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ophilic carbon skin design
achieving ultra-stable potassium metal anodes†

Zhibin Li,a Zheng Hu,a Miaoran Deng,a Liang Ma,*b Jinliang Li *a andWenjie Mai *a

Due to the complex fabrication process and poor reversibility of potassium (K) metal, developing high-

performance host materials for K metal anodes remains a significant challenge. In this work, an ultrathin

and dense N-doped carbon layer was uniformly loaded onto carbon fibers (N-CF) as a host for K metal

anodes. This design effectively regulates the intrinsic adsorption behavior of metallic K, mitigating the

effects of local uneven electric fields in the electrolyte and enabling stable cycling performance at high

current densities. We found that the N functional groups synergistically constructed a robust

potassiophilic surface, facilitating spontaneous and rapid integration with molten K. This process

effectively suppresses dendrite growth and ensures stable cycling of the K metal anode, even at ultra-

high current densities. Thus, the symmetric cell with the N-CF host exhibited remarkable cycling stability,

maintaining stable cycling performance over 4300 h at 0.5 mA cm−2/0.5 mA h cm−2. Furthermore, the

anode demonstrated a low polarization voltage and exceptional stability even at 9 mA cm−2,

underscoring its superior dendrite inhibition capability. Ultimately, the outstanding stability of the N-

CF@K metal anode enabled impressive performance in full-cell testing with a Prussian blue cathode.

After 300 cycles, the full cell retained a high specific capacity of 91 mA h g−1 and a capacity retention of

91.8% at 500 mA g−1. We believe that our work offers a novel chance to design an advanced host for

achieving stable K metal anode performance at ultra-high current densities.
1. Introduction

Potassium (K)-ion batteries (KIBs) have garnered signicant
attention in recent years due to their electrochemical properties
being similar to those of lithium-ion batteries, abundant
natural reserves and a similar standard redox potential (−2.93 V
vs. SHE) to lithium.1 These compelling advantages establish
KIBs as highly promising candidates for next-generation large-
scale energy storage applications. Among various anode mate-
rials, K metal anodes stand out due to their unparalleled
theoretical specic capacity of 687 mA h g−1 and the lowest
potential plateau.2 However, the deposition behavior of K metal
is highly sensitive to electric elds. Local uneven electric eld
distributions in the electrolyte oen lead to non-uniform K
deposition, resulting in dendrite formation and dead K, which
severely hinders the practical application of KIBs.3 Addressing
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the issue of non-uniform deposition remains one of the most
pressing challenges in the K metal anode eld.

Previous studies have focused on electrolyte regulation to
improve the uniformity of K deposition by optimizing the local
environment at the electrode–electrolyte interface.4–8 However,
electrolyte-based approaches still face limitations, such as
interface degradation over extended cycling. Consequently,
constructing 3D potassiophilic hosts has emerged as an effec-
tive strategy to address these challenges.9–12 Such hosts facilitate
stronger adhesion between K metal and the host material,
effectively reducing local current density, and ensuring uniform
deposition and stripping. Host materials commonly include
metals, carbon, metal–organic frameworks (MOFs), etc. Zhang
et al. developed a Bi nanoparticle modied host for K metal
anodes, which maintained a stable voltage hysteresis loop over
550 h with a low overpotential at 0.5 mA cm−2/0.5 mA h cm−2.13

Chen et al. designed a carbon nanotube/MOF composite as
a host to accelerate the transportation kinetics, achieving
a stable performance of 3200 h under 0.35 mA cm−2/0.35 mA h
cm−2 conditions.14 However, while metal hosts offer high
conductivity, their susceptibility to HF corrosion in uoride-
based electrolytes presents signicant drawbacks.15 MOFs face
challenges related to complex synthesis and insufficient
mechanical strength. In contrast, carbon-based materials have
emerged as ideal host candidates due to their stability, struc-
tural diversity, and cost-effectiveness.16–19
Chem. Sci., 2025, 16, 15537–15545 | 15537
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Carbon-based hosts can be further functionalized through
chemical or physical modications, such as heteroatom doping
or the attachment of potassiophilic materials.20,21 For example,
Xu et al.22 deposited SnO2 coatings onto carbon nanobers via
vapor deposition, achieving enhanced potassiophilicity and
structural stability, thereby extending the lifespan of K metal
anodes. Similarly, Tu et al.23 synthesized Ag nanoparticle-loaded
carbon cloth (Ag-CC) hosts, effectively regulating K deposition.
However, achieving strong and uniform bonding between the
host and K metal anode, especially under extreme conditions
such as high current densities, still remains critical and chal-
lenging. In contrast, heteroatom doping into a carbon host
offers a more robust and stable approach. For instance, Mai
et al.18 designed N, H-functionalized carbon cloth, which rapidly
and spontaneously adsorbed molten K, forming a stable inter-
face. These ndings conrmed that the creation of carbon
defects signicantly improves potassiophilicity. Despite these
advancements, current strategies for the carbon host primarily
demonstrate stability at relatively low current densities. Local
non-uniformities still persist at high current densities, leading
to accelerated dendrite growth and severe interface degrada-
tion. Enhancing host stability under high current conditions
remains a critical challenge for the practical application of K
metal anodes.

