 20 30 40 50 60 70
C 7200 Cycling number 120 £ 40 Specific Capacity (mAh g')
o o 100 mA g oo o 6th ——50th
1500 B I i 3‘0 ——100th /—i’u
= I S i f o s
’§1OO-J 160 o 32.5/
& ; J40 © 220
O 504 Charge Discharge 20 > 15
(&} b o
= 3 ° Cu@BO@K||PTCDA i5 Cu@BO@K||PTCDA
Q T T T T 0
& 0 40 80 120 160 200 0 30 60 90 120 150
_ Cycling number Specific Capacity (mAh g™)
5200 120 h
g 5
< 1604 CCOEEOE0ERER0c0aCs R0EE0c0. COACEON0 COEA0a00 100
E =
=120 100 20 % 100 =
S ) 500 © 60
s 804 Charge D:schoarge 2000 40
O 401 20
& 5 Current density: mA g’
8 0 10 20 30 40 50
) Cycling number

Fig. 5 Electrochemical performance of full cells. The cycling performances of (a) PTCDA||K, (b) PTCDA||Cu@K, and (c) PTCDA||Cu@BO@K full
cells at 100 mA g~*. Corresponding galvanostatic charge—discharge curves of (d) PTCDA||K, (e) PTCDA||Cu@K, and (f) PTCDA|/Cu@BO@K full
cells. (g) Rate performance of the PTCDA||Cu@BO@K full cells at different current densities of 100 to 1000 mA g, (h) PTCDA||Cu@BO@K full cell

powered LED lights.

47.2 mA h g~! through 200 cycles. This modest improvement
can be ascribed to a reduction in gas evolution effects on the
electrode surface. However, considering the presence of
bubbles in the PTCDA||/Cu@XK cell, there is still an issue with the
contact between the electrolyte and the electrode, which causes
low capacity. When Bi,O; was introduced, the gas evolution was
significantly suppressed. This behavior results in a sharp
reduction of bubbles in the full cell.*® The reduction of bubbles
can enhance the effective contact between the electrode and
electrolyte, thus facilitating efficient ionic exchange. As a result,
the PTCDA|Cu@BO@K full cell achieved a high reversible
specific capacity of 140 mA h g™ upon initial discharge and
maintained a specific capacity of 112 mA h g™ after 200 cycles.
Fig. 5d-f display the corresponding galvanostatic charge-
discharge curves of PTCDA|K, PTCDA||Cu@K, and PTCDA|0
Cu@BO@X full cells. To further investigate the electrochemical
characteristics of the PTCDA||Cu@BO@®@XK cell, we evaluated its
rate performance at various current densities. The results
showed that the PTCDA|/Cu@BO@XK cell presents reversible
specific capacities of 141.2, 136.4, 122.8, and 86.7 mA h g™ " at
100, 200, 500, and 1000 mA g ', respectively. The

1350 | Chem. Sci, 2025, 16, 1344-1352

PTCDA||Cu@BO@K full cell also presents a notable capacity
recovery when the current density was returned to 100 mA g~ .
To demonstrate the practical applicability of our full cell, we
connected multiple cells in series to power a bright light emit-
ting diode (LED) light (Fig. 5h), affirming the promising appli-
cation potential of the PTCDA|/Cu@BO@XK full cell design.

We can effectively address the gas evolution issue of the K
metal anode by tuning the substrate material. However, how to
further enhance the electrochemical window remains a key
focus in KIB's research. Many researchers have already achieved
an improvement in the voltage window of KIBs through elec-
trolyte optimization.*** In future work, we also hope to
combine our Cu@BO host design with high-voltage electrolytes
to achieve high energy density output for KMBs.

