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Potassium- (K-) based batteries with K metal anodes have been regarded as a substitute for lithium- (Li-) and sodium- (Na-) based
batteries. In this review, motivations for K metal anodes with various advantages over Li and Na metals are presented at the
beginning. Nevertheless, the practical applications of K metal anodes are still impeded by various challenges originating from
their highly reactive nature. Then, major challenges of K metal are introduced in comparison with those of Li and Na metals,
including unstable SEI, dendrite growth, low melting point, and gas generation. These issues become more severe in K metal
due to its different physical and chemical properties compared with Li and Na metals. Consequently, this leads to varying
electrochemical behaviors. In particular, the mechanism of K dendrite growths is different from that of Li and Na.
Subsequently, approaches with an emphasis on the suppression of dendrites are described, falling into two categories: direct
and indirect engineering on electrodes. Direct engineering is K metallic electrode designs by utilizing a host framework, alloy
electrode, and interface modification. Notably, the most crucial aspect considered in direct engineering is the potassiophilicity
of the host and interface, which contributes to the uniform deposition of K. The section on indirect engineering addresses the
suppression of dendrite growth through separators and liquid/solid electrolytes. Finally, future perspectives and research
directions toward the suppression of K dendrites are provided.

1. Introduction

Lithium-ion batteries (LIBs) are one of the most successful
energy storage systems due to their energy storage mecha-
nism being based on intercalation chemistry, where ions
are inserted and diffused into active materials [1]. This
reversible electrochemical reaction enables LIBs to work as
energy suppliers for long periods without sudden perfor-
mance fall-off. Additionally, LIBs have a high energy density,
making them capable of storing considerable amounts of
energy in a small package ranging from portable electronic
devices to electric vehicles [2]. These features have revolu-
tionized many aspects of our daily lives by enabling the
development of new technologies such as drones and wear-
able electronics. Despite their commercial success and
impact on our lives, LIBs have a limitation in energy density
that may not be sufficient to meet the ever-increasing

demand for high-energy-density storage systems [3]. In this
regard, Li metal anodes have gained significant attention as a
substitute for graphite due to their high theoretical gravimet-
ric capacity of 3861mAhg-1 and lowest redox potential [4].
Li metal, however, has limited availability, buried unevenly
in the earth’s crust with an amount of approx. 0.0017wt%,
possibly leading to a fluctuation and rise in price in the near
future [5]. Additionally, the scarcity of the Li precursor
could raise concerns for Li industries [6], and exposure to
chemicals utilized in Li mining and associated industries
could also pose health risks to workers and local communi-
ties, particularly in countries with poor health and safety
regulations [7].

To address the issues, researchers have been searching
for alternative energy storage systems beyond LIBs as well
as Li metal anodes. Among the candidates for next-
generation batteries, sodium- (Na-) and potassium- (K-)
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based batteries have recently gained enormous attention
owing to their numerous advantages [8, 9]. The working
mechanism of Na-ion batteries (SIBs) and K-ion batteries
(PIBs) is most closely similar to that of LIBs based on the
rocking chair principle, endowing the greatest potential to
achieve practical application [10, 11]. Moreover, both Na
and K are more abundant natural resources, with natural res-
ervoirs approximately 1400 and 1200 times greater, respec-
tively, than that of Li (~2.4, ~2.09, and ~0.0017wt% of Na,
K, and Li, respectively) [12]. The worldwide availability of
Na and K resources makes SIBs and PIBs more economically
attractive, whereas Li resources are geographically concen-
trated in South America [13]. The prices of metals, carbon-
ates, and hydroxides of Na and K are much cheaper
compared to those of the corresponding Li compounds (the
real-time cost is provided in Table 1). Apart from material
availability, it is worth mentioning that Na and K metals do
not undergo an alloying reaction at a low potential with alu-
minum (Al) unlike Li metal [14, 15]. This allows the use of
inexpensive Al foils as current collectors for both the anode
and cathode in SIB and PIB systems, making them more
desirable for low-cost energy storage systems.

In terms of mass production, PIBs seem to possess a
major advantage over SIBs. In 2015, researchers demon-
strated that graphite can be employed as an anode active
material for PIBs with a similar storage mechanism to LIBs
(i.e., intercalation) [16]. However, graphite has not been
regarded as a suitable electrode for SIBs due to the thermo-
dynamic instability of Na ion-graphite intercalation com-
pounds [17]. This finding would bring various benefits for

the commercialization of PIBs by employing similar
manufacturing processes to those used for LIBs.

Though the graphite electrode has exhibited the feasibil-
ity for PIBs, graphite can only store K ions with a theoretical
capacity of 279mAhg-1, which is far below the capacity to
host Li ions (372mAhg-1) [18]. Given the insufficient gravi-
metric capacity of graphite, researchers have explored vari-
ous candidate materials for anodes that offer higher
capacity [19, 20]. Among the numerous active materials
explored for anodes, K metal is considered the most ideal
candidate for PIBs as the K metal has a higher specific capac-
ity (687mAh g-1) compared to other anode materials
reported recently [16, 21].

The K metal electrode also has various advantages over
both Li and Na metal electrodes. (i) The K metal exhibits a
lower standard redox potential (-2.93V vs. standard hydro-
gen electrode (SHE)) compared to Na (-2.71V vs. SHE)
and is even comparable to the redox potential of Li
(-3.04V vs. SHE) [22]. Interestingly, the K metal has a lower
redox potential in propylene carbonate (PC) solvent than Na
and Li [23]. Komaba et al. showed that the standard poten-
tial of K+/K is located at -0.15V vs. that of Li+/Li in ethylene
carbonate/diethyl carbonate (EC/DEC) electrolytes, indicat-
ing the possibility of a higher working voltage and power
operation in a nonaqueous system [24]. (ii) K ions exhibit
the smallest Stokes radius among alkali metal ions
(K+ 3 6Å < Na+ 4 6Å < Li+ 4 8Å ) owing to its weaker
Lewis acidity [23]. The small Stokes radius of the K ion
may lead to higher mobility of the K ion compared to Li
and Na ions, which can contribute to a higher transference

Table 1: Comparison of various properties of alkali metals.

Properties Parameter K Na Li

Element
Atomic number 19 11 3

Ionic radius (Å) 1.38 1.02 0.76

Physical

Density (g cm-3) 0.86 0.97 0.53

Lattice parameter (nm) 0.533 0.429 0.351

Melting point (°C) 63.4 97.7 180.5

Shear modulus (GPa) 1.3 3.3 4.2

Brinell hardness (MPa) 0.363 0.69 5

Electrochemical

Redox potential (V vs. SHE) -2.93 -2.71 -3.04

Redox potential in PC solvent -2.88 -2.56 -2.79

Gravimetric capacity (mAh g-1) 687 1166 3860

Volumetric capacity (mAh cm-3) 589 1131 2062

Conductivity

Stokes radius (Å) 3.6 4.6 4.8

Ionic conductivity in 1M PC (mS cm-1) ~10 ~7.8 ~7
Desolvation energy in DEC (kJmol-1) 105.1 147.9 205.6

Desolvation energy in EC (kJmol-1) 114.6 152.8 208.9

Economic

Abundance in earth’s crust (wt%) ~2.09 ~2.4 ~0.0017
Cost of metal ($ ton-1)a 23000 2200 414000

Cost of carbonate ($ kg-1)b 215 178 706

Cost of hydroxide ($ kg-1)b 87.6 84.7 3140

Real-time cost from Shanghai Metals Marketa and Merckb. Properties extracted from refs. [23, 26, 38].
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number and ionic conductivity of K ions than of Li and Na
ions [22]. Indeed, the K ion exhibits a higher ionic conduc-
tivity (10mS cm-1 in 1M PC) in PC solvents compared to
Li and Na ions [23]. (iii) In a view of the solvation structure,
Na and K ions possess disordered and flexible structures
compared to Li ions, resulting in the lower desolvation
energy of Na and K ions than of Li ions [25]. In particular,
K ions require the lowest desolvation energy compared to
Na and Li ions, enabling faster K ion diffusion and thus an
enhanced rate performance [26]. It is worthwhile to mention
that a low-concentration K ion electrolyte could be achieved
due to its low desolvation energy, which can contribute to
additional cost saving [27, 28]. (iv) Cathode materials for
PMBs (i.e., PTCDA, Prussian blue, and their analogs), which
show best performances, are cobalt-free (state-of-the-art
cathode materials are described in Table 2) [11]. Cobalt,
which is considered the most crucial component of the cath-
ode, is also a less abundant element and is distributed
unevenly in the earth’s crust, raising concerns over its supply
availability [29]. Furthermore, the extraction process of
cobalt raw materials is highly associated with toxicity and
ethical issues [29, 30]. These technoeconomic issues would
provide rationales for K-based batteries rather than Li-
based batteries. (v) K metal anodes facilitate high-energy-
density batteries based on conversion chemistry with
potassium-free cathodes, such as potassium-oxygen (K-O2:
K +O2 ↔ KO2) and potassium-sulfur batteries (K-S: 3S + 2
K↔ K2S3) [31, 32]. Studies have shown that potassium
superoxide (KO2) is thermodynamically and kinetically sta-
ble, resulting in a higher round-trip energy efficiency com-
pared to Li- and Na-O2 batteries [33]. Ren and Wu
showed that K-O2 batteries could potentially offer a high
theoretical specific energy density of up to 935Whkg-1 and
a low discharge/charge potential gap of less than 50mV
without the presence of catalysts [34]. Zhao et al. suggested
that K-S batteries could achieve a gravimetric energy density
of 1023Whkg-1 (2.1V as the average voltage used for calcu-
lation) [35]. In this regard, the K metal batteries, combined
with the K-free cathodes, could deliver much higher energy
densities than commercial LIBs (graphite-LiCoO2, graph-
ite-LiNi0.33Co0.33Mn0.33O2, graphite-LiFePO4, and so on),
making them more appealing for large-scale and low-cost
energy storage systems [36].

Although the K metal anodes present numerous advan-
tages, they face several challenges that are not only similar to
those of Li and Na metals but often more severe. More seri-
ously, it is often limited to transferring the legacy of LIBs (or
lithium-metal batteries (LMBs)) to PMBs. For instance, due
to its large ionic radius which leads to losing its valence elec-
tron easily, the Kmetal possesses a higher reactivity compared
to Li and Na [34, 37]. Hence, the K metal must be treated
much more carefully and stored in mineral oil, unlike com-
mercial Li metal which is available in regulated forms such
as foils andwires. That is, to employ the Kmetal, batteryman-
ufacturers would need facilities to remove mineral oils and
form a sheet metal in a rigorously controlled environment.

The lattice parameter of the K metal is larger than that of
Li (0.533 nm vs. 0.351 nm), causing significant dimensional
changes during the plating/stripping process [38]. Of course,

the severe volume fluctuation can more seriously pulverize
the liquid/solid interphase during the continuous plating/
stripping of K, potentially putting K metal electrodes in a
worse state than Li metal electrodes [39]. It is known that
continuous damage and reconstruction of the interface,
coupled with nonuniform ion flux, can promote dendrite
formation [40, 41]. Considering K has much poorer
mechanical properties than Li and Na, K dendrites are
expected to be weaker than those of Li and Na. Conse-
quently, it is likely for K metal anodes to exhibit a short life-
time of cells compared to Li metal anodes [42, 43]. The
challenges associated with K metal anodes are often com-
pared to those of Li metal anode issues, but they have dis-
tinct properties and electrochemical behavior. Therefore, it
is crucial to figure out the underlying differences between
the K metal anode and other alkali metal anodes and identify
which knowledge learned from LMBs can be implanted into
PMBs.

Although a couple of review articles about K metal elec-
trodes have already been reported [5, 44], only a few reviews
have been published with a comparison to other alkali
metals. Also, recent research trends are rapidly changing
with the reports of advanced techniques. Thus, the compre-
hensive review articles, including recent reports, could pro-
vide valuable insights for the uptake of next-generation
batteries. In this review, we first discuss the specific chal-
lenges of K metal anodes in comparison to other alkali metal
anodes (Figure 1). Then, we review recent research and
development regarding the K metal anode. We categorize
various strategies for resolving the issues into two groups:
direct and indirect engineering. Direct engineering refers to
the inhibition of dendrite growth through K electrode
design. On the other hand, the suppression of dendrite
growth by electrolyte and separator engineering is discussed
in the section of indirect strategy. At last, we provide per-
spectives and missing spots for research on K metal anodes,
aiming for practical application of the low-cost and large-
scale rechargeable PMBs. The contents of this review are
tabulated below.

2. Challenges of Potassium Metal Anodes

2.1. Unstable Solid Electrolyte Interface. The spontaneous
reaction occurring at the interface between the electrolyte
and electrode forms a unique layer called a solid electrolyte
interface (SEI) [45–47]. The SEI layer has two major charac-
teristics: it is conductive to ions, but insulative to electrons.
These remarkable properties contribute to enhancing the
stability of battery operation [48]. A robust and stable SEI
layer enabled the successful commercialization of LIBs with
graphite and lithium transition metal oxide electrodes since
the 1990s [49]. As the demand for high-energy-density stor-
age systems grows, alkali metals considered as a next-
generation anode material may replace graphite [41,
50–53]. However, metal anodes have safety issues, and the
culprit of the issue is often identified as unstable SEI on
alkali metal anodes. Unstable SEI can cause dendrite growth
and finally lead to a fire. To address the safety issue,
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researchers have designed stable SEI layers on alkali metals
with high mechanical and chemical stability [54–56].

It is thought that the SEI layer naturally forms due to the
difference between the Fermi level of the anode and the low-
est unoccupied molecular orbital (LUMO) of the solvents
[47]. When the anode has a higher potential energy than
the ELUMO of electrolytes, electrons transfer from an anode
to electrolytes and induce spontaneous reduction reactions
of electrolytes (Figure 2(a)). On the anode surface, decom-
posed electrolytes are stacked, showing an encrusted struc-
ture [39, 57]. Similar to Li- and Na-based SEI
(Figure 2(b)), it is considered that K-based SEI also shows
a mosaic model of the Li-SEI layer with the organic/inor-
ganic products (e.g., ROCOOK, KF, ROK, K2CO3, and
KHCO3) (Figures 2(b)–2(e)) [58]. Although the SEI layers
in PMBs showed a similar structure to those of LMBs and
sodium metal batteries (SMBs), SEI layers from K-based
electrolytes represented different characteristics (e.g., chemi-
cal composition, morphology, and mechanical stability)
[59–61]. Hosaka et al. analyzed the chemical compositions
of SEI layers on hard carbon electrodes with MFSA (“M” is
either Li, Na, or K) [61]. The authors found that the outer-
most surface of SEI layers induced from KFSA (or NaFSA)
was composed of a larger content of inorganic components
than that of LiFSA (Figures 2(c)–2(e)). Also, the SEI layer
induced from KFSA contained a smaller amount of sulfide
species which were not observed for Li- and Na-based SEI
layers. The inner SEI layer in the KFSA electrolyte system
was highly concentrated with organic components. The
authors argued that the different distributions of organic
and inorganic components are rooted in the different solu-
bilities and reduction stabilities of Li, Na, and K [62, 63].
The mechanical stability of SEI on alkali metals is known
to vary depending on the chemical composition of the SEI
and the properties of the metal [64, 65]. Researchers have
used atomic force microscopy (AFM) to analyze Young’s
modulus and force curves (Figures 2(f)–2(h)) [66]. In the
AFM test, the SEI layer on K and Na metals exhibited
noticeable fractures in contrast to that of Li. Their results
indicate that the SEI layer on the K metal is less mechan-
ically stable than that on Li and Na. The authors also bent
alkali metal foils up to 180° and only observed cracks from

the K metal (Figures 2(i)–2(k)). As evidenced by the pres-
ence of bending and indentation tests, the SEI layer on the
K metal is less flexible than that of Li and can be broken
during cycling more readily.

Direct observation and analysis of the SEI layer on the K
metal are challenging due to its low damage threshold and
sensitivity to electron beams which are ascribed to weak
atomic bonding energy and low melting point [67]. To over-
come the difficulty, Zhang et al. investigated the SEI layer
and dendrites on the K metal using cryotransmission elec-
tron microscopy (cryo-TEM) techniques (Figures 3(a) and
3(b)) [57]. The authors showed that K dendrites formed in
a carbonate ester-based electrolyte have a relatively chaotic
moss structure and an average diameter of 1.9μm which
may pierce the pores of glass fiber separators [68]. The
authors also observed that the SEI layer on the K metal con-
sists of amorphous inorganic components, including
KHCO3 and K4CO4 (Figures 3(c)–3(f)). Due to the chemical
instability, K4CO4 could be decomposed into K2CO3 and
K2O [69]. Thus, the porous morphology of dendrites, con-
tinuous gas formation (discussed in the following section)
from the SEI layer, and poor ionic conductivity of the SEI
layer in potassium batteries could be attributed to the pres-
ence of the components.

