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Abstract

The limited lithium resource in earth's crust has stimulated the pursuit of

alternative energy storage technologies to lithium‐ion battery. Potassium‐ion
batteries (KIBs) are regarded as a kind of promising candidate for large‐scale
energy storage owing to the high abundance and low cost of potassium re-

sources. Nevertheless, further development and wide application of KIBs are

still challenged by several obstacles, one of which is their fast capacity dete-

rioration at high rates. A considerable amount of effort has recently been

devoted to address this problem by developing advanced carbonaceous anode

materials with diverse structures and morphologies. This review presents and

highlights how the architecture engineering of carbonaceous anode materials

gives rise to high‐rate performances for KIBs, and also the beneficial concep-

tions are consciously extracted from the recent progress. Particularly, basic

insights into the recent engineering strategies, structural innovation, and the

related advances of carbonaceous anodes for high‐rate KIBs are under specific

concerns. Based on the achievements attained so far, a perspective on the

foregoing, and proposed possible directions, and avenues for designing

high‐rate anodes, are presented finally.
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1 | INTRODUCTION

During the past decades, lithium‐ion batteries (LIBs) have
achieved great success for use in portable electronic devices,
electric vehicles, and smart grid. Nevertheless, the limited
abundance and uneven distribution of lithium resources in
earth's crust hinder the sustainable development and further
application of LIBs. To address this issue, development of
alternative electrochemical energy storage systems com-
posed of abundant elements such as sodium, potassium,
aluminum, and magnesium has been intensively pursued.
Among the various candidates, potassium‐ion batteries
(KIBs) are considered as a promising system in the benefit of
resource‐abundant of potassium element (2.4 wt% potassium
in the Earth's crust), a low redox potential of the K+/K redox
couple (−2.93V vs. standard hydrogen electrode) and simi-
lar energy storage mechanism to LIBs.1–4 For application in
scenarios or electric equipment that do not require high
energy density, KIBs can supple or selectively replace LIBs
to alleviate the shortage of lithium resources. In addition,
KIBs have great application potential in large‐scale energy
storage systems due to their high cost effectiveness.

Despite the valuable advantages, the further devel-
opment of KIBs is frustrated. One of the bottlenecks re-
quired to break through is their fast capacity fading at
high rates. In general, the achievable charge/discharge
rate of KIBs mainly depends on the migration rate of ions
and electrons transfer within the battery, including
electrodes, electrolytes, and their interfaces. Early studies
have shown that K+ has the higher ionic mobility and
ionic conductivity in electrolytes because K+ has a
smaller Stokes' radius (3.6 Å) compared with Li+ (4.8 Å).5

However, it is still difficult to achieve satisfactory rate
capability for KIBs due to the much larger diameter of K+

(1.38 vs. 0.76 Å for Li+), leading to poor solid‐phase dif-
fusion or intercalation/deintercalation kinetics and huge
volume variation in the bulk electrode materials. This is
especially notable in the anodes. Therefore, the key to
design high‐rate KIBs is the construction of suitable
anode materials that are capable of smooth and fast
potassiation/depotassiation with structural stability.

Up till now, significant efforts have been devoted to
the design and fabrication of rational anode materials

with diverse components, structures, and morpholo-
gies.6,7 A large number of materials including metal
oxides/sulfides/phosphides (e.g., SnO2,

8 CuO,9 Co3O4,
10

MoS2,
11 SnS2,

12 Sb2S3,
13 CoS,14 CuP2,

15 GeP5,
16 and

Sn4P3
17), metals/alloys (e.g., Sn,18 Sb,19 Ge,20 Bi,21 and

their alloys22,23), organic matters (e.g., ADAPTS,24

H2TP,
25 K2TP,

26 K2BPDC,
27 and K2C6O6

28), and carbo-
naceous materials (e.g., graphite,29 graphene,30 carbon
nanotube [CNT],31 and porous carbon32) have been ex-
plored to be utilized as anodes for KIBs. These emerging
anode materials showed impressive K+ storage capability,
which can even compare favorably with those of LIBs.
The metals/alloys and metal oxides/sulfides/phosphides
anodes usually deliver large specific capacities and en-
ergy densities, but often suffer from large volume ex-
pansion during the charge/discharge process, resulting in
inferior cycle stability and rate performance. Although
organic matters used as KIBs anodes exhibit impressive
electrochemical performances, they are poorly con-
ductive. Furthermore, their synthesis usually involves
complicated steps under rigorous conditions and/or ex-
pensive raw precursors, causing difficulties of large‐scale
production. In this context, carbonaceous materials turn
out to be the most promising candidates because they are
accompanied with excellent electronic conductivity, good
physicochemical stability, versatile availability, low cost,
and ease of processability. Over the past few years, var-
ious carbonaceous materials have been designed, pre-
pared and utilized as anodes for KIBs through extensive
theoretical and experimental studies.33,34 However, the
development of an ideal carbon anode for reversible and
fast K+ storage is so far in its infancy stage and under-
standing the underlying principles governing the K+

storage behavior in carbon structure is still highly desir-
able. Although the progress in carbonaceous anodes for
KIBs have been summarized and discussed in some im-
pactful and in‐depth reviews, rare of them focus on the
strategies and approaches toward the achievement of
high‐rate KIBs.

In this review, we aim to present and highlight how
architectural engineering of carbonaceous anodes gives
rise to high‐rate performances for KIBs, and also to
consciously extract beneficial conceptions from these
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progresses. We first describe two key parameters (e.g.,
electronic conductivity and ion diffusivity) that have
profound impacts on the enhanced rate performance of
anodes. Then, recent strategies and advances of carbo-
naceous anodes in achieving high‐rate KIBs are in-
troduced in detail. These strategies include design and
construction of framework and morphology for carbo-
naceous anode materials related to a series of regulation
and construction. Based on the achievements attained so
far, a perspective on the foregoing, and proposed possible
directions and avenues are presented. The strategies and
prospects outlined in this review are intended to provide
practical guidance for a growing number of researchers to
explore the next generation of high‐rate KIBs, and the
mentioned methodology is expected to be applicable to
the development of other energy storage systems as well.

2 | KEY PARAMETERS FOR
HIGH ‐RATE PERFORMANCE

KIBs use a “rocking‐chair”‐type mechanism in the same
manner that LIBs do, in which both cathode and anode
materials employ topotactic intercalation chemistry for
charge storage. To achieve high‐rate performance of
KIBs, it is important to understand the transport path-
ways and modes of K+ and electrons in the whole battery
systems, and to raise the diffusion kinetics during the
rate‐limiting step. Taking the discharge process as an
example, the operation mechanism of KIBs is schemati-
cally illustrated in Figure 1.35 (1) K+ and electrons con-
currently disassociate from anode material, in which K+

transport is dominated by solid‐state diffusion within
electrode to the anode/electrolyte interface. (2) K+ ap-
proaches the anode/electrolyte interface, and then dif-
fuses into the electrolyte and migrates to the cathode
side. (3) The electrons driven by a higher potential of
cathode side pass through the anode particles and their
interface toward the current collector, and migrate by the

external circuit to supply power to equipment/device. (4)
K+ and electrons enter the cathode materials con-
currently via solid‐state diffusion.

According to the above operation mechanism, it illumi-
nates that the rate performances of KIBs depend critically on
the migration rate of the K+ and electrons transfer within the
electrodes, electrolytes, and their interfaces. Previous studies
have shown that ions and electrons transport kinetics of
electrodes, especially anodes, was considered to be the rate‐
determining step of working batteries.36,37 Accordingly, the
construction of suitable anodes is one of the core technolo-
gies for designing KIBs with high‐rate performance. Specifi-
cally, electronic conductivity and ion diffusivity of anodes are
two key parameters.

2.1 | Improvement of electronic
conductivity

For realizing fast electron transport in anode materials, it
is warranted to comprehend the conductive mechanism
of electrons. Generally speaking, all solid anode materials
follow the theory of solid energy band. According to this
theory, stimulated electrons in the valence band cross
forbidden band and enter conduction band, thereby rea-
lizing the conduction of the solid anode materials. The
conductivity of solid anode materials is described as:

σ neμ= , (1)

where σ is the electronic conductivity, n is the carrier
concentration, and μ is the carrier mobility. Based on
Equation (1), σ of the solid anode materials can be im-
proved by increasing n or μ. For example, carbon mate-
rials usually exhibit high σ values because of their
excellent μ. Another example is that metal or alloy ma-
terials with smaller bandgap or zero bandgap that allow
electrons to easily cross the forbidden band usually show
high σ values.

