Nano

Resea rch

Recent advances in anode materials for potassium-ion batteries:
A review

ISSN 1998-0124 CN 11-5974/04
https://doi.org/10.1007/s12274-021-3439-3

Lianbo Ma'?®, Yaohui Lv', Junxiong Wu* (5<), Chuan Xia®, Qi Kang® (<), Yizhou Zhang’, Hanfeng Liang®,
and Zhong Jin*® (<))

! School of Materials Science and Engineering, Anhui University of Technology, Maanshan 243002, China

2 Key Laboratory of Mesoscopic Chemistry of Ministry of Education (MOE), Jiangsu Key Laboratory of Advanced Organic Materials, State
Key Laboratory of Coordination Chemistry, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210023, China

3 Shenzhen Research Institute of Nanjing University, Shenzhen 518063, China

* Department of Mechanical Engineering, The Hong Kong Polytechnic University, Kowloon, Hong Kong, China

* School of Materials and Energy, University of Electronic Science and Technology of China, Chengdu 610054, China

¢ Department of Polymer Science and Engineering, Shanghai Key Laboratory of Electrical Insulation and Thermal Ageing, Shanghai Jiao
Tong University, Shanghai 200240, China

7 Institute of Advanced Materials and Flexible Electronics (IAMFE), School of Chemistry and Materials Sciences, Nanjing University of
Information Science & Technology, Nanjing 210044, China

8 College of Chemistry and Chemical Engineering, Xiamen University, Xiamen 361005, China

© Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature 2021
Received: 6 February 2021 / Revised: 3 March 2021 / Accepted: 4 March 2021

ABSTRACT

Potassium-ion batteries (PIBs) are appealing alternatives to conventional lithium-ion batteries (LIBs) because of their wide
potential window, fast ionic conductivity in the electrolyte, and reduced cost. However, PIBs suffer from sluggish K* reaction
kinetics in electrode materials, large volume expansion of electroactive materials, and the unstable solid electrolyte interphase.
Various strategies, especially in terms of electrode design, have been proposed to address these issues. In this review, the recent
progress on advanced anode materials of PIBs is systematically discussed, ranging from the design principles, and nanoscale
fabrication and engineering to the structure-performance relationship. Finally, the remaining limitations, potential solutions, and
possible research directions for the development of PIBs towards practical applications are presented. This review will provide new

insights into the lab development and real-world applications of PIBs.
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1 Introduction

The ever-increasing energy demand of our society calls for
clean and sustainable energy sources. Most renewable energy
sources, such as wind and solar, are intermittