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Abstract: Tremendous progress has been made in the field of electrochemical energy storage devices that rely on
potassium-ions as charge carriers due to their abundant resources and excellent ion transport properties. Nevertheless,
future practical developments not only count on advanced electrode materials with superior electrochemical perform-
ance, but also on competitive costs of electrodes for scalable production. In the past few decades, advanced carbon
materials have attracted great interest due to their low cost, high selectivity, and structural suitability and have been
widely investigated as functional materials for potassium-ion storage. This article provides an up-to-date overview of this
rapidly developing field, focusing on recent advanced and mechanistic understanding of carbon-based electrode materials
for potassium-ion batteries. In addition, we also discuss recent achievements of dual-ion batteries and conversion-type
K� X (X=O2, CO2, S, Se, I2) batteries towards potential practical applications as high-voltage and high-power devices,
and summarize carbon-based materials as the host for K-metal protection and possible directions for the development of
potassium energy-related devices as well. Based on this, we bridge the gaps between various carbon-based functional
materials structure and the related potassium-ion storage performance, especially provide guidance on carbon material
design principles for next-generation potassium-ion storage devices.

1. Introduction

Recently, devices relying on potassium ions as charge
carriers have attracted wide attention as alternative energy
storage systems due to the high abundance of potassium
resources (1.5 wt% in the earth’s crust) and fast ion trans-
port kinetics of K+ in electrolyte.[1] Currently, owing to the
lower standard hydrogen potential of potassium (� 2.93 V
vs. E0) compared to sodium (� 2.71 V vs. E0), potassium ion
batteries (PIBs) feature the advantage of high energy
density have attracted great interest as an alternative to
lithium-ion batteries (LIBs).[2] In addition to PIBs, extended
potassium-ion storage systems such as dual-ion batteries and

K� X (X=O2,
[3] I2,

[4] S,[5] Se[6]) batteries have been reported
and exhibited excellent K+-storage rate capability. However,
the development of potassium-ion storage devices is prom-
inently restricted by the construction of anode. For instance,
the metal-free anode is facing several dilemmas: 1) Unstable
SEI film, 2) Inevitable structure collapse of anode material
upon cycling, 3) Exaggerated pseudocapacitance effects,[7]

and 4) Persistent electrolyte consumption and side-
reactions.[8] These traps lead to low energy density and the
fast capacity decay of PIBs.[9] Moreover, the high reactivity
of K-metal anode inevitably generates dendritic metal and
unstable solid electrolyte interphase, lead to low Coulombic
efficiency and inferior cycling stability.[10]

Nevertheless, numerous strategies to improve the elec-
trochemical performance of PIBs were established on the
basis of expensive metal-based materials, various electro-
lytes, and complex synthesis procedures, which might
increase the costs to some extent.[11] Therefore, there were
still huge concerns about how to reduce the cost and make
potassium storage devices suitable for practical applications.
With the great advantages of low cost, carbon materials
have been explored as electrode materials for lithium and
sodium energy storage devices due to their high abundance,
good electrical conductivity, benign tailorable properties,
eco-friendliness, and high stability in electrolytes.[12]

Among all the carbon-based materials, carbon tubes
(CNTs), graphite, graphene, amorphous carbon, and their
derived 3D structures have been considered to be potential
candidates, which could be applied in the potassium-ion
storage devices.[13] Generally, CNTs possess long and hollow
structures with walls formed by atom-thick sheets, and the
conjugated all-carbon structure possesses good electrical
and mechanical properties, which are promising for PIBs.[14]

For 2D structure, graphene with an one-atom-thick planar
sheet of sp2-bonded structure has recently attracted exten-
sive attention for a broad application of potassium-ion
storage.[15] The relatively large theoretical specific area
(2630 m2g� 1) and good electrical conductivity offered great
chances to apply graphene-based materials as PIBs’ anode.
Recently, hierarchically structured 3D carbon has attracted
great interest because they not only offer good electrical
conductivity and promising specific surface area, but also
can construct stable skeletons to enable fast ion trans-
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portations during electrochemical reactions.[12a,16] Many
recent studies have demonstrated that 3D structured
carbon-based electrodes could be potentially employed as
matrix to protect K-metal anodes and deliver superior
electrochemical performance.[17] Besides, the charge trans-
port kinetics and potassiation/depotassiation processes could
be further enhanced by heteroatom doping and porous
structural design.[18] Due to their abundant potassiophilic
surface, low nucleation barrier and stable interaction
between carbon-potassium atoms, the K stripping/plating
process could be well regulated thus enabling K metal
stable. In view of these benefits, there are plenty of new
opportunities for the development of advanced carbon-
based electrode materials useful for PIBs and new potassi-
um-based energy storage systems.
In this Review, we will first summarize recent develop-

ments on carbon-based electrode materials and discuss the
mechanism studies that are relevant to PIBs. Different from
the few previous review papers focused on electrode
materials, this critical Review will focus on recent advances
in carbon-based potassium storage devices, including potas-
sium-based dual-ion batteries (PDIBs), conversion-type
K� X (X= I2, O2, CO2, S and Se) batteries and K-metal
batteries. Finally, possible directions for developing high-
performance potassium storage devices will be outlined.

2. Carbon materials for PIBs

Carbon materials generally include graphite, graphene,
diamond, and amorphous carbon (soft and hard carbon)
based on their different atom arrangements. As the most
promising anode material and the one that has undergone
successful commercialization in LIBs, graphite has attracted
significant interest due to the formation of graphite inter-
calation compounds (GICs).[19] Graphene is a 2D layer of sp2

hybrid carbon atoms packed tightly together in a honey-
comb lattice with good chemical stability, high electrical
conductivity, and excellent reaction kinetics.[20] Based on
this, graphene and graphene-based materials have been
extensively studied in the use of anode application.[21] To
date, it has been demonstrated that graphite and graphene
could be intercalated by many chemical species, especially
alkali ions such as Li, K, and Rb.[19c] Hard carbons (HCs) are
so-called non-graphitizable carbon, and the structure of HCs
is constituted by small graphene sheets, amorphous regions
with defects, and porosity.[22] Compared with graphite, K ion
presents a relatively high diffusion coefficient in HCs, which
can not only intercalate into the graphite layers in HCs but
also be adsorbed onto the nanovoids and surface defects/
functional groups.[23] Unlike the HCs materials, soft carbons
(SCs) offer good rate capability and high reversible capacity
but undesirable cycling performance. Benefiting from the
highly tuneable crystallinity and lattice spacing, SCs also
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could be regulated to satisfy the needs of PIBs in both
excellent energy density and stability effectively.[24]

2.1. Graphitic carbon materials

Shifting from LIBs to SIBs is desirable due to the abundant
distribution and low cost of Na resources. Unfortunately,
graphite cannot be used as anodes for sodium-ion batteries
(SIBs) due to the low theoretical capacity for the formation
of NaC64 compound.

[25] The weak interactions between Na+

and the graphene layers have shown the infeasibility of the
Na-GIC battery. Along this line, it might be expected that
graphite would not be favourable for the storage of K+.
Interestingly, Ji et al.[26] and Hu et al.[27] reported that K-GIC
showed the capability for electrochemical energy storage in
PIBs and demonstrated that graphite has ability to form
KC8.