In this study, we engineered a commercial carbon cloth host
by depositing an ultrathin and dense potassiophilic N-doped
carbon skin onto carbon bers (N-CF). This modication of
the carbon host effectively regulated the intrinsic adsorption
behavior of K metal, reducing the impact of local electric eld
heterogeneities in the electrolyte and enabling stable cycling
even at high current densities. Specically, N-rich polyaniline-
derived carbon skin was attached to the carbon bers, fol-
lowed by subsequent high-temperature treatment. This process
distorted the carbon skeleton, creating abundant defects while
retaining N-containing functional groups. These defects and
functional groups synergistically constructed a robust potas-
siophilic surface, which facilitates spontaneous and rapid
integration with a K metal anode. As a result, our N-CF host can
effectively suppress K dendrite growth and improve the stability
of the K metal anode. Theoretical and experimental analyses
revealed that the abundant N-containing functional groups and
defects in carbon skin signicantly enhanced the binding
energy between K and N-CF and promoted the desolvation of K
ions, thereby inducing uniform K deposition (Fig. 1a). Conse-
quently, the symmetric cell exhibited remarkable cycling
stability, maintaining a stable electrochemical performance
over 4300 h at 0.5 mA cm−2/0.5 mA h cm−2 and exceeding
2000 h at 1 mA cm−2/0.5 mA h cm−2. Even at a high current
density of 9 mA cm−2, the N-CF host also demonstrated a low
polarization voltage and excellent dendrite suppression capa-
bility. The used N-CF@K was coupled with a Prussian blue
analogue (PBA) as the full cell and it was found that our PBA
delivered a high specic capacity of 91 mA h g−1 with a capacity
retention of 91.8% aer 300 cycles at 500 mA g−1. These
outstanding results highlight the signicant potential of N-CF
hosts for practical K metal batteries.
15538 | Chem. Sci., 2025, 16, 15537–15545
2. Results and discussion

Considering the unique physicochemical properties of carbon
materials in battery systems, commercial carbon ber cloth (CF)
was selected as the precursor material. Aer a hydrophilic
treatment,24 the modied carbon ber cloth (M-CF) exhibited
excellent wettability (Fig. S1†) with aqueous solutions.
Immersing M-CF in a polyaniline precursor solution ensured
sufficient integration of the precursor material (Fig. S2†), and
subsequent high-temperature annealing yielded the nitrogen-
doped carbon ber cloth (N-CF). To elucidate the structural
features of N-CF, we performed scanning electron microscopy
(SEM) of CF and N-CF, as shown in Fig. 1b, c and S3a, b.†
Pristine CF exhibits a diameter of∼9 mm, with carbon being the
primary surface component. High-resolution transmission
electron microscopy (TEM) images reveal an ordered arrange-
ment of carbon atoms on the pristine CF surface (Fig. 1d) while
N-CF presents a similar structure to CF except for the rough
interface (Fig. 1e). From the energy-dispersive X-ray spectros-
copy (EDS) element mapping, dense N element can be observed,
demonstrating that the N-CF surface is covered by a dense N-
doped carbon skin (Fig. S3c and d†). TEM analysis further
conrms that this carbon skin is ∼80 nm thick (Fig. S3f†),
exhibiting a clear boundary with the underlying carbon ber
surface. More disordered carbon skin can be observed, indi-
cating that the N-containing carbon skin introduces numerous
pores and defects.25,26 Fig. S4† presents the Fourier transform
infrared (FTIR) spectra of CF, PANI and N-CF. Compared with
CF, typical C–N and C]N bond vibration can be observed,
further verifying the introduction of N-containing carbon skin.