With the different characteristics of K compared to Li and
Na, it is inadequate to apply conventional methods to stabilize
Li- and Na-SEI layers. In this regard, it would be required for
K-SEI layers to control the components of the SEI layer and
strengthen mechanical/chemical stabilities. To reinforce the
poor stabilities of the K-SEI layer, artificial-SEI engineering,
high concentration of electrolytes, electrochemical pretreat-
ments, and electrolyte additives that would be applicable
(discussed further in the section of electrolyte engineering)
have been recommended as effective solutions for improving
the mechanical and chemical stabilities of the K-SEI layer.
Overall, the recent attentions given to the studies of the SEI
layer on K metal highlights the need to better understand
and control the components of the SEI layer to enhance the
performance and safety of potassium-based batteries.

2.2. Dendrite Growth. Dendrite growth is a common phe-
nomenon observed in all types of alkali metal anodes during

Dead K

Volume
expansion

Unstable SEI Dendrite Gas generationLow melting point

K metal electrode

Figure 1: Schematic illustration of challenges of K metal anode.
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electrochemical plating under various types of electrolytes
and depths of discharge [70]. Due to the inherently fragile
SEI and large volume fluctuation during the plating/deplat-
ing process of alkali metal electrodes, cracks can be gener-
ated in the SEI on the alkali metal surfaces. These cracks
can result in a nonuniform ion flux, thereby causing uneven
metal plating and dendrite growth [71]. Once dendrites
form on the metal electrode surface, they can continuously
grow towards a cathode with various sizes from micro- to
nanometers [66]. Eventually, they might pierce separators
and cause alkali metal batteries to undergo short circuits
via the direct contact between the anode and cathode. This
electrical shortening may lead to thermal runaway, poten-
tially resulting in catastrophic explosions and fires. Although
K dendrite growth is considered more severe than that of Li,
the models describing the Li deposition behavior could be
employed to explain K dendrite growth to a large extent.

In the following section, the growth theory and behavior of
metallic dendrites are summarized, and the comparison with
Li and Na dendrites will be discussed.

2.2.1. Space-Charge Model. The space-charge model is the
most widely adopted theory to describing the nucleation
and protrusion of metallic dendrites [70, 72]. This model
depends on a concentration gradient of cations in the elec-
trolyte during electrodeposition. The concentration gradient
in a cell with a short distance between electrodes can be
defined as follows:

∂C
∂x

x = Jμa
eD μa + μc

, 1

where J is the effective current density, e is the electronic
charge, D is the diffusion coefficient, and μa and μc are the

25 �m
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25 �m

Na

(j)

25 �m

K

(k)

Figure 2: (a) Schematic of electrolyte energy diagram. (b) Conventional mosaic model of SEI layer on lithium or carbon electrode,
reproduced with permission [47]. Copyright 2009, American Chemical Society. (c–e) Schematic illustration of the SEI compositions and
thickness formed on hard carbon electrodes, reproduced with permission [61]. Copyright 2009, American Chemical Society. (f–h)
Typical AFM force curves of Li, Na, and K covered with SEI. (i–k) Microscopic images of metal anodes’ surface after bending test,
reproduced with permission [66]. Copyright 2020, Elsevier.

K dendrite

(a)

K dendrite

1.92 �m

(b) (c)

(d) (e) (f)

Figure 3: (a, b) Cryo-TEM images of K dendrites. (c) Large-scale cryo-TEM images of K dendrites with (d) selected-area electron diffraction
(SAED). (e) Small-framed cryo-TEM images of K dendrites with (f) SAED, reproduced with permission [57]. Copyright 2021, Wiley.
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mobilities of anions and cations, respectively [73]. Accord-
ing to Equation (1), a high current density increases the
ion concentration gradient, while depleting cations near
the metallic electrode surfaces. This ruins the electrical
neutrality at the deposited metal surface, resulting in the
accumulation of a local space charge and thus formation
of a branch-like metal deposition [70]. Dendrites would
evolve at time τ, called as “Sand’s time,” which is defined
as follows:

τ = πD
C0ezc
2J

2 μa + μc
μa

2
, 2

where C0 is the initial salt concentration and zc is the
charge number of cations [73]. Equation (2) proposes that
the starting time of dendrite growth relies on J−2 and indi-
cates that a high current density highly promotes the for-
mation of dendrites. Therefore, it is expected that K
dendrites would emerge at the diffusion limitation when
a high current density is applied. Ma et al. observed that
a needle-like K dendrite burst out of the K metal surface
at Sand’s time, demonstrating the feasibility of the space-
charge model for K metal electrodes [74]. Based on Equa-
tion (2), various strategies to suppress dendrite growth
have been proposed to delay Sand’s time, including high
concentration electrolytes (discussed in (3) Highly Concen-
trated Electrolytes) and 3D current collectors ((1) 3D Host
Structures Based on Sand’s Time) for the K metal anode.

2.2.2. Film-Growth Model. The classical theory of film
growth would be applicable to the initial plating process of
the K metal [38, 70]. The formation and growth of K den-
drites can be explained by a thermodynamic parameter, sur-
face energy [75]. This film-growth model proposes that the
type of growth can be determined by a balance between
the surface energy of the substrate, surface energy of the film,
and energy of their interface [76]. Based on this, the three
models are suggested during K plating: (i) 3D island-like
growth (Volmer-Weber (V-W)), (ii) 2D layer-by-layer
growth (Frank-van der Merwe (F-M)), and (iii) 2D layer
followed by 3D island-like growth (Stranski-Krastanov (S-
K)), which are established in the vacuum deposition theory
[38]. The growth mode of film on a substrate can be
described by the wetting angle θ of Young’s equation, the
balance point of surface tensions, defined as follows:

γsf + γf−SEI cos θ = γs−SEI, 3

where γsf is the surface tension of the substrate film,
γf−SEI is the surface tension of the film-SEI layer, and γs−SEI
is the surface tension of the substrate and SEI layer [77].
The balance of forces determines the thermodynamic shape
of a film on a substrate. This is characterized by its wetting
angle, expressed as follows:

cos θ =
γs−SEI − γf s
γf−SEI

4

Based on Equation (4), when the inequality γs−SEI − γsf
< γf−SEI increases, the wetting angle also increases, and thus,
the film follows the V-W growth. As a result, the film no
longer wets the substrate, exhibiting as an island-like growth
on the substrate. However, if the inequality γs−SEI − γsf ≥
γf−SEI is satisfied, the wetting angle goes to zero, following
the F-M growth with a planar 2D thin film on the substrate.
It is worthwhile to mention that the S-K growth could be
realized if there are changes to the surface tensions as a func-
tion of film thickness (i.e., accumulation of strain energy
causes a rise in γsf ) [75]. As a result, the film grows planar
at the early stage; however, eventually, islands form on the
substrate as the film thickens.

The K metal inherently exhibits poor wettability on bare
Cu and Al foil current collectors, which leads to the V-W
growth during the K deposition process [15, 75]. These
island-like deposits would act as seed points to initiate the
growth of K dendrites. Thus, to realize the F-M growth on
Cu and Al current collectors, it is essential to control the
competition between surface forces through (i) increasing
the potassiophilicity of current collectors or (ii) increasing
the surface energy of the substrate (discussed in Section
3.1.4).

2.2.3. K Dendrites Differ from Li and Na Dendrites. K den-
drites appear to be weaker than Li and Na dendrites. As
shown in Table 1, the K metal has the lowest shear modulus
(1.3GPa) and Brinell hardness (0.36MPa) [38]. Further-
more, with its low melting point of 63.4°C and high surface
diffusion constant, the K metal could flatten the uneven sur-
face morphology attributed to nonuniform K deposition
[78–80]. Accordingly, it may be rationale to assume that K
dendrites can be blocked more easily, even though mechan-
ical properties of K-SEI are a bit low. However, the opposite
results were observed with K dendrites, with short lifetimes
and internal short circuits being more severe in potassium
metal batteries, regardless of the electrolyte used [42, 43].
The observed phenomenon can likely be attributed to two
main factors: (i) the different ion behavior through the SEI
layer (i.e., despite identical anion species and thus similar
chemical composition of SEI) and (ii) different protrusion
growth modes (i.e., the Li dendrite is mostly described by
the root growth overcharging process while K depends on
the surface growth mode; discussed further in the following
paragraphs).

The behaviors of Li, Na, and K dendrites inherently dif-
fer from one another due to distinct chemical, electrochem-
ical, and mechanical properties. The K metal, for example,
acts as a super reducing agent for organic electrolytes,
thereby leading to difficulties in constructing an efficient
passivation layer on its surface [33]. Figure 4(a) displays
the open circuit voltage (OCV) profiles of symmetric cells
of Li||Li, Na||Na, and K||K with 1M LiPF6, 1M NaPF6,
and 0.8M KPF6 in EC/DEC, respectively. The K||K cell
exhibits a higher OCV than the others, averaging over
500mV with a large fluctuation of greater than 100mV.
Moreover, a substantial polarization of at least 100mV is
observed in the K||K cell with voltage spikes up to 1V, even
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at a relatively low current density of 25μAcm-2. In contrast,
the Li||Li and Na||Na cells represent relatively smaller over-
potential profiles (Figure 4(b)). These results suggest that
even with identical electrolyte compositions and current
density, the K metal forms unstable SEI layers compared to
Li and Na. Considering the unstable SEI layer on K metal
anodes (discussed in Section 2.1), it appears that inhomoge-
neous plating of the K metal and acceleration of K dendrite
growth may be highly associated with the different nature of
K-based SEI to the others.

Metal deposition theory proposes three modes of protru-
sion growth: tip growth, root growth, and surface growth
[66]. Tip growth is a general phenomenon in metal deposi-
tion from electrolytes, occurring when the Li deposition rate
surpasses the limiting current density (J lim) after Sand’s time
[73]. This is due to the limitation of long-range electrolyte
diffusion. The root growth mechanism takes place at a cur-
rent density below J lim. During the electroplating process
of the Li metal at rates below J lim, deposition is inhomogene-
ous due to the nonuniformity of the interface between the Li
metal and electrolyte. As Li is deposited, the pressure
beneath the SEI increases, leading to tensile stress to SEI
layers. When these stresses exceed the mechanical limit of
the SEI, the Li metal protrudes from beneath the SEI, form-
ing whiskers [74]. The surface growth mechanism can also
occur below J lim during Li deposition. Generally, the integ-
rity of the SEI is a crucial factor in determining whether
the deposition follows the root growth or surface growth
mode [81]. During deposition, the formation of SEI com-
petes with the deposition of Li, and the current density influ-
ences this competition. If the SEI layer forms faster than the
Li deposition at a specific current density, the SEI becomes
dense and robust, and the deposition will follow the root

growth mode. Otherwise, the SEI becomes disconnected,
causing deposits to grow on the exposed metal points and
spread across the surface, forming granules [81]. Hu et al.
investigated the morphologies of electrochemically depos-
ited Li, Na, and K metals with the use of 0.5M MPF6(“M”
is either Li, Na, or K) in EC/DEC electrolytes at the current
density of 1mAcm-2 [66]. Short circuits were observed at
around 5 minutes for Na and 1 minute for K symmetric cells
(Figure 4(c)). This claims that K deposits pass through the
separator more readily due to a different deposition mode
compared to Li. The different deposit morphologies of each
alkali metal are illustrated in Figures 4(d)–4(f). Li deposits
show whisker-shaped dendrites, indicative of root growth
mode. However, the K metal (as well as Na metal) is depos-
ited in a granular shape, suggesting that K follows the sur-
face growth mode (Figure 4(g)). These differences may
come from the unstable and fragile SEI on the K metal,
which can also explain why a lot of research has employed
glass fibers as separators for K metal electrodes [68, 72,
82]. That is, since the K metal is deposited in the surface
growth mode, K deposits are likely to easily pierce the nano-
sized pores of the Celgard separator. Thus, a glass fiber
which is thicker and has randomly distributed pores should
be used as a separator for K metal electrodes [83]. Conse-
quently, to control K dendrite growth, the strategies that
have worked for Li dendrites should serve as benchmarks
rather than direct solutions.

2.3. Low Melting Point of Potassium. Ensuring batteries
operate at an appropriate temperature is key to obtaining
high performance, as it helps prevent irreversible degrada-
tion of their active materials and electrolytes. The battery
temperature can rise continuously during charging/
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Figure 4: (a) Open circuit voltage profiles of symmetric cells of Li||Li, Na||Na, and K||K with 1.0M LiPF6-EC/DEC, 1.0M NaPF6-EC/DEC,
and 0.8M KPF6-EC/DEC, respectively. (b) Voltage curves of the symmetric cells during the plating-stripping process, reproduced with
permission [98]. Copyright 2019, American Chemical Society. (c) Voltage profiles of the symmetric cells using Celgard 2400 separator.
(d–f) Li, Na, and K deposits on metal surfaces after 50 s deposition. (g) Schematic illustration of Li, Na, and K deposition mechanism,
reproduced with permission [66]. Copyright 2020, Elsevier.
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discharging cycles or when they are under harsh external
conditions and ineffective thermal management. When the
temperature exceeds the safety limit (60°C) [84], it can lead
to thermal runaway or even explosions [85]. K, in particular,
has a lower melting point of 63.4°C than Li (180.5°C) and Na
(97.7°C) (Figure 5(a)), indicating that PMBs should be more
thoroughly designed in view of temperature management.

For instance, LMBs can cycle over 120 cycles at 90°C and
more than 50 cycles even at 100°C, which are much higher
than the meting point of the K metal (Figure 5(b)) [84].

Concerning the lower melting point of K compared to Li,
the K metal anode can be transited into a molten state at such
a high temperature. Molten K can exacerbate parasitic reac-
tions with liquid electrolytes, dropping the electrochemical
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Figure 5: (a) Melting points of promising candidates of metal anode, reproduced with permission [67]. Copyright 2021, Wiley. (b) The
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cycle. (e) The voltage profiles during galvanostatic cycling at 25°C and 80°C. Insets: digital image and SEM image of the separator from
K||K cells at high temperature, reproduced with permission [67]. Copyright 2021, Wiley.
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performance of K metal anodes, flowing into the pores of sep-
arators, and coming into contact with the cathode side. Liu
et al. investigated the effect of working temperature on Kmetal
anodes. When the temperature increases over 80°C, it transi-
tions to a liquid state and merges together, losing its metallic
luster (Figure 5(c)) [67]. Electrochemical performance was
also largely dropped at the elevated temperature. As shown
in the Nyquist plots (Figure 5(d)), the Kmetal electrode cycled
at 80°C exhibited a much larger impedance than that at 25°C.
In addition to the increased impedance, the overpotential of
the K||K symmetric cell at 80°C was higher and increased
up to 5V during cycling (Figure 5(e)) [67]. The authors
observed that the separator of K||K symmetric cells changed
its color and contained molten K metal, indicative of a seri-
ous safety risk (insets of Figure 5(e)). Therefore, PMBs may
require more thorough thermal management systems than
other systems. Moreover, designing host electrodes to pre-
vent the leakage of molten potassium from the host matrix
is a crucial step in ensuring the safe application of potas-
sium metal batteries.

2.4. Gas Generation. Gas generation is a safety concern for
all secondary batteries, including Li-based and Na-based
batteries, even in Li-ion batteries which are commercially
successful [86, 87]. Continuous gas generation increases
the internal pressure within cells, causing them to swell
and potentially explode. Coin cells, due to their small sizes
and designs, may withstand increased pressure. However,
large-size batteries such as pouch cells may experience sig-
nificant volume change from continuously generated gas
bubbles during charging/discharging processes, which can
negatively impact the structure of cell stacks (or electrode
contact) and deteriorate performance.

Researchers have sought to reveal the origin of gas evo-
lution in LIBs. They have identified various sources for gas
generation, such as SEI formation, film formation on cath-
ode, electrolyte oxidation, oxygen release from metal oxides,
and residual water reduction [88]. In LIBs, it is thought that
ether-based electrolytes with Li metal release methane and
ethane gas. In carbonate-based electrolyte systems, it tends
to generate CO2, CO, and C2H4 via carbonate solvent
decomposition [89]. High-water-content electrolytes will
form H2 gas resulting in water reduction at the anode side
(Figure 6(a)) [90]. Recent studies have investigated gas evo-
lution in LMBs and SMBs [86, 87, 91]. Chen et al. found that
the use of organic solvents such as propylene carbonate (PC)
with Na ions can lead to more severe electrolyte decomposi-
tion and gas generation rates than the use of pure PC [86].
This is because sodium-ion-solvent complexes have lower
unoccupied molecular orbital (LUMO) energy than pure
PC solvents, making them more susceptible to reduction
during SEI formation, thereby releasing gas bubbles
(Figure 6(b)) [92].