Conclusions

In summary, we successfully developed a Cu@BO host by
utilizing electrochemical deposition followed by oxidation to
load Bi,O; onto a Cu substrate. The intrinsic potassiophilicity of
Bi,O; enables the Cu@BO host to facilitate rapid metallic K

© 2025 The Author(s). Published by the Royal Society of Chemistry
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adsorption. The introduction of oxygen functional groups and
metallic Bi significantly enhances K ion adsorption and precise
nucleation during the operation of the K metal anode, while
also promoting the spontaneous alloying of Bi,O;. This results
in smooth K ion diffusion and substantially slows down the
growth of K dendrites. The Cu@BO@K host exhibits a low
nucleation overpotential of just 40 mV and a high average CE of
99.2%, with symmetrical cell stability lasting up to 1900 h at 0.5
mA cm 2/0.5 mA h em ™2 Furthermore, when assembled into
a full cell with a PTCDA cathode, the initial reversible capacity
reaches 140 mA h ¢~ at 100 mA g~ '. Notably, we observed no
gas evolution when employing the Cu@BO host in the K metal
anode, indicating that it effectively suppresses gas generation.
We attribute this phenomenon to the Bi,O; modification layer
and the robust SEI membrane featuring Bi-F and K-F bonds,
which significantly reduce side reactions between the metallic K
and the electrolyte, thus mitigating gas formation. We believe
that this work lays a solid foundation for the design of high-
performance, gas-free K metal anodes and for exploring and
optimizing the application of metallic K electrodes in energy
storage technologies.

Data availability

The data supporting this article have been included as part of
the ESLt

Author contributions

G. Shi and J. Xie performed investigation, methodology, data
curation, wrote the original draft. Z. Li, P. Sun, Y. Yin performed
investigation. L. Pan and K. N. Hui performed validation and
supervision. W. Mai and J. Li performed supervision, concep-
tualization and wrote, review & edited the final manuscript.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We acknowledge the financial support from the National
Natural Science Foundation of China (52172202), Science and
Technology Program of Guangzhou, China (SL2024A03]J00326),
Ministry of Science and Technology of China Project
(G2023199002L), Guang Dong Basic and Applied Basic Research
Foundation (2023A1515110139 and 2023A1515110385), Shenz-
hen Science and Technology Program (29853M-KC]J-2023-002-
13), China Postdoctoral Science Foundation (2024M751121)
and Key Project of Basic and Applied Basic Research of Jiang-
men City (2320002000937).

References

1 M. H. Hossain, M. A. Chowdhury, N. Hossain, M. A. Islam
and M. H. Mobarak, Chem. Eng. J. Adv., 2023, 16, 100569.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

2 J.Xie, X. Li, H. Lai, Z. Zhao, J. Li, W. Zhang, W. Xie, Y. Liu and
W. Mai, Angew. Chem., Int. Ed., 2019, 58, 14740-14747.

3 G. Zhang, H. Yang, H. Zhou, T. Huang, Y. Yang, G. Zhu,
Y. Zhang and H. Pang, Angew. Chem., Int. Ed., 2024, 63,
€202401903.

4Y. Su, G. Yuan, J. Hu, G. Zhang, Y. Tang, Y. Chen, Y. Tian,
S. Wang, M. Shakouri and H. Pang, Adv. Mater., 2024, 36,
2406094.

5 Y. Su, J. Hu, G. Yuan, G. Zhang, W. Wei, Y. Sun, X. Zhang,
Z. Liu, N. T. Suen and H. C. Chen, Adv. Mater., 2023, 35,
2307003.

6 J. Li, N. Zhuang, ]. Xie, X. Li, W. Zhuo, H. Wang, J. B. Na,
X. Li, Y. Yamauchi and W. Mai, Adv. Energy Mater., 2020,
10, 1903455.

7 X. Zhou, X. Chen, W. Kuang, X. Zhang, X. Wu, X. Chen,
C. Zhang, L. Li and S. Chou, Chem. Sci., 2024, 15, 12189-12199.

8 Y. Xu, Y. Du, H. Chen, ]J. Chen, T. Ding, D. Sun, D. H. Kim,
Z. Lin and X. Zhou, Chem. Soc. Rev., 2024, 53, 7202-7298.

9 Z. Li, L. Ma, K. Han, Y. Ji, J. Xie, L. Pan, J. Li and W. Mai,
Chem. Sci., 2023, 14, 9114-9122.

10 J. Chen, D. Yu, Q. Zhu, X. Liu, J. Wang, W. Chen, R. Ji, K. Qiu,
L. Guo and H. Wang, Adv. Mater., 2022, 34, 2205678.

11 Z. Chen, L. Wang, J. Zheng, Y. Huang, H. Huang, C. Li,
Y. Shao, X. Wu, X. Rui and X. Tao, ACS Nano, 2024, 18,
8496-8510.