We further employed X-ray photoelectron spectroscopy (XPS)
to probe the elemental composition and chemical states on the
N-CF surface. Fig. S5† presents the survey spectrum of PANI, CF
and N-CF. C, N, and O elements can be detected, with a notable
increase in nitrogen content (∼4 at%) compared to pristine CF,
conrming successful nitrogen doping in the interface. From
the high-resolution N 1s spectrum (Fig. 1f), four peaks located at
∼398.1 eV, ∼400.1 eV, ∼401.0 eV, and ∼402.8 eV can be
deconvoluted, corresponding to pyridinic-N, pyrrolic-N,
graphitic-N, and oxidized-N species, respectively.27,28 Accord-
ing to the calculation, pyridinic-N presents the highest content
of ∼27 at%. Fig. 1g presents the high-resolution C 1s spectra of
CF and N-CF. Six sub-peaks located at ∼284.5 eV (C–C, sp2),
∼285.0 eV (“defect peak”, sp3), ∼286.2 eV (C–O), ∼288.1 eV (C]
N), ∼288.6 eV, and ∼290.7 eV (p–p* satellite peak) were further
deconvoluted.29–31 Notably, the sp3/sp2 ratio of carbon increased
signicantly from 0.19 in CF to 0.73 in N-CF, suggesting the
presence of a higher density of defect structures on the N-CF
surface.32,33 However, no phosphorus signals were detected in
the XPS survey spectra of N-CF, indicating that phosphorus
primarily acted as a structural promoter during high-
temperature annealing, facilitating the formation of active N
species.24,34 Fig. 1h presents the Raman spectra of CF and N-CF.
Two typical D and G bands can be observed.35 We compared the
intensity ratio of the D and G peaks (ID/IG), and found that the
value of ID/IG increased from 1.31 (CF) to 2.62 (N-CF).
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic and characterization of the potassiophilic N-CF mechanism. (a) Schematic of the K deposition on the N-CF host; (b) SEM
images of CF and (c) N-CF; TEM images of (d) CF and (e) N-CF interfaces; (f) XPS N 1s spectrum of N-CF; (g) XPS C 1s spectra of CF and N-CF; (h)
Raman spectra and (i) BJH pore size distribution of CF and N-CF.
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Additionally, a distinct 2D peak structure appeared near
∼2700 cm−1 in N-CF, attributed to the ultra-thin characteristics
of the N-doped carbon skin.36 Fig. S6† presents the N2 adsorp-
tion–desorption isotherms. According to the calculation by the
Brunauer–Emmett–Teller method, the specic surface areas of
CF and N-CF are 1.6 and 60.0 m2 g−1, respectively. We also show
the tting result by the Barrett–Joyner–Halenda method to
obtain the pore diameter distribution, as shown in Fig. 1i. A
pore diameter at ∼0.56 nm in N-CF can be observed. These
micropore diameters suggest a signicant reorganization of the
interfacial pore structure in N-CF, induced by the polyaniline
precursor, which incorporated N-containing functional groups
facilitated by phytic acid. These comprehensive structural and
chemical characterization studies provide crucial insights into
the defect-rich nitrogen-doped carbon skin on N-CF, laying the
foundation for its excellent performance as a host material for K
metal anodes.24,34,37

Through N-containing carbon skin modication of CF, the
potassiophilicity of the resulting N-CF was signicantly
enhanced. When molten K was brought into contact with pris-
tine CF for 240 s, no adsorption was observed (Fig. S7a†). In
contrast, N-CF achieved uniform and rapid adsorption of
molten K within just 0.2 s (Fig. S7b†), demonstrating its strong
potassiophilicity. This rapid adsorption of molten K metal
offers advantages over electrodeposition, including a more
uniform K distribution, less aggressive to preserve structural
© 2025 The Author(s). Published by the Royal Society of Chemistry
integrity. While electrodeposition provides precise localization
and controlled morphology, adsorbing molten K metal is more
effective in achieving uniform K distribution while preserving
the structural and conductive features of the N-CF host. More-
over, the adsorption method is operationally simpler and more
amenable to large-scale application. Molten K was subsequently
adsorbed onto N-CF (denoted as N-CF@K) for electrochemical
testing. Since pristine CF could not effectively adsorb molten K,
mechanical rolling was employed to combine CF with K
(denoted as CF@K). Fig. S8† displays front and side views of
bare K, CF@K, and N-CF@K electrodes. Symmetric cells were
assembled using bare K‖bare K, CF@K‖CF@K, and N-
CF@K‖N-CF@K congurations to evaluate K deposition
behavior, as shown in Fig. 2a. It is found that the bare K‖bare K
cell only exhibited signicantly large voltage polarization at 0.5
mA cm−2/0.5 mA h cm−2 during the initial cycles, indicating the
formation of extensive dead K and severe interface degradation.
When CF was used as a host, the CF@K‖CF@K cell demon-
strated improved cycling stability compared to bare K‖bare K,
with a lifespan of 223 h under the same conditions (Fig. S9a†).
However, the N-CF host enabled stable cycling for up to 4300 h
at 0.5 mA cm−2/0.5 mA h cm−2, marking a signicant
improvement in cycle life. To further verify the stability at large
current density, we also evaluate the cycling performance of the
N-CF@K‖N-CF@K cell at 1 mA cm−2/0.5 mA h cm−2. The cell
also enabled stable cycling for up to 2050 h (Fig. 2b). We also
Chem. Sci., 2025, 16, 15537–15545 | 15539
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Fig. 2 Electrochemical performance. Galvanostatic cycling performance of N-CF, CF and bare K in symmetric cells at (a) 0.5 mA cm−2/
0.5 mA h cm−2; (b) Galvanostatic cycling performance of N-CF at 0.5 mA cm−2/1 mA h cm−2; (c) cycling performance of N-CF, bare K and N-CF
in symmetric cells at different current densities with an areal capacity of 0.5 mA h cm−2; (d) CE curves for asymmetric cells N-CF‖K, CF‖K and
Cu‖K at 1 mA cm−2/1 mA h cm−2; (e) Nyquist plot of the symmetric cell before cycling; (f) interface desolvation activation energy fitted using the
Arrhenius law of N-CF, CF and bare K; (g) Tafel curve; (h) nucleation overpotential of bare K, CF, and N-CF.
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provide the voltage proles of the bare K‖bare K, CF@K‖CF@K,
and N-CF@K‖N-CF@K cells at 0.5, 1, 3, 5, 7, and 9 mA cm−2