[26,28] According to the thermodynamic description, it
was proven that C could react with K to form KC8
compound.[29] Ex situ experimental results also suggested
that KC36 formed under 0.2–0.3 V. Upon further potassia-
tion, when the potential decreased to 0.01 V, the reaction
products went through two-phase (KC24 and KC8) zones and
finally yielded pure KC8 phase. Furthermore, density func-
tional theory (DFT) calculations were carried out to
demonstrate the maximum stable stoichiometry of KC8
compound.[27] The detailed analysis revealed that the for-
mation sequence of K-GIC for PIBs is KC36!KC24!KC8.
The above discussion shows promising results for devel-

oping high-energy-density PIBs due to the low reaction
potential required to form K-GIC compounds. Nevertheless,
compared with the ~10% volume expansion of the fully
lithiated state with the formation of LiC6, the relatively large

volume expansion of ~61% during the discharge process
makes it kinetically hard to achieve the reversible formation
of KC8. It should be noted that the layered structure of
graphite may be disrupted during cycling to block the K ion
transportation and thus leads to the poor cycling and rate
performance of K-GIC, impeding its practical applications.
In fact, K-GIC has attracted great interest and shown

more favourable intercalation than that of Li due to a lower
formation enthalpy for KC8 (� 27.5 kJmol

� 1) compared to
LiC6 (� 16.5 kJmol

� 1).[30] It was reported that the electro-
chemical reversible capacity of K in graphite as the anode
showed a large capacity of 273 mAhg� 1, which will enlighten
the exploration of electrode materials for PIBs.[26] In
addition to the storage of K+, graphite has shown a
promising higher discharge plateau (0.23 V) than that of
lithium inserted in graphite (0.1 V). Therefore, graphite
could provide a feasible way to lower the concerns of
dendrite growth caused by metal plating/stripping.[27] The
large volume expansion (~61%) could possibly reduce the
coulombic efficiency, however, and weak the reaction
kinetics, resulting in poor rate capability during cycling
(Figure 1a).[26] On this basis, a new type of polynanocrystal-
line graphite (PG) was designed by using porous carbon as
an epitaxial template.[31] This structure retained highly
crystallized characteristic properties in short-range dimen-
sions, but otherwise resembled long-range disordered car-
bon. The as-prepared PG electrode exhibited stable cycling,
with over 50% capacity retention after 240 cycles. Modified
Hummers’ method was employed to transform the confined
graphite into onion-like carbon (GOC) (Figure 1b). Benefit-
ing from the stable helical structure with plenty of wavy
wrinkles, expanded graphitic onion-like carbon (EGOC)
anodes exhibited high reversible capacity (404 mAhg� 1 at

Figure 1. a) Structure diagrams of different K-GICs.[26] Reprinted from Jian et al., with permission. Copyright© 2015, American Chemical Society;
b) Structural transition from GOC to EGOC.[32] Reprinted from Meng et al., with permission. Copyright© 2022, Royal Society of Chemistry;
c) Schematic illustration of the evolution of the surface on the graphite.[2c] Reprinted from Tai et al., with permission. Copyright© 2017, Elsevier
Ltd.; d) Cycle performance of graphite with two different electrolytes at approximately C/3 (1 C=279 mAg� 1).[34] Reprinted from Lu et al., with
permission. Copyright© 2019, John Wiley and Sons.
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0.2C), outstanding rate capability (218 mAhg� 1 at 5C) and
superior cyclability (275 mAhg� 1 after 1000 cycles at 2C).[32]

In order to take the volume variations into account and
increase the Coulombic efficiency during cycling, it is worth
paying attention to the effects of the electrolyte and the
binder. In view of this, Wang et al. reported that KS4
graphite in KPF6: ethylene carbonate- propylene carbonate
(EC:PC) electrolyte showed superior cycling performance
with a capacity of 220 mAhg� 1 after 200 cycles and exhibited
a higher initial Coulombic efficiency than in diethyl
carbonate (DEC) or dimethyl carbonate (DMC)
electrolyte.[33] This is probably due to the severe decom-
position and reduction of DEC and DMC under relatively
low voltage, which indicated that more cycles were needed
to form a stable solid-electrolyte interphase (SEI) layer in
DEC-based electrolyte. Furthermore, it could be speculated
that more electrolytes would be continuously consumed in
dimethoxyethane (DME) or DMC electrolyte compared
with that in PC electrolyte. Besides, the binder is also the
key to improving cyclability due to its important adhesive
function, thus enhancing electrode integrity upon cycling. As
a result, by using sodium carboxymethyl cellulose (Na-
CMC) binder, the electrode showed higher Coulombic
efficiency than that with conventional polyvinylidene di-
fluoride (PVDF) in graphite. It is possible that Na-CMC
could provide a uniform coating layer to reduce the
consumption of electrolytes in forming the SEI layer.
The obstacles to ionic transportation for K+ insertion

into graphite is mainly caused by the narrow interlayer
spaces (0.342 nm) and the long diffusion pathways. To
address this concern and facilitate K+ transportation,
expanded graphite materials with large interlayer spacing
were studied as anodes for PIBs. Figure 1c shows that the
activated carbon with an expanded interlayer spacing of
0.358 nm, prepared from the commercial graphite precursor,
exhibited around 7 times faster K+ diffusion with a diffusion
coefficient larger than that of commercial graphite.[2c] A
recent report[35] also revealed that an expanded graphite
electrode with an interlayer spacing of 0.387 nm could
deliver a high reversible capacity of 263 mAhg� 1 at
10 mAg� 1 and maintain 174 mAhg� 1 at 200 mAg� 1. Re-
cently, Lu et al. reported that graphite anode could work
well by using a concentrated electrolyte to form a robust
inorganic-rich passivation layer. The results demonstrated
that graphite anode could work over 2000 cycles with barely
capacity decay (Figure 1d). It brought our attention to the
observation that graphite could maintain its relatively flat
discharge/charge plateau after such long cycles.[34]

Generally, the layered structure of graphite revealed an
appropriate application prospect for anodes in PIBs, and the
expanded graphite materials with large interlayer spacing
process superior potassium-ion storage ability. In addition,
the employment of different types of electrolytes and
binders also affect the properties of layered graphite, the
persistent consumption of electrolyte by intrusion into the
layered structure will lead to the structural collapse of the
graphite. Thus, a reasonable design, such as expanding
interlayer spacing, constructing efficient electrolyte/ions
pathways, and introducing heteroatoms/intrinsic defects,

could form a stable SEI layer in the electrode and electro-
lyte interface, which is the key to ensure the application of
graphite-based material for anodes in PIBs.
The volume expansion of K-GIC is still the main

obstacle that limits the cycle life of PIBs. Therefore, it is
desirable to design a stable structure that has enough space
to accommodate volume variations during cycling. Recently,
metal–organic frameworks (MOFs)-derived carbon-based
nanomaterials have received significant attention in K+

-storage areas. The metal component could act as a good
catalyst to regulate the various structures and morphologies
under controllable experimental conditions, and the thus-
formed carbon framework can efficiently allocate the stress
induced by the potassiation processes. Xu et al. reported a
facile way to prepare N-doped carbon nanotubes that relied
on zeolitic imidazolate frameworks (ZIFs) as precursor.[36]

This structure not only retained mainly graphitic character-
istics, but also increased the surface area and shortened the
diffusion distance of K+ to improve the reaction kinetics
(Figure 2a). Consequently, the majority capacity contribu-
tion corresponding to the potassiated voltage plateau could
still be maintained below 0.5 V, demonstrating that the K+

storage did not depend on the capacitive storage mechanism.
Recently, ZIF-8 was used as a self-sacrifice template to
design carbon-coated Fe3C electrode materials with nitrogen
doping (Fe3C@MOF� C/N), which possessed different pore-
size distribution, high specific surface area, and graphitiza-
tion degree (Figure 2b). Owing to the graphite carbon
framework with a well-maintained integral structure, the K+

diffusion pathway was significant shortened due to the large
specific surface area and the Fe3C nanoparticles wrapped
with graphite carbon could further prevent the material’s
pulverization.[37]