Recently, researchers have observed gas evolution on K
metal electrodes through in situ optical microscopy [73,
93–95]. Bai et al. observed gas bubbles forming during the
K deposition process in both carbonate- and ether-
electrolyte systems. These gas bubbles consequently occu-
pied the whole cross-section of the glass capillary, resulting

in perfect blockage of the ion diffusion pathway with
enlarged and unstable voltage profiles [74]. To mitigate
and prevent gas generation in metal batteries, it is required
to build an effective insulating layer on the metal electrode.
This interfacial engineering could be applied to metal elec-
trodes by employing electrolyte additives [96]. In a recent
study, the effect of fluoroethylene carbonate (FEC) on gas
generation was reported (Figures 6(c)–6(h)) [97]. The
authors observed that the as-fabricated cell without FEC
shows varied sizes of bubbles, and the bubbles continuously
evolved during the electroplating process. In contrast, bub-
bles were rarely observed with FEC and less evolved during
the electroplating process (Figures 6(f)–6(h)). The authors
claimed that an FEC-containing electrolyte produces a more
insulative layer, preventing electron transfer from the K
metal to the electrolyte and, as a result, inhibiting further
decomposition of electrolytes and gas generation [97]. Com-
pared to gas generation in LIBs or SIBs, gas generation on K
metal anodes has drawn less attention so far. Considering
the K metal is more highly reactive to organic electrolytes
than Li and Na [98], the gas evolution issue should be on
an imminent list to resolve.

3. Suppression of Dendrite Growth

3.1. Direct Engineering of an Electrode

3.1.1. Hosts for Potassium Metal

(1) 3D Host Structures Based on Sand’s Time. Based on the
space charge model and the equation, which is called Sand’s
time, the lower effective current density can help metal elec-
trodes to delay the emergence of dendrite [74, 99]. Thus, the
electrode design with larger surface areas would be a prom-
ising host framework for metal electrodes. Also, such a
design with superior mechanical properties is benign with
regard to accommodating volume expansion during cycling.
In an effort to decrease the local current density of elec-
trodes, 3D-host materials have attracted great attention in
alkali metal anode engineering [100, 101]. Considering that
the space of a cell is limited, porous (or interconnected
materials) would be the most effective way to mitigate the
dendritic issue of an alkali metal electrode [102, 103].

Among various host materials for alkali metals, carbona-
ceous materials can provide many advantages due to their
high electrical conductivity, excellent mechanical strength,
flexibility, lightweight, and tunability [104]. In particular,
graphene, carbon nanotubes (CNTs), carbon fibers (CNF),
and carbon cloths have been used to create sturdy host struc-
tures that offer a large surface area [67, 99, 102]. In many
studies, freestanding K/CNT and K/CNF composite elec-
trodes were prepared by immersing freestanding CNT films
into molten K [71, 99, 101, 102, 105, 106]. Compared to bare
K metal electrodes, those K/CNT and K/CNF composites
showed a much longer lifetime over 200 h with a small over-
potential of ~200mV [99, 102]. Besides the 3D-structured
carbon framework, 3D Cu foam or mesh might be utilized
as host structures due to their attractive feature (e.g., high
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Figure 6: (a) Scheme of various routes of gas generation in Li-ion batteries, reproduced with permission [88]. Copyright 2021, Elsevier. (b)
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electrical conductivity, superior mechanical properties, and
high surface area) [75, 82, 100, 107, 108].

(2) Motivation of Potassiophilic 3D Host Structures.
Although the strategy based on Sand’s time has shown prog-
ress in LMBs [109], solely depending on the modification of
the host architecture would be an insufficient solution to
dendrite growth on K metal anodes. Indeed, some
researchers have reported that pristine CNT electrodes often
fail to suppress the K dendrites’ growth [72, 110]. Therefore,
on top of the scaffold design with a large surface area,
another strategy is still needed. As a promising approach
to address the K dendrite growth, “potassiophilicity” has
recently drawn great attention. “Potassiophilicity” literally
represents sites on an electrode that preferentially attract K
ions, and the spots with K ions become affinitive sites for
K ions [73]. With morphological and electrochemical advan-
tages, a potassiophilic 3D host could regulate the internal
electric field and homogenize the K depositions at the ion
and electronic levels, eventually limiting K dendrite growth
[95, 111]. The strategy for making a host structure preferen-
tially attract certain ions has worked in LMBs and SMBs too.
For example, Cui et al. designed a hollow carbon sphere with
gold (Au) nanoparticles inside which could serve as a lithio-
philic host. During the deposition process of Li, Li ions pref-
erentially nucleated on the Au nanoparticle seeds inside
hollow carbon spheres, and thus, Li could fill in the hollow
carbon rather than plate on the outer surface of the hollow
carbon [112]. In the line of similar thoughts, researchers
have studied various methods (e.g., elemental doping,
functional-group introduction, loading potassiophilic nano-
particles on an electrode, potassiophilic material coating,
and fine structure tuning) to make a host framework
potassiophilic.

(3) Potassiophilic 3D Hosts via Elemental Doping and Intro-
duction of Functional Groups. Elemental doping and intro-
duction of functional groups on a material have been
widely adopted to modify material properties [113]. For
instance, Zhang et al. utilized a nitrogen-doped graphene
(NG) matrix as a framework for Li metal deposition [114].
The surface of NG is composed of lithiophilic functional
groups, such as pyridinic, pyrrolic, and quaternary nitrogen
groups. These functional groups exhibited higher binding
energy to Li ions compared to bare graphene and Cu. Con-
sequently, Li tends to preferentially deposit on the NG
matrix, resulting in reduced nucleation overpotential [115].
In a similar way, it is found that elemental doping and the
introduction of functional groups on host materials can help
to enhance the electrochemical performance of K metal
anodes [116, 117]. For example, oxygen groups (e.g., car-
boxyl, carbonyl, epoxy, and ketone) on graphene exhibited
higher binding energy to K ions than those of pristine gra-
phene and accordingly contribute to a low K nucleation bar-
rier as well as uniform K deposition (Figure 7(a)) [101, 118].
Besides the oxygen species, researchers reported that the
other heteroatoms can help to modify the binding energy
of K ions to the doped sites (Figure 7(b)) [119]. The authors
showed that B-, N-, and S-doping on certain sites of gra-

phene, such as graphitic boron in the bulk phase (bgB-), gra-
phitic boron on the edge (egB-), pyridinic nitrogen (pN),
and sulfonyl groups (oS), increases the binding energy
(Figure 7(b)). Xiong et al. reported that a K metal electrode
using an N-doped graphene nanomesh (NGM) host can
achieve a low overpotential of 12.4mV for 1700h
(Figure 7(c)) [120]. Also, the NH-functional group can pro-
mote uniform K deposition, working as affinitive sites to K
ions and showing the aligned electric field distribution
(Figure 7(d)). Meanwhile, it is worth mentioning that the
NH-functional groups contribute to an increase in wettability
(wettability is further discussed in Section 3.1.3) (Figure 7(e)).
Indeed, the pristine carbon cloth tends to rarely absorbmolten
K while the carbon cloth with the NH-group can absorb mol-
ten K fast within a few seconds [71].

(4) Potassiophilic 3D Hosts via Particle Loading and Coating.
In addition to elemental doping or introducing functional
groups on a host, potassiophilic nanoparticle loading or
potassiophilic material coating on a host framework has
emerged as an effective strategy to mitigate dendritic growth
[72, 105, 121]. The potassiophilic materials are evenly dis-
tributed on a 3D host, leading to a uniform K nucleation.
Although this approach shares similarities with functional
group doping in terms of suppressing dendrite growth, it
differs in that particles are directly incorporated into the host
material, making the host potassiophilic [110]. For example,
Liu et al. decorated the 3D-Cu current collector with
reduced graphene oxide (rGO) sheets to enhance potassio-
philicity of the current collector [75].

To enhance the potassiophilicity of various hosts, mate-
rials that exhibit lithiophilicity and sodiophilicity have been
explored. For example, transition metals have been fre-
quently selected as doping elements for improving the potas-
siophilicity of carbon frameworks [73, 95, 121, 122]. In
particular, cobalt (Co) nanoparticles are one of the general
dopants for improving the lithio- and sodiophilicity of car-
bon substrates [123, 124]. As Co worked for Li and Na metal
hosts, Co nanoparticles loaded on carbon materials also
showed enhanced potassiophilicity [105, 125]. Zhang et al.
embedded Co nanoparticles into the carbon matrix via calci-
nation after immersing the wood in cobalt chloride solutions
(Figure 8(a)) [126]. After carbonization, the N-doped carbon
matrix with vertically aligned channels was obtained (SA-
Co@HC), which controls the K deposition spatially
(Figures 8(b)–8(d)). When the K is stripped from the com-
posite electrode, the microchannels guide the vertical K ion
transport through them. During the plating of K, the vertical
channels provide numerous K nucleation sites within their
walls. As a result, the channels become filled with K again
(Figure 8(e)). Under the synergetic effects of structure and
potassiophilicity of SA-Co@HC, their symmetric cell
achieved excellent cycling stability over 2500 h even in
carbonate-based electrolytes (Figure 8(f)) [126].

Another facile approach to increase the potassiophilicity
of a host is coating potassiophilic materials on the surface of
the host directly. For example, Sun et al. coated Sn on a car-
bonized framework [127]. Due to the presence of Sn, the
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Figure 7: (a) Schematic of deposition mechanism of Na/K ions on doped carbon substrates. (b) The summary of binding energy between K
and carbon, reproduced with permission [119]. Copyright 2020, Elsevier. (c) Overpotential profiles of K||K, K@NG||K@NG, and
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K4Sn23 alloy formed in the SEI layer, thus facilitating K plat-
ing/deplating and effectively reducing voltage hysteresis.
Motivated by the role of Sn coating, various Sn-based coat-
ing techniques for K metal hosts have been further investi-
gated [128, 129]. Zhao et al. designed a SnO2-coated
porous carbon nanofiber (PCNF@SnO2) which exhibits a
higher binding energy to the K ion compared to that of pris-

tine carbon [130]. With potassiophilic SnO2 surface,
PCNF@SnO2 enables a fast intake of molten K into the scaf-
folds and guides homogeneous K plating, thereby exhibiting
stable cycling for 1700 h at a current density of 1mAcm-2

[130]. Besides the carbon host, researchers wrapped Cu
foam with noble metals. For instance, Cu3Pt-Cu and Pd-
Cu successfully worked for PMBs, showing stable stripping
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and plating over a hundred cycles [100, 131]. In those stud-
ies, the K ion preferentially deposits on noble metal surfaces
and forms an alloy. This alloy formation serves as a buffer,
effectively mitigating the volume expansion that occurs as
a result of subsequent K deposition.

(5) Metal-Organic Frameworks to Fabricate Potassiophilic 3D
Hosts. One of the effective methods to make the carbon sub-
strate potassiophilic would be to use Metal-Organic Frame-
works (MOFs) as the precursors for the introduction of
potassiophilic nanoparticles [105, 122]. MOFs are crystalline
porous materials that consist of metal ions and organic
ligands [132]. MOFs are often adopted for energy-related
applications due to their various advantages (e.g., providing
active sites, tunability, porous structure, large surface area,
and chemical stability). A noteworthy aspect is that metal
composites can be synthesized using MOFs through a simple
heat treatment process [122]. Recently, Li et al. synthesized

porous carbon nanofibers with zinc (Zn) metal particles
and nitrogen groups (MSCNF) using Zn-triazole MOF and
MET-6 to polyacrylonitrile- (PAN-) based nanofibers
(Figure 9(a)) [106]. Due to the presence of Zn and N sites,
the sponge-like MSCNF gets highly potassiophilic, showing
rapid K infusion.

Meanwhile, as stated in Section 2, K metal electrodes can
experience large volume changes, and thus, it may be hard to
confine a large amount of K metal on the host structure. Uti-
lization of MOF, including ZIF, can open a new way to
resolve it. In many cases, MOF often shows an open struc-
ture [133]. Also, for some MOFs, in the calcination process,
gas emission occurs, thus indicating a hierarchically porous
structure (Figure 9(b)). Those open structures or intercon-
nected pores could provide a space for a large capacity of
K deposition. Indeed, Xie et al. deposited K metal up to
10mAh cm-2 without dendrite growth (Figures 9(c)–9(f)).
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Despite the excellent performances of MOF-derived elec-
trodes, there are only a few MOF-based electrode designs
for K metal [101, 106, 122].

(6) A Rise of MXene. MXene, a two-dimensional material
consisting of transition metal carbides or carbonitrides, has
been adopted for the metallic framework owing to its high
electronic conductivity and inherent surface terminations
(e.g., O, F, OH, and Cl) that exhibit strong affinities toward
alkali metal ions [134–136]. However, conventional two-
dimensional MXenes show limited porosity to accommodate
the metal deposition and self-restacking behavior, thereby
leading to low capacity and inferior cycling stability [137].
In this regard, Tang et al. designed defect-rich and N-
containing MXene with CNT scaffolds (DN-MXene/CNT)
[72]. The 3D MXene/CNT freestanding scaffold with abun-
dant interconnected voids could host a large amount of K
deposition. Furthermore, potassiophilic MXenes played the
role of “seed points” to induce preferential K plating, pre-
venting direct deposition of K outside of the scaffold and
exhibiting a dendrite-free behavior [72].

Research on MXene as a scaffold for K metal electrodes
is still in its infancy compared to that on Li and Na [138,
139]. Concerning the advantages of MXenes, including high
electrical conductivity and abundant terminal groups,
MXenes may offer a broader range of possibilities for modi-
fying host materials for the K metal.

(7) Miscellaneous Considerations in Hosts for Potassium
Metal. Host structure with an extremely large surface area
often deteriorates electrode stability. That is, high porosity
can weaken the bulk mechanical properties, potentially caus-
ing the structural collapse of an electrode and losing the ben-
efit of the reduced local current density by a large surface
area [129]. In the worst case, broken fragments from the
bulk electrodes may obstruct pores, leading to poor ion dif-
fusion. Additionally, an internal short circuit could occur
due to the broken fragment, which could pierce the separa-
tor. Moreover, extremely large surface areas necessitate a
greater amount of electrolyte decomposition to cover the
electrode surface [93]. Indeed, failure of metal batteries often
occurred via electrolyte depletion [140]. Therefore, it is
important to design an electrode with potassiophilicity
rather than simply design with a large surface area.

Typically, alkali metal electrodes are fabricated via melt
infusion or electrodeposition methods [67, 129]. As men-
tioned earlier, in order to enhance the wettability between
molten metals and host materials, or to improve the deposi-
tion behavior of metals, the host material often require special
treatments. These treatments can include the introduction of
functional groups, surface coating, or introducing particles on
the surface of the host material [71, 106]. However, these pre-
treatments might increase the production time and price of
batteries. In this sense, a simple and cheap fabrication process
should be essential.

To sum up, 3D potassiophilic hosts could suppress the
rampant dendrite growth, improve the K+ permeability into

substrates, and lower interfacial resistance via providing
potassiophilic nucleation sites. Three key points have been
highlighted in common. First, the mechanical toughness of
the host skeleton needs to be high enough to tolerate a large
volume change during K deposition. Secondly, it is impor-
tant to endow the structure with potassiophilicity via synthe-
sizing the nucleation points. Lastly, the porous and
interconnected structure should offer enough space to store
a sufficient amount of K metal which is key to increase the
volumetric capacity. Table 3 describes various potassiophilic
hosts and their electrochemical performances. Despite
enhanced performance compared to bare K metal electrodes,
further research is needed to improve the rate and cycling
performance. Therefore, to enhance the overall electrochem-
ical performance of the K metal anode to the level of com-
mercialization, comprehensive strategies such as optimizing
electrolytes and designing a stable SEI layer should be
urgently required (electrolyte and interfacial engineering will
be discussed later).

3.1.2. K-Graphitic Intercalation Compounds. K ions are able
to intercalate into graphite layers, forming K-graphite inter-
calation compounds (K-GICs, KCx) without destroying the
layered structure of graphite [18]. Among various K-GIC
formations (e.g., KC24, KC16, KC8, and KC6), the KC8 state
is the most thermodynamically stable [141]. The K-GICs
can store and release K ions through an insertion/deinser-
tion process, which provides the feasibility of K-GICs as a
K metal electrode (Figure 10(a)). Furthermore, K ions
exhibit a higher binding energy towards K-GICs compared
to the K metal. This indicates that K ions would deposit on
the K-GIC surface rather than on the K metal, leading to a
uniform deposition without dendrite growth [142]. Due to
the ability to store K ions and the potassiophilicity of K-
GICs, K-GICs have been employed as a host for a uniform
and dendrite-free K metal anode. Xiao et al. employed an
aligned carbon fiber (ACF) film as a framework for K depo-
sition [143]. During the initial stage of the deposition pro-
cess, K ions continue to intercalate into ACF films,
resulting in the formation of KCx (x ≥ 8) (Figure 10(b)).
After the initial intercalation process, metallic K is uniformly
plated outside of a potassiated ACF film due to its improved
potassiophilicity via the formation of K-GIC. As a result, the
K-GIC exhibited superior cycling stability with dendrite-free
behavior [142, 143].

K-GICs can also be utilized as metal-free electrodes,
thereby mitigating safety concerns associated with the high
reactivity of the K metal [144]. This offers a potential solu-
tion to prevent safety issues like fire hazards in K metal bat-
teries. Zhang et al. compared the reactivity between water
and K metal and K-GIC by dropping them into water
[144]. When a piece of K metal was dropped into water, it
resulted in sparks and an explosion. In contrast, when the
K-GIC was introduced to water, it transformed into black
powder and dispersed without combustion (Figures 10(c)
and 10(d)).