with a capacity of 1 mA h cm−2 (Fig. 2c). It is found that the bare
K‖bare K cell exhibited severe voltage polarization during the
initial cycles, rendering further testing impractical. The
CF@K‖CF@K cell short-circuited at 3 mA cm−2, indicating poor
stability at high current densities. In contrast, the N-CF@K‖N-
CF@K cell maintained stable cycling even at an ultra-high
current density of 9 mA cm−2. Fig. S9b† presents the enlarged
voltage proles of N-CF at current densities from 3–9 mA cm−2.
The stability of N-CF@K metal anode cycling at 9 mA cm−2 is
better than that of all previously reported K metal cathodes (Fig.
S10a†). This result indicates that the bottleneck that K metal
anodes cannot tolerate high current is expected to be solved. In
addition, a comparison with previously published studies (Fig.
S10b†) highlights that the N-CF host delivers superior cycling
performance.
15540 | Chem. Sci., 2025, 16, 15537–15545
To assess the reversibility of K plating/stripping, the cycling
performance of K‖Cu, K‖CF, and K‖N-CF asymmetric cells was
tested, as shown in Fig. 2d. The K‖Cu cell only exhibited a sharp
drop in coulombic efficiency (CE) to 18.1% aer just 15 cycles at
1 mA cm−2/1 mA h cm−2. Even at 0.5 mA cm−2/1 mA h cm−2, the
CE of the K‖Cu cell dropped signicantly aer 30 cycles (Fig.
S11a†), indicating poor reversibility on the Cu host. The corre-
sponding GCD curves (Fig. S11b†) show signicant interface
degradation aer 100 h. In contrast, the K‖CF cell exhibited an
improved cycle life of 241 cycles at 1 mA cm−2/1 mA h cm−2, but
its CE rapidly declined thereaer (Fig. S12a†). Aer 490 h,
pronounced uctuations in the GCD curve indicated extensive
dead K formation, further deteriorating reversibility.38 Notably,
the K‖N-CF cell displayed signicantly enhanced reversibility,
maintaining an exceptional average CE of 99.1% even aer 970
cycles. The corresponding GCD curves (Fig. S12c and d†)
remained smooth and nearly overlapping, further conrming
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 DFT calculations and the corresponding interface characterization. (a) DOS results of the K orbitals for CF and N-CF; surface binding
energies of CF and N-CF to (b) K and (c) DMEmolecules. Charge density of (d) CF and (e) N-CF on the surface. (f) Plots of the surface Fermi levels
of the host material relative to the electrolyte; TEM images of the SEI layers of (g) CF and (h) N-CF after 5 cycles; (i) F 1s and (j) O 1s XPS spectra of
SEI layers of CF and N-CF after 5 cycles.
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the excellent reversibility of K plating/stripping on the N-CF
host.

Electrochemical impedance spectroscopy (EIS) measure-
ments in Fig. 2e revealed electron transfer resistances of 3501,
1505, and 1228 U for bare K, CF@K, and N-CF@K, respectively
according to the circuit diagram in Fig. S13,† highlighting the
role of N-CF in effectively reducing interfacial resistance and
polarization. To further evaluate dynamic characteristics, EIS of
bare K, CF and N-CF at varying temperatures was performed
(Fig. S14†). According to the Arrhenius equation, we calculated
the K desolvation activation energies of 112.9 kJ mol−1,
109.1 kJ mol−1 and 90.1 kJ mol−1 for bare K, CF and N-CF,
respectively, conrming that the N-CF host facilitates rapid K
ion desolvation and reduces local ion accumulation (Fig. 2f).
Tafel plots in Fig. 2g indicate exchange current densities of 0.56,
0.63, and 0.73 mA cm−2 for bare K, CF, and N-CF, respectively.
The higher exchange current density observed for N-CF suggests
more favorable reaction kinetics, mitigating the slow deposition
issue commonly observed with K metal anodes. However, the
exchange current density of N-CF remains lower than that of CF
hosts. The poor potassiophilicity of CF results in uneven K
distribution. Fig. 2h shows the voltage proles during initial K
plating, revealing nucleation overpotentials of 331, 67, and
© 2025 The Author(s). Published by the Royal Society of Chemistry
57 mV for bare K, CF, and N-CF, respectively. The lower over-
potential observed for N-CF indicates a more favorable K
deposition process, further underscoring its potential as an
optimal host for stable K metal batteries.