In addition, hollow structures have also attracted consid-
erable attention because they offer enough room to buffer
the volume expansions and short diffusion channels to
facilitate ionic transportation. The preparation of hollow
carbon structures generally needs complex routes, however,
and suffers from a low yield. Hollow carbon nanospheres
(HCNs) were synthesized through a template method (Fig-
ure 2c),[38] which presented uniform shells and cavities for
K+ storage. The primary results show a high reversible
capacity of 298 mAhg� 1 at 28 mAg� 1 and high-rate capa-
bility of 212 mAhg� 1 at 558 mAg� 1. Recently, Wu and co-
worker reported nitrogen phosphorous co-doped hollow
carbon nanofibers (PNCNFs) derived from high-energy
metal–organic frameworks (MOFs) (Figure 2d). The as-
prepared anodes show ultra-high N/P co-doping character-
istics with some graphentic nanodomains, which resulted in
a high reversible capacity (466.2 mAhg� 1) and superior rate
capability (244.4 mAhg� 1 at 8 Ag� 1).[39]

Although the carbon shell could form a uniform layer
and uniform morphology, this layer could not retain highly
graphitic characteristics to lower the discharge plateau, thus
decreasing the energy density. Our group recently proposed
a cage-like graphitic structured carbon that not only
effectively reduced the anisotropy to avoid interlayer
slipping, thus ensuring structural integrity, but also offered
hollow structures to accommodate strain relaxation upon
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cycling (Figure 2e).[40] In addition, this carbon nanocage
(CNC) has an even hollow structure with a thin shell
thickness of around 5 nm, which could further reduce the
ionic diffusion length to improve the chemical diffusivity.
The as-prepared CNC electrode could deliver 175 mAhg� 1

at around 10 Ag� 1.[34] To the best of our knowledge, this is
the best electrochemical performance for highly graphitic
electrode materials.
Graphene materials is composed of a single layer or few

layers of sp2 hybridized carbon atoms, owning characteristic
chemical and physical properties, such as high electrical
conductivity, excellent mechanical strength, large surface
area, and large carrier mobility.[21,41] Different from graphite
with several graphene layers, two-dimensional graphene
nanomaterial is available to enlarge the potassium storage
site by hosting K both on and under the aromatic ring as
well as additional defects.[18,42] Since the first use of reduced
graphene oxide as anode for potassium ion batteries by Luo
and co-workers, extensive researches have been reported
exploring the potassium storage properties of graphene,
graphene oxide, reduced graphene oxide.[43] On the one
hand, K possesses a lower migration activation energy in the
surface of graphene materials (0.10 eV, 0.14 eV, 0.29 eV for
K, Na and Li, respectively), exhibiting stronger ion diffusion
kinetics.[44] On the other hand, graphene-based materials can
introduce new structures with more defects, edges, grain
boundaries, and doped atoms to enhance their potassium
storage capacity,[45] and graphene themselves can also be
used as functional additives to optimize the properties of
other anode materials.[21] Due to the large pseudocapaci-
tance and structural instability of graphene-based materials,
the capacity and cycling performance is still inferior to that
of counterpart in PIBs, but its unique two-dimensional
structure and physicochemical properties are expected to
achieve potassium storage under extreme conditions.

As mentioned above, effective strategies have been
proposed for graphite structures to facilitate potassium ion
diffusion and alleviate lattice expansion. By employing
precursors such as MOF, shell and hollow carbon have been
used as a template to regulate and control the structure of
graphited carbon framework composites. In addition, the
heteroatom(s) doping could further improve the power/
energy outputs with long-life cycling.
The key to developing highly graphitic electrode materi-

als for practical application in PIBs depends on addressing
the poor kinetics of K-GIC reactions. We envisioned that
there might be a few principles to follow: a) increase the
surface area to enable the electrolyte to come into complete
contact with the electrode; b) design nanosized graphitic
structures to shorten the diffusion distance, thus improving
reaction kinetics; c) build suitable architectures to allow
more K+ ion storage and keep the structure stable during
cycling; and d) retain enough crystallinity in the graphitic
carbon to keep the discharge voltage potential below a
certain level to ensure high-energy-density for PIBs.

2.2. Hard Carbon and Soft Carbon materials

Hard carbon is so-called non-graphitizable carbon and is
considered as the most promising anode material for SIBs
because graphite is thermodynamically limited in its reac-
tions with sodium.[46] Generally, hard carbon could deliver
higher specific capacity compared with graphite electrode
materials because the random alignment of graphene layers
in a small-sized domain offers significant porosity for storing
ions.
Ji et al. first prepared hard carbon spheres (HCS) with

diameters of around 5~10 μm via a hydrothermal method
(Figure 3a).[47] The obtained HCS electrode exhibited a

Figure 2. a) TEM image and charge/discharge profiles of the nitrogen-doped carbon nanotubes (NCNTs).[36] Reprinted from Xu et al., with
permission. Copyright© 2017, John Wiley and Sons; b) TEM and HRTEM images of Fe3C@MOF� C/N-1.[37] Reprinted from Xie et al., with
permission. Copyright© 2022, Elsevier Ltd.; c) TEM image of three-shelled hollow nanospheres.[38] Reprinted from Bin et al., with permission.
Copyright© 2017, American Chemical Society; d) TEM image and rate capability of PNCNFs.[39] Reprinted from Wu et al., with permission.
Copyright© 2021, John Wiley and Sons; e) Schematic structural illustration and rate capability of carbon nanocage (CNC).[40] Reprinted from Song
et al., with permission. Copyright© 2018, John Wiley and Sons.
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potassiation potential (0.2 and 0.33 V) that was higher than
its sodiation potential (lower than 0.1 V), which reduces the
risks of dendrite formation, especially at high current rates.
It is interesting that HCS electrodes showed higher rate
retention ratios for PIBs (52%) than for SIBs (23%) at 5C
compared to C/10. This excellent rate capability of HCS
electrode for PIBs could be possibly attributed to their
greater proportion of nanovoids than in the structure of
graphite and the higher diffusion coefficient for K+

diffusivity in hard carbon. Inspired by this pioneering work,
Zhong et al. incorporated graphene oxide in renewable
lignin precursors to obtain the crystalline lattice hard
carbon.[48] The modified hard carbon (i.e., QLGC) anodes
show graphitized nanodomains in the carbon matrix with an
expanded interlayer spacing (0.42 nm) in the amorphous
regions. Xie and co-workers prepared N-doped hard carbon
microspheres via directly pyrolyzing cross-linked hierarchi-
cally porous chitin microspheres[49] (Figure 3b). Although
the majority of the capacity contribution was over 0.5 V, the
obtained ultrahigh rate capability of 105 mAhg� 1 at around
20 Ag� 1 could encourage research work on the exploration
of hard carbon microsphere materials. Heteroatom-doping
is an efficient way to regulate the local electronic structure
and introduce defects/vacancies.[50] In this regard, Yang and
Guo et al. prepared porous hard carbon microspheres (Fig-
ure 3c).[51] The introduction of S- and O- dual doping to
achieve functional bonds with carbon, could further create
some vacancies and active sites to increase the adsorption of
K ions, which would increase the specific capacity and yield
good rate capability (over 150 mAg� 1 at 1 Ag� 1). In
addition, nitrogen and oxygen co-doped yolk-shell carbon
sphere (NO-YS-CS) was prepared as anodes for PIBs, which
show ultralong cycling life over 2500 cycles with the
retention of 85.8% at 500 mAg� 1 and superior rate perform-
ance (183.3 mAhg� 1 at 1.0 Ag� 1).[52]

Ju and Xiong et al. prepared nitrogen/oxygen dual-
doped hard carbon, which exhibited uniform flower-like
microspheres with sizes of around 2 micrometres (Fig-
ure 3d).[53] N-doped carbon, as an alternative, could regulate
the electronic structure to improve the electronic conductiv-
ity of the hard carbon, thus further enhancing the cycling
performance. A very recent report shows a low-cost method
to prepare N/O-dual doped hard carbon relying on biomass
resources (Figure 3e). The introduction of heteroatom(s)
doping could generate abundant defects, which significantly
increase electrochemical active sites.[54]