Alkali metals react strongly with humid air; therefore, a
highly regulated environment is required for metal extrusion
and assembly of cells with alkali metal electrodes [145]. This
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process requirement would lead to additional costs such as
the need for a costly dry room [146]. To improve the air sta-
bility of the Li metal, Shen et al. covered the Li surface with a
protective layer consisting of graphite fluoride and lithium
fluoride, exhibiting hydrophobicity [145]. Due to the hydro-
phobic layer, a long-term stability of the Li metal in ambient

air was obtained. Meanwhile, a recent study on Na metal has
successfully improved the air stability of the Na metal by
artificially preforming a Na2CO3 layer on the surface of the
Na metal [147]. As the Na ions show a higher diffusion bar-
rier in Na2CO3, the further growth of the Na-oxide and car-
bonate layer has been effectively limited. Although there are

Table 3: Various hosts for K metal and corresponding cycling performance of symmetric cells.

Strategy Host Electrolyte
Current density

(mA cm-2)
Stripping capacity

(mAh cm-2)
Overpotentiala

(mV) (h)
Ref.

Single carbon host

ACM 0.8M KPF6 EC/DEC 1 1 60 (233) [102]

CNF2800 1M KFSI EC/DEC 0.5 0.5 200 (2000) [99]

rGO 0.8M KPF6 EC/DEC 2 1 40 (270) [67]

BVC 3M KFSI DME 0.1 0.2 50 (1800) [111]

Functional group

TCC 1M KFSI DME 5 5 60 (1400) [118]

CBC 1M KFSI DME 0.5 0.5 90 (1400) [101]

CC 0.8M KFSI EC/DEC 1 1 120 (360) [71]

NGM
Mole ratio KFSI/

DME = 0 5 1 1 52.3 (220) [120]

FCC 0.8M KPF6 EC/DEC 0.5 0.5 250 (300) [297]

OPCMs 3M KFSI DME 1 1 40 (800) [291]

Particle loading

PM/NiO 0.8M KPF6 EC/DEC 0.4 0.2 140 (200) [73]

SnS2@CP 3M KFSI DME 0.25 0.25 42.4 (800) [129]

CoZn@HCT 1M KFSI DME 0.5 0.5 40 (1100) [125]

Ag-CC 0.8M KPF6 EC/DEC 0.5 0.5 180 (1400) [121]

Bi@CNT 1M KFSI DME 0.5 0.5 50 (500) [110]

SA-Co@HC 3M KFSI EC/DEC 0.5 0.5 130 (2500) [126]

Bi80/N-rGO 3M KFSI DME 0.2 0.1 50 (3000) [293]

rGO@3D-Cu 0.8M KPF6 EC/DEC 0.5 0.5 250 (200) [75]

Au/Cu foam 3M KFSI DME 1 1 500 (350) [108]

NiCo@NOGC 1M KFSI EC/DEC 0.2 0.2 70 (700) [294]

rGCA 0.8M KPF6 EC/DEC 0.2 0.2 280 (3200) [295]

Surface coating

Sn@HNCP/G
Mole ratio KFSI/

DME = 0 5 1 1 31 (100) [127]

PCNF@SnO2 1M KFSI DME 1 1 115 (1700) [130]

CC@SnO2 1M KFSI EC/DEC 0.5 1 100 (635) [128]

Cu3Pt-Cu
mesh

1M KFSI DME 0.5 1 500 (320) [131]

Pd/Cu foam 3M KFSI DME 1 1 500 (130) [100]

Cu@SKS 4M KFSI DME 1 1 60 (900) [82]

Metal-organic framework

Co-CNF 1M KFSI DME 0.5 0.5 150 (1300) [105]

CC@CuO 1M KFSI EC/DEC 0.5 0.5 200 (1200) [122]

MSCNF 1M KFSI EC/DEC 1 1 100 (233) [106]

MXene

DN-MXene/
CNT

0.8M KPF6 EC/DEC 0.5 0.5 170 (300) [72]

MXene-MF 0.8M KFSI EC/DEC 5 5 30 (800) [139]

a-Ti3C2 0.8M KFSI EC/DEC 5 5 18 (800) [292]

Graphite intercalation
compounds

GIC 0.8M KPF6 EC/DEC 0.4 0.4 450 (700) [144]

ACF film 0.8M KPF6 EC/DEC 0.1 0.1 105.3 (610) [143]

KRG250 5m KFSI EC/DEC 1 1 600 (2000) [142]
aWhen the exact overpotential is not provided, the overpotential (positive overpotential) was evaluated from the voltage profiles.
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few reports regarding the air stability of K metal, the K-GIC
can also be an effective way to ensure the air stability of K
metal electrodes. Zhang’s group compared the environmen-
tal stability of K metal and K-GIC electrodes in the air envi-
ronment [144]. During air exposure, the bare K metal loses
its shine because air continuously reacts with the fresh K
metal, forming K2O on its surface, and finally becomes a liq-
uid state owing to the spontaneous reaction with moisture
(Figure 10(e)). On the other hand, though the color and mor-
phology of K-GIC have changed, K-GIC could retain its solid
state, suggesting the excellent air stability of K-GIC. Both
air-exposed bare K and K-GIC electrodes were cycled,
and the K-GIC electrode operated over 700 h while bare
K displayed a much shorter lifetime, demonstrating the
safety and environmental stability of K-GIC (Figure 10(f)).

In summary, K-GICs demonstrate remarkable environ-
mental stability and safety, even when in contact with water.
This could be attributed to the fact that K atoms are embed-
ded within graphite layers. As a result, K-GICs provide a
protective environment that mitigates the high reactivity of
K metal and enhances the overall safety of PMBs. Also, K-
GIC could provide convenience to manufacturers in han-
dling K metal anodes.

3.1.3. K-Na Alloy. The solid-liquid interface of K metal elec-
trodes would experience microcracking due to the repeated
volume changes during plating/stripping processes. These
microcracks contribute to the inhomogeneous K ion flux,
thereby promoting dendrite growth. This challenge could
be resolved by replacing the solid-liquid electrolyte interface
with a liquid-liquid electrolyte interface. Indeed, theoreti-
cally, solid metallic dendrite cannot grow on the liquid-
state electrode [148]. In addition, the formation of dendrites
would be effectively suppressed due to the inherent liquidity
of the electrode [149]. In this context, liquid-state electrodes,
such as alloy-based electrodes, have garnered significant
attention in recent years [150]. In particular, the K-Na alloy

has been proposed as a viable alternative to bare K metal, as
they spontaneously form an alloy around ambient tempera-
ture [151, 152]. It is noted that the K-Na alloy exhibits a
unique combination of both metal and liquid properties.
The K-Na alloy possesses a viscosity similar to that of liquid
while maintaining the excellent electronic conductivity of
the metal. Additionally, the K-Na alloy also could deliver a
high specific capacity of 579mAh g-1 for PMBs while
remaining in the liquid state [153].

A notable characteristic of the K-Na alloy is its high sur-
face tension, resulting in inferior wetting behavior on most
substrates [154]. This property not only poses challenges
for effective contact and interaction with electrode materials
but also complicates the fabrication of the K-Na alloy into
disk-shaped or sheet-shaped electrodes. In this aspect, Xue
et al. tried to absorb the K-Na alloy into carbon paper for
electrode fabrication and then successfully absorbed the K-
Na alloy into carbon paper at 420°C (Figure 11(a)) [153].
Furthermore, Xue and coworkers reported a strategy to con-
fine the liquid K-Na alloy within a porous substrate (e.g.,
carbon paper, Cu, Al, and Ni foam) through the use of vac-
uum infiltration at room temperature [148]. The successful
infiltration of the K-Na alloy into various substrates indi-
cates that the physical interaction between the substrate
and the alloy can be improved under external conditions
such as high temperature and high pressure. As a result,
these conditions facilitate enhanced wetting and adhesion
between the substrate and K-Na alloy, enabling effective
integration and stabilization of the K-Na alloy electrode.
The microstructure of substrates can also affect the interac-
tion between the K-Na alloy and substrates. For instance,
surface morphologies, roughness, and other structural char-
acteristics of the substrate significantly impact the wetting
behavior of the K-Na alloy [155]. Qin et al. enhanced the
wettability of the K-Na alloy towards the carbon membrane
by aligning the CNT membrane (CM) [156]. The presence
of small gaps between CNTs under 200 nm results in a
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strong capillary force which could drive absorption of the
K-Na alloy into CM even at room temperature without
any external conditions [155, 156].

When a potassiophilic free-standing electrode is
immersed in molten K, it exhibits spontaneous infiltration
of the molten K. This is due to its potassiophilicity of the
electrode, enabling it to attract and absorb the molten K into
its structure [71, 101]. Similarly, the chemical affinity
between substrates and the K-Na alloy also can improve
the poor wettability of the K-Na alloy. For instance, Zhang
et al. reported that when the carbon fiber matrix was
immersed in the K-Na alloy, K diffused into the carbon
matrix, forming a GIC of KC8 state (Figure 11(b)) [149].

As discussed in the K-GIC section, KC8 formation exhibits
potassiophilicity and can show enhanced wettability to the
K-Na alloy [142]. As a result, GIC allows for the homoge-
neous integration of the K-Na alloy, facilitating the forma-
tion of a uniform electrode. Meanwhile, Cui et al. proposed
uniformly distributed cobalt-single-atom carbon nanoarrays
(Co-SACN) to confine the K-Na alloy within the substrate
[152]. As K ions exhibit a strong affinity to Co nanoparticles,
the presence of Co particles on the carbon substrate
improved the wettability of the K-Na alloy [125, 126].
Benefiting from the excellent wetting behavior, Co-SACN@-
NaK contributed to stable cycling at a high current of
10mAcm-2 for 4000 h.
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Figure 11: (a) Digital images of the absorbing process of K-Na alloy into a carbon paper at 420°C, reproduced with permission [153].
Copyright 2016, Wiley. (b) Schematic illustration of NaK-G-C electrode fabrication and preparation, reproduced with permission [149].
Copyright 2019, Royal Society of Chemistry. (c) Schematic illustration of the spontaneous fabrication process of KOL@Na-K alloy,
reproduced with permission [37]. Copyright 2018, Wiley. (d) Photograph of KNA-3.5 on a copper foil. (e) Voltage profiles of KNA-
3.5||KNA-3.5 cell in KFSI-NaPF6/DME at a current density of 4mA cm-2, reproduced with permission [154]. Copyright 2021, Wiley.
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Typically, the K-Na alloy has been absorbed or confined
within a framework to be employed as an electrode [157].
However, it is important to note that if excessive pressure
is applied to a K-Na alloy electrode beyond its tolerable
limit, there is a risk of the K-Na alloy being forced out of
the frameworks [152]. This can lead to unstable electro-
chemical properties and potentially give rise to safety con-
cerns. Therefore, reducing the inherent high surface
tension and fluidity of the K-Na alloy by modifying the
alloy’s properties is crucial in order to achieve stable liquid
electrodes. Zhang et al. reported that the introduction of a
K2O layer (KOL) covering the K-Na alloy can enhance the
intrinsic wettability of the K-Na alloy (Figure 11(c)) [37].
This KOL was spontaneously formed due to the oxidation
of K by a trace of O2 in the glove box. The KOL acts as a
modifier, enhancing the interaction and wetting behavior
between the alloy and electrode materials. Motivated by this
work, Zhang et al. fabricated the K-Na alloy and Super P
composite (KNA@C) [151]. Super P, which contains a sig-
nificant amount of inherent moisture, can react with the
K-Na alloy, resulting in the formation of hydroxides (KOH
and NaOH) during the stirring process. The hydroxide com-
pounds also improved the poor wettability of the K-Na alloy,
thus enabling a host-free K-Na alloy electrode. These
approaches indicate that modifying the chemical composi-
tion of the alloy can address the challenges associated with
the high surface tension and fluidity of the K-Na alloy.
While trace water and oxygen contribute to increase in wet-
tability of the liquid K-Na alloy by forming hydroxides and
oxides, it is important to note that they can also ruin
the balance between electrolytes and electrodes [158].
Excessive moisture or oxygen can lead to undesired side
reactions or degradation of the electrolyte and electrode,
which can negatively impact the overall performance of
batteries. In view of practical usage, it remains essential
to find ways to reduce the flowable nature and high surface
tension of the K-Na alloy without relying on composite elec-
trodes with hosts or powders. Recently, the non-Newtonian
state of the K-Na alloy, defined simply as a highly viscous liq-
uid, was reported by Tai et al. [154]. The authors introduced
only 3.5wt% Na into K (KNA-3.5), which exhibits a quasili-
quid state compared to the liquid state of the K-Na alloy
(Na/K = 33 7/66 3w/w) (Figure 11(d)). The quasiliquid state

of the K-Na alloy enables its fabrication into a metallic elec-
trode by markedly reducing its fluidity. Notably, the KNA-
3.5 anode demonstrated its excellent cyclability up to
2000 h at a high current density of 4mAcm-2 (Figure 11(e)).

Various K-Na alloy electrodes and their cycling perfor-
mances are described in Table 4 for comparison. Overall,
K-Na alloy electrodes exhibit an excellent rate capability
and cycling stability compared to pristine K metal elec-
trodes. However, it is worthwhile to limit the specific capac-
ity of the K-Na alloy electrode to prevent its solidification.
The K-Na alloy can maintain its liquid state only within a
specific range of composition [152, 157]. Therefore, control-
ling the specific capacity is essential to ensure its desired
properties as a liquid electrode. Moreover, the safety issue
should be considered more due to their inherent high reac-
tivity compared to solid K metals.

3.1.4. Modification of Current Collectors

(1) Modified-Cu Current Collectors. Current collectors pro-
vide a pathway for the electrical current generated at elec-
trodes and establish a connection with external circuits
[159]. Planar copper (Cu) foil has been regarded as the most
suitable current collector for the anode due to its excellent
electronic conductivity. Thereby, Cu foil has also been
employed as an anode current collector in PMBs. However,
the Cu foil shows an inherent low affinity to the K metal,
thereby inducing a large overpotential for electrochemical
deposition of K on the Cu foil [75]. Furthermore, weak inter-
action between Cu and the electrolyte could also lead to a
nonuniform K+ ion flux and further promote the formation
of K metal islands on the substrate which could be the origin
of dendritic growth [15].

Researchers have employed Cu foam or mesh for metal
current collectors which possesses 3D structures [100, 160].
Such existing studies primarily focused on enlarging the sur-
face area of the current collector. By increasing the surface
area, the local current density is effectively reduced, delaying
the emergence of the dendrite based on Sand’s time [73].
However, structural modification alone still poses the chal-
lenge of inherently low interaction between the K metal
and Cu. In this context, various approaches established for

Table 4: Various electrodes for K-Na alloy and corresponding cycling performance of symmetric cells.

Electrode
Mass ratio of
Na : K (wt%)

Electrolyte
Current density

(mA cm-2)
Stripping capacity

(mAh cm-2)
Overpotentiala

(mV) (h)
Ref.

KNC 33.7 : 66.3 1M NaClO4 EC/DEC 0.4 0.8 200 (2800) [153]

CM@NaK 33.3 : 66.7 0.5M KPF6 DEGDME 1 1 100 (1600) [156]

NaK-G-C 33.3 : 66.7 2M KFSI EC/DEC 80 16 400 (1200) [149]

KNA@C 22 : 78 0.8M KPF6 EC/DEC 8 4 160 (360) [151]

CC@NaK 50 : 50 1M NaClO4PC + FEC 5 vol% 2 2 280 (1800) [155]

KNA-3.5 3.5 : 96.5 0.4M KFSI-NaPF6 DME 4 2 60 (2000) [154]

Na-K@rGO 44 : 56 0.8M KPF6 EC/DEC 1 0.25 90 (600) [157]

Co-SACN@NaK 25 : 75 0.8M KPF6 EC/DEC 10 10 230 (4000) [152]

CNT-2@NaK 22 : 78 0.8M KPF6 EC/DEC 8 4 300 (500) [158]
aWhen the exact overpotential is not provided, the overpotential (positive overpotential) was evaluated from the voltage profiles.
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K metal hosts have been expanded for current collectors,
including the use of potassiophilic elements to cover the sur-
face of the Cu current collector. For example, researchers
have loaded rGO, Cu3Pt alloy, Pd, Sn-K alloy, and gold
(Au) elements on 3D-Cu current collectors, which display
higher binding energy to the K ion compared to bare Cu
[75, 82, 100, 108, 131]. All these distributed species on 3D-
Cu improve the potassiophilicity and thus induce a uniform
K deposition.

(2) Modified-Al Current Collectors. Aluminum (Al) foil, a
traditional substrate for the cathode of Li-ion batteries, has
been proposed as a current collector for K metal anodes
because of the thermodynamic stability between Al and K
[161]. Indeed, Al has slightly lower electrical conductivity
compared to Cu. However, the density of Al (2.7 g cm-3) is
approximately three times lower than that of Cu
(8.94 g cm-3). This lower density allows for the reduction of
weight in a battery when employing Al current collectors.
Furthermore, the price of Al ($1.5 lb-1) is cheaper than Cu
($4 lb-1), as reported in the Mineral Commodity Summaries
2023 by the US Geological Survey [162]. This suggests that
utilizing the Al foil as an anode current collector can contrib-
ute to cost-efficient electrochemical energy storage systems.