To further understand the underlying mechanism behind
the superior electrochemical performance of N-CF, density
functional theory (DFT) simulations were performed. Given that
pyridinic-N dominates the N doping in N-CF, the N-CF model
primarily considered the pyridinic N doping into carbon skin.
The corresponding congurations of CF and N-CF with a K
atom and electrolyte are shown in Fig. S15.† From the total
density of states (TDOS) and the projected density of states
(PDOS) for N-CF and CF with a K atom (Fig. S16†), a signicant
shi of N-CF's hybridized orbitals toward higher energy levels
compared to those of CF is found. This result indicates more
obvious cationic properties of N-CF with a K atom. Further
analysis of the PDOS for K orbitals on CF and N-CF (Fig. 3a)
shows that the DOS of N-CF broadens in the high-energy region.
This broadening facilitates stronger orbital hybridization
between K and N, enabling electron transfer from the electron-
enriched N sites to the electropositive K atoms. Therefore, the
presence of pyridinic-N signicantly enhances K adsorption and
deposition at the N-CF interface. Fig. 3b compares the binding
Chem. Sci., 2025, 16, 15537–15545 | 15541

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04233j


Fig. 4 Process and mechanism of the K metal plating–stripping process. In situ optical microscope photographs for (a) bare K, (b) CF@K and (c)
N-CF@K at a plating areal current density of 0.6 mA cm−2. SEM images of (d and e) bare K, (f and g) CF@K and (h–k) N-CF@K before and after
cycling; (l) schematic diagram of the deposition kinetics for bare K, CF, and N-CF.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:4

6:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
energy of K atoms on CF and N-CF surfaces. N-CF exhibits
a signicantly higher binding energy of −4.30 eV compared to
−0.64 eV for CF, conrming the enhanced potassiophilicity of
the N-CF interface. Additionally, we also calculate the binding
energy between dimethoxyethane (DME) solvent molecules and
N-CF/CF, as shown in Fig. 3c. The results indicate no substan-
tial difference between N-CF and CF in solvent binding energy,
which supports the experimentally observed lower desolvation
activation energy for N-CF, facilitating rapid K ion desolvation.
The electronic density maps for CF and N-CF surfaces are shown
in Fig. 3d and f. The CF surface displays relatively uniform
electron density distribution across carbon atoms, whereas N-
CF shows a signicant increase in electron density in regions
of pyridinic-N induced carbon defects. This local electron
density increase facilitates an electronic interaction effect,
enhancing the electrochemical interface stability. A comparison
of the Fermi levels of CF and N-CF (Fig. 3f) reveals values of
−2.31 eV and −3.13 eV, respectively. The larger energy differ-
ence between N-CF's Fermi level and the LUMO energy level of
15542 | Chem. Sci., 2025, 16, 15537–15545
the DME electrolyte indicates that electron transfer from N-CF
to the electrolyte is signicantly suppressed. This suppression
reduces parasitic side reactions during K plating/stripping and
improves the electrochemical stability of the K metal anode.
Besides, the comparison of the bond energy change (DEb) for N-
CF (0.60 eV) and CF (0.72 eV) showed the more efficient
formation of KF via S–F bond cleavage in N-CF (Fig. S17†).

To validate the computational results, post-cycling electrode
surfaces were characterized using TEM and XPS. From TEM
images in Fig. 3g and h, it is found that the thickness of the SEI
layer on the CF surface is ∼50 nm, whereas the SEI layer on the
N-CF surface is signicantly thinner (∼20 nm) and more
uniform. Further XPS analysis of SEI composition (Fig. 3i)
indicates that both CF and N-CF surfaces are primarily
composed of K–F (∼683.7 eV) and C–F (∼687.8 eV) species, as
observed in their F 1s spectra.2 Their O 1s spectra also reveal
peaks corresponding to K–O (∼530.2 eV), C–O (∼531.3 eV), and
C]O (∼533.1 eV).39 From the XPS results, we nd that the N-CF
host contributes to the formation of an abundance of K–F,
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Electrochemical performance of the PBA‖N-CF@K full cell. (a) Schematic diagram; (b) application demonstration; (c) CV curve; (d) rate
performance and (e) rate capacity retention statistics; (f) corresponding GCD curve; (g) long-term cycle performance; (h) capacity retention
statistics; (i) corresponding GCD curves.
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suggesting the robust inorganic-rich SEI layer in N-CF, which
typically enhances SEI mechanical strength and stability.40 This
inorganic composition is likely derived from the KFSI ether-
based electrolyte used in the study.

The unique N-containing carbon skin of N-CF endows it with
remarkable potassiophilicity, superior interfacial kinetics, and
minimized side reactions. These synergistic effects collectively
enable more uniform and stable K plating/stripping, ultimately
leading to exceptional electrochemical performance. To gain
deeper insights into the K plating/stripping behavior on N-CF,
we employed in situ optical microscopy for characterization.
As shown in Fig. 4a–c, in situ optical microscopy was used to
monitor K deposition on different hosts at 0.6 mA cm−2 for
30 min. On bare K, substantial dendrite formation and K
accumulation were observed, indicating highly irregular depo-
sition. Similarly, the CF host also exhibited notable dendritic
structures. In contrast, the N-CF host displayed neither
dendrites nor localized K accumulation, highlighting the ability
of N-CF to effectively guide uniform K deposition and suppress
dendrite formation. These ndings are further corroborated by
post-cycling electrode analysis (Fig. S18†). Aer 100 h of cycling
at 0.5 mA cm−2/0.5 mA h cm−2, signicant dead K and dendrite
buildup were observed on bare K and CF@K and their corre-
sponding separators. In contrast, nucleation is clearly visible
© 2025 The Author(s). Published by the Royal Society of Chemistry
along the lateral surfaces of N-CF aer 30 min of plating, con-
rming effective metal deposition within the host, and the N-
CF@K surface remained relatively smooth and uniform,
underscoring its superior ability to regulate K deposition during
prolonged cycling. SEM imaging further elucidated the host
surface deposition behavior, as shown in Fig. 4d–g. Before
deposition, bare K and CF@K displayed irregular K distribu-
tion, while N-CF showed a uniform layer of adsorbed K across
the carbon ber surface. This uniform adsorption persisted
throughout the deposition process, enabling consistent K
deposition even aer 100 h of cycling at current densities of 0.5,
1, and 3 mA cm−2 (Fig. 4h–k). In contrast, signicant surface
cracking and fragmentation were evident on bare K and CF@K
aer 100 h of cycling at 0.5 mA cm−2. To complement these
experimental observations, nite element analyses (FEA) were
performed to model K deposition dynamics on different hosts,
as shown in Fig. S19.† The simulations incorporated the N
doping and carbon defect structures of N-CF, as well as the
relatively K-phobic surface of CF. By assigning uniform and
non-uniform initial exchange current densities to N-CF and CF,
respectively, the simulations revealed that the non-uniform
current density distribution on CF led to more irregular K-ion
concentration distribution over time. Conversely, the uniform
and stable electron ux on N-CF directed the current density
Chem. Sci., 2025, 16, 15537–15545 | 15543
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evenly across the host surface, facilitating controlled K deposi-
tion and effectively suppressing dendrite growth. These nd-
ings align closely with the results from in situ optical
microscopy and SEM characterization.

Based on these observations, we propose a schematic illus-
tration of the deposition kinetics for bare K, CF, and the N-CF
host. On bare K, the absence of an underlying structural
template leads to uneven K deposition, rapid dendrite growth,
and an unstable interface. During stripping, this unstable
interface promotes dead K formation, resulting in slow kinetics
and structural instability. When a CF host is introduced, its
electronic conductivity is signicantly enhanced; however, it
fails to form a stable and uniform interface, still leading to
structural instability. In contrast, the N-CF host combines fast
kinetics with strong potassiophilicity, enabling uniform K
deposition, stable interface formation, and prolonged struc-
tural stability. This ultimately ensures superior cycling stability
in K metal batteries.

To demonstrate the practical applicability of our K metal
battery system, we paired the N-CF@K anode with a PBA
cathode to construct an N-CF@K‖PBA full cell, as shown in
Fig. 5a. Impressively, the N-CF@K‖PBA cell successfully pow-
ered a 2 W LED light (Fig. 5b), highlighting its potential for real-
world energy storage applications. The cyclic voltammetry (CV)
curve of the N-CF@K‖PBA cell (Fig. 5c) reveals two distinct
redox peaks, corresponding to the reversible redox reactions of
low-spin FeLS–C and a high-spin FeHS–C voltage plateau. To
evaluate the electrochemical performance of the N-CF@K‖PBA
cell, rate performance was evaluated over the voltage range of
1.5–4.2 V at varying current densities (Fig. 5d). The cell delivered
a specic capacity of 128 mA h g−1 at 20 mA g−1. Even at a high
current density of 1 A g−1, it maintained a capacity of
66 mA h g−1, corresponding to a retention rate of 66.6%
(Fig. 5e). Fig. 5f shows the corresponding GCD curves at varying
current densities. Aer a series of rate capability tests, the
capacity recovered to 50 mA g−1 with only a 5% capacity loss,
while the charge–discharge proles remained stable with
a consistent high-voltage plateau. Long-term cycling perfor-
mance was further evaluated at 500 mA g−1 (Fig. 5g). Remark-
ably, the N-CF@K‖PBA cell retained a specic capacity of
91 mA h g−1 aer 300 cycles, with a capacity degradation of only
8.56% (Fig. 5h). The overlapping charge–discharge proles
throughout cycling (Fig. 5i) further conrm the outstanding
reversibility and cycling stability of the N-CF@K‖PBA cell.