Hard carbon electrode materials usually suffer from low
coulombic efficiency due to the limited reversible capacity
since the capacity contribution is mostly consumed by the
formation of the SEI layer. The next stage of developing
hard carbon anode materials ought to focus on how to
design suitable protective layers to avoid the consumption of
electrolyte during the formation of the SEI layer.
The early research on soft carbon electrodes was carried

out by Ji et al. in 2015, in which soft carbon was considered
as a good resource for PIBs due to the less crystalline
structure and lower density than graphite.[26] The classic
pyrolysed soft carbon from 3, 4, 9, 10-perylene-tetracarbox-
ylicacid-dianhydride (PTCDA) was tested as anode for
PIBs, and it delivered better cycling performance and rate
capability than t graphite. By integrating the advantages of
the long-term cyclability of hard carbon and the high-rate
capability of soft carbon, their group reported that the
combination of hard carbon spheres, and soft carbon (HCS-
SC) display a broad XRD peak with a large average d-
spacing of 0.37 nm (Figure 4a) and show spherical particles
sized from 5–10 μm with micrometer-sized soft carbon
rods.[55] The as-prepared HCS-SC electrode delivered a high
reversible capacity of over 200 mAhg� 1 at 280 mAg� 1 with
stable cycling after 200 cycles, and it retained around
100 mAhg� 1 at 2800 mAg� 1 (Figure 4b). It should be noted
that this work highlights the concept that non-graphitic
structure with a high level of disorder along the c-axis is
critical to avoid capacity fading for carbon-based anodes. To
further develop advanced soft carbon anodes, Mai et al.
designed polycrystalline soft carbon semi-hollow microrods,
which consisted of cavities and nanosheets as anode for
PIBs.[56] With the benefits of a hollow structure for
accommodating volume variations, short diffusion paths for
improving ionic kinetics, and a large electrolyte/electrode
contact area (Figure 4c), the electrode delivered a high
reversible capacity of 170 mAhg� 1 at 500 mAg� 1 with
capacity retention of over 80% after 500 cycles. In addition
to half-cell research, they have tested K0.6CoO2//soft carbon
in full-cell configurations,[56] which exhibited 86.7% of the
initial coulombic efficiency and 84% capacity retention after
50 cycles at 20 mAg� 1.
Unlike hard carbon materials, soft carbon offers good

rate capability and high reversible capacity but undesirable
cycling performance. Besides, the large capacity contribution
from the high voltage region (>1 V) will diminish its
potential as potential high-energy-density anode
materials.[24] Therefore, it is worthwhile to design dedicated
nanostructures for soft carbon to increase its electrical

Figure 3. a) Scanning electron microscope (SEM) image of as-prepared
HCS.[47] Reprinted from Ji et al., with permission. Copyright© 2015,
John Wiley and Sons; b) SEM image of NCS.[49] Reprinted from Chen
et al., with permission. Copyright© 2017, Elsevier Ltd.; c) SEM image
of porous carbon microspheres (PCMs).[51] Reprinted from Yang et al.,
with permission. Copyright© 2018, John Wiley and Sons; d) SEM
image of the carbonized product of the NH2-MIL-101(Al) precursor.[53]

Reprinted from Xiong et al., with permission. Copyright© 2017, John
Wiley and Sons; e) Schematic illustration of the preparation of N/O-
dual doped hard carbon.[54] Reprinted from Jiang et al., with permission.
Copyright© 2020, John Wiley and Sons.
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conductivity, but also give it enough space to accommodate
potassium ions during cycling. For example, hollow struc-
tures could buffer the volume expansion during potassiation
to extend the lifespan of the cell. Moreover, the develop-
ment of hard-soft carbon composites is expected to utilize
the advantages of the two kinds of carbon and synergistic
mutual effects to improve the electrochemical performance
of PIBs.
The superior cycling stability and rate capability of hard/

soft carbon are due to the large pseudocapacitance contribu-
tion upon cycling. Basically, the majority of capacity
contributions are driven by surface reactions that do not
need diffusion processes, which facilitate the ions/electrons
transportations, thus benefiting to improve electrochemical
performance. In 1971, the first evidence of pseudocapaci-
tance involving faradaic charge-transfer reactions was dis-
covered in RuO2 electrode.

[57] It was mainly found that the
faradaic charge-transfer reaction represented ion storage
from the solvents. In addition to this, the shape of the cyclic
voltammogram (CV) curve was mostly rectangular, which
was attributed to capacitor-type behaviour. In terms of the
electrochemical capacitive features, pseudocapacitive mech-
anisms can be classified into three different types, including

redox, intercalation, and underpotential deposition
psedocapacitance.[58] The classic intercalation reaction mech-
anism shares similar processes with co-insertion and K-GIC
for PIBs. In contrast, redox pseudocapacitance can store
ions on the surface of the electrode material with a
concomitant faradaic charge-transfer reaction. All these
reaction mechanisms depend on the physical and surface
properties of the materials.
In particular, for energy storage behaviour, the pseudo-

capacitance could be decided by the voltage sweep in CV,
with constant or alternating current. In terms of CV tests,
the relationship could be written by the following
equation:[59]

i Vð Þ ¼ k1v
1
=2 þ k2v

Where v represents the sweep rate, k1 and k2 are
parameters that should be taken from the current relation-
ships. In this equation, the current response that varies with

v is responsible for the surface-driven behaviour, and v
1
=2

reflects the diffusion-controlled process. According to this
method, Xie et al. calculated the surface-driven and diffu-
sion-controlled contributions to the total capacitive
charge.[49] The high value of 83% for the cell at a scanning
rate of 2 mVs� 1 demonstrated that the storage was mainly
controlled by the capacitive surface-driven process. In
addition, the surface-driven storage increases with increasing
sweep rate, and the capacitive charge contribution is higher
for a K cell than a Na cell.
In the previous sections, we presented the early research

on soft carbon and also proposed that nanostructures with
enough voids/spaces could benefit the electrochemical
performance of soft carbon electrodes. Here, we offer a
deeper understanding of the development of carbon fibers
and porous carbon electrode materials. Besides, we empha-
size that the redox pseudocapacitance reaction mechanism
could occur when the ions are adsorbed onto the surface of
the electrode materials. The transportation processes mainly
depend on the kinetic behaviour, but a few are limited by
solid-state diffusion processes. In terms of this reaction
mechanism, the majority capacity contribution stems from
the surface storage, which maintains the structure of the
carbon due to the reduced K-GIC intercalation reactions,
thus enabling high-rate cyclability. In this regard, carbon
fibers were introduced by the electrospinning technique,
which exhibited cross-linked morphology with relatively
uniform diameters of 200–300 nm (Figure 5a)[60] and 30–
40 nm (Figure 5b),[61] respectively. Furthermore, nitrogen
species were introduced for doping onto carbon to increase
the density of active sites and produce defects for ion
storage. It is interesting to correlate the electrochemical
performance with the N dopant content. Based on their X-
ray photoelectron spectroscopy (XPS) analyses, a higher N
doping level could increase the contribution from pseudoca-
pacitance thus enhancing the reversible capacity
(146 mAhg� 1 at 2 Ag� 1 after 4000 cycles) and rate capability
(101 mAhg� 1 at 20 Ag� 1). Motivated by the large surface