FIGURE 1 Transport pathways of the
potassium ions and the electrons in the
discharging process of KIBs
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Considering the existence of holes and free electrons
in solid anode materials, σ could be further described as
shown in the following equation:

σ n eμ p eμ= + ,i e i h
(2)

where ni and pi represent the concentrations of electrons
and holes, respectively, and μe and μh represent the mo-
bility of the electrons and the holes, respectively. Based on
Equation (2), an increase in ni and pi enhances the con-
ductivity of the solid anode materials. Heteroatom doping
in carbon is capable of providing additional holes or elec-
trons, and thus is an effective way to improve the σ of
anode materials. In addition, the local electronic structure
of the carbon materials could be adjusted by forming a
strengthening bond between the doped heteroatom and
carbon atom, thus affecting the conductivity.

2.2 | Improvement of ion diffusivity

The previous section has shown how to improve σ of the
anode materials theoretically. However, in addition to σ ,
ion diffusivity (Di) should be considered when designing
high‐rate performance in KIBs. A typical example is the
zero‐band‐gap graphite. Graphite is often used as an
anode material in batteries due to the extremely high σ
(>1.0 S cm−1) accompanied by low cost and excellent
stability.38–40 However, the narrow interlayer spacing
(3.35 Å) of graphite and the long diffusion distance
(several microns) of K+ result in low Di of graphite,
which limits the rate performance of graphite in KIBs. It
was shown that the commercial graphite delivered a low
rate capacity of 8 mAh g−1 at 1 A g−1.41 Hence, it is cer-
tainly worth getting insight into the key factors affecting
the Di to achieve high‐rate KIBs.

According to the Arenius equation, Di is expressed
according to the following equation:

∆
D D

G

k T
= exp − ,i 0

B

⎛
⎝⎜

⎞
⎠⎟

(3)

where ΔG is the energy barrier, kB is the Boltzmann
constant, and D0 is the prefactor estimated empirically. It
is found that increasing the working temperature (T)
enhances Di, but high temperature would easily lead to
safety problems of batteries. From the practical con-
siderations, a decrease in ΔG is a crucial way to raise Di,
which could be achieved by regulating the anode struc-
ture.42 For K+ diffusion in electrode materials, Di could
be also expressed in the following equation:

D
d

τ
= .i

2
(4)

Consequently, for the sake of enhancing Di, it is es-
sential to shorten the diffusion time (τ), or reduce the ion
diffusion length (d) by using nanosize or porous structure
materials.43–46

Based on the above discussion, two key parameters,
electronic conductivity and ion diffusivity of anodes, have
a profound influence on the rate performance of KIBs.
Nevertheless, in the identical anode material, it is diffi-
cult to concurrently reach the maximum value of these
two parameters. Thus, it is necessary and feasible to ad-
just these two parameters to achieve a balance for ob-
taining practical available high‐rate KIBs. In recent years,
many strategies and advances of high‐rate KIBs using
carbonaceous anodes have been reported. Most of these
strategies were related to the framework and morphology
design of carbonaceous materials, which can regulate
electronic conductivity or ion diffusivity in different as-
pects to construct high‐rate carbonaceous anodes.

3 | DESIGN OF FRAMEWORK

As we all know, the diffusion of electrons and ions in
electrode rather than that in electrolyte is the kinetically
limited step during electrochemical reaction, especially at
high current density. To attain high‐rate KIBs, the design
of carbonaceous framework is a meaningful avenue be-
cause it promotes the transport of electrons and ions in
carbonaceous anodes. Significant efforts have been de-
voted to designing the framework of carbonaceous anode
materials through regulation of carbon microcrystal
structure, heteroatoms doping and regulation of compo-
sition, which thus controlled the electronic conductivity
and ion diffusivity of carbonaceous anodes to achieve
high‐rate KIBs (Figure 2).

3.1 | Regulation of carbon microcrystal
structure

3.1.1 | Regulation of graphitic
crystalline structure

The graphitization of carbon materials involves a solid‐
state process from an amorphous state to a crystalline
state. According to the energy band model, the resistivity
(ρ) of carbon materials is described by the following
equation47,48:
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( )
ρ

α T β γ T

r e
=
[ ( ) + + ( )]

+
,

‐ E
KT
Δ
2

(5)

where α T( ) represents the term expressing the thermal
lattice scattering effect, β represents the term expressing
the boundary scattering effect, γ(T) represents the term
expressing the contact resistance, r represents free carrier
concentration when T= 0 K, ∆E represents the energy
bandgap, and K is the Boltzmann constant.

It is known that σ and ρ follow Ohm's law:

ρ
σ =

1
. (6)

Obviously, the improvement of σ mainly contributes
to the decrease in ρ. From Equation (5), the main factors
affecting ρ are β and the carrier concentration (

∆

e(− )E
KT2 ) at

room temperature. The decrease in ρ for carbon materials
is achieved by the enhancement of graphitization degree
for the reason that high graphitic crystalline structure
usually exhibits low ∆E, which is beneficial to the rea-
lization of high

∆

e(− )E
KT2 . More specifically, the interlayer

spacing for carbon material decreases with the improve-
ment of graphitization degree, resulting in the reduction
of∆E. So

∆

e(− )E
KT2 is improved, which leads to the reduction

in ρ. Therefore, high graphitic crystalline structure
usually exhibits low ∆E, which is helpful for high

∆

e(− )E
KT2

to achieve low ρ. To better evaluate the graphitization
degree of carbon materials, the crystallite size (Lα) which
represents the size of the microcrystalline in the plane
direction of the carbon six‐ring network, can be calcu-
lated by:

L λ
I

I
= (2.4 × 10 ) ,α

−10 4 D

G

−1⎛
⎝⎜

⎞
⎠⎟

(7)

where λ is the laser line wavelength, and ID and IG are the
integrated intensities of D and G Raman bands de-
termined from Raman spectra, respectively.

Noticeably, the value of ID/IG determines the Lα, in-
dicating that Lα increases with the enlargement of gra-
phitization degree. What is noteworthy is that the
enlargement of Lα also reduces β to achieve the decrease
in ρ. Combining the above two factors, the conductivity
of carbon materials increases with the enlargement of
graphitization degree thanks to the increase in

∆( )e ‐
E
KT2 and

decrease in β.
High temperature treatment49–51 and catalytic gra-

phitization52,53 are the two main methods to prepare
carbon materials with high graphitic crystalline structure.
Numerous research studies have confirmed that the
higher graphitization degree of carbon materials can be
obtained with a higher temperature. For example, three
annealing temperatures (650°C, 1250°C, and 2800°C)
were selected to prepare the carbon nanofibers with
various microstructures (CNF‐650, CNF‐1250, and CNF‐
2800). The obtained CNF‐650, CNF‐1250, and CNF‐2800
represented a disordered structure, partially ordered
structure, and ordered structure, respectively, indicating
that the graphitization degree was enlarged with in-
creases in the annealing temperature (Figure 3A).54 Due
to the different graphitic crystalline structure, the three‐
carbon nanofibers showed different electronic con-
ductivity as well as storage mechanism (Figure 3B), re-
sulting in different rate performance in KIBs. Compared
with CNF‐650, a better electrochemical performance was
obtained for CNF‐1250 owing to the higher graphitization
degree and a higher electronic conductivity (5.4 S cm−1)
than that of CNF‐650 (10−4 S cm−1). Although the elec-
tronic conductivity was further increased to 27.4 S cm−1

when elevating the temperature to 2800°C, CNF‐2800
suffered a poor performance at the high current density
due to the poor solid‐state ion diffusivity in the graphitic
structure with small layer spacing limiting the insertion
of K+.

Apart from high‐temperature treatment, catalytic
graphitization greatly reduces the graphitization tem-
perature and shortens the graphitization time on the
premise of the same graphitization degree as well. For
instance, a graphitic nanocarbon with high graphitic
crystalline structure was fabricated by the heat treatment
of ethylenediaminetetraacetic acid nickel coordination
compound and sodium chloride mixture at a low tem-
perature of 600°C (Figure 3C,D).55 The pyrolysis product
of nickel metal inside the carbon skeleton served as a
graphitization catalyst during the annealing process.

FIGURE 2 Design of framework to achieve high‐rate KIBs
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With the assistance of facilitated graphitic structural
features, the as‐prepared anode sample exhibited
attractive rate capability. The high capacity of 152
and 56.6 mAh g−1 were achieved at 1 and 5 A g−1,
respectively.

3.1.2 | Regulation of disordered
structure

Carbon materials with high graphitic crystalline struc-
ture exhibit good electrical conductivity, but many of
them usually suffer from poor kinetics problem in con-
sequence of the narrow interlayer spacing and long dif-
fusion distance. The narrow interlayer always results in a

high ΔG, which hinders the facile intercalation of large‐
sized K+. Moreover, the long diffusion distance slows
down the K+ diffusion rates within solid‐state anode
materials especially at high current densities. In this
context, constructing disordered structure with expanded
interlayer spacing is promising to solve the kinetics pro-
blem. Tai et al.41 found that the ion diffusion coefficient
of activated graphite with larger interlayer spaces was
7 times higher than that of graphite, thus enabling a
better rate performance. An et al.56 revealed that the
electrochemical performance of commercial expanded
graphite as anode material for KIBs was better than that
of commercial graphite. Meanwhile, He et al.57 reported
that the hard carbon possessing a highly disordered
structure delivered a considerable rate performance

FIGURE 3 (A) Correlation between the microstructure of carbon nanofibers and the annealing temperature. (B) The dQ/dV
curves of carbon nanofibers films at the oxidation. The inset shows the illustrations of the main K+ storage mechanism in three
different regions. Reproduced with permission: Copyright 2019, Elsevier.54 (C,D) Schematic representation of the synthesis processes
of graphitic nanocarbons. Reproduced with permission: Copyright 2019, Wiley55
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(165.2 mAh g−1 at 4 A g−1) when compared with the
control sample possessing ordered structure (94.2 mAh
g−1 at 4 A g−1). These results clearly manifested that the
larger interlayer spaces and disordered structure con-
tributed to high‐rate performance.

It is worth noting that although disordered structure
boosts the K+ diffusivity during charge/discharge pro-
cess, the excessive degree of disorder may block the
electronic conductions. In furtherance of rate capability,
it is very essential to control the disorder degree rea-
sonably to balance the electronic conductivity and ion
diffusivity. Taking a multiwalled hierarchical carbon

nanotube (HCNT) as an example, HCNT consisted of two
clearly distinguished parts including an inner dense CNT
with 4.5 nm wall thickness and outer loose CNT with
12.8 nm wall thickness (Figure 4A).58 It was found that
the inner CNT had straight and continuous walls that
could serve as a robust skeleton to ensure fast electronic
conduction; while the disordered structure in outer CNT
ensures intensive reaction kinetics and high reaction ef-
ficiency of active material (Figure 4B). Thanks to the
unique structure, HCNT displayed a satisfactory electro-
chemical performance such as a high capacity of
162mAh g−1 at 1.6 A g−1. Moreover, the disordered

FIGURE 4 Schematic representation of (A) HCNT, (B) K+ intercalation into HCNT walls. (C) Cycling performance of HCNT
sponge anode, commercial CNT powder, and graphite anode at a current rate of 0.1 A g−1 for 500 cycles. Reproduced with
permission: Copyright 2018, Wiley.58 (D,E) Schematic representation of the potassiation and depotassiation process of graphite and
OMC for KIBs. (F) Rate capability of OMC. (G) Long‐term cycle stability and Coulombic efficiency at a high current density of
1 A g−1 over 1000 cycles. Reproduced with permission: Copyright 2018, Wiley59
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structure with expanded interlayer spacing provided en-
ough spaces to accommodate volume change to maintain
structural stability. As shown in Figure 4C, HCNT de-
livered a high capacity of 232mAh g−1 at 0.1 A g−1 with
90% retention after 500 cycles, while the capacity of
commercial CNT powder and graphite powder decreased
to zero after about 50 cycles and 300 cycles, respectively.
Similarly, an amorphous ordered mesoporous carbon
(OMC) possessing larger interlayer spacing in short range
showed outstanding rate performance and cycling per-
formance.59 Figures 4D and 4E represent that the gra-
phitic structure seriously collapsed during potassiation
and depotassiation process, thus leading to the decrease
of capacity. On the contrary, OMC maintained out-
standing structural stability after continuous charging
and discharging, and its large interlayer spacing and
short diffusion distance ensured a higher diffusion coef-
ficient of K+, which led to excellent performance for
OMC. As shown in Figure 4F, OMC delivered a capacity
of 159.8 mAh g−1 at 1 A g−1 and maintained 146.5 mAh
g−1 after 1000 cycles at 1 A g−1, with an average capacity
fading of 0.03% per cycle (Figure 4G).

Although a high graphitic structure has high elec-
tronic conductivity, the narrow interlayer spacing and
long ion diffusion distance make it difficult for K+ to
intercalate into the carbon materials, thus resulting in
poor ion diffusivity. A highly disordered structure can
achieve good ion diffusivity but poor electronic con-
ductivity due to the low graphitic crystalline structure.
Therefore, rational regulation of carbon microcrystal
structure is an effective way to balance the electronic
conductivity and ion diffusivity of anode materials to
achieve high‐rate KIBs. However, optimizing a well‐
balanced graphitic crystalline structure and disordered
structure in one carbon material remains a great chal-
lenge. Thus, further development of an efficient pre-
paration strategy is an ongoing effort in the carbon field.

3.2 | Heteroatoms doping

Apart from the consideration of carbon framework mi-
crocrystal structure, heteroatoms doping (e.g., N, S, B)
has been proven to be an effective way to propel the rate
performance of anode materials by boosting both the
electronic conductivity as well as ion diffusivity.43,60,61 In
general, dopants are divided into donor and acceptor
according to the positive and negative charges they bring
to the doped materials. Different heteroatom doping can
be used as electron donors or acceptor to promote n‐type
conductivity and p‐type conductivity respectively, which
is favorable for the enhancement of electrochemical
performance. For example, an S‐doped reduced graphene

oxide (S‐RGO) sponge was prepared through heat treat-
ment of graphene oxide sponge with S powder, which
showed a lower polarization impedance compared with
the reduced graphene oxide (RGO) before cycling as well
as after 10 charge/discharge cycles, indicating that
doped‐S effectively promoted the electronic transport
(Figure 5A–C).61 Owing to the S doping, a specific ca-
pacity of 224mAh g−1 at 1 A g−1 was realized for the S‐
RGO (Figure 5D). Moreover, N atoms are more easily
doped into carbon materials compared with S atoms
because N has the closest atomic radius to carbon, which
brings great convenience to the doping of N atoms. It was
found that the conductivity of N‐doped carbon is ob-
viously improved mainly because N atoms doped in
carbon materials can be used as electron donors to pro-
mote n‐type conductivity. More specifically, the electro-
nic conductivity and rate of electron transfer are related
to the apparent density of states at the Fermi level for
semimetal carbonaceous materials.63,64 In this context,
N increases the lattice defects of graphite, resulting in an
increase in the Fermi surface density of states and thus
improving the conductivity of materials.65,66 For ex-
ample, Qi et al.67 developed undoped carbon materials
and N‐doped carbon materials by the same synthesis
method. It was found that the conductivity of N‐doped
carbon materials was 3.2 times higher than that of un-
doped carbon materials, which endowed N‐doped carbon
materials with a better rate capacity.