3. Conclusion

In this work, we design a N-containing carbon skin on CF to
serve as a host for K metal anodes. We nd that this congu-
ration effectively manages the adsorption behavior of metallic
K, reducing the impact of uneven electric elds in the electrolyte
and enhancing stability at high current densities. The N func-
tional groups play a crucial role in constructing a potassiophilic
surface, which promotes rapid integration with molten K and
suppresses dendrite growth. As a result, the symmetric cell with
the N-CF host demonstrated exceptional cycling stability.
Remarkably, the N-CF host also exhibited low polarization
15544 | Chem. Sci., 2025, 16, 15537–15545
voltage and stability even at a high current density of 9 mA
cm−2, highlighting its superior dendrite inhibition. We believe
that this work presents a novel approach for designing
advanced hosts for achieving stable K metal anode performance
at ultra-high current densities.
Data availability

The data supporting this article have been included as part of
the ESI.†
Author contributions

Z. Li performed investigation, methodology, data curation,
wrote the original dra. Z. Hu, M. Deng performed investiga-
tion. L. Ma, W. Mai and J. Li performed supervision, concep-
tualization and wrote, review & edited the nal manuscript.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

We are thankful for the nancial support from the Guangxi
Science and Technology Program (2024AB08156), National
Natural Science Foundation of China (52172202, 22479053),
Science and Technology Program of Guangzhou, China
(202102020737), Natural Science Foundation of Guangdong
Province, and Outstanding Innovative Talents Cultivation Fun-
ded Programs for Doctoral Students of Jinan University
(2024CXB031).
References

1 H. Lei, J. Li, X. Zhang, L. Ma, Z. Ji, Z. Wang, L. Pan, S. Tan and
W. Mai, InfoMat, 2022, 4, e12272.

2 H.Wang, J. Dong, Q. Guo, W. Xu, H. Zhang, K. C. Lau, Y. Wei,
J. Hu, D. Zhai and F. Kang, Energy Storage Mater., 2021, 42,
526–532.

3 S. Baek, T. Jung, S. Jie, M. Kim, B. Lee and H. Sun, Int. J.
Energy Res., 2023, 2023, 1–52.

4 S. Wang, Y. Yan, D. Xiong, G. Li, Y. Wang, F. Chen, S. Chen,
B. Tian and Y. Shi, Angew. Chem., Int. Ed., 2021, 60, 25122–
25127.

5 Y. Gu, W. Wang, Y. Li, Q. H. Wu, S. Tang, J. Yan, M. Zheng,
D. Wu, C. Fan, W. Hu, Z. Chen, Y. Fang, Q. Zhang, Q. Dong
and B. Mao, Nat. Commun., 2018, 9, 1339.

6 H. Wang, D. Yu, X. Wang, Z. Niu, M. Chen, L. Cheng,
W. Zhou and L. Guo, Angew. Chem., Int. Ed., 2019, 58,
16451–16455.

7 N. Xiao, W. D. McCulloch and Y. Wu, J. Am. Chem. Soc., 2017,
139, 9475–9478.

8 P. Liu, H. Hao, H. Celio, J. Cui, M. Ren, Y. Wang, H. Dong,
A. Chowdhury, T. Hutter, F. Perras, J. Nanda, J. Watt and
D. Mitlin, Adv. Mater., 2022, 34, e2105855.
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04233j


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 6
:4

6:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
9 S. Li, H. Zhu, Y. Liu, Z. Han, L. Peng, S. Li, C. Yu, S. Cheng
and J. Xie, Nat. Commun., 2022, 13, 4911.

10 Y. Liu, Y. Shi, C. Gao, Z. Shi, H. Ding, Y. Feng, Y. He, J. Sha,
J. Zhou and B. Lu, Angew. Chem., Int. Ed., 2023, 62,
e202300016.

11 D. Zhang, X. Ma, L. Wu, J. Wen, F. Li, J. Zhou, A. M. Rao and
B. Lu, Adv. Energy Mater., 2022, 13, 2203277.

12 J. Zhang, D. Cai, L. Zhu, X. Wang and J. Tu, Small, 2023, 19,
2301119.

13 D. Zhang, M. Liu, M. Li, Z. Yuan, Y. Hu, H. Chen, C. Li,
L. Kong, K. Zhao, J. Ren and B. Liu, Chem. Eng. J., 2024,
482, 148896.

14 Y. Chen, Z. Liu, Y. Lu, X. Gao, J. Zhou, X. Wang, Q. Gu and
W. Luo, J. Power Sources, 2024, 613, 234909.

15 S. Myung, Y. Hitoshi and Y. Sun, J. Mater. Chem., 2011, 21,
9891–9911.

16 Q. Shen, Y. He and J. Wang, J. Mater. Chem. A, 2023, 11,
9829–9839.

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

18 J. Meng, H. Zhu, Z. Xiao, X. Zhang, C. Niu, Y. Liu, G. Jiang,
X. Wang, F. Qiao, X. Hong, F. Liu, Q. Pang and L. Mai, ACS
Nano, 2022, 16, 7291–7300.