Despite the advantages, the commercial Al foil has limi-
tations in terms of its nucleation resistance and low affinity
to the K metal. The adsorption energy of the K atom on Al
foil is relatively low, with a value of -0.51 eV, compared to
Na atoms, which exhibit a much higher energy of -2.24 eV
[72, 163]. This low adsorption energy of K on Al can result
in reduced interaction between K and Al surfaces, leading
to uneven K deposition, poor performance, and rampant
dendrite growth. In this sense, Yi et al. reported that an Al
current collector with potassiophilic moieties can induce
uniform K ion flux and consequently mitigate dendrite
growth [95]. The authors fabricated N-doped carbon@-
graphdiyne with Cu Quantum Dot- (NC@GDY-) coated
Al foil to improve the potassiophilicity of the Al current col-
lector. K ions tend to nucleate uniformly on the NC@GDY-
Al current collector due to its improved potassiophilicity.
Furthermore, the NC@GDY-Al current collector can
achieve a more uniform current distribution due to its regu-
lar hexagon morphologies (Figure 12(a)). Due to the syner-
getic effects of the chemical and morphological features of
NC@GDY, the K@NC@GDY electrode delivered a low-
voltage hysteresis of about 20mV during the K plating/strip-
ping process at 2mAcm-2 for 2400 h. In addition to the
interaction between the K metal and Al foil, the interaction
between the electrolyte and the current collector should be
carefully considered. The nonwetted areas of the planar Al
foil exhibit inactivity towards K deposition, which presum-
ably leads to the formation of irregular SEI layers and island
growth of K [164]. Therefore, surface modification of the Al
current collector should be explored to control the electro-
lyte wetting behavior. To address the poor wettability of Al
current collectors to electrolytes, Liu et al. introduced the
aluminum-powder-sintered aluminum foil (Al@Al) [15].
The authors argued that greatly increased surface roughness

can improve the wettability of electrolytes [165]. This result
indicates that the wetting behavior of electrolytes to the cur-
rent collector should also be considered for uniform K depo-
sition (Figure 12(b)).

Meanwhile, researchers have regarded the early-stage
electrochemical deposition of the K metal on a current col-
lector as a thin film growth mode established in the classic
theory of vacuum deposition [38, 75]. Types of growth mode
are divided into the film growth mode, island growth mode,
and film-island combination growth mode (Figure 12(c)). It
is accepted that the film growth is determined by the surface
energy difference between the substrate and the film [77].
For instance, when the surface energy of the substrate is par-
ticularly higher compared to that of the film, the film growth
expands across the substrate. On the other hand, if the sur-
face energy of the film exceeds that of the substrate, the film
is likely to grow in the form of isolated islands. Motivated by
this, Zhao et al. covered an Al foil with a thin graphene layer
(Al@G) to increase the surface energy of the substrate [76].
The increase in surface energy is likely attributed to the
numerous defects present in the graphene layer, which could
result in higher binding energy to alkali ions [166, 167].
Because of the higher surface energy of Al@G in comparison
to carbon-coated Al foil and bare Al foil, Al@G exhibits the
smallest wetting angle to molten K (Figure 12(d)). Conse-
quently, this property facilitates film growth on the sub-
strate, thereby leading to stable cycling over 1000 h
(Figure 12(e)).

As discussed, microengineering on both current collec-
tors of Cu and Al could contribute to improved electro-
chemical performance. It is noteworthy that utilizing the
current collector by itself as a framework for the K metal
would be one of the effective strategies to elevate the total
energy density of batteries while reducing their volume,
thickness, and weight. Furthermore, in view of production,
preparing active materials, slurry making and coating, and
the drying process can be excluded from the production pro-
cess. Therefore, the production process would lead to cur-
tailed cost and production time [168]. Overall, modified
current collectors exhibit superior performance compared
to conventional current collectors such as Cu and Al foils
(Table 5).

(3) Exploring Anode-Free Batteries. Anode-free batteries are
a type of rechargeable metal battery, composed of a cathode,
electrolyte, separator, and anode current collector [169].
They operate without an anode, its initial state. In the
anode-free system, the cathode or electrolyte holds charge
carriers (i.e., Li, Na, and K ions), and ions from the cathode
accumulate on a bare current collector to form a metal elec-
trode during the first charge cycle. As for discharging, ions
are dissolved from the newly formed metal electrode and
inserted back into the cathode. By eliminating the preexist-
ing anode material, these batteries can effectively achieve
much higher energy densities compared to a conventional
battery’s designs [169].

The anode-free systems have already been employed in
Li and Na metal batteries. For instance, Chen et al. employed
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an Au-decorated Cu foil as a current collector for anode-free
batteries with Li2S as the cathode and hence achieved a high
energy density of 626Whkg-1 [170]. Meanwhile, Zhou et al.
designed an anode-free SMB comprising a graphitic carbon-
coated Al foil and a layered oxide-based Na[Cu1/9Ni2/9Fe1/
3Mn1/3]O2 with a dual-salt electrolyte of NaPF6 and NaBF4,
obtaining a high energy density over 200Whkg-1 [171]. In

spite of these achievements of the anode-free system in Li
and Na, there are only a few reports about anode-free PMBs
[76, 172, 173].

Several challenges impede the practical applications of
anode-free PMBs. First, the planar Cu and Al are unable to
accommodate the volume changes during the plating/strip-
ping process due to the lack of any “cage” for metal
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Figure 12: (a) Schematic illustration of K deposition behavior on Al foil and NC@GDY-Al foil, reproduced with permission [95]. Copyright
2022, Wiley. (b) Schematic diagram of enhanced wettability of electrolyte to Al@Al current collector, resulting in uniform K+

flux, uniform
SEI, and homogeneous K plating/stripping, reproduced with permission [15]. Copyright 2020, Wiley. (c) Scheme of film growth modes
which rely on the surface energy differences between substrate and film. (d) Digital photos of wettability test of molten K metal to Al@G,
Al@C, and Al current collectors. (e) Voltage profiles of K deposition/dissolution process with different current collectors, reproduced
with permission [76]. Copyright 2022, Wiley.
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deposition. In addition, the unstable SEI not only leads to
low Coulombic efficiency during charge/discharge process
but also promotes dendrite growth. Hence, comprehensive
strategies should be devoted to realizing stable anode-free
PMBs. Recently, Li et al. reported an anode-free PMB in a
diluted high-concentration electrolyte (DHCE) with a meso-
porous fibrous host (MCNF) [173]. DHCE contributed to
the construction of an anion-derived SEI layer, which was
more robust compared to that of 1M KFSI/DME (further
discussed in (3) Highly Concentrated Electrolytes). Moreover,
MCNF could suppress the volume fluctuations with enough
inner room for K storage, providing sufficient capacity of K.
As a result, an anode-free MCNF full cell with
K1.18Fe[Fe(CN)6]0.82·0.47H2O delivered a high energy den-
sity of 362Whkg-1 [173].

Overall, though anode-free PMBs show deficient electro-
chemical performances, they are still attractive due to their
high energy and power density, low cost, and simplified
manufacturing process. Therefore, many strategies such as
electrolyte optimization to generate robust SEI layers, mod-
ifications on current collector, and engineering on the host
for K deposition should be integrated to design anode-free
PMBs.

3.1.5. Interface Engineering. The SEI layer acts as a protective
coating on the metal surface. It is crucial for the SEI layer to
possess excellent mechanical toughness to withstand the
repeated volume fluctuations of metal that occur during
the plating/stripping process. In the case of the K metal,
which experiences significant volume expansion/shrinkage
compared to Li and Na metals, the SEI layer should have
superior mechanical properties to endure strain by repeated
volume changes [12]. However, SEI layers on the K metal
presumably possess insufficient mechanical properties to tol-
erate the volume expansion [66]. The mechanically poor SEI
layer would be broken due to repeated volume changes;
therefore, the fresh K metal beneath the SEI layer results in
preferential deposition and promotes dendrite growth [60].
The continuous breakage of the SEI layer and formation of
dendrites lead to low Coulombic efficiency and an increase
in interfacial resistance [130]. To overcome these challenges,
interface engineering such as constructing artificial SEI
(ASEI) layers on metal electrodes has been proposed. The
important features of the ASEI layer are excellent mechani-
cal integrity, high K ionic conductivity, low electronic con-
ductivity, and superior chemical passivation to prevent side
reactions between the K metal and electrolytes [174]. Typi-
cally, ASEI can be formed by covering the K metal with sheet

material [175], dropping compounds that can react with the
K metal spontaneously [94], or dipping the K metal into a
liquid solution [31]. Recently reported ASEI will be
described with categorization via fabrication methods.

(1) Covering Potassium Metal with Carbonaceous Materials.
One approach is to cover the metal electrode with a carbona-
ceous material, such as carbon paper (CP) and CNT [176,
177]. Li et al. introduced CP on the K metal as a protective
layer [176]. The CP significantly reduced the local current
density due to its large surface area. The carbonaceous mate-
rial can also act as a barrier to inhibit direct contact between
the metal electrode and electrolyte. Wang et al. covered the
K metal with CNT film (K/CNT) [177]. The spontaneous
potassiation of the CNT film occurred when the K/CNT
electrode was immersed in the electrolyte, thereby leading
to an increase in the potassiophilicity of CNT. Due to the
improved potassiophilicity of CNT, the SEI layer was formed
on the potassiated CNT film rather than on the K metal sur-
face. As a result, the artificial SEI (ASEI) layer not only acts
as the interface protecting the K metal from electrolyte cor-
rosion but also plays the role of the K metal host which
could induce uniform K deposition. Additionally, due to
the excellent mechanical properties of the CNT, the ASEI
layer tightly adhered to the K metal and could accommodate
the volume changes without the breakage of the SEI layer.
Hu et al. used the freestanding 3D sulfur-doped porous gra-
phene (S-doped graphene) as a protective layer in K-O2 bat-
tery systems to prevent parasitic reactions of the K metal
induced by superoxide anions (O2

-) and dissolved O2
(Figures 13(a)–13(c)) [178]. With the reactive behavior of
S-dopants on graphene to O2

-/O2 species, S-doped graphene
drove preferential accumulation of KO2 byproducts on its
outer surface, acting as a sacrificial layer [179].

(2) Spreading Precursors to Generate ASEI. Another strategy
to construct an ASEI layer on the metal electrode is by
spreading precursors of a protective layer on fresh K metal
[93, 94, 180]. The ASEI layer is formed as the result of the
spontaneous reactions between precursors and the K metal
[181]. For instance, it is well-known that mercury (Hg) is
able to form alloys with large amounts of metals, resulting
in amalgams. Indeed, Yang et al. coated the K metal with
Hg to stabilize the K metal surface by forming K-Hg alloys
(e.g., K7Hg31 and K2Hg7) [93]. The K-Hg alloy layer proba-
bly possesses low activation energy for surface diffusion,
which facilitates rapid transportation of K ions at the inter-
face [182]. As a result, the protective amalgam layers

Table 5: Various current collectors for K metal electrode and corresponding cycling performance.

Current collector Counter electrode Electrolyte Current density (mA cm-2) Areal capacity (mAh cm-2) CEa (cycles) Ref.

Cu K 0.8M KPF6 EC/DEC 0.5 0.5 30% (13) [75]

Al K 4M KFSI DME 0.5 0.5 50.7% (20) [76]

Al@Al K 4M KFSI DME 0.5 0.5 98.9% (1000) [15]

NC@GDY-Al K 4M KFSI DME 0.2 0.2 99.93% (800) [95]

Al@G K 4M KFSI DME 0.5 0.5 99% (500) [76]
aWhen the exact CE is not provided, the CE was estimated from the figures.
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prevented metal electrodes from further decomposition of
electrolytes and provided better kinetics and cycling stability.
Meanwhile, Shi et al. fabricated red phosphorous- (P-)
derived protective layers on the K metal by rolling red P
powders on the K metal surface, and thus, KxPy layers were
formed on the metal surface (KxPy@K) through the sponta-
neous reaction between the K metal and red P (Figure 13(d))

[180]. The KxPy layer exhibits a densely packed crystal
structure, which is likely to enhance Young’s modulus of
the artificial protective layer. Moreover, the KxPy layer dem-
onstrates high ionic conductivity presumably ascribed to its
similarity to the crystal structure of Na3P, thus offering var-
ious 3D diffusion ion pathways [180]. The KxPy@K dis-
played prolonged cycling stability and reduced polarization
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Figure 13: Digital pictures of (a) K anode covered by a S-doped graphene sheet, a pristine K anode, the 50th cycled K anode, and (b) the
protected K anode by S-doped graphene after 140 cycles. (c) Raman spectra of cycled K anode, protected K anode by S-doped graphene,
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during the K plating/stripping process over 550 h compared
to bare K (Figure 13(e)). Besides, KxPy@K presented obvi-
ously smooth and dendrite-free surface morphology,
whereas bare K exhibited microcracks on its surface with a
porous structure (Figures 13(f) and 13(g)).

The ASEI layer on the K metal can be formed by the liq-
uid solution method. Typically, in this strategy, ASEI has
been introduced by dropping the liquid organic solution
on the K metal or immersing the K metal in the solution
[31, 42, 183]. ASEI can be also constructed through the
spontaneous reaction between the K metal and the compo-
nents presented in a solution. For example, Park et al. treated
the K metal with a liquid solution of potassium polysulfide
(PPS) in diethylene glycol dimethyl ether (DEGDME) [183].
The spontaneous reaction between the K metal and the PPS
solution results in the formation of K2S on the K metal. The
authors revealed that K2S exhibits a lower K ion diffusion
energy barrier compared to KF compounds known to improve
the stability of the SEI layer. As a result, the symmetric cell with
PPS-treated K metal was cycled over 400h at 4mAcm-2, while
the bare K metal electrode showed a dramatic increase of
polarization up to 1V around 75h [183].

To date, various types of artificial layers for the K metal
have been reported. Table 6 provides the details of interface-
engineered K metal and the corresponding electrochemical
performance for comparison. Overall, several key properties
of the ASEI layer for the K metal are identified as superior
mechanical properties, uniform, fast K ion transport, and
the passivation to K-electrolyte side reactions. For the actual
application of K metal electrodes, the areal capacity should
be above 3mAh cm-2, which most interface-engineered K
electrodes fall behind [177].

(3) Self-Healing Property of Potassium Metal. It is well
known that dendrite growth is more promoted at a high cur-
rent density based on the space charge model [72]. In 2018,
however, Li et al. reported the opposite [184]. When a high
current density over 9mAcm-2 is applied on the Li metal
surface, the Joule heating effect occurs, and then, Li surface

migration is promoted. This surface diffusion can heal the
dendrites and flatten the Li metal surface [185]. Tough den-
drites still grow; they are fused and merged by Joule heating
and then eventually combined as a dendritic layer. This
observation suggests that the dendritic problems at the inter-
face could be prevented by the controlled charge/discharge
rates without any pretreatment of the metal electrode. Later,
Hundekar and coworkers showed that the K metal has a
superior self-healing capability compared to the Li metal,
even at a lower current density of 2mAcm-2 [78]. The
authors found that the K metal possesses a higher rate con-
stant and lower activation barrier for surface diffusion com-
pared to the Li metal, which facilitates self-diffusion of the K
metal when the same current density is applied (~0.1 eV of K
metal and ~0.15 eV of Li metal) (Figures 14(a) and 14(b)).
Also, surface morphologies of the K metal electrode cycled
at a low current density of 0.01mAcm-2 exhibited isolated
hemispherical deposits, while a smooth and compact surface
at a high current density of 2mAcm-2 due to the excellent
self-diffusion of the K metal (Figures 14(c) and 14(d)). The
self-healing performances of dendrites in Li and Kmetal elec-
trodes were further confirmed by Li et al. [80]. Figures 14(e)
and 14(f) display the overpotential profiles of Li and K sym-
metric cells. The overpotential of Li cells is almost the same,
indicating that the current density of 2mAcm-2 is insuffi-
cient to drive the self-healing of the dendrite. On the other
hand, K cells displayed an obvious decrease in overpotential
right after high current density promotion, which is the result
of the intrinsic self-healing of K dendrites.

It is worth mentioning that the self-healing of dendrites
takes place at a relatively high current density. Although
self-healing occurs at a lower temperature than the melting
point of the K metal, the local temperature would exceed
the melting point of the K metal, resulting in disastrous fail-
ure by thermal runaway. In addition, high current density
usually delivers decreased capacity in full-cell configuration.
Therefore, an effective battery management system to con-
trol internal temperature should be developed for the practi-
cal application of self-healing of K dendrites.

Table 6: Various types of interface engineering of K metal electrode and corresponding cycling overpotential.

Interface (K)
Counter
electrode

Electrolyte
Current density

(mA cm-2)
Stripping capacity

(mAh cm-2)
Overpotentiala

(mV) (cycles)
Ref.