Interestingly, N can be doped in different positions of
carbon materials to form different kinds of N species,
which play a different role in the enhancing rate per-
formance of KIBs. For example, three annealing tem-
peratures (i.e., 500°C, 700°C, and 900°C) were selected to
generate three N‐doped carbon nanofibers (i.e., NCF‐500,
NCF‐700, and NCF‐900), which exhibited different kinds
of N species corresponding to different conductivities.62

The N1s spectrum showed the existence of three N spe-
cies, including pyridinic N (N‐6, 398.6 eV), pyrrolic N (N‐
5, 399.8 eV), and quaternary N (N‐Q, 401.0 eV). As shown
in Figure 5E, N‐Q was located inside the graphitic carbon
plane and bonds with three sp2 carbon atoms, which was
conducive to the electroconductibility of the graphitic
carbon due to the significant change in the electron‐
donor characteristic.68,69 N‐5 and N‐6 which are located
in the edges or defect sites of carbon planes, serve as an
electrochemically active site for adsorbing K+ via a
surface‐dominated capacitive behavior, thus improving
the fast diffusion ability rather than improving electronic
conductivity. Figure 5F presents that the content of N‐5
and N‐6 obviously decreased while that of N‐Q gradually
increased with the increase in annealing temperature.
According to the electroconductivity test (Figure 5G),
with an increase in the content of N‐Q, the electronic
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conductivity was significantly improved. The NCF‐900
with more N‐Q retained the electronic conductivity of
22.4 S cm−1, which was higher than that of NCF‐500
(5.2 S cm−1) and NCF‐700 (16.1 S cm−1). This is because
N‐5 and N‐6 located at the edge and defect can not in-
crease the number of nonlocalized electrons, but N‐Q
which replaces carbon atom in graphite structures can
introduce extra electrons. Depending on the superior
electronic conductivity, a better rate performance than
that of NCF‐500 was obtained for NCF‐900. However, it is
worth noting that high‐rate performance ascribes to not
only the excellent electronic conductivity, but also the
fast diffusion of K+ driven by surface‐controlled capaci-
tive process. Thus, NCF‐700 possessing high electronic
conductivity and ion diffusivity showed the best
performance.

Doping heteroatoms not only increases electronic
conductivity, but also enhances ion diffusivity. For ex-
ample, thanks to the doping of N atoms, N‐doped porous
carbon (NPC) represented a superior rate performance
surpassing porous carbon because of the higher K+

diffusion coefficient for NPC.70 It was found that NPC
delivered a capacity of 185mAh g−1 at 10 A g−1, while
porous carbon without N doping only delivered a capa-
city of 82.5 mAh g−1 at the same current density.
Figure 6A shows the potassium storage mechanism of
NPC. K+ could easily embed in NPC because N atoms
expanded the layer spacing of the material, which effec-
tively enhanced the diffusivity of K+. Besides, doping
heteroatoms into carbon materials not only generated a
stronger attraction toward K+ for its more electronegative
than an undoped counterpart to promote ion diffusivity,
but also created more active sites for K+ storage to
achieve good performance. Table 1 shows the comparison
of the electrochemical properties of different doped car-
bon materials in KIBs. The N‐doped carbons had enough
active sites and larger layer spacing than the undoped
counterparts.82 When compared with N‐Q, edge‐N (N‐5
and N‐6) effectively changed the charge density dis-
tribution of carbon (Figure 6B–J), promoting K+ ad-
sorption and fast reaction kinetics.71,73 However, the
unreasonable distribution of edge‐N and the neglect of N

FIGURE 5 (A) Schematic representation of the synthesis process of S‐RGO sponge electrode. (B,C) Electrochemical impedance
spectra of RGO and S‐RGO before and after 10 cycles, respectively. (D) Rate performance of S‐RGO. Reproduced with permission:
Copyright 2018, Elsevier.61 (E) Location of N‐Q, N‐5, N‐6, and (F) different content of N species in as‐synthesized N‐doped carbon
nanofibers. (G) Electrical conductivity of the samples prepared at different temperatures. Inset: Illustration of K+ adsorption and
insertion behaviors. Reproduced with permission: Copyright 2018, Elsevier62
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doping depth affected the performance of the batteries.
Therefore, the design of carbon materials with edge‐
enriched N was of great significance to realize high‐rate
performance. For this reason, Xu et al.72 proposed a low‐
temperature corrosion strategy based on pyridine co-
ordination polymer (Figure 6K), in which aromatic

pyridine was partially transferred to the edge‐N hetero-
cyclic carbon rings, and N doping and spatial distribution
were reasonably controlled to obtain NPC nanosheets
with high edge‐N content of 9.34 at% and high surface
area of 616m2 g−1. The simultaneous realization of edge‐
N and high specific surface area was conducive to an

FIGURE 6 (A) Potassium storage mechanism of N‐doped porous carbon. Reproduced with permission: Copyright 2018, Wiley.70

K atom was absorbed in the (B) N‐5, (C) N‐6, and (D) N‐Q‐doped carbon structure. Side and top views of electron density differences
of K absorbed in the (E,H) N‐Q, (F,I) N‐6, and (G,J) N‐Q structures. Yellow and blue areas represent increased and decreased
electron density, respectively. Brown, blue, and purple balls represent C, N, and K atoms, respectively. Reproduced with permission:
Copyright 2019, Royal Society of Chemistry.71 (K) Schematic representation of the synthesis of N‐doped porous carbon nanosheets.
Reproduced with permission: Copyright 2020, Wiley72
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efficient capacitive process, resulting in fast K+ diffusion
kinetics and thus showing impressive high capacity and
rate performance. In addition, Zhang et al.74 realized
precise control of edge‐N doping in carbon materials via
molecular‐scale copolymer pyrolysis strategy, and ob-
tained defect‐rich edge‐N‐doped carbons with a high
N‐doping up to 10.5 at% (edge‐N ratio for 87.6 at%). The
optimized material displayed excellent rate performance
(74mAh g−1 at 5 A g−1) and long cycle life (93.8% reten-
tion after 3 months). Density functional theory calcula-
tions showed that when F was doped into graphene, the
C–F bond formed for F and carbon can change the hybrid
state of carbon from sp2 to sp3, resulting in local de-
formation of the material and thus having high electrical

conductivity and thermodynamic stability.83 Ju et al.43

obtained a few layers of F‐doped graphene foam by pyr-
olyzing polyvinylidene fluoride. It was found that par-
tially doped‐F provided favorable binding sites for K+

around residual F atoms and facilitated the rapid trans-
port of ions.

The attempt of multiple‐element doping provides a
new idea for the development of carbon anode materials.
For example, compared with N doping, S/N co‐doping
further expanded interlayer spacing, and played a sy-
nergistic role in promoting electrochemical performance,
which effectively enhanced K+ ions adsorption and
transportation.78 By adjusting the number of heteroatoms
(N and S), the layer spacing and edge defect degree of the

TABLE 1 Comparison of electrochemical performances of different doped carbon materials in potassium‐ion batteries along with the
heteroatom content and used electrolyte

Materials Heteroatom content Electrolyte Rate capability Cycle performance References

NHC N: 10.71 at% 0.8 M KPF6 in EC:DEC= 1:1 2 A g−1, 1 A g−1, 1600 cycles, [71]

204.8 mAh g−1 161.3 mAh g−1

NCNFs N: 13.80 at% 0.8 M KPF6 in EC:PC = 1:1 20 A g−1, 2 A g−1, 4000 cycles, [73]

101mAh g−1 146mAh g−1

NPC N: 6.88 at% 0.8 M KPF6 in EC:DEC= 1:1 10 A g−1, 5 A g−1, 1000 cycles, [70]

185mAh g−1 144.4 mAh g−1

UNCN N: 22.70 at% 0.8 M KPF6 in EC:DMC:EMC= 4:3:2 6 A g−1, 5 A g−1, 3000 cycles, [74]

170mAh g−1 110mAh g−1

ENDCs N: 10.50 at% 0.8 M KPF6 in EC:DEC= 1:1 5 A g−1, 0.2 A g−1, 660 cycles [75]

74mAh g−1 305 mAh g−1

ENPCS N: 11.80 at% 1.0 M KFSI in EMC 4A g−1, 1 A g−1, 6000 cycles, [72]

110mAh g−1 252mAh g−1

FFGF F: 1.12 at% 0.8 M KPF6 in EC:DEC= 1:1 0.5 A g−1, 0.5 A g−1, 200 cycles, [43]

212.6 mAh g−1 165.9 mAh g−1

SNHC N: 4.16 wt% 1.0 M KPF6 in EC:DEC= 1:1 1.5 A g−1, 3 A g−1, 1200 cycles, [76]

S: 1.81 wt% 199mAh g−1 144.9 mAh g−1

NSC N: 2.09 at% 0.8 M KPF6 in EC:DEC=1:1 5 A g−1, 1 A g−1, 1000 cycles, [77]