Figure 4. a) XRD patterns and SEM image of the as-prepared
composites.[55] Reprinted from Ji et al., with permission. Copyright©
2017, John Wiley and Sons; b) Cycling and rate performance of hard/
soft carbon electrodes.[55] Reprinted from Ji et al., with permission.
Copyright© 2017, John Wiley and Sons; c) Schematic illustration of a
polycrystalline soft carbon semi-hollow microrod.[56] Reprinted from
Wang et al., with permission. Copyright© 2017, Royal Society of
Chemistry.
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area of porous carbon, Chen, Yan, et al. reported N-doped
porous carbon monolith with surface area of around
443 m2g� 1 (Figure 5c).[49] The as-prepared electrode could
deliver a stable reversible capacity of over 150 mAhg� 1 at
1000 mAg� 1 after 3000 cycles and a high-rate capability of
178 mAhg� 1 at 5000 mAg� 1. In addition, they adopted
PTCDA as a cathode to assemble full cells, which delivered
over 100 mAhg� 1 at 500 mAg� 1 even after 150 cycles,
corresponding to a high energy density of 365 Whkg� 1. The
above two research outcomes not only demonstrate that a
high N-doping level could effectively increase active sites,
but also demonstrated that pyridinic N might be in the best
doping position to benefit the electrochemical performance
compared with pyrrolic N and quaternary N dopants. In
addition, elemental N doped, elemental phosphorus was also
introduced to enhance the K+ adsorption ability and
regulate the electronic properties.[62] Guo et al. prepared 3D
honeycomb-like architecture N, P-codoped carbon (Fig-
ure 5d), which shortened the K ions diffusion length and
enhanced the ionic kinetics.[63] Taking into consideration the
structural design for porous carbon, Guo et al. reported that
amorphous ordered mesoporous carbon (OMC) could

function as a good anode for high-performance PIBs.[64] The
as-prepared amorphous OMC presented two broad peaks at
around 23° and 44 and showed a microflake morphology
with a diameter of 500–800 nm (Figure 5e). Due to the large
surface area of OMC flakes, surface storage mainly charged
the capacity contribution, which would explain the phenom-
enon of high capacity at well above the potassiation
potential over 0.5 V. The pseudocapacitance could lead to
superior long-term cyclability of around 150 mAhg� 1 at
1 Ag� 1 after 1000 cycles, corresponding to a capacity fading
of only 0.03% per cycle. Ma et al. proposed an “order-in-
disorder” synergetic engineering strategy by in situ embed-
ding nanographitic in the defective carbon structure.[65] Due
to the porous and hollow carbon architectures built from
interconnected carbon skeletons, the as-prepared anodes
delivered high specific capacities of 328 mAhg� 1 at 0.2 Ag� 1

and 161 mAhg� 1 at 4 Ag� 1 with ultralong cycling stability
over 2000 cycles at 1 Ag� 1. As revealed by DFT calculations
very recently that potassium ion adsorbability was increased
in the order of N-doping, O-doping, and vacancy defects.[69]

An ultra-high pyrrolic/pyridinic-N doped necklace-like hol-
low carbon (NHC) (Figure 5f) was prepared, which exhib-
ited a high reversible specific capacity and outstanding rate
capability (204 mAhg� 1 at 2000 mAg� 1). As we mentioned
above, hierarchically 3D carbon could facilitate ion kinetics
and electron transport. Zhao et al. designed hierarchically
porous interconnected carbon sheels by using metal–organic
framework-based strategy, which obtained S, N-codoped
carbon shells (Figure 5g). Benefiting its unique structure,
the cell delivered an ultra-high-rate capability of
169 mAhg� 1 at 32000 mAg� 1. Numerous cases demonstrated
that the amorphous-feature carbon could be beneficial for
cycling stability and rate capability. However, the large
pesoducapacitance contribution would generally lead to a
very slope discharge/charge curves as shown in Figure 5h.
The majority capacity contribution above 0.5 V for anodes
will lead to decrease the energy density for the full-cell
design. Besides, the low Coulombic efficiency in the first few
cycles might be due to the formation of the SEI layer on the
large specific area of porous carbon.
Since the first discovery that nitrogen-doped vertically

aligned carbon nanotube arrays could act as good
electrocatalysts,[70] heteroatom-doping has been widely used
as an effective strategy to improve the electrochemical
performance via the introduction of active sites and
electronic structure.[12b,62,71] For example, the above-men-
tioned N-doped hard carbon microsphere and carbon fiber
electrodes both could deliver ultra-long cycling performance
and a high-rate capability. In addition to nitrogen doping,
S,[72] O,[53] P,[56] and F[73] doping were all adopted as having
future prospects for improved electrochemical performance
and also relied on simultaneous co-doping with various
heteroatoms. With the different doping contents and species,
the electronic interactions between the doping elements and
the carbon matrix could generate synergistic effects, thus
promoting high-performance batteries.
In view of the capacity contribution arising from the

redox pseudocapacitance, their excellent rate performance
and large specific capacity offer a competitive advantage

Figure 5. Microscopic characterizations of N-doped carbon fibers with
relatively uniform diameters of a) 200–300 nm.[60] Reprinted from Zhao
et al., with permission. Copyright© 2017, Royal Society of Chemistry
and b) 30–40 nm.[61] Reprinted from Xu et al., with permission. Copy-
right© 2018, Springer Nature; c) SEM image of the as-synthesized
porous carbon monolith (PNCM)(insets are the optical images of the
monolithic structure).[66] Reprinted from Qiao et al., with permission.
Copyright© 2017, Elsevier Ltd.; d) SEM image with honeycomb shown
in the inset for comparison.[63] Reprinted from He et al., with
permission. Copyright© 2019, Elsevier Ltd.; e) SEM image of meso-
porous carbon.[64] Reprinted from Guo et al., with permission. Copy-
right© 2017, John Wiley and Sons; f) SEM image of the necklace-like
hollow carbon (NHC) sample.[67] Reprinted from Yang et al., with
permission. Copyright© 2019, Royal Society of Chemistry; g) Sche-
ematic representation of hierarchically porous thin carbon shell of S/
N@C.[68] Reprinted from Zhao et al., with permission. Copyright©
2018, John Wiley and Sons; h) Discharge/charge curves for S/N@C
electrode materials at 100 mAg� 1 for PIBs.[68] Reprinted from Mahmood
et al., with permission. Copyright© 2018, John Wiley and Sons.
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compared to the K-GIC reaction mechanism. The carbon
fibers and porous carbon inherit the benefits of the soft
carbon and possess larger interlayer spacing compared to
highly crystalline graphitic carbon, which could accommo-
date more K ions and further adapt to the volume changes
during potassiation/de-potassiation.
As discussed above, the research and development of

PIBs have run basically along the lines of LIB and post Li-
ion technologies. Representative carbon-based electrode
materials with their preparation methods and electrochem-
ical performance are listed in Table 1.

3. Dual ion batteries based on co-intercalation
mechanisms

Although carbon-based anode materials have attracted
considerable attention owing to their excellent stability and
high-rate capability, potassium ion full batteries still face
serious challenges related to fast capacity fading and poor
rate performance, which have impeded their potential
applications. Recently, owing to the staggering recent
advances in carbon-based materials and aluminium-graphite
capacitors, dual-ion batteries (DIBs) have been discovered
that work on the basis of potassium-based electrolyte in
combination with the co-intercalation mechanism of
carbon.[98]

Since 2014 and 2015, dual-graphite batteries have
enabled researchers to realize ion intercalation under high
voltage.[28a,99] Emerging research efforts have demonstrated
that co-intercalation reactions take place where ions and the
ion solvent intercalate into the layered host materials. These

ion intercalations could break the thermodynamic and
kinetic limits for energy storage. For example, it has been
demonstrated that the constraints of Na storage in graphite
could be broken by the introduction of ether-based
solvents.[100] In the case of PIBs, it has been demonstrated by
Pint et al. that the electrochemical co-intercalation of K ions
into graphitic materials is capable of exhibiting long-term
durability and high rate capability in diglyme and mono-
glyme electrolytes.[75] The co-intercalation reaction mecha-
nism shares similarities with non-faradaic super capacitance
behaviour,[101] which relies on the weak ion-host interaction
mediated by a solvent shell, especially for the small Stock
radius of K ions.[102] Therefore, this reaction mechanism
could offer fast ionic transportation and enable high-rate
capabilities.
On the basis of this working principle, the first

potassium-based DIB device was proposed by Placke et al.
(Figure 6a).[103] In combination with an ionic liquid (IL)-
based electrolyte, this DIB technology built on dual-graphite
batteries (DGBs) results in a high operating voltage
potential over 4.5 V and reasonable specific capacity over
40 mAhg� 1 with coulombic efficiency >99%, indicating
excellent reversibility. After 1500 cycles, a high-capacity
retention ratio of 95% could be achieved, which further
demonstrated its stability during cycling. Lu et al. also used
graphite as both anode and cathode to test the electro-
chemical performance in conventional KPF6