K/CP K/CP 1M KPF6 EC/DMC 5 1 30 (3000) [176]

Polished K Polished K 1M KTFSI DME 0.1 0.02 ~150 (200) [43]

K/CNT K/CNT 0.5M KPF6 EC/DEC 5 4 ~150 (1230) [177]

K-Hg K-Hg 1M KFSI DME 0.2 0.2 ~60 (300) [93]

KxPy@K KxPy@K 1M KTFSI EC/DEC 0.5 0.5 260 (225) [180]

K@K2Te K@K2Te 1M KFSI EC/DEC 0.5 0.5 ~350 (400) [94]

PVA-borax@K PVA-borax@K 3M KFSI DME 1 0.5 ~140 (250) [175]

PPS-treated K PPS-treated K 1M KFSI DME 1 1 ~330 (550) [183]

K3OCl/K3Bi@K K3OCl/K3Bi@K 1M KFSI EC/DEC 0.5 0.5 101 (4000) [296]

K@MES K@MES 3M KFSI DME 0.5 0.5 ~80 (2300) [298]
aWhen the exact overpotential is not provided, the overpotential (positive overpotential) was evaluated from the voltage profiles.
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Figure 14: (a) Calculation results of the diffusion rate constant of Li and K along with temperature. (b) Calculation of activation energy
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3.2. Indirect Engineering of an Electrode

3.2.1. Functionalized Separators. The pivotal role of a separa-
tor is to prevent a direct connection of the anode to the cath-
ode. Nowadays, polyethylene (PE) and polypropylene (PP)
separators have been employed for the standard battery
manufacturing of LIBs [186]. PE and PP separators have suf-
ficient thermal and mechanical stability and a thickness of
less than 25μm [187]. Recently, with the rising attention of
Li metal electrodes, separators have new requirements to
ensure their safe operation. In response to the demand for
safety, commercial separators have been modified with rigid
layers on their surface [188]. For instance, Liang et al. cov-
ered a separator with a layer of SiO2 spheres [189]. By incor-
porating these shield-like SiO2 layers, the catastrophic
piercing of the separator by the dendrite was effectively pre-
vented. This strategy has further evolved, leading to the
replacement of the separator with a solid-state electrolyte,
which will be discussed in the solid-state electrolyte section.

The separator provides ion diffusion pathways across its
pores while isolating each electrode physically. Concerning
this, it is crucial to thoroughly evaluate properties related
to ion transport, such as porosity and electrolyte wettability.
These factors play a significant role in ion migration within
the battery system and even affect the deposition behavior of
metal. For example, when ions are unevenly distributed due
to electrolyte enrichment near pores, this can trigger random
nucleation and plating of ions, leading to the formation of
dendrites [190]. Therefore, it is necessary to homogenize
the ion flux after crossing the separator to promote uniform
deposition. By achieving a more uniform ion distribution,
the probability of uneven plating and dendritic growth can
be decreased. Based on this idea, Zhao et al. fabricated an
Al-doped Li6.75La3Zr1.75Ta0.25O12- (LLZTO-) coated PP
[190]. Due to the copious 3D ion conduction channels in
the LLZTO-coating layer, the Li-ion flux can be homoge-
nized after it passes through the separators. As a result, the
Li metal is plated uniformly without dendrite growth,
thereby improving the cycling stability of the battery.

So far, commercial PE and PP separators have also been
employed often for K-based batteries as separators [68, 101,
125]. However, due to the more severe dendrite growth of
the K metal, the PP separator seems to be more easily pene-
trated by K dendrites as compared to Li dendrites [66]. Fur-
thermore, PE and PP separators exhibit insufficient wetting
behavior to electrolytes, which is likely to cause uneven
metal deposition [191]. Liu et al. synthesized the AlF3
double-side-coated separator (AlF3@PP) to enhance the
wettability between the separator and electrolyte, eventually
promoting a rapid and uniform K ion flux (Figure 15)
[164]. The AlF3 coating on PP improved interfacial tension
between the PP separator and liquid electrolyte due to
increased surface roughness [165]. As a result, the modified
separator exhibited a complete wetting behavior to the elec-
trolyte, thus inducing uniform K ion distribution. Besides,
AlF3 layers also contributed to the formation of inorganic-
rich (e.g., KF, Al2O3, and AlF3) SEI layers presumably due
to the electrochemical reaction between the AlF3 and semi-
carbonates of the original SEI layer. Consequently, K metal

batteries assembled with the AlF3@PP separator displayed
stable cycling stability without dendrite growth compared
to those of PP.

It is worth noting that the most widely used separator for
K-based batteries is a glass fiber (GF) membrane [102, 142,
155, 180, 192]. The GF separator is composed of randomly
arranged inorganic nonmetallic fibers with diameters
smaller than 2μm, resulting in the formation of a three-
dimensional network and large pores in the macroscale
range [193]. GF has been regarded as the most suitable sep-
arator for K-based batteries due to its high degree of porosity
with excellent thermal stability. Moreover, GF exhibits supe-
rior wettability to electrolytes, which could improve ionic
conductivity and thus facilitate ion transport [83]. However,
employing GF as a separator does not guarantee the stable
cycling of K metal batteries. GF/D, a type of glass fiber,
can easily be pierced and filled with K dendritic particles
due to its low mechanical cohesion and high degree of
porosity [68]. The propagated separator could induce
uneven K deposition thereby accelerating the cell failure.
Thus, researchers have modified the surface of the GF sepa-
rator, exploiting the strategies established in PE or PP sepa-
rators. For instance, Wang et al. coated lithium niobate/
graphene (LiNbO3@G) compounds on commercial GF via
vacuum filtration [172]. The LiNbO3@G layer has a porous
structure and a thickness of less than 1μmwith ferroelectric-
ity. It is noted that ferroelectric materials possess spontane-
ous polarization due to their asymmetric crystal structure,
which can manipulate the transport kinetics of K ions and
ion concentration distribution through the interaction
between ferroelectric dipoles and adsorbed ions [194]. Due
to the regulated K ion flux, K was plated and stripped revers-
ibly on the Cu current collector during the charge/discharge
process. Additionally, it would be desirable to load nanoma-
terials which exhibit a high conductivity onto the surface of
the separator facing the anode side [195]. For instance, 2D
nanosheets of graphene can be coated on GF for improving
the electrical conductivity of separators [196]. A conductive
reduced graphene oxide layer on the separator (rGO@GF)
has the ability to “reactivate” electrically isolated dead K
which was detached from the bulk K electrode [197].

Overall, it is obvious that pretreated separators not only
suppress the dendrite growth but also enhance the electro-
chemical performance. Two major points should be of con-
cern for an ideal separator. The one is the sufficient
mechanical properties to suppress dendritic growth. The
next one is to distribute ions uniformly via its pores during
cycling, thereby promoting uniform deposition of K. Conse-
quently, the development of a functionalized separator
would open up a new avenue for overcoming many chal-
lenges of the K metal anode without direct engineering or
modification on the metal electrode.

3.2.2. Liquid Electrolytes. Electrolytes, the essential lifeblood
of batteries, serve dual critical roles. Primarily, they function
as the charge carrier between electrodes, facilitating the fun-
damental mechanism of energy storage and delivery. Addi-
tionally, they are decomposed and contribute to the
formation of SEI, a pivotal layer that significantly impacts
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battery performance and lifespan [61]. Given that potassium
metal anodes experience substantial and repetitive stress
change, the formation of a stable SEI layer through electro-
lyte engineering emerges as a particularly significant area
of interest in the realm of K metal anodes [44].

The initial focus of our discussion is salts, which act as
the main conductive component with electrolytes. Next, we
turn to solvent, the carrier for the salt within the electrolyte.
These components not only influence the cycling stability of
the battery but also play a role in forming the vital SEI layer.
Our discussion then shifts to additives, substances intro-
duced into the electrolyte to optimize battery performance.
Subsequently, ionic liquids are introduced. Finally, recent

advances in solid electrolytes will be explored. By breaking
down each component in this sequence, the objective of this
section is to provide an insightful and comprehensive view
of the intricate dynamics involved in electrolyte engineering.
A special emphasis will be placed on the formation of a sta-
ble SEI layer on potassium metal anodes, an area of pressing
importance given the inherent stress changes experienced by
these anodes.

(1) Salt Engineering. Salt anions play a pivotal role in design-
ing the chemical and physical properties of the SEI layer,
influencing its mechanical strength, ionic conductivity, and
passivation ability [198]. It is understood that inorganic
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Figure 15: (a) Illustration and photograph of double-coated PP with multifunctional AlF3 layer. (b) Top-view SEM image of AlF3@PP
separator. (c) EIS Nyquist plots with different separators displaying the ionic conductivities. (d) Schematic of the role of AlF3@PP
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phases (for instance, LiF) within the SEI layer are more
robust compared to organic phases, thereby offering effective
protection to Li metal anodes [199]. In LIBs, it has been
reported that a LiF-rich SEI layer is formed when lithium
bis(fluorosulfonyl)imide (LiFSI) or lithium bis(trifluoro-
methanesulfonyl)imide (LiTFSI) salts are employed [200,
201]. Due to the low LUMO energy of LiFSI and LiTFSI,
they are decomposed prior to solvents at the beginning of
the SEI formation process [202]. Also, the dissociation
energy of LiFSI and LiTFSI is lower than that of LiPF6
[200]. This observation logically extended to PMBs, employ-
ing potassium bis(fluorosulfonyl)imide (KFSI) or potassium
bis(trifluoromethanesulfonyl)imide (KTFSI) [43, 57, 69, 149,
203]. For instance, Wang et al. investigated the influence of
KFSI on K metal anodes [204]. The KFSI electrolyte exhib-
ited not only extended cycling performance but also good
rate capability compared to the KPF6 electrolyte. The
authors revealed that inorganic components dominate the
SEI layer, perhaps providing better mechanical strength to
accommodate volume change. Despite FSI (-N-SO2-F) and
TFSI (-N-SO2-CF3) possessing similar chemical structures
(Figure 16(a)), TFSI often shows inferior electrochemical
performances [205–207]. Xiao et al. compared the Coulom-
bic efficiency of 1M KPF6-DME, 0.8M KPF6-EC/DEC, and
1M KTFSI-DME for K metal anodes and observed that all
the electrolytes failed within 10~20 cycles while showing sta-
ble cyclability in the use of KFSI-DME [205–207]. The dif-
ferent results between KFSI and KTFSI might be originated
from the different SEI structure formations [38]. It is gener-
ally understood that the SEI on the anode surface is created
through the reductive decomposition of electrolytes, and the
LUMO energy of these electrolytes is thought to be closely
related to their decomposition. The FSI- anion’s LUMO
energy level is just marginally lower than that of the EC sol-
vent. However, the LUMO energy levels of the TFSI- and
PF6

- anions are significantly higher than those of the EC sol-
vent, suggesting that the EC solvent can be easily reduced on
the surface of the anode (Figure 16(b)). That is, in the case of
KTFSI, anion decomposition might contribute less to the
SEI formation on the anode surface [38, 208]. Recently, Hu
et al. proposed the potassium hexafluoropropane-1,3-disul-
fonimide (KHFDF) salt which is a modified form of KTFSI
salt [208]. The HFDF- anion exhibits a cyclic structure
(Figure 16(a)), which might be more effective in passivating
both anode and cathode surfaces compared to the linear
structure anions such as FSI- and TFSI-, forming an
inorganic-rich SEI layer [209].

Overall, recent studies about salt engineering argue that
it is crucial to form an inorganic-rich SEI layer by anion
decomposition in three aspects. Inorganic-rich SEI, indicat-
ing low density surface film formation and dendrite growth,
could help to compact the surface structure [199, 200]. In
addition, it could suppress the side reaction with HF coming
from PF5 [210]. Moreover, inorganic-rich SEI layers can
retard electron transfer and facilitate Li+ migration [211].
It is worth mentioning that the inorganic-rich (especially
KF) might not be an ideal solution. In LIBs, the electrochem-
ical performance of graphite anodes has improved at a mild

use of FEC while unexpected granules were found on the
graphite surface at a high concentration of FEC (10 vol%),
thus increasing surface impedance [204, 212].

Although KFSI showed better performances than KPF6,
they are not without shortcomings for several reasons. (i)
For instance, they tend to initiate corrosion on the Al foil
[213]. This is similar to the Al corrosion cases of LiFSI,
which might be attributed to the F-S bonds in FSI- or the
residual impurities such as chloride originating from the
synthesis process [214, 215]. (ii) Additionally, KFSI tends
to show larger overpotential than KPF6 electrolytes during
the plating/stripping process [204, 216]. This is presumably
attributed to different SEI layer compositions of KPF6 and
KFSI or different solvation energies of each electrolyte,
which should be further investigated [40, 204, 217]. To avoid
these shortcomings, researchers have reported strategies to
(i) use a highly concentrated electrolyte or employ an addi-
tive [206, 218]. For instance, KFSI and KTFSI salts up to
5M are used to reduce the corrosion at the Al foil. KFSA,
which also shows highly corrosive behavior to Al foil,
worked for PMBs in concentrated conditions [219].
Researchers expected that highly concentrated electrolytes
reduce the number of free solvent molecules in K ion elec-
trolytes, thereby potentially inhibiting the corrosion of Al
foils, similar to the effect observed in Li and Na. As a result,
both highly concentrated electrolytes exhibited anticorrosive
behavior at a high voltage [206]. The effects of high concen-
tration electrolytes will be discussed further in the section on
highly concentrated electrolytes. (ii) In addition, Kang et al.
reported that adding potassium nitrate (KNO3) in the KFSI
electrolyte also could achieve noncorrosion of Al current
collector and reduced onset overpotential, which will be dis-
cussed later.

Meanwhile, in salt design, the salt should have high sol-
ubility and ionic conductivity. Potassium perchlorate
(KClO4) and potassium tetrafluoroborate (KBF4) have been
tried for K electrolytes; they are rarely adopted due to their
low solubility and poor ionic conductivity [23, 219–221].
For instance, the overpotential of the K||K cell showed high
overpotential up to 1V in early cycles in the electrolyte of
0.1M KClO4 PC [222].

(2) Solvent Engineering. Solvents, one of the main compo-
nents of electrolytes, also play a decisive role in the forma-
tion of the SEI layer and in determining the
electrochemical performance of PMBs. The solvent mole-
cules are decomposed during the early charge/discharge pro-
cess, and the decomposed products are deposited on the
anode surface, forming the SEI layer [223]. The mixture of
cyclic carbonates (EC and PC) and linear carbonates
(DMC and DEC) has been widely employed as electrolyte
solvents for the K metal anode [12, 18, 72, 75, 102, 204]. It
is noted that the high dielectric constant of cyclic carbonates
contributes to the formation of SEI layers, whereas the low
viscosity of linear carbonates enhances the mobility of K
ions [224]. Hosaka et al. compared the overpotential behav-
ior of K symmetric cells filled with KPF6-EC/DEC, KPF6-PC,
KPF6-EC/DMC, and KPF6-EC/PC for investigating the elec-
trolyte compatibility with the K metal [98]. All cells showed
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large overpotentials of >500mV. Notably, the KPF6-PC cell
exhibited a continuous increase in overpotential during
cycles, which is presumably due to the continuous reduction
of electrolytes and the accumulation of decomposed prod-
ucts on the K metal. These results suggest that the highly
reactive K metal anodes immersed in carbonate-based elec-
trolytes usually lead to the formation of unstable SEI, result-
ing in a low CE-severe dendritic growth [57, 225, 226].

Compared with carbonate-based electrolytes, it is note-
worthy to point out that ether-based electrolytes exhibit
higher solvation energy to K ion, resulting in a higher degree
of solvation molecules and thus inhibiting the side reaction
between free solvent molecules and the K metal anode
[204]. This is because the polar ether group (-C-O-C-) of
ether solvents which possess the O atoms with lone pairs
can strongly attract the K ion through electrostatic interac-
tion [227]. Meanwhile, Hosaka and coworkers also investi-
gated the overpotentials of K symmetric cells with KFSA-
PC, KFSA-EC/DEC, and KFSA-DME [98]. The carbonate-
based electrolytes exhibited a large overpotential, whereas
KFSA-DME electrolytes showed a low overpotential of

50mV. The reduced overpotential is ascribed to the lower
resistive and durable SEI layer on the K metal [205]. To
examine the difference in the SEI layer formed in the ether-
and carbonate-based electrolytes, Li et al. investigated the
LUMO and HOMO energy levels of FSI-, DME, EC, and
DEC solvents [228]. They argued that the LUMO energy
level of FSI- is significantly lower than that of DME solvents,
promoting the prior decomposition of FSI- to the DME sol-
vent. The decomposed products of FSI- are inorganic com-
pounds, constructing an inorganic-rich SEI layer on the K
metal [204]. Notably, the inorganic-rich SEI layer has been
demonstrated to be significantly impermeable to the solvent,
consequently reducing the subsequent decomposition of
DME solvents [228, 229]. On the other hand, the LUMO
energy levels of FSI-, EC, and DEC are relatively close. Con-
sequently, the simultaneous decomposition of FSI-, EC, and
DEC forms random distribution of inorganic and organic
compounds in the SEI layer. Decomposition of electrolytes
would be continued and thus leads to the formation of a
thicker SEI layer which is likely to raise the cell impedance
[230]. Overall, ether-based electrolytes can contribute to
the improvement of CE and cycling life by forming a robust
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SEI layer compared to carbonate-based electrolytes [205,
231, 232].