S: 3.76 at% 115mAh g−1 178mAh g−1

NSG N: 5.86 at% 0.8 M KPF6 in EC:DEC= 1:1 20 A g−1, 5 A g−1, 5000 cycles, [78]

S: 2.06 at% 91.4 mAh g−1 100mAh g−1

MCOs N: 1.09 at% 1.0 M KPF6 in EC:DEC= 1:1 1 A g−1, 2 A g−1, 3000 cycles, [79]

O: 6.55 at% 110mAh g−1 80mAh g−1

NOHC N: 2.02 at% 0.8 M KPF6 in EC:DEC= 1:1 5 A g−1, 1 A g−1, 5000 cycles, [80]

O: 15.56 at% 178.9 mAh g−1 189.5 mAh g−1

OFPCN O: 1.29 at% 0.8 M KFSI in EC:DEC= 1:1 20 A g−1, 1 A g−1, 2000 cycles, [81]

F: 0.16 at% 78mAh g−1 218mAh g−1

Abbreviations: ENDC, edge‐N doped carbon; ENPCS, enriched N‐doped porous carbon nanosheet; FFGF, few‐layer F‐doped graphene foam; MCO, N/O co‐
doped mesoporous carbon octahedron; NCNF, N‐doped carbon nanofiber; NHC, ultrahigh pyrrolic/pyridinic‐N‐doped necklace‐like hollow carbon; NOHC, N/
O dual‐doped hard carbon; NPC, N‐doped porous carbon; NSC, N/S dual‐doped porous soft carbon nanosheet; NSG, N/S dual‐doped graphitic hollow
architecture; OFPCN, O/F dual‐doped porous carbon nanopolyhedra; SNHC, S/N dual‐doped hard carbon; UNCN, ultrahigh N‐doped carbon nanosheet.
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material can be effectively controlled to further promote
the rapid transportation of ions. When it came to O and F
doping, multiple K atoms could be adsorbed, and the O‐/
F‐doped material exhibited ultrafast potassium storage
performance.81 In addition, although doping O into the
carbon framework provided more active sites to heighten
the capacity, it reduced the conductivity and led to poor
cycle performance.84 To cope with this drawback, dual‐
heteroatom doping (N and O) was designed and exhibited
excellent cycling performance.68

Although a large number of heteroatom doping stra-
tegies have been reported, there is still less research on
the realization of controllable doping positions and dop-
ing depths of heteroatoms. Meanwhile, for multiple
element‐doped carbon materials, the synergistic me-
chanism between elements needs to be further studied,
and the relationship between doping and rapid charging
and discharging of battery needs to be further in-
vestigated as well.

3.3 | Regulation of composition

Carbon materials generally have excellent electrical
conductivity, but their low theoretical specific capacity
may limit the batteries performance. Many noncarbon
materials have high theoretical specific capacity but suf-
fer from the rapid attenuation of batteries capacity due to
the serious volume variation and/or poor electrical con-
ductivity. Therefore, carbon/noncarbon composites come
into spotlight because they can fully combine the ad-
vantages of carbon materials' high stability and electronic
conductive, and noncarbon materials' high specific ca-
pacity. For example, Sb/carbon composite has been
widely reported as anode materials for high‐rate
KIBs.85–88 Wang et al.86 synthesized an Sb/C composite
that Sb nanoparticle completely embedded in porous
carbon, which delivered a capacity of 200mAh g−1 at
2 A g−1. Similarly, a high capacity of 127mAh g−1 at
2 A g−1 for Sb@graphene@carbon was achieved by Liu
et al.89

Apart from Sb, many other metals were also in-
troduced into the carbon materials to synthesize carbon‐
based composite. For instance, a carbon/Sn composite was
obtained by the heat treatment of the polymer–Sn com-
plex, demonstrating a high reversible capacity KIBs.90 Yu
et al.91 synthesized carbon/Bi composite (Bi@3DGFs), in
which Bi nanospheres were embedded in porous graphene
frameworks (Figure 7A). Due to the unique structure, di-
rect exposure of Bi to the electrolyte was prohibited, thus
improving the interface stability of Bi.93 Meanwhile, Bi not
only heightened the specific capacity of the material, but
also reduced the electrons' diffusion length, leading to

high‐rate performance. As shown in Figure 7B, the capa-
city of 154 and 113mAh g−1 for Bi@3DGFs were obtained
at the high current density of 5 and 10A g−1, respectively.
Furthermore, the as‐prepared composite retained a high
reversible capacity of 164mAh g−1 at 1 A g−1 after 400
cycles because the incorporation of carbon materials
helped to buffer the volume expansion caused by the in-
sertion of K+ (Figure 7C).

Besides the alloying metals, some metal compounds
also possess a high theoretical capacity and electronic
conductivity due to their special structure, such as tran-
sition metal selenides. More importantly, their narrow
bandgap semiconductor characteristic and sandwich
structure made up of stacked atom layers endow them
with high conductivity and fast ionic diffusion, which
make them a promising candidate for KIBs. For example,
MoSe2 shows a large interlayer distance of 0.65 nm and
remarkable electronic conductivity of 1 × 10−3 S m−1 due
to the small bandgap of 1.1 eV. Shen et al.94 prepared
MoSe2/C composite in which MoSe2 on the surface of
carbon not only promoted electronic conductivity, but
also enabled combination with K+ quickly, thus short-
ening the diffusion distance of K+ to improve its diffu-
sivity. Interestingly, the electrical conductivity of MoSe2
was remarkably enhanced after the intercalation of po-
tassium into MoSe2.

95 Profited from these advantages,
MoSe2/C composite exhibited impressive rate perfor-
mances such as a high capacity of 158mAh g−1 even at a
high rate of 2 A g−1.

Another typical example is CoSe2. The bandgap of
CoSe2 is zero, implying its excellent conductor property
that is valuable for achieving high‐rate performance. For
instance, a metallic octahedral CoSe2 threaded by CNTs
(CoSe2/C) showed a capacity of 196mAh g−1 at a high
current density of 2 A g−1.92 Furthermore, a long‐time
charge/discharge process was achieved, that is, a re-
versible capacity of 173mAh g−1 at 2 A g−1 over 600 cy-
cles with a capacity fading of only 0.03% per cycles
(Figure 7F). The excellent rate performances were sup-
posed to result from the unique structure. As shown in
Figure 7D, CoSe2/C presented a layered structure that
every octahedral CoSe2 particle arranged along the CNTs
in sequence, leaving zigzag void space among particles.
The CNTs not only served as a conductive network, but
also accommodated the volume expansion to achieve
long‐term cycling stability. Simultaneously, CoSe2 shows
metallic property because of its zero bandgap structure,
which suggests that the electrons can easily transfer to
each CoSe2 particle from the external circuit or in an
opposite direction. As a consequence, the electrons can
move quickly in the material, and K+ effectively com-
bined with CoSe2 to shorten the diffusion time, thus
realizing the high‐rate K+ storage (Figure 7E).
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In addition to metal selenides/carbon composite, a
large number of other carbon‐based composites have also
been proposed as the anode in KIBs, such as metal sul-
fides/carbon composite (e.g., CoS/C,96 FeS2/C,

97–99 MoS2/

C,100 ReS2/C,
101 SnS2/C,

102 and MoS2/SnO2/C
103), metal

phosphide/carbon composite (e.g., CoP/C,104 SnP3/C,
105

and FeP/C106), metal oxide/carbon composite (e.g.,FexO/
C,107 MoO2/C,

108 SnO2/C,
109 V2O3/C,

110 and Co3O4/

FIGURE 7 (A) Schematic representation of the synthesis procedure for Bi@3DGFs. (B) Rate capability of Bi@3DGFs anode. (C)
Long cycle performance of Bi@3DGFs anode at 1 A g−1. Reproduced with permission: Copyright 2019, Royal Society of Chemistry.91

(D) Schematic representation of CoSe2/C. (E) Schematic representation showing the electrochemical behavior in CoSe2/C host.
(F) Long‐term cycling stability and Coulombic efficiency at a high current density of 2 A g−1 over 600 cycles of CoSe2/C anode.
Reproduced with permission: Copyright 2018, Wiley92
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Fe2O3/C
111) and metal nitride/carbon such as VN/C,112

and showed remarkable potential in high‐rate KIBs. Al-
though carbon in these composites serves as a confining
buffer to promote structural stability and enhance the
electrical conductivity, more attention should be paid to
well disperse active particles with a downsized size as
much as possible into the carbon matrix, evenly to
achieve the minimum volume expansion and high ex-
posed active site for both long‐term stability and high
capacity. Besides, a deeper understanding of the re-
spective working mechanisms should be explored so as to
gain the appropriate materials which are widely used in
KIBs. Especially, the low initial Coulombic efficiency
resulting in large irreversible capacity loss,113–115 and the
high average potential with sloping curve affecting en-
ergy output in batteries would be the great challenges. It
should be also noted that to realize the commercial ap-
plication of these carbon‐based composites in KIBs, some
intrinsic limitations such as high‐cost and low‐yield
synthetic technique should be circumvented in the
future.