� based electro-
lyte (Figure 6b). The proposed K+/PF6

� co-insertion DGBs
exhibited higher potassiation capacity of over 60 mAhg� 1

with an operating voltage of 3.95 V compared with the
previous reports.[104] To improve the electrochemical per-
formance and regulate the operating voltage, Tang et al.
used expanded graphite as cathode and mesocarbon mi-

Figure 6. Schematic illustration of the PDIBs configuration. a) Symmetric graphite electrodes in combination with a potassium-containing ionic
liquid electrolyte.[103] Reprinted from Beltrop et al., with permission. Copyright© 2017, Royal Society of Chemistry; b) Symmetric graphite electrodes
in 0.8 M KPF6 electrolyte.

[106] Reprinted from Lu et al., with permission. Copyright© 2017, John Wiley and Sons; c) Graphite as cathode and
mesocarbon microbead (MCMB) as the anode in KPF6 electrolyte.

[105] Reprinted from Tang et al., with permission. Copyright© 2017, John Wiley
and Sons; d) Battery-supercapacitor hybrid device (BSH) and normalized voltage-time curves.[107] Reprinted from Lu et al., with permission.
Copyright© 2018, John Wiley and Sons.
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Table 1: Summary of representative carbon-based electrode materials.
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crobead (MCMB) as the anode to construct DIB config-
urations (Figure 6c).[105] With the medium discharge voltage
stabilized at 4.5 V, which is the highest among reported
DIBs, the cell could deliver a high reversible capacity of
over 60 mAhg� 1 at 100 mAg� 1.
Hybrid devices have been paid enough attention due to

their competitive advantages from combining various
systems.[93,108] With the benefits of high-energy-density PIBs
and the merits of high-power-density supercapacitors, Lu
et al. proposed a low-cost battery-supercapacitor hybrid
(BSH) device based on soft carbon as anode and activated
carbon as a cathode (Figure 6d).[107] As discussed in section
2.2, soft carbon features the advantage of high specific
capacity with large interlayer spacing. As a result, with its
combination of the battery behaviour of its soft carbon
anode and the capacitive behaviour of its activated carbon
cathode, this hybrid device can deliver high energy density
of 120 Whkg� 1 and a power density of 599 Wkg� 1. Hence, it
shows great promise as a good alternative to commercial
lithium-ion batteries (energy density of 100–260 Whkg� 1

and power density of 250–340 Wkg� 1).
The development of DIBs is facing big challenges,

though showing great promise to meet the requirements of
high-operating voltage and high-power density devices. It is
necessary to adopt various carbon-based materials for the
development of DIBs. The anodic/cathodic reaction mecha-
nisms should be further deeply understood and other
alternative anodic ions might be potential candidates for co-
insertion with K+.

4. Other K� X (X=O2, CO2, S, Se, I2) systems

The developments of next-generation stationary energy
storage systems require high energy density and high power
density.[109] In the past few years, lithium metal as anodes
attracted numerous interests due to the high theoretical
specific capacity (3860 mAhg� 1), low density (0.534 gcm� 3),
and low electrochemical potential (� 3.04 V vs. E0).[110] As
expected, potassium metal as anodes is also deserved to be
paid enough attentions which are essential to develop low-
cost with high theoretical capacities and energy densities
devices. The current advanced state-of-the-art cathodes of
K� X systems generally employed O2,

[111] CO2,
[112] S/Se,[113]

and I2
[114] as cathode materials. The reversibility of the

discharge/charge processes is essential to improve the energy
efficiency of K� X systems. For instance, potassium
carbonate will be generated after a discharged process for
K-CO2 batteries.

[112] The decomposition process of K2CO3
would be needed to involve electrocatalysts. However, the
electrochemical performance of K-CO2 batteries hasn’t been
reported until now, which is possibly due to the difficult
operation conditions of K metal and excellent catalysts.
Since 2009, Dai and his co-worker demonstrated that
carbon-based materials can effectively act as good
electrocatalysts.[70] Numerous subsequent studies have paid
attention to improving the catalyst properties, including
tuning heteroatom doping,[13b] regulating carbon structure,
introducing defects, to name a few.[16b,115] Along this research
line, it is necessary to design carbon-based catalysts to

Table 1: (Continued)

[a] The cycling data are summarized as final capacity after (certain cycles) @ corresponding rate, and the unit of capacity is mAhg� 1. [b] The rate
capability is summarized as retained capacity @ corresponding rate (1C=200 mAhg� 1).
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enable the concept of K-CO2 batteries. For K-O2 batteries,
carbon can be a good matrix to enable fast electron
transport and maintain good structural stability to support
the ion kinetics, although Wu et al. have demonstrated it
might not need catalysts to decompose the potassium
superoxide.[3a] For K� S batteries, carbon matrix can enhance
the electrical conductivity of the electrode materials, buffer
the volume variations during cycling and alleviate the
solutions of polysulfide.[116] Therefore, carbon-based elec-
trode materials also attracted certain interests to explore the
possibility for K� X systems.
Li-O2 batteries have attracted significant attention due

to their notably high theoretical energy density
(3500 Whkg� 1 based on Li2O2). Nevertheless, the asymmet-
ric reaction mechanism due to the disproportionation
reaction of LiO2 into Li2O2 and O2 during the discharge
process and the direct oxidation of Li2O2 into O2 during the
charging process led to a high overpotential and low round-
trip energy efficiency. Hence, it is necessary to study the
one-electron redox process (O2 þ e� þMþ !MO2) for
alternative Li-O2 chemistry. In 2013, Wu et al. first intro-
duced the concept of K-O2 chemistry (Figure 7a)

[117] with
symmetric reactions and low overpotential based on the
thermodynamically stable product KO2. In addition, K-O2
batteries offer the opportunity to eliminate the need for
electrocatalysts, with a small potential gap of around 50 mV,
which is the lowest among all the reported metal-oxygen
batteries.[3a] The formation and subsequent oxidation of
K2O2 triggered by the irreversible cell chemistry was
responsible for capacity decay in K-O2 batteries, which was
demonstrated by X-ray photoelectron spectroscopy

(APXPS).[118] In addition, the common impurities in the air
such, as H2O and CO2 could reduce the chemical reversi-
bility of ORR and OER in ionic liquid-based air batteries.
In the past few years, pioneering work has been done to
understand superoxide reactions and promote the long-term
cycling stability of K-O2 batteries through the regulation of
salt chemistry and solvents to passivate the surface of K
metal as the anode side. Indeed, tuning the electrolyte
composition may help to form a uniform SEI layer, thus
improving the cycling performance.[3b,c,111,119]

Although K-O2 chemistry does not need to use electro-
catalysts to lower the overpotential, carbon is still necessary
as a host for the nucleation and growth of superoxide. The
long-term stability of KO2 is subject to question as to
whether superoxide could be stable toward the electrolyte
and the carbon cathode. In addition, the size and the
morphology of the KO2 formed on the carbon cathode side
could block the penetration of oxygen species and the
concentration of O2

� , thus limiting the reaction kinetics and
the rate performance.
Li-CO2 as a new member of this battery family, has

attracted attention because Li2CO3
ðDfG

o Li2CO3ð Þ ¼ � 1132:12 KJ=mol) is more chemically
stable than Li2O2 (DfG

o Li2O2ð Þ ¼ � 285:6 KJ=mol), where
DfG

o is the Gibbs free energy.[120] A proof of concept for K-
CO2 battery has recently been revealed via an aberration-
corrected environmental transmission electron microscope
(AC-ETEM).[112] During discharge, the formation of K2CO3
could be written as 2Kþ þ 2e� þ 2CO2 ! K2CO3 þ CO; and
the charging process could be translated as
2K2CO3 þ C! 3CO2 þ 4K. Our group has recently em-

Figure 7. Schematic diagram of rechargeable battery systems. a) K-O2.
[117] Reprinted from Xiao et al., with permission. Copyright© 2018, American

Chemical Society; b) K-CO2.
[121] Reprinted from Dai et al., with permission. Copyright© 2020, John Wiley and Sons, c) K-CO2.