12 L.-K. Zhao, X.-W. Gao, T.-Z. Ren, D. Wang, D.-W. Wang,
Z.-M. Liu, H. Chen and W.-B. Luo, Rare Met., 2024, 43,
1435-1460.

13 G. Zhang, X. Li, Y. Liu, G. Du and H. Pang, Inorg. Chem.
Front., 2024, 11, 6275-6306.

14 J. Xie, Y. Ji, L. Ma, Z. Wen, J. Pu, L. Wang, S. Ding, Z. Shen,
Y. Liu and J. Li, ACS Nano, 2023, 17, 1511-1521.

15 X. Zhao, F. Chen, J. Liu, M. Cheng, H. Su, J. Liu and Y. Xu, J.
Mater. Chem. A, 2020, 8, 5671-5678.

16 Z. Liu, J. Wang, X. Jia, W. Li, Q. Zhang, L. Fan, H. Ding,
H. Yang, X. Yu and X. Li, ACS Nano, 2019, 13, 10631-10642.

17 J. Wang, J. Yuan, C. Chen, L. Wang, Z. Zhai, Q. Fu, Y. Liu,
L. Dong, W. Yan and A. Li, Nano Energy, 2020, 75, 104914.

18 H. Ding, ]J. Wang, J. Zhou, C. Wang and B. Lu, Nat. Commun.,
2023, 14, 2305.

19 J. Park, Y. Jeong, H. Kang, T. Y. Yu, X. Xu, Y. Liu, S. Xiong,
S. H. Lee, Y. K. Sun and J. Y. Hwang, Adv. Funct. Mater.,
2023, 33, 2304069.

20 W. Lyu, X. Yu, Y. Lv, A. M. Rao, J. Zhou and B. Lu, Adv. Mater.,
2024, 36, 2305795.

21 S. Baek, S. Jie and B. Lee, J. Mech. Sci. Technol., 2023, 37,
3657-3665.

22 J. Park, J. Lee, M. H. Alfaruqi, W.-J. Kwak, J. Kim and
J.-Y. Hwang, J. Mater. Chem. A, 2020, 8, 16718-16737.

23 P. Shi, S. Zhang, G. Lu, L. Wang, Y. Jiang, F. Liu, Y. Yao,
H. Yang, M. Ma and S. Ye, Adv. Energy Mater., 2021, 11,
2003381.

24 W. Liu, P. Liu and D. Mitlin, Adv. Energy Mater., 2020, 10,
2002297.

25 Y. Jiang, Y. Yang, F. Ling, G. Lu, F. Huang, X. Tao, S. Wu,
X. Cheng, F. Liu and D. Li, Adv. Mater., 2022, 34, 2109439.

26 P. Liu and D. Mitlin, Acc. Chem. Res., 2020, 53, 1161-1175.

Chem. Sci., 2025, 16, 1344-1352 | 1351


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07483a

Open Access Article. Published on 12 December 2024. Downloaded on 2/13/2026 8:45:11 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

27 P. Guo, F. Yin, Z. Ni, G. Li and B. Chen, Chem. Eng. J., 2024,
494, 153134.

28 Y. Xu, H. Zhang, T. Ding, R. Tian, D. Sun, M.-S. Wang and
X. Zhou, Sci. China:Chem., 2022, 65, 1807-1816.

29 M. Camacho-Lopez, M. Ballesteros-Balbuena, A. Esparza-
Garcia, M. Flores-Castafieda, S. Camacho-Lopez and
M. Camacho-Lopez, Mater. Chem. Phys., 2022, 291, 126685.

30 Y. Lan, Z. Li, D. Li, W. Xie, G. Yan and S. Guo, Chem. Eng. J.,
2020, 392, 123686.

31 R. Lu, S.-Z. Zhao, Y. Yang, Y. Wang, H.-L. Huang, Y.-D. Hu,
R. Rodriguez and ].-J. Chen, Mater. Today Chem., 2023, 32,
101641.