4 | DESIGN OF MORPHOLOGY

During the discharging process, K+ depotassiates from
the carbon anode and diffuses through the anode/elec-
trolyte interface to the electrolyte. However, it is difficult
for K+ to diffuse from the interior of carbon materials to
electrolyte quickly at high current densities because of
the long diffusion distance. Considering the large size of
K+, strategies have focused on designing nanostructure
and porous structure because they can improve the K+

diffusivity/reaction kinetics by shortening the diffusion
distance, thus enhancing rate capability.

Nanostructured carbon materials have the following
advantages compared with traditional bulk materials.116

(1) Nanostructured carbon materials can shorten the
diffusion time of electrons and ions due to their lower
dimensions. (2) Low dimensions and high specific sur-
face area not only boost the contact area between carbon
materials and electrolytes to promote the diffusivity, but
also form the strong adhesion between the current col-
lector and anode materials. (3) High surface energy and
surface chemistry are favorable for nanostructured car-
bon materials to attract K+.117 (4) The distribution of
various chemical bonding (sp2, sp3) gives nanostructured
carbon materials better mechanical and chemical
properties.

Additionally, it is known that abundant pores in favor
of shortening the ionic diffusion distance improve the
performance of KIBs. What is interesting is that the pores
with different sizes have different functions, among

which micropores (<2 nm) provide active site of ions
storage, mesopores (2–50 nm) provide rich channels for
the ion diffusion to reduce the resistance of ions trans-
mission, and large pores (>50 nm) promote electrolyte
penetration into the material to reduce the ionic diffusion
distance.118

Consequently, nanostructured carbon materials with
porous structure as anode materials will be essential in
facilitating the electrochemical performance of KIBs.
Table 2 shows the electrochemical performance of
carbon‐based anode with different morphologies in KIBs.
Obviously, the rate performance was enhanced for the
adjustment of ion diffusivity by constructing different
dimensional and porous structures. In the following
section, we will introduce some representative examples
of the multiple‐dimensional nanostructured porous car-
bon materials towards high‐rate KIBs (Figure 8).

4.1 | Construction of zero‐dimensional
(0D) nanostructure

0D nanostructured carbon materials refer to the materials
that have a spherical morphology with isotropic proper-
ties and the size all in nanoscale, indicating the electrons
and ions have the shortest diffusion distances in all di-
rections. As a result, 0D structure provides evident ad-
vantage in facilitating rate performance. There are two
common structural designs for 0D carbon materials. The
first one is the direct design of solid carbon nanospheres.
For example, Gan et al.128 synthesized the ultrafine solid
carbon nanospheres with the size of about 20 nm, which
delivered a high capacity of 157mAh g−1 at an ultrahigh
rate of 5 A g−1. Moreover, the rate performance can be
improved by changing the nanosize of carbon spheres.
For instance, the nanosized and porous carbon spheres
(SPCS) with diameters of 152 nm exhibited a better rate
performance in KIBs compared with the nanosized car-
bon spheres (SCS) and carbon spheres (CS) correspond-
ing diameters of 284 and 681 nm, respectively.129 The
different morphologies for these materials were ascribed
to the synthetic method, in which tetraethyl orthosilicate
was used to form pores and to further reduce the particle
size (Figure 9A). By the agency of favorable structure for
SPCS, it delivered a high capacity of 138.4 mAh g−1 at
2 A g−1, while SCS and CS exhibited a low capacity of
111.6 and 51.2 mAh g−1 at the same current density, re-
spectively (Figure 9B,C).

However, solid carbon nanospheres may suffer from
the large volume expansion caused by the repeated po-
tassiation/depotassiation of K+, which will lead to poor
electrochemical stability. For this reason, design of hol-
low carbon nanospheres becomes an attractive method to
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promote the electrochemical performance,119,120,129,131

because hollow carbon nanospheres can not only facil-
itate the stability of electrode materials for providing
space for the volume expansion,132 but also accelerate
kinetics by shortening the ionic diffusion distance.133,134

For example, Bin et al.130 reported that the hollow carbon
nanospheres showed a lower charge‐transfer impedance
and improved battery performance comparing with solid
carbon nanospheres, indicating a hollow structure was in
favor of fast metal ion transportation kinetics. Interest-
ingly, the rate performance can be controlled by adjusting
the shell number of hollow carbon nanospheres. As
shown in Figure 9D, the authors used 3‐aminophenol
and formaldehyde solution as raw materials to synthesize
the multishelled hollow carbon nanospheres (MS‐HCNs)
by carbonization. It was found that hollow carbon na-
nospheres with three shells showed the best rate perfor-
mance and cycling performance in the shell‐controlled
series which possibly contributed to their mutual buffer
effect and surface/interface metal‐ion storage mechanism
(Figure 9E).

Moreover, the internal cavity of hollow carbon na-
nospheres leaves great room for further control of their
structure and optimization of their properties.96 For ex-
ample, the CoS/carbon core/shell nanocrystals that were

TABLE 2 Electrochemical
performances of the different dimensional
carbonaceous anodes in potassium‐ion
batteries

Anode Dimension

Ionic
diffusivity
(cm2 s−1)

Current
density
(A g−1)

Capacity
(mAh g−1) References

HCSs 0D 2.04 × 10−15 2 ~137.0 [119]

AHCSs 0D 6.85 × 10−15 4 137.0 [119]

S/N@C 0D 1.44 × 10−12 3.2 169.0 [120]

H–TiO2–C 1D 7.32 × 10−14 2 97.3 [121]

N–CNS 2D 8.15 × 10−9 2 168.0 [122]

N–PCSs 3D 2.3 × 10−10 5 185.0 [123]

NSC 3D 1.57 × 10−14 2 151.6 [124]

NPC‐600 3D 18.19 × 10−14 2 186.2 [125]

PBPC‐1000 3D 1.73 × 10−11 1 152.0 [5]

ZSC@C@RGO 3D 1.88 × 10−17 0.5 162.0 [126]

KTP@C 3D 8.84 × 10−12 1 133.1 [127]

Sb@C 3D 1.12 × 10−10 0.6 299.0 [88]

Sb@C‐3DP 3D 4.99 × 10−10 1 286.0 [88]

Abbreviations: AHCS, activated hollow carbon nanosphere; HCS, hollow carbon nanosphere; H–TiO2–C,
hierarchical tubular TiO2–carbon heterostructure; KTP@C, hierarchical spheroid‐like KTi2(PO4)3@C;
N–CNS, N‐doped carbon nanosheet; NPC‐600, N‐doped porous carbon derived from ZIF‐67 after
carbonized at 600°C; N‐PCS, N‐doped porous carbon nanosheet; NSC, N/S co‐doped carbon microboxes;
PBPC‐1000, potato‐derived biomass porous carbon at 1000°C; S/N@C, S/N co‐doped thin carbon; Sb@C,
antimony–carbon composite; Sb@C‐3DP, 3D microporous antimony–carbon composite; ZSC@C@RGO,
tertiary hierarchical structure wrapped in reduced graphene oxide networks.