Despite various advantages of ether-based electrolytes,
they suffer from limited oxidation stability which makes it
difficult to meet the need for high-voltage K metal batteries
[225]. This might be attributed to the higher HOMO energy
level of the ether solvent compared to carbonate solvents,
thereby easily losing their electrons when the high voltage
is applied [204]. This poor oxidation stability can be
enhanced by increasing the concentration of electrolytes or
incorporating postoxidative additives, expanding on the
strategies established for salt engineering [206, 218].

Battery safety issues are getting more attention in the
public recently. For the practical application of metal
anodes, in particular, fire issues of the battery should be
resolved. There are two major causes associated with fire
problems of K metal anodes—high reactivity of the K metal
and high flammability of organic electrolytes [5]. Commonly
employed organic solvents for K ion electrolytes including
EC, DEC, and DME are highly flammable, which could
eventually lead to fire or explosion of batteries. Therefore,
using nonflammable electrolytes can be a promising method
to ensure the safety of K metal anodes. Liu’s group reported
a nonflammable K ion electrolyte by using triethyl phos-
phate (TEP) and trimethyl phosphate (TMP) solvents [216,
233]. TEP and TMP solvents did not show any flame during
the fire test due to their nonflammable nature, while carbon-
ate electrolytes were easily ignited. Furthermore, phosphate-
based electrolytes show higher CE and reduced overpotential
during the K plating/stripping process compared to
carbonate-based electrolytes (Figure 16(c)) [216, 233]. This
is probably attributed to the SEI layer formed in
phosphate-based electrolytes forming large patches of inor-
ganic compounds (e.g., KPO3), which can effectively passiv-
ate the surface of the K metal [57]. As a result, organic
phosphate-based electrolytes not only exhibit a nonflamma-
ble behavior but also lead to the formation of a robust and
thin SEI layer.

(3) Highly Concentrated Electrolytes. Building on the founda-
tional understanding of how highly concentrated electrolytes
enhance lithium metal anodes’ performance, there is
increasing interest in exploring this approach for potassium
(K) metal anodes. The benefit of highly concentrated elec-
trolytes on metal anodes lies in their ability to modulate

the solvation sheath of alkali ions (i.e., the protective layer
that forms around alkali ions in an electrolyte solution)
and suppress dendritic growth, which opens up new possi-
bilities for addressing similar challenges in K metal anodes
[234]. In typical dilute electrolytes, alkali metal ions are sur-
rounded by a sheath composed of solvent molecules, but in
highly concentrated electrolytes, alkali metal ions would be
coordinated with anions instead of solvent molecules and
thus make it difficult for them to aggregate into dendrites
[60, 225, 235]. In line with the rationale, it has been tried
to implant the appealing properties of the concentrated elec-
trolytes on K metal anodes. In 2017, a notable investigation
by Xiao et al. elucidated that concentrated KFSI-DME
(mole ratio = 0 5) increases the reversibility of K plating/
stripping [205]. Recently, long-term cycling over 400 cycles
with a high average CE of 98.3% was achieved using 4M
KFSI-diethylene glycol dimethyl ether (DEGDME)
(Figure 16(d)) [225]. The mechanism underpinning these
results lies in the unique chemistry of highly concentrated
electrolytes. By decreasing free solvent molecules in electro-
lytes, these electrolytes foster the formation of contact ion
pairs (CIPs) and aggregates (AGGs). These structures
involve an anion coordinated with one or more K ions
[60]. A resultant effect is the formation of an inorganic-
rich solid electrolyte interphase (SEI) layer, which resists
the decomposition of free solvents [225]. In another study,
Hosaka et al. leveraged a highly concentrated potassium
bis(fluorosulfonyl)amide (KFSA) salt in DME, achieving sig-
nificantly reduced polarization without any voltage spike
compared to KPF6 in carbonate solvents [98]. It is notable
that highly concentrated electrolytes typically enhance per-
formance in ether-based electrolytes, but this enhancement
does not necessarily translate to carbonate-based electrolytes
despite their higher ionic [192].

Instead of the concentrated electrolytes, a practical solu-
tion would be localized high concentration electrolytes
(LHCEs) that employ an inert diluent as a cosolvent [236].
This strategy allows for the maintenance of the solvation
structure of high concentration electrolytes while reducing
viscosity and improving ionic conductivity. For instance,
electrolytes composed of 2.3M KFSI-DEGDME along with
1,1,2,2-tetrafluoro-1-(2,2,2-trifluoroethoxy)ethane
(TFETFE) have shown enhancements in the cycling lifespan
and potential window up to 5V [236]. Table 7 provides a

Table 7: Various electrolytes for K metal anodes and associated cycling performance.

Working
electrode

Counter
electrode

Electrolyte
Current density

(mA cm-2)
Areal capacity
(mAh cm-2)

CE (cycles) Ref.

K Cu 1M KFSI TEP 0.5 0.5 99.2% (650) [57]

K Cu 1M KFSI DME 0.05 0.15 99% (100) [205]

K Cu 4M KFSI DEGDME 0.25 0.25 98.3% (400) [225]

K Cu 2.3M KFSI DEGDME/TFETFE 0.15 0.15 98.2% (300) [236]

K Cu 1M KFSI DEE 0.2 0.4 98.1% (100) [232]

K Cu 0.5M KFSI EC/DEC 0.5 0.5 97.2% (100) [192]

K Cu 0.8M KHFDF EC/DMC 0.25 0.5 94.3% (200) [208]
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comprehensive summary of different electrolytes and the
associated cycling stability they exhibit on potassium metal
anodes.

(4) Additives for Liquid Electrolytes. The application of addi-
tives in electrolytes would be an efficacious approach to bol-
ster the cyclability of potassium (K) metal electrodes [237].
This strategy, inspired by advances in lithium-ion battery
(LIB) technology, is fundamentally aimed at controlling the
formation of the SEI layer on metal anode surfaces [238].
In LIBs, additives like fluoroethylene carbonate (FEC) have
proven instrumental in the prevention of excessive solvent
reduction, due to their lower relative LUMO energy than
that of conventional solvents like EC and DEC [199]. These
additives are reduced preferentially during SEI layer forma-
tion, effectively passivating the metallic anode surface, and
preventing detrimental side reactions. Encouraged by these
successes in LIBs, researchers have sought to implement
similar strategies in K-ion electrolytes. However, the path
has been fraught with challenges. Most additives trialed thus
far have led to degraded electrochemical performance, indi-
cating that the passivating efficacy of additives in LIBs does
not necessarily translate to K metal anodes [69]. For exam-
ple, a series of additives known for their beneficial effects
on LIBs and SIBs, including FEC, difluoroethylene carbonate
(DFEC), vinylene carbonate (VC), ethylene sulfite (ES), and
trimethylene sulfate (TMS), increased the overpotentials of
K symmetric cells in the conventional carbonate electrolyte
0.8M KPF6-EC/DEC [96, 98].

Despite the contrary results of the additives in
carbonate-based electrolytes, moderate-concentration ether
electrolytes such as 2.3M KFSI-DME with 50mM potassium
nitrate (KNO3) have shown promise [218]. The relatively
low LUMO energy level of KNO3 facilitates the formation
of a N/F-containing inorganic-rich SEI layer during initial
cycles. This additive served a dual purpose: it promotes more
uniform K plating and also improves the typically poor oxi-
dation stability of ether-based electrolytes, making them sta-
ble up to 4.5V [218]. In another noteworthy paper, Chen
et al. achieved rapid K ion desolvation at a low temperature
of -40°C by employing 1M KPF6-DME with 1,1,2,2-tetra-
fluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTE) additives
[239]. The authors found that the TTE formed a passivation
layer on the K metal via the spontaneous reactions and
helped to form an inorganic-rich SEI layer (Figures 16(e)–
16(g)).

Drawing from these studies, it would be that while the
efficacy of additives in LIBs and SIBs does not directly trans-
late to K metal anodes, the principle of forming an
inorganic-rich SEI layer on K metal surfaces could still be
a powerful strategy [96].

(5) Exploring Ionic Liquids. Ionic liquids (ILs) are essentially
molten salts characterized by organic cations and either
organic or inorganic anions [240]. The appeals of ILs as a
safer electrolyte system rest on their nonvolatility, nonflam-
mability, and superior thermal stability [241]. With their
respectable ionic conductivity, one of the most significant

advantages of ILs is their inherent broad voltage window.
This wide electrochemical stability window arises from the
low nucleophilicity of the anions and low electrophilicity of
the cations, which resist oxidation and reduction, respec-
tively [242]. This attribute suggests their potential suitability
for high-voltage battery applications that could extend up to
6V [242]. In 2019, Yoshii et al. employed an IL electrolyte,
consisting of 0.5M potassium bis(trifluoromethanesulfony-
l)amide (KTFSA) in 1-butyl-1-methylpyrrolidinium bis(tri-
fluoromethanesulfonyl)imide (Pyr14TFSA) for high-voltage
K metal batteries [242]. However, the IL electrolyte revealed
limited cycling capability only at a modest current density of
6.4μAcm-2 due to a moderate ionic conductivity of
2.1mS cm-1 at 25°C by bulky cations and anions such as
Pyr and TFSI. Thus, Sun et al. proposed 1-ethyl-3-methyli-
midazolium chloride ([EMIm]Cl)/AlCl3/KCl/KFSI (buffered
K-Cl-IL) IL [243]. The buffered electrolyte exhibited
enhanced ionic conductivity of 13.1mS cm-1 at 25°C and
delivered superior cycling performance over 820 cycles.
Owing to the diverse inorganic anions present in the buff-
ered K-Cl-IL, an effective passivation layer-incorporating
KF, AlF3, Al2O3, and KCl was established on the K metal
anode [243].

Although ILs offer distinct advantages, their practical
implementation in energy storage systems is hampered by
their high cost and industrial-scale production challenges.
Additional hurdles for ILs include their high viscosity and
relatively low conductivity at room temperature. Despite
these impediments, ILs remain a strong contender compared
to traditional electrolytes in the context of safety. With their
unique advantage of a wide voltage window, ILs have the
potential to redefine the boundaries of high-voltage
applications.

3.2.3. Solid-State Electrolytes. Rechargeable battery systems
have traditionally employed liquid electrolytes due to their
high ionic conductivity and excellent electrode-wetting char-
acteristics. Despite the successful commercial application of
these liquid electrolytes, they pose safety risks including elec-
trolyte leakage, fire, and gas generation [244]. Also, SEI for-
mation via liquid electrolyte decomposition may not be a
fundamental solution to the suppression of dendrite growth.
In response to these safety concerns as well as the stable
operation of metal batteries, scientists are exploring safer
and more stable electrolyte alternatives [144, 233, 243].
Among them, solid-state electrolytes (SSEs) are gaining huge
scientific attention recently [245]. In view of mechanical sta-
bility, SSEs are fundamentally favorable to mitigate severe
safety hazards like dendrite growth due to their solid-state
nature. Moreover, most of the SSEs can inherently offer a
wider electrochemical stability window, contributing to
higher energy densities [246]. Despite these advantages, the
remaining requirements are still challenging. Many SSEs
often exhibit lower ionic conductivity at room temperature
as well as unsatisfactory electrode compatibility [247].

For the uptake of SSEs, the imminent requirement would
be high ionic conductivity (>10-3 S cm-1), of course, ultralow
electronic conductivity (<10-10 S cm-1), wide working

36 International Journal of Energy Research



potential (>3~4V), chemical stability, robust mechanical
strength, thermal stability, as well as excellent interface
impedance (often pointed out as a culprit of cell failure)
and compatibility (i.e., wettability) to metal anodes [248].
Also, the HOMO of the SSEs should be lower than that of
the cathode potential [249]. That is, SSEs literally play the
role of solid electrolyte: the electrolyte only acts as a robust
ion conductor like an ultrastable SEI. Although the devel-
oped SSEs still need to be improved further, a couple of
recent studies showed the feasibility of SSEs for K metal
anodes, showing noticeable ionic conductivity at room tem-
perature [250].

(1) Polymer-Based Solid Electrolytes. K-ion SSEs for PMBs
reported so far fall into four groups: solid polymer electro-
lytes (SPEs) [251–254], oxides [255–257], antiperovskites
[258], and borohydrides [247, 259, 260]. The most inten-
sively studied SSEs for PMBs are SPEs. SPEs are generally
synthesized by dissociating salts in a polymer host. So far,
various polymer frameworks such as poly(ethylene oxide)
(PEO) [246, 261, 262], poly(propylene carbonate) (PPC)
[252], poly(styrene sulfonate) (PSS) [263], poly(methyl
methacrylate) (PMMA) [264], and polyacrylonitrile (PAN)
[265] have been used as precursors to prepare the SPEs. In
particular, PEO has been most widely investigated for Li
and Na due to its low glass transition temperature
(Tg ≈ −60°C), wide electrochemical stability, and superior
compatibility with several alkali metal salts even at high con-
centrations [266]. With an optimal molar ratio of ethylene
oxide to K, PEO-KTFSI showed 3 56 × 10−5 S cm−1, still fall-
ing behind the ionic conductivity of liquid electrolytes [246].
Meanwhile, Gao et al. reported a polymer-gel-type electro-

lyte with a high ionic conductivity of 4 3 × 10−3 S cm−1 at
room temperature which is developed by cross-linking
PMMA and tetraethylene glycol dimethacrylate (TEGDMA)
[264]. Although there has been noticeable progress in SPEs,
most of the SPEs still exhibit low ionic conductivities (<10-
5 S cm-1), which fall short of the required ionic conductivities
for practical applications (>10-3 S cm-1) (Table 8) [244].
Also, a key feature of SPEs is that their ionic conductivity
has a trade-off relationship to mechanical properties. Con-
sidering that one of the primary goals of SSEs is inhibiting
dendrite growth, tuning the electrochemical property of
SPEs should be done with sophisticated calculations or
experiments of mechanical properties.

(2) Oxide-Based Solid Electrolyte. Oxide-based SSEs have
received great attention for LMBs due to their high ionic
conductivity, tunability, mechanical modulus, and electro-
chemical stability [248]. Recently, K ion conductors that
are based on oxides have also been the focus of extensive
research. In particular, β ″-Al2O3 has been the representa-
tive oxide-based fast ionic conductor. In β ″-Al2O3, ions dif-
fuse through 2D conduction slabs between spinel blocks,
which are comprised of four layers of oxygen ions with alu-
minum ions [267]. K-β ″-Al2O3, where K ions replace Na
ions in the conduction slab, delivers high ionic conductivity
up to 8 × 10−4 S cm−1 at room temperature, which is superior
compared to usual SSEs (<10-4 S cm-1) [268].

It is noted that the conductivity of K-β ″-Al2O3 is lower
than that of Na-β ″-Al2O3. This is presumably a larger ionic
size of K (1.38Å) compared to Na (1.02Å), which results in
greater difficulty for K ions to migrate in solids [269]. For

Table 8: Ionic conductivity and activation energy of various SSEs for K ion.

Type Compound Ionic conductivity (mS cm-1) Activation energy (eV) Temperaturea (°C) Ref.

Polymers

PEO-KI-ZnS 0.31 0.15 25 [251]

PPC-KFSI 0.014 — 20 [252]

PEO-KTFSI 0.27 — 60 [253]

PMMA-KPF6 4.3 0.27 25 [264]

P(EO/MEEGE/AGE)-KFSA 0.02 — 25 [254]

PEO-KFSI 0.036 — 25 [246]

PEO-KDFTFSI 0.053 — 70 [261]

K-SPE750-K 0.98 — 80 [262]

V34/PSS-K-1 4.55 0.59 25 [263]

PVDF-HFP-KFSI@PAN 0.36 — 25 [265]

Oxide

K-β-alumina 0.065 0.29 25 [299]

K-β ″-alumina 1-2 0.2 25 [255]

K2Fe4O7 50 0.08 25 [256]

Antiperovskite K2.9Ba0.05OI 3.5 0.36 257a [258]

Borohydrides

KCB11H12 0.32 0.82 88 [260]

KB3H8 0.0003 0.44 150 [259]

KB11H14 0.12 1.9 150 [276]

KB3H8·NH3B3H7 0.13 0.44 55 [247]
aWhen the exact temperature is not specified, the temperature was estimated.
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instance, Lu’s group reported that the conductivity of Na-β
″-Al2O3 is significantly higher than that of K-β ″-Al2O3
across a wide range of temperatures (Figure 17(a)) [270].
This leads to limited feasible structures for K ion SSEs. For
instance, the larger size of K ions makes it difficult to migrate
through the quadrangular O4 sites, while Na ions could dif-
fuse through O4 sites such as Na2M2TeO6(“M” is either Ni,
Co, Zn, or Mg) [269]. Therefore, the K ion solid conductors
should provide larger sites such as hexagonal O6 or octago-
nal O8 sites [256, 271]. Yuan et al. synthesized a 3D open-
framework ferrite K2Fe4O7, which is composed of a 2D layer
formed by FeO6 octahedral and FeO4 tetrahedral units and
K ions [256]. The K2Fe4O7 provides two directions of ion
diffusion channels parallel to a- or b-axis and c-axis
(Figures 17(b) and 17(c)). The channels parallel to the a
-axis have an open and wide structure which can mainly
contribute to the fast K ion migration through the solids.
However, the channels parallel to the c-axis are obstructed
by the FeO4 tetrahedral units, resulting in K ions facing dif-
ficulty in diffusing along the c-axis as compared to the a
-axis. This indicates that large and expanded lattices are
advantageous for facilitating the larger size of K ions
through the SSEs.