[122] Reprinted from Qi
et al., with permission. Copyright© 2021, John Wiley and Sons; d) K� S[5b] Reprinted from Zhao et al., with permission. Copyright© 2014, American
Chemical Society; e) K� Se.[124] Reprinted from Yu et al., with permission. Copyright© 2020, John Wiley and Sons and f) K-I2

[114] batteries. Reprinted
from Lu et al., with permission. Copyright© 2019, Elsevier Ltd.
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ployed a novel bifunctional metal-free 3D porous carbon
electrocatalyst for CO2 reduction and evolution. The
obtained K-CO2 batteries (Figure 7b) showed high reversi-
bility over 1500 h, which opens avenues for the rational
design and development of cost-effective metal-CO2 bat-
teries with a high energy density and long cycle life.[121] In
light of this work, Li et al. fabricated a high-performance K-
CO2 battery using passivated K anodes with artificial surface
film and N-doped carbon nanotubes cathodes (Figure 7c),[122]

which shows a high specific full discharge capacity
(9436 mAhg� 1), small overpotential gap (0.81 V at
50 mAg� 1), and long cycle life (450 cycles or 3100 h with a
curtailing capacity of 500 mAhg� 1).
Potassium-sulfur (K� S) batteries (Figure 7d) are emerg-

ing as another promising candidate for developing high-
energy density systems.[5b,123] There are two main concerns:
a) Li� S batteries, potassium-polysulfide dissolution, and the
related shuttle reactions, and b) the low utilization ratio due
to the reactive potassium surface.[5c] Encapsulating sulphur
into a carbon matrix is a common way to address the above
concerns.[125] So far, ordered mesoporous carbon (CMK-
3),[5b] sulfurized polyacrylonitrile (SPAN),[5c] and three-
dimensional free-standing carbon nanotube (3D-FCN)[5a]

have been adopted as potential cathodes for electrochemical
testing in K� S batteries. Unlike the formation of Li2S in the
Li� S systems, it was demonstrated that K2S3 could be the
final discharge product for K� S conversion processes.[5b]

More recently, self-supported SeS2 in the nitrogen-doped
free-standing porous carbon has been reported that it could
deliver a high reversible capacity of 417 mAhg� 1 after 1000
cycles with 85% capacity retention at 0.5 Ag� 1, which is
attributed to the interconnected porous carbon structures
thus facilitating the ions/electrons transportations.[116] Ding
et al. developed a Se and CoNiSe2 coembedded nanoreactor
(Se/CoNiSe2-NR) affording low carbon content as
cathodes,[126] which show relatively stable cycling stability
with a capacity decay rate of 0.038% per cycle over 950
cycles at 1.0 C. Inspired by the research history of LIBs, the
small-molecule Se embedded in freestanding N-doped
porous carbon nanofibers thin film (Se@NPCFs) was
fabricated. The generation of polyselenides (K2Sen, 3�n�
8) was effectively suppressed by electrochemical reaction
dominated by Se2 molecules, thus significantly enhancing the
utilization of Se and effecting the voltage platform of the
K� Se battery (Figure 7e).[124] So far, the cycling and rate
performance is far below expectations, and further exper-
imental results are needed to validate the feasibility of this
new class of systems.
K-O2 typically needs an open system which brings more

complicated circumstances, and K� S may need to be further
explored to improve the cycle life and performance.
Recently, another conversion-type reaction, namely, potas-
sium-iodine (K-I2) (Figure 7f) was established based on a
high conversion voltage of 3 V and iodine/triiodide redox
reactions.[114] By employing a free-standing I2/Carbon com-
posite as cathode, the I2/I3

� and I3
� /I� redox couples offered

a high capacity (156 mAhg� 1) and stable cycling life (71%
capacity retention after 500 cycles).

The above four conversion-type reactions have opened
up a new avenue to explore new types of potassium storage
systems. It should be noted that the cathode side basically
needs to include carbon-based host materials. Therefore, it
is still worth exploring various functional porous carbon
hosts to improve the charge-transfer capability and increase
the solvation of K+ in the electrolyte. On the other hand,
the direct use of K metal may lead to huge concerns about
dendritic growth and severe side reactions. In K-O2 systems,
some intermetallic alloys, such as K3Sb as counter anode

[127]

and liquid Na� K alloy,[113] were employed to mitigate non-
uniform plating and dendrite growth problems.

5. Carbon as host for metal protection

Metallic potassium was deemed as a desirable anode for
potassium-ion batteries due to its low electrochemical
potential (� 2.93 V vs. SHE), high theoretical capacity
(687 mAhg� 1), and large abundance (�0.0017 wt%).[128]

Nevertheless, like the issues of lithium metal anodes, the
high reactivity, uncontrollable dendritic growth, large vol-
ume changes, unstable interface, and intricate side reactions
hampered its further development and practical
application.[129] Employing carbon-based material as a matrix
for metal protection is an effective strategy to achieve
dendrite-free K metal anodes.[130] In the past, aligned carbon
nanotube membrane (ACM),[131] reduced graphene oxide,[132]

and amine functionalization of the carbon scaffolds[133] were
fabricated for constructing dendrite-free, good wettability,
processable, and moldable metal anodes (Figure 8a). A
graphite-intercalation-compound (GIC) through simple
high-temperature stirring was employed to fabricate scaffold
for K-GIC anodes,[128a] which exhibited environmental
stability in air/water and excellent cycling stability (Fig-
ure 8b). The optimized interlayer insertion/extraction and
reduced affinity energy of K can suppress dendrite growth
and alleviate volume expansion of as-prepared material,
resulting in excellent electrochemical performances. There-
fore, it suggests that the promising graphite protection
foundation knowledge and technologies already available
for Li-metal could be applied to K-metal anode. So far,
liquid Na� K alloys benefited from low viscosity like
“liquid”,[134] high surface tension, and electronic conductivity
like “metal”, which delivered stable high capacity and could
not grow dendrites (Figure 8c).[135] Yuan et al., constructed
semi-solid K metal electrodes with rich C� K bonds by in situ
replacement of N-doped carbon nanotubes (CNT) and
liquid Na� K alloy,[136] which could deliver higher stability
with dendrite-free. Based on the theoretical calculation
(Figure 8d), pyrrolic-N and pyridinic-N reacted spontane-
ously with the NaK alloy cluster at the wall of the carbon
nanotube, accelerating the removal of N atoms. With the
replacement of these graphite-N by NaK clusters, a large
number of defects were produced and the NaK-CNT
structure was employed as the main C� K bond due to its
high content (74.32%), optimizing the activity of Na� K
alloy raised to�90%. Besides, tailoring current collector as
metal protection attracted numerous interests due to the
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relatively stable metal plating-stripping behavior.[137] For
instance, an oxygen-rich treated carbon cloth (TCC) was
designed as the K plating host to guide K homogeneous
nucleation and suppress the dendrite growth.[138] Liu and co-
workers synthesized a functionalized 3D copper current
collector (rGO@3D� Cu) with reduced graphene oxide,
which achieved abundant potassiophilic surface, low nuclea-
tion barrier, high specific surface area and porous structure
(Figure 8e).[139] As expected, the as-prepared metal anodes
achieved a unique synergy driven by interfacial tension and
geometry, the symmetric rGO@3D� Cu cells exhibit stable
cycling at 0.1 mAcm� 2 and the half-cells are stable at
0.5 mAcm� 2 for 10000 min. More recently, Zhang and co-

workers developed a robust composite gel polymer electro-
lyte (CGPE),[140] which was effective in regulating K
stripping/plating and enabling stable K metal anode (Fig-
ure 8f). The as-prepared K metal symmetrical cells with
CGPE exhibit a long cycle life over 1200 h at the current
density of 0.5 mAcm� 2. The introduction of PAN nanofibers
not only improved the mechanical properties, but also
widened the electrochemical stability window.
To date, a stable SEI layer formation upon the K metal

anode has been considered as a crux to ensure battery
performance. However, the nonuniform stripping and depo-
sition of K ions caused huge volumetric change on the K
anode, which led to the growth of K dendrites and SEI layer