FIGURE 8 Carbon materials with different
dimensionalities used in KIBs including zero‐dimensional,
one‐dimensional, two‐dimensional, and three‐dimensional
structure
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composed of 20–30 nm CoS core and amorphous carbon
shell were reported by Yu et al.96 The composite re-
presented an admirable rate performance in KIBs. Like-
wise, yolk‐shell carbon spheres (HYCS) were prepared

through the extended Stöber reaction,135 showing a better
rate performance than that of solid carbon nanospheres
because of the faster reaction kinetics and enhanced K+

adsorption capability for HYCS (Figure 10A). Besides,

FIGURE 9 (A) Schematic representation of synthesizing SPCS. (B) Size distributions and (C) rate capability of CS, SCS, and
SPCS. Reproduced with permission: Copyright 2020, Royal Society of Chemistry.129 (D) Schematic representation of the synthesis of
MS‐HCNs via kinetically controlled growth. (E) Rate capabilities of solid carbon nanospheres and MS‐HCNs. Reproduced with
permission: Copyright 2017, American Chemical Society130
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different morphologies of HYCS can be well adjusted by
controlling the tetraethyl orthosilicate concentration and
the superior rate performance can be achieved.

Well dispersion of metallic compounds with ultrafine
sizes encapsulated in hollow carbon spheres (HCSs) is
of significance, and thus an exploration of a novel method
to construct such architectures is still highly desirable
and urgent. The current state‐of‐the‐art synthetic methods
are still problematic, because template‐assisted selective
etching or post‐loading procedures suffer from tedious
multistep procedures and high cost. And they show

inadequate capability to rationally manipulate ultrafine
nanoparticles (e.g., down to nanocluster) with adjustable
content and compositional complexity, thus far restricting
their potentials for highly efficient K+ storage. Recently,
Xu et al.131 reported a versatile, general, and template‐free
synthesis of uniform hollow hybrid carbon nanospheres
with various encapsulated ultrafine metal nitrides/oxides
down to nanocluster scale, such as vanadium nitride (VN),
vanadium oxide, molybdenum nitride, tungsten nitride,
and bimetal‐based nitrides. This was accomplished by one‐
pot aqueous solution chemistry with well‐orchestrated

FIGURE 10 (A) Transmission electron microscopy images of solid carbon nanospheres and HYCS samples. Reproduced with
permission: Copyright 2018, Royal Society of Chemistry.135 (B) Schematic representation of the preparation of hollow hybrid spheres.
(C) Rate performances for hollow hybrid spheres with an encapsulated VN nanocluster (HHS‐VN@C), hollow carbon sphere (HCS),
and VN. (D) Comparison of rate performances of reported carbon‐based composites. Reproduced with permission: Copyright 2020,
Elsevier131
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domino‐driven reactions; the micelle‐interfacial copoly-
merization was applied for the polymeric shell formation,
and meanwhile, the copolymerization‐generated H+

spontaneously triggered oxometallate condensation inside
micelles for encapsulation (Figure 10B). The proposed
route simplifies the synthetic route by the integration of
encapsulation and hollow shell formation in one pot
without pre‐existing templates, allowing the controlled
loading of ultrafine nanoparticles. The unique combina-
tion of ultrafine encapsulated nanoparticles and hollow
carbon architecture was demonstrated to promote the
performances. Remarkable surface‐dominated potassium
storage with high capacity and high rate capability was
shown using nanocluster VN in HCSs (Figure 10C). The
performances exceed those of each single composition
(hollow carbon and VN), and even the majority of pre-
viously reported materials so far, such as carbon compo-
sites with alloying metals, metal oxides/nitrides/sulfides,
hard carbons, and graphitic carbons (Figure 10D),
occupying a promising application prospect.

4.2 | Construction of one‐dimensional
(1D) nanostructure

1D nanostructured carbon materials (e.g., CNT and car-
bon nanofibers) can provide continuous electron trans-
port pathways and short ionic diffusion distance to
accelerate the electrons and ions transmission.62,136 For
example, Xiong et al.137 prepared the CNTs with a hollow
structure and an average outer diameter of ~20 nm. The
CNTs aligned the graphene layers in a tilted angle with
respect to their axis and featured an open structure on the
surface, which led to the abundant exposed edges and
facilitated the fast diffusion of K+. It was demonstrated
that such a 1D CNT delivered a high rate capability such
as a high 102mAh g−1 at 2 A g−1. Shen et al.1 synthesized
the CNT encapsulated in sub‐microcarbon fiber
(SMCF@CNTs) via electrospinning and carbonizing with
polyacrylonitrile and CNTs as precursors, in which the
CNTs encapsulated in carbon fiber provided electronic
transmission channel to achieve good battery perfor-
mance (Figure 11A). As shown in Figure 11B,C, the
SMCF@CNTs delivered an admired rate capacity
(164mAh g−1 at 5 C) and cycling performance (over
193mAh g−1 after 300 cycles at 1 C).

In addition to CNTs, electrospun carbon nanofibers
(CNFs) without the usage of conductive additives or
binders were also widely studied as anode materials for
KIBs because they enhanced the energy storage cap-
ability.139,140 A far more appealing aspect of CNFs is that
they can be used as flexible electrode materials due to
their excellent mechanical strength. For this reason,

CNFs have attracted great research interest in developing
high‐performance flexible batteries for wearable electro-
nics.141 For example, Adams et al.142 used a CNF as
flexible anode and demonstrated it showed a high capa-
city of 110mAh g−1 at a very high rate of 10 C. Zhao
et al.143 also synthetized free‐standing CNF with a good
flexibility without rupture upon bending of 180°. The
CNF anodes delivered a capacity of 140mAh g−1 at
5 A g−1. Even at 7.7 A g−1, a capacity of 100mAh g−1 was
achieved. To further enhance the K+ storage capability of
CNF, Zhang et al.138 used Sb@CNF composite as the
anode materials of KIBs, in which Sb nanoparticles were
finely encapsulated in mesoporous CNF. With these va-
luable fractures, the Sb significantly developed the ca-
pacities while the mesoporous CNF endowed high
electronic conductivity and fast ion diffusivity with the
resulting composites (Figure 11D). Consequently, the as‐
prepared Sb@CNF anode exhibited a high capacity of
161mAh g−1 at 1 A g−1 and an ultralong cycling stability
that retained a capacity of 130mAh g−1 at 1 A g−1 after
1500 cycles.

4.3 | Construction of two‐dimensional
(2D) nanostructure

2D nanostructured carbon materials provide more
abundant ion transport pathways when compared with
0D and 1D carbon materials, indicating the faster ionic
diffusion rate for 2D carbon material. As a typical 2D
carbon material, graphene was often used as the matrix
material of carbon‐based composites to achieve high‐rate
performance in KIBs.108,144–146 For instance, a P@RGO
composite with P particles embedded in RGO matrix can
store K+ up to a reversible capacity of 134.4 mAh g−1 at
2 A g−1.147 Moreover, a 2D G@porous FeS2@C composite
was developed to achieve a superior rate capacity of
298mAh g−1 at 2 A g−1, in which FeS2 particles dis-
tributed on RGO matrix followed with an additional
carbon coating layer.148

In addition to graphene, other 2D carbon materials
such as carbon nanosheets have also exhibited excellent
performance. For example, Liu et al.122 found that 2D
carbon nanosheets (Figure 12A) delivered a higher ion
diffusivity (8.15 × 10−9 cm2 s−1) compared with solid
carbon sphere and HCS (Figure 12B). The carbon na-
nosheets showed a 2D morphology of wrinkled envelope‐
like structure which was conducive to a shorter diffusion
distance for K+. Thus, at a high discharge rate of 2 A g−1,
the carbon nanosheets retained a high specific capacity of
168mAh g−1 (Figure 12C). Similarly, a high reversible
capacity of 185mAh g−1 at 5 A g−1 for carbon nanosheets
was reported by Li et al.123 Moreover, a core–shell‐like
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cobalt phosphide nanoparticle embedded into carbon
sheets with a 2D wrinkled structure had been synthesized
(Figure 12D), in which the open space permitted easy
permeation of the electrolyte and carbon sheets shor-
tened the diffusion pathway of K+, thereby showing fa-
vorable for electrochemical reactions.104

4.4 | Construction of three‐dimensional
(3D) nanostructure

3D electrodes offer great advantages for high‐rate KIBs
taking into account that they provide continuous trans-
port pathways for both electrons and ions to enhance
their transport kinetics. More importantly, 3D structure is
instrumental in maintaining the mechanical stability ef-
fectively during high‐rate cycling process. The funda-
mental understanding should be useful in the

development of electrochemical performance in KIBs.
Among various approaches, pyrolyzing metal–organic
frameworks (MOFs) has been utilized to prepare 3D
carbon materials by virtue of high surface area and me-
sopores which enhance the rate properties. For example,
the mesoporous carbon octahedrons synthesized from
pyrolysis of MOFs exhibited a high capacity of
110mAh g−1 at 1 A g−1.79 Similarly, Li et al.125 prepared a
3D porous carbon derived from the MOFs, and an out-
standing rate capacity of 186.2 mAh g−1 at 2 A g−1 was
obtained. It was found that mesopores provided enough
channels for ionic diffusion, which was conducive to
promoting the diffusivity of K+, resulting in high‐
rate KIBs.