(3) Antiperovskite-Based Solid Electrolytes. The body-
centered cubic (bcc) anion sublattice has a less packed struc-
ture compared to the other sublattices such as face-centered
cubic (fcc) or hexagonal closed-packed (hcp). The bcc anion
sublattice can provide a large diffusion channel with weak-
ened interactions between the anion and the metal cation,
facilitating the fast ion migration. This has been demon-
strated by antiperovskites for Li and Na (e.g., Li3OCl and
Na3OBr) [272, 273], which possess similar atomic topology
to a perovskite, whereas with a reversed ionic arrangement
[244]. Zheng et al. reported a potassium antiperovskite of
K3OI for K ion SSEs, which possesses a larger lattice volume
compared to other potassium antiperovskites [258]. The
authors argued that K ions migrate through the vacancies
of K sites and disordered I-O sites, which is anticipated to
improve the K ion diffusion (Figure 17(d)). Based on this,
the barium (Ba) ion was doped in K3OI to introduce K
vacancies, and thus, the ionic conductivity was effectively
increased (Figure 17(e)) [258].

(4) Borohydride-Based Solid Electrolytes. Borohydrides have
recently attracted attention as a promising candidate for
SSEs due to their special properties [274]. They possess neg-
ligible grain boundary barriers and excellent physical and
chemical durability with light weight. Meanwhile, it is
reported that borohydrides undergo a reversible structural
transition at a certain temperature. For example, monoclinic
KB3H8 undergoes a two-step polymorphic transition along
the temperature increase. The transition from monoclinic
to orthorhombic occurs at 15°C and from orthorhombic to
cubic occurs at 30°C (Figure 17(f)) [259]. This transition
results in a high degree of disordered B3H8

- anion with a
rotation state, which can enhance the mobility of the K ion
in this material [275]. As a result, the ionic conductivity of
KB3H8 is 3 4 × 10−7 S cm−1 at 150°C [259]. Recently, Zhang

et al. synthesized the KB3H8·NH3B3H7 complex by incorpo-
rating neutral molecules of NH3B3H7 in KB3H8 to increase
ionic conductivity further [247]. The incorporation of neu-
tral molecules enlarges the volume of KB3H8, which can
also expand the space around K ions and consequently
contribute to higher ionic conductivity. Therefore,
KB3H8·NH3B3H7 can deliver enhanced ionic conductivity
of 1 3 × 10−4 S cm−1 at 55°C compared to KB3H8 [247].
The borohydride-based SSEs show a superionic conductiv-
ity at high temperatures and a potential for stabilization of
ionic conductivity at ambient temperature [276].

(5) Challenge of Solid Electrolytes: Void Formation. Mean-
while, one of the challenges of solid-state batteries (SSBs) is
to maintain stable electrical contact between metal surfaces
and SSEs. It is generally accepted that the interface imped-
ance of SSBs generally depends on a charge transfer process
and a contact condition between electrodes and SSEs [277].
During the stripping process at a K metal electrode, the K
atom at the interface changes into K ions and diffuses into
SSEs, leaving vacancies. When the current density or areal
capacity is applied with a higher value, the formation of
voids will be promoted, thereby yielding a high interfacial
resistance [278]. Spencer Jolly et al. observed that K metal
SSBs with K-β ″-alumina significantly increase overpotential
during cycling at the voids between the K metal and SSEs
[257]. Therefore, the operating condition of SSBs such as
current density and areal capacity should be considered to
inhibit void formation at the interface. Recently, Wu’s group
employed a K metal composite electrode with reduced gra-
phene oxide (K-10%RGO) for SSBs to construct a 3D-
interconnected interface [245]. The K-RGO composite elec-
trode exhibits a higher diffusion coefficient, surpassing even
that of K metal (Figure 17(g)). This enables it to rapidly
fill K atom vacancies formed at the interface by the K
atom diffusing from the inside of the metal electrode.
Consequently, the interfacial structure remains well-intact
after the K stripping process with the areal capacity of
6mAh cm-2, and the formation of the voids was inhibited
(Figures 17(h) and 17(i)). This result suggests that to
enhance the electrochemical performance of K metal SSBs,
comprehensive strategies (e.g., host electrode and interface
engineering) are also required.

4. Summary and Outlook

Potassium (K) metal has been identified as a promising
anode material for next-generation batteries due to its high
theoretical specific capacity, low cost, and abundant avail-
ability. However, similar to Li and Na, K metal anodes suffer
from their high reactivity, unstable SEI, and dendrite growth
as well as safety concerns. In this review, we have organized
strategies for dendrite suppression into two categories: direct
modification of the electrodes and indirect approaches that
involve engineering other components surrounding the elec-
trodes. Despite significant advancements, there is still a sub-
stantial gap to uptake of PMBs for commercial uses. For the
successful employment of K metal anodes, a couple of
aspects require further exploration.
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4.1. Unveiling Potassium Deposition Mechanism. It is essen-
tial for achieving stability of K metal electrodes to investigate
the underlying mechanisms of K deposition and its subse-
quent electrochemical decay. In the case of the Li metal, sev-
eral models have been proposed to explain the dendrite
growth mechanism (e.g., space-charge model and film
growth model) [70]. These models have been adopted to
illustrate the K dendrite growth behavior as the K metal
belongs to the alkali metal group. However, this leaves open
the question: whether the models established for Li dendrite
growth are applicable to K dendrites. As discussed earlier
(Table 1), the dissimilarities in physical, mechanical, and
chemical features result in variations in electrochemical
properties such as the stability of the SEI layer, ion kinetics,
and ion nucleation behaviors. These different features defi-
nitely influence the deposition behavior and the mechanism
of dendrite growth. For instance, the K metal might show a
tendency for the deposition of smoother surfaces compared
to Li under high current density conditions due to the lower
surface diffusion barrier of the K metal [78, 80]. This may
indicate that the K metal follows the pathway away from
the Li deposition models. Therefore, the theory for illustrat-
ing K metal deposition is required, considering the inherent
characteristics of K.

To landscape the K deposition behavior, including the
dendrite growth mode and SEI formation, advanced charac-

terization (e.g., operando techniques) would be helpful [279,
280]. For instance, in situ AFM or in situ TEM would allow
the elucidation of surface morphology on the K metal elec-
trode as well as K dendrite growth [281]. Indeed in Li metal
anodes, researchers have investigated Li dendrite growth in
real time using the peak-force-tapping mode of AFM under
inert gas and have suggested a particle growth model [282].
Also, in situ TEM could be utilized to elucidate the morphol-
ogy development of the K metal surface further in detail. In
Li metal anodes, those advanced techniques helped to visu-
ally show that Li grows in a shape of fiber-like, including
branch-like, rather than mossy and film-like structure
[283]. However, in K metal anodes, real-time observation
of K growth, including the early stage of K growth, has not
been reported yet. That might be due to the difficulty of
the K metal’s low threshold to electron beam coming from
the low bonding energy of the K metal [67]. Thus, the sur-
face of K metal anodes should be characterized under a
highly regulated environment such as ultralow temperature
(e.g., cryo-TEM and cryo-EM). For instance, cryo-TEM is
benign when handling a sensitive material such as alkali
metals and was utilized to reveal that there are two dendrite
types coexisting on the Li electrode [280, 284]. Considering
that the K growth mode is likely to be more complicated, it
would be helpful for developing a stable K anode to thor-
oughly investigate the entire K growth process using
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advanced characterization techniques. And the recent char-
acterization techniques for the K metal anode are summa-
rized in Table 9 through selected examples. This might be
a useful reference point for further exploration of the K
metal anode.

4.2. Host Design. In recent potassiophilic host designs, car-
bon materials or Cu current collectors have been tailored
with heterogeneous materials. In the fabrication process of
those hosts, harmful and expensive precursors are often
employed. In addition, certain hosts necessitate a prolonged
synthesis period. For instance, cobalt is doped on the host
structure to increase potassiophilicity [125, 126]. Recently,
the price of cobalt has experienced a significant increase
due to its geographically concentrated reserves and the
growing demand as a cathode material [7]. Moreover, CoCl2,
which is one of the representative Co precursors, can cause
cancer [285]. Therefore, cost efficiency, environmental
friendliness, and facileness are desired for the mass produc-
tion of the K metal host.

The 3D potassiophilic hosts usually exhibit a porous
structure, which can provide sufficient space for K accom-
modation. Porous structures also play a beneficial role in
withstanding volume fluctuations of K electrodes, which
appear to be more severe due to a higher volume per mole
compared to those of Li and Na metals [12]. However, if

the pore volume is too large, this presumably leads to infe-
rior battery performance. For instance, the highly porous
structure could seriously collapse due to poor stiffness of
the host and fatigue by the large volume change of the K
metal. Further research is necessary to elucidate the correla-
tion between the mechanical stability of hosts and their elec-
trochemical behavior, considering a range of pore structures.
Meanwhile, it may be important to find an optimal surface
area of a host with the consideration of the required electro-
lyte amount. The porous structure typically presents a large
surface area. The large surface increases the contact area
between the electrode and electrolyte and thus requires a
large amount of electrolyte decomposition. This excessive
consumption of electrolytes presumably drives the exhaus-
tion of liquid electrolytes, leading to a rapid rise in cell
impedance for K ion diffusion. Indeed, cell failure is often
observed via electrolyte exhaustion [140].

4.3. Separators. Empirically, GF has been preferentially used
for K-based batteries as a separator rather than PE/PP. How-
ever, the question, which one is more effective among GF
and PE/PP, still remains. The reason to employ GF is its
ability to prevent dendrite penetration and its excellent wet-
tability to the electrolyte. When the PE/PP separator is used
for K metal batteries, batteries could readily face short circuit
even at initial cycles [66]. This is presumably due to granular

Table 9: Analytical techniques to characterize K metal anodes.

Technique
Information
provided

Scan condition Capability Ref.

SEM Morphology Ex situ
High-resolution investigation of structure and morphology of

K metal anode
[71, 75, 126, 295]

TEM
Morphology
Composition

Ex situ
Examine structure and thin SEI layer on K metal anode.

Provide local elemental distribution and bonding environment
with energy-dispersive spectroscopy (EDS)

[37, 151, 177]

AFM Morphology Ex situ
Provide a 3D surface profile of K metal anode with mechanical

properties of SEI layer
[66, 99, 180, 192]

XRD Composition Ex situ and in situ
Provide the crystal structure and chemical composition of bulk

SEI layers on K metal anode
[72, 106, 144, 154]

XPS Composition Ex situ
Analyze surface chemistry and provide chemical bond level

and electronic state information of SEI layer
[15, 82, 127, 293]

Optical imaging Morphology In situ
Provide a direct imaging of structural evolution of the surface

of K metal anode
[73, 74, 158]

Cryo-TEM
Morphology
Composition

Ex situ
Provide high-resolution imaging, while preserving the initial
structure and morphology of K metal anode at extremely

low temperatures
[57, 217]

X-ray tomography Morphology Ex situ
Visualize a 3D morphology of the electrodeposited K

metal anode
[297]

ToF-SIMS Composition Ex situ
Analyze the quantitative elemental composition and

distribution of a SEI layer on K metal anode
[183, 208, 245]

1H-NMR Composition Ex situ
Probe the local structure and electronic structure of the surface

of K metal anode
[203]

FTIR Composition Ex situ
Detect the chemical composition or changes at the

electrolyte/electrode interfaces
[239]
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morphologies of K deposits ranging in size from nanometers
to micrometers which easily pass through the nanopores of
PE/PP [66]. Hence, it seems that a thicker GF separator
has been employed for the K metal electrode. Moreover,
compared to Li-ion electrolytes, K ones typically possess a
high viscosity, and GF, which has a large pore, is forced for
K batteries [286–288]. Considering these characteristics of
a separator, the required research can be summarized as fol-
lows: (i) reducing the viscosity of K ion electrolytes, (ii)
achieving a small pore size with high permeability to electro-
lytes, and (iii) designing a thin and impenetrable separator.

4.4. Electrolyte Engineering. Electrolyte optimization has
been regarded as a viable solution to tackle the interfacial
challenges of PMBs. This is a relatively simple approach that
does not require any modifications of the existing battery
components and could be easily implemented. In a cell oper-
ation, one of the electrolytes’ primary roles is to form a pas-
sivation layer on the metal surface. To form a stable SEI
layer, the use of additives would be an effective way. Indeed,
commercial LIBs also often employ electrolytes with addi-
tives (e.g., LiPF6 − EC/DEC + FEC) [289]. However, only a
few studies, mostly showing a negative effect on K metal
anodes, have been reported, and the exact reason for their
failure remains unresolved. The primary reason may be the
different contributions of additives to the formation of the
SEI structure on the K metal. Therefore, it is important to
establish the mechanism of SEI formation based on the
chemical composition of additives, using in situ advanced
techniques discussed earlier.

Meanwhile, research on achieving stable battery opera-
tion in a wide range of temperatures has progressed. LMBs
also worked at a high temperature of 100°C by inducing
strong coordination in the solvated structure of electrolytes
[84]. Furthermore, the operation of LMBs at an extremely
low temperature of -60°C has been reported by tailoring
the SEI structure [290]. By comparison, the electrochemical
performances of PMBs are generally evaluated under room
temperatures and laboratory conditions. This may be due
to the high chemical reactivity of the K metal, limiting com-
mercialization. If the SEI layer maintains chemical stability
across a broad temperature range, though the K metal is
highly reactive, it would enable PMBs to be cycled in a wide
range of temperatures. Therefore, it is necessary to design
the SEI layer to be stable even over a wide temperature range.

It is important to pay attention to the safety considerations
for PMBs, which significantly rely on electrolyte systems. In
this regard, the design of electrolytes possessing nonflammable
characteristics with a substantial wide operational temperature
range would be useful. LMBs also worked at a high tempera-
ture of 100°C by inducing strong coordination in the solvated
structure of electrolytes [84]. Furthermore, the operation of
LMBs at an extremely low temperature of -60°C has been
reported by tailoring the SEI structure [290].

The suitable electrolyte also stabilizes the cathode mate-
rials at a high voltage. However, research on the compatibil-
ity between K ion electrolytes and cathode materials is still in
the initial state. Additionally, there is a lack of understanding
regarding the formation of the cathode electrolyte interphase

(CEI), and its association with the performance of full-cell
PMBs remains unexplored. To fill this gap, the K ion electro-
lytes for advanced PMBs may be an important research
direction in the future.

4.5. Solid-State Electrolytes. Besides high ionic conductivity,
other properties such as mechanical strength and a wide
electrochemical window should be the first criteria in the
development of a new SSE. (i) The K metal experiences large
volume fluctuations during the plating/stripping process.
These volume changes could impose stress/strain evolution
on SSEs, probably bringing cracks and fractures to SSEs.
Due to the softness of the K metal, the K metal is more prone
to show that the K dendrite grows by filling microcracks in
SSEs and eventually causes a short circuit. Despite the soft-
ness of the K metal, the SSEs for the K metal should exhibit
high yield strength and strain. (ii) Electrochemical stability is
another important property. The voltage window is the
range in which SSEs retain their chemical/physical structure
without oxidation/reduction. Once the voltage exceeds this
window, the material initiates the insertion and extraction
of K ions. In other words, the SSEs can be reduced at the
anode side by metal with the uptake of K ions. It is noted
that the K metal may act as a strong reducing agent toward
SSEs due to its hyperreactivity [70].

All in all, the commercialization of PMBs seems to be far
away. However, PMBs are gaining more attention as an
alternative to LMBs due to potassium’s low cost and low
redox potential [38]. PMBs, for instance, can be developed
as a low-cost and large-scale energy storage such as an
energy storage system (ESS). That is, the K metal-based
ESS can contribute to the stabilization of the electrical grid
and thus smooth out fluctuations in supply and demand,
reducing the likelihood of the blackout. Furthermore,
large-scale PMBs can be installed on a vessel and provide a
sustainable energy originating from solar energy, presum-
ably reducing the dependence on diesel power generators.
It is noteworthy that the flowability of the K-Na alloy makes
it suitable for applications in stretchable and flexible energy
storage systems, which can be utilized in wearable devices,
flexible displays, etc. Thus, considerable endeavors should
be devoted to fundamental research, material design, and
comprehensive strategies for the suppression of dendrites
to realize the practical application of PMBs. Table 2 presents
a selected electrochemical performance of state-of-the-art
PMBs. This could serve as a valuable reference for further
investigations into PMBs. We hope that this review of cur-
rent research on PMBs provides fruitful insights and thus
contributes to the progress of PMB technology.
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