19 X. Yan, L. Lin, Q. Chen, Q. Xie, B. Qu, L. Wang and
D. L. Peng, Carbon Energy, 2021, 3, 303–329.

20 X. Chen, Y. Bai, X. Shen, H. Peng and Q. Zhang, J. Energy
Chem., 2020, 51, 1–6.

21 Y. Ding and Z. Qiao, Adv. Mater., 2022, 34, 2206025.
22 X. Zhao, F. Chen, J. Liu, M. Cheng, H. Su, J. Liu and Y. Xu, J.

Mater. Chem. A, 2020, 8, 5671–5678.
23 J. Zhang, Y. Li, L. Zhu, X. Wang and J. Tu, Chem. Eng. J., 2022,

449, 137659.
24 L. Ma, Z. Li, J. Li, Y. Dai, C. Qian, Y. Zhu, H. Wang, K. Hui,

L. Pan, M. A. Amin, Y. Yamauchi and W. Mai, J. Mater.
Chem. A, 2021, 9, 25445–25452.

25 F. Cheng, X. Yang, O. Ka, L. Wen, X. Wang and W. Lu, J.
Mater. Chem. A, 2023, 11, 4205–4219.
© 2025 The Author(s). Published by the Royal Society of Chemistry
26 Y. Chen, B. Xi, M. Huang, L. Shi, S. Huang, N. Guo, D. Li,
Z. Ju and S. Xiong, Adv. Mater., 2022, 34, 2108621.

27 T. Xing, Y. Zheng, L. H. Li, B. C. Cowie, D. Gunzelmann,
S. Z. Qiao, S. Huang and Y. Chen, ACS Nano, 2014, 8,
6856–6862.

28 C. Tang, H. F. Wang, X. Chen, B. Q. Li, T. Z. Hou, B. Zhang,
Q. Zhang, M. M. Titirici and F. Wei, Adv. Mater., 2016, 28,
6845–6851.

29 J. Gao, Y. Wang, H. Wu, X. Liu, L. Wang, Q. Yu, A. Li,
H. Wang, C. Song and Z. Gao, Angew. Chem., Int. Ed., 2019,
58, 15089–15097.

30 J. Liao, W. Cui, J. Li, J. Sheng, H. Wang, P. Chen, G. Jiang,
Z. Wang and F. Dong, Chem. Eng. J., 2020, 379, 122282.

31 X. Tan, C. Yu, Y. Xie, Z. Wang, L. Ni, W. Li, Y. Zhang, S. Cui
and J. Qiu, ACS Nano, 2024, 18, 14595–14604.

32 K. Ganesan, S. Ghosh, N. G. Krishna, S. Ilango,
M. Kamruddin and A. Tyagi, Phys. Chem. Chem. Phys.,
2016, 18, 22160–22167.

33 H. Kwon, J.-H. Lee, Y. Roh, J. Baek, D. J. Shin, J. K. Yoon,
H. J. Ha, J. Y. Kim and H.-T. Kim, Nat. Commun., 2021, 12,
5537.

34 H. Song, M. Wu, Z. Tang, J. S. Tse, B. Yang and S. Lu, Angew.
Chem., Int. Ed., 2021, 60, 7234–7244.

35 C. Liang, Y. Chen, M. Wu, K. Wang, W. Zhang, Y. Gan,
H. Huang, J. Chen, Y. Xia and J. Zhang, Nat. Commun.,
2021, 12, 119.

36 Y. Hao, Y. Wang, L. Wang, Z. Ni, Z. Wang, R. Wang,
C. K. Koo, Z. Shen and J. T. Thong, Small, 2010, 6, 195–200.

37 K. Li, Z. Hu, J. Ma, S. Chen, D. Mu and J. Zhang, Adv. Mater.,
2019, 31, 1902399.

38 J. Hu, H. Wang, S. Wang, Y. Lei, L. Qin, X. Li, D. Zhai, B. Li
and F. Kang, Energy Storage Mater., 2021, 36, 91–98.

39 W. Wang, Y. Wang, C.-H. Wang, Y.-W. Yang and Y.-C. Lu,
Energy Storage Mater., 2021, 36, 341–346.

40 X. Lian, Z. Ju, L. Li, Y. Yi, J. Zhou, Z. Chen, Y. Zhao, Z. Tian,
Y. Su and Z. Xue, Adv. Mater., 2024, 36, 2306992.
Chem. Sci., 2025, 16, 15537–15545 | 15545

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc04233j

	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j
	Ultrathin potassiophilic carbon skin design achieving ultra-stable potassium metal anodesElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d5sc04233j