In addition, 3D hierarchical porous structure pos-
sesses multiple types of pores and usually displays the
advantage of multimodal pores with a synergistic effect
during the charging/discharging process. For example,

FIGURE 11 (A) Schematic representation for synthesizing SMCF@CNTs. (B) Rate performance of sub‐microcarbon fibers and
SMCF@CNTs. (C) Cycling performance of sub‐microcarbon fibers and SMCF@CNTs at a current rate of 1 C. Reproduced with
permission: Copyright 2019, American Chemical Society.1 (D) Schematic representation of synthesizing Sb@CNF. Reproduced with
permission: Copyright 2018, Elsevier138
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the micropores inside the carbon framework can be used
as active sites to increase the number of potassium sto-
rage sites. The mesopores and macropores promote the
fast diffusion of K+ to achieve high‐rate performance.

Recently, Zhang et al.149 synthesized a 3D nanonetwork‐
structured carbon (NNSC) with a hierarchical porous
structure (Figure 13B) and demonstrated that NNSC de-
livered a high‐rate performance of KIB. As shown in

FIGURE 12 (A) Schematic representation of the fabrication of 2D carbon nanosheets. (B) Electrochemical impedance spectra of
carbon sphere (CS), N‐doped carbon sphere (N‐CS), hollow carbon sphere (H‐CS), and 2D N‐doped carbon nanosheets (N‐CNS).
(C) Rate capability of N‐CNS at different current densities. Reproduced with permission: Copyright 2018, Wiley.122 (D) Schematic
representation of synthesizing composite that core–shell‐like cobalt phosphide nanoparticle embedded into carbon sheets.
Reproduced with permission: Copyright 2018, Wiley104

20 | WU ET AL.



Figure 13A, the tight connection between these nano-
spheres resulted in different degrees of agglomeration,
thus forming a 3D conductive network and a hierarchical
porous structure. Profited from the 3D hierarchical por-
ous structure, the NNSC showed a lower charge‐transfer
resistance than that of microporous carbon (MC) and
graphite, indicating faster K+ diffusion rates for NNSC

(Figure 13C). The calculated K+ diffusion coefficient of
the NNSC anode was 8.8 and 17.3 times higher than that
of the MC and graphite anodes. As a result, NNSC
showed a better rate performance with a high capacity of
108mAh g−1 at 5 A g−1, while MC and graphite suffered
much inferior capacities at various current densities
(Figure 13D). Additionally, Li et al.150 reported a carbon

FIGURE 13 (A) Schematic representation of the reversible K+ and electron transport process of NNSC anode. (B) Pore size
distribution of NNSC. (C) Electrochemical impedance spectra of NNSC, MC, and graphite anodes. (D) Rate capability of NNSC, MC,
and graphite anodes at current densities from 100 to 5 A g−1. Reproduced with permission: Copyright 2020, Elsevier.149 (E) Schematic
representation of assembling carbon nanofiber foam freestanding anode into a potassium‐ion battery. (F) Long‐term cycling
performances of carbon nanofiber foam anode at different current densities. Reproduced with permission: Copyright 2018, American
Chemical Society150
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nanofiber foam with a 3D hierarchical porous structure
(Figure 13E) and found that the carbon nanofiber showed
an outstanding rate performance and a brilliant cycling
performance. As shown in Figure 13F, the carbon na-
nofiber foam showed a capacity of 158mAh g−1 at 1 A g−1

after 2000 cycles and the average lap loss was only
0.006%. After finishing the first 2000 cycles at 1 A g−1, the
electrode material remained at the capacities of 141 and
122mAh g−1 at 2 A g−1 for 1500 cycles and 5 A g−1 for
1000 cycles, respectively. It was demonstrated that a 3D
diffusion pathway supported by an electroconductive
carbon network was responsible for the development in
the capacity of this material.

Although nanostructured structure can facilitate the
K+ reaction kinetics to promote electrochemical per-
formance, the low Coulombic efficiency and low pack-
ing density are still challenging when considering
practical applications. Such low Coulombic efficiency
will require excess of K‐containing cathode to compen-
sate for the irreversible loss of K, giving rise to low
overall energy density. It is known that low Coulombic
efficiency mainly originated from the severely irrever-
sible side reactions or the undesirable surface reactions
arising from the large surface area of nanomaterials and
low electrochemical potential of K+/K. To advance their
applications in KIBs, several efficient ways could be
used. (1) Well mixing nano‐ and micro‐sized materials
together in a certain proportion are beneficial to ensure
the effective occupation of the space between the mi-
croparticles with nanosized particles. (2) Surface coating
is demonstrated to be an effective way to mitigate the
adverse surface reactions caused by large surface area of
nanomaterials, thus improving the initial Coulombic
efficiency.151 (3) Development of hard–soft carbon
composite is a common way to improve Coulombic
efficiency.152 (4) Exploration of novel electrolyte is ne-
cessary to make it compatible with carbon structure,
thus improving reversible reactions.153

5 | CONCLUSIONS AND
PROSPECTS

With the ever‐increasing demand of LIBs, KIBs have
been widely studied as alternative systems in recent
years. At present, the high‐rate charge/discharge cap-
ability is one of the main challenges to be addressed for
the large‐scale application of KIBs. To resolve this issue,
the development of advanced anodes is of particular
importance. A large number of carbonaceous materials
with various structures/textures have been explored as
anode materials for KIBs. Ingenious architecture en-
gineering of carbonaceous anodes is demonstrated to be

an efficient way to construct high‐rate KIBs. Regulations
of electronic conductivity and ion diffusivity of carbo-
naceous anodes are two key methods to realize high‐rate
performance, but a balance should be achieved between
them. There are many techniques to control electronic
conductivity and ion diffusivity of carbonaceous materi-
als, among which the framework and morphology design
of carbonaceous materials are the two most important
strategies. In terms of framework design, tremendous
efforts have been put to regulate carbon microcrystal
structure, heteroatoms doping and composites with me-
tallic compounds, which can affect ionic/electronic
transport/reaction kinetics to varying degrees. Mean-
while, the morphology design of carbonaceous anodes
can be realized by constructing nanostructures with dif-
ferent dimensions, and thus the ionic/electronic trans-
port path and distance could be controlled to facilitate the
rate performance as well.

Although a series of notable advancements have been
acquired, there is still plentiful space for architecture
science and engineering in the exploitation of advanced
anodes for high‐performance KIBs, especially for prac-
tical applications. A critical point is the low initial Cou-
lombic efficiency, especially using the highly porous
carbons. Such irreversible reactions will consume excess
electrolyte and require higher cathode to anode capacity,
leading to decreased overall energy density. In addition to
Coulombic efficiency, other factors should be also taken
into account from a practical viewpoint. (1) A long and
stable plateau at low potential, rather than slope‐
dominated curve at high potential is required for carbon
anodes, thus guaranteeing a high working voltage and
high energy density in a full cell. (2) Carbon materials
with high tap density is necessary to achieve high volu-
metric capacity and energy density. (3) The current mass
loading is in the range of 1–2mg cm−2, and high mass
loading of carbon anodes should be considered to achieve
high areal capacity. (4) Carbon materials that are po-
tentially scalable and inexpensive should be fabricated for
low‐cost energy storage.

Moreover, to surpass the existing battery vision, ad-
vanced characterization techniques, especially in situ
operational technologies are highly necessary. Those
advanced characterization technologies can track
the evolution of the anode materials during the
charging–discharging process and then determine the
key influence factors, thus insightfully providing con-
siderable inspiration for architecture design.

Additionally, it is very hard to realize high‐rate KIBs
only through developing advanced anode materials.
Other constituents and parameters of KIBs (e.g., cathode,
electrolyte, binder, separator, composition ratio, and
fabrication technique of battery) are sensitive to the
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electrochemical performances of the devices, and also
need to be explored in depth.
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