32 H. Shi, T. Li, Y. Liu, T. Yu, Z. Zhao, L. Hou and C. Yuan, J.
Power Sources, 2024, 602, 234375.

33 S. Rajendran, Z. Tang, A. George, A. Cannon, C. Neumann,
A. Sawas, E. Ryan, A. Turchanin and L. M. R. Arava, Adv.
Energy Mater., 2021, 11, 2100666.

34 M. Gao, H. Li, L. Xu, Q. Xue, X. Wang, Y. Bai and C. Wu, J.
Energy Chem., 2021, 59, 666-687.

35 Y. Shi, B. Yang, G. Song, Z. Chen, M. Shakouri, W. Zhou,
X. Zhang, G. Yuan and H. Pang, Angew. Chem., Int. Ed.,
2024, 63, €202411579.

36 S.Park,H.]J.Jinand Y. S. Yun, Adv. Mater., 2020, 32, 2002193.

37 L. Qin, Y. Wu, M. Shen, B. Song, Y. Li, S. Sun, H. Zhang,
C. Liu and J. Chen, Energy Storage Mater., 2022, 44, 278-284.

38 D. Xie, Z. W. Wang, Z. Y. Gu, W. Y. Diao, F. Y. Tao, C. Liu,
H. Z. Sun, X. L. Wu, J. W. Wang and J. P. Zhang, Adv.
Funct. Mater., 2022, 32, 2204066.

1352 | Chem. Sci,, 2025, 16, 1344-1352

View Article Online

Edge Article

39 X. Zhang, F. Wu, D. Fang, R. Chen and L. Li, Angew. Chem.,
Int. Ed., 2024, 63, €202404332.

40 C. Zhang, J. Chen, X. Yin, Y. Sun, W. Yang, F. Yu, X. Liu,
L. Fu, Y. Chen and Y. Wu, Chem. Commun., 2021, 57, 1607-
1610.

41 M. Zhou, P. Bai, X. Ji, ]. Yang, C. Wang and Y. Xu, Adv. Mater.,
2021, 33, 2003741.

42 L. Ma, E. Li, Z. Li, Y. Ye, Y. Su, K. N. Hui, W. Mai and ]. Li,
Nano Energy, 2024, 125, 109545.

43 W.-W. Zhang, Y.-W. Tian, Q.Y. Gao, Z.-H. Zeng,
H. S. Mohamed, L.-H. Chen, Y. Li and B.-L. Su, Inorg
Chem. Front., 2024, 11, 3927-3936.

44 X. Wang, W. Wang, B. Liu, Z. Song, Z. Ren and H. Fu, Small,
2023, 19, 2304084.

45 L. Chen, M. Chen, Q. Meng, J. Zhang, G. Feng, X. Ai, Y. Cao
and Z. Chen, Angew. Chem., Int. Ed., 2024, 63, €202407717.

46 Y. Zhen, R. Sa, K. Zhou, L. Ding, Y. Chen, S. Mathur and
Z. Hong, Nano Energy, 2020, 74, 104895.

47 H. Zheng, D. Ma, M. Pei, C. Lin, Y. Liu, S. Deng, R. Qiu,
Y. Luo, W. Yan and J. Zhang, Adv. Funct. Mater., 2024, DOI:
10.1002/adfm.202411651.

48 B. Rowden and N. Garcia-Araez, Energy Rep., 2020, 6, 10-18.

49 M. Shen, Z. Dai, L. Fan, H. Fu, Y. Geng, J. Guan, F. Sun,
A. M. Rao, J. Zhou and B. Lu, Nat. Sci. Rev., 2024, 11,
nwae359.

50 W. Lyu, H. Fu, A. M. Rao, Z. Lu, X. Yu, Y. Lin, J. Zhou and
B. Lu, Sci. Adv., 2024, 10, eadr9602.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/adfm.202411651
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc07483a

	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a
	A bismuth oxide-modified copper host achieving bubble-free and stable potassium metal batteriesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4sc07483a