Figure 8. a) Schematic diagram of K metal protection (K-ACM).[131] Reprinted from Yang et al., with permission. Copyright© 2019, John Wiley and
Sons; b) mechanisms of K+ stripping/depositing of K-GIC.[128a] Reprinted from Zhang et al., with permission. Copyright© 2021, Elsevier Ltd.;
c) Schematic illustration of KOL@Na� K alloy.[135] Reprinted from Tu et al., with permission. Copyright© 2018, John Wiley and Sons; d) Theoretical
calculations of graphitic-N replacement with NaK alloy.[136] Reprinted from Zhang et al., with permission. Copyright© 2022, John Wiley and Sons;
e) Self-assembly of rGO@3D� Cu current collector.[139] Reprinted from Mitlin et al., with permission. Copyright© 2019, John Wiley and Sons;
f) Schematic illustration of the electrochemical deposition behaviours of K metal using PVDF-HFP-KFSI and PVDF-HFP-KFSI@PAN CGPE.[140]

Reprinted from Liu et al., with permission. Copyright© 2022, John Wiley and Sons.
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fracture. The research on the use of carbon as host for K-
metal anode protection was still at the very beginning stage,
although it might possibly learn from the studies of Li and
Na metal anodes. Moreover, the plating and stripping
behaviours of carbon-based “host” for stable K metal were
still in debate, and more delicate studies on electrolytes
were still limited.

6. Outlook and Perspectives

Over the past few years, notable progress has been made in
the development of carbon-based potassium-ion storage
devices, and it should be noted that various carbon-based
materials have been realized to address/solve the practical
problems impeding multifunctional applications, such as
high-energy-density and high-power-density devices for
energy storage. Nevertheless, several key challenges related
to electrode materials and technologies need to be ad-
dressed for future research directions.
Intrinsic and assembled structure evaluation and regu-

lation are the key to addressing the above issues while PIBs
move towards practical applications in the future. In
particular, graphite-based electrode materials exhibit low
but safe working voltage potential (below the dendrite
formation potential) for high-energy-density PIBs. One of
the major challenges is to design high ordered architecture
to allow potassium ion storage, and also serve as a stable
host for volume variations during discharge/charge proc-
esses. As for hard and soft carbon-based materials, they
deserve to be further studied due to their excellent rate
performance and ultra-stable cycling performance due to the
contribution of pseudocapacitance. There is still a major
obstacle, however, arising from their low theoretical
capacity, especially due to the large atomic size and weight
of K+. It was demonstrated that heteroatom-doping is an
effective strategy to improve the electrochemical perform-
ance via the introduction of active sites and regulating the
intrinsic electronic structure. Although the high specific
capacity and ultra-long cycling performance have been
achieved via doping with various elements, the functions of
each doping element still need to be deeply understood,
especially for S, O, and P. In addition, the doping levels of
elements still need to be determined by further experimental
evidences.
To alleviate the shortcomings of low coulombic effi-

ciency and continuous electrolyte consumption for SEI
formation, one effective method is to optimize the electro-
lyte composition to suppress the reduction of electrolytes
and avoid side reactions. Taking account of the aspect of the
carbon-based materials themself, it should be noted that a
large surface area is considered to have pros and cons, which
could increase the contact between the active materials and
electrolytes to facilitate electron/ion transportation, while
creates more interfaces to consume the electrolyte in
forming the SEI. In this context, it is best to develop a
suitable pore structure with moderate surface area (avoid
the formation of excessive microporous), which will facili-
tate the transportation of ions/electrons to maintain the

integrity of the electrodes and avoid overconsumption of the
electrolyte to increase the coulombic efficiency during
cycling.
As the most reactive element compared to Li and Na,

the surface of K deserves to be paid great attention. The
simultaneous problems brought by the developments of
K� X (X=CO2, O2, S, Se, I2) batteries involve the active K
metal as the counter anode. When approaching practical
application, some serious problems emerge: a) poor K
plating/stripping, b) electrolyte reduction on the K surface,
and c) K dendrite formation and safety concerns. Inspired
by the abundance of research on lithium metal anode,[141] it
is promising to use thin layer carbon in such forms as a
reduced graphene oxide layer[142] as a benign host to protect
the active K metal and avoid the concern about dendrites.
It has been realized that DFT calculations are effective

tools to help understand K-ion insertion/de-insertion
chemistry. For instance, DFT calculations have been
successfully applied to predict that carbon-based electrode
materials like hexagonal BC3

[143] and B-doped graphene,[43b]

could be potential anode materials with high theoretical
capacity, fast ion kinetics for transportation, and long-term
cycling performance. In the future, a deep understanding of
these electrode materials, including their reaction kinetics,
interfacial reactions, and K ion intercalation chemistry
during cycling, is needed, based on enough experimental
evidence in association with theoretical calculations and
reasonable guidance.
The availability of hybrid devices offers more opportu-

nities for the development of new, low-cost, and high-
power-density devices. In principle, sluggish redox processes
in battery-type electrodes hinder their potential application
in high-power devices, while the low energy density of
supercapacitors is the key limitation to their application in
future electrical cars and smart energy-related devices.
Therefore, the low-cost BSH devices are highly desirable as
their high power density, approaching conventional super-
capacitors with proper battery-electrode architecture
design,[144] it is desirably to prepare highly mesoporous
conductive carbon with an increased active surface area to
accommodate ions but enhance the surface redox reactions
via specific heteroatom doping. After a decade’s research,
the main obstacle is still their limited low operating voltage
window, it is expected that advanced carbon electrodes with
an appropriately designed architecture could be developed
to match the counter electrode in configurations that could
deliver high specific capacity, and thus leading to high-
energy-density devices.
An effective K-ion SEI layer formation is regarded as a

key role to stabilize the plating/stripping behaviours of
potassium metal and cripple intricate side reactions at K-
metal/electrolyte interface.[145] However, the K-ion SEI is
still unascertainable, which is partly because the unclear
mechanism of the Fermi level and the unoccupied molecular
orbital.[146] Moreover, the cations in the electrolytes under
various energy storage devices lead to huge differences in
the K-ion SEI formation in terms of the chemical composi-
tion, morphology, structure, and mechanical stability.
Hence, it would be necessary to focus on the protection and
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modification of K-metal anode that can realize the signifi-
cance of constructing a stable K-ion SEI layer, which must
be established on the great chemical environment difference
in various K-metal based energy storage device. For
constructing safe and long-life K metal batteries with
features of high-operating voltage, high-stability, and high-
power density, it should be the ultimate goal to study the
discrepant mechanism and structure-function relationship
between various carbon-based hosts with K-metal anode
SEI layer in the future.
A wide range of carbon-based potassium storage devices

are being realized for potential application in large-scale
energy storage. Continued research and development are
being encouraged to overcome the above major hurdles and
target the goals of low cost, long life, and high safety to
create more reliable energy storage systems.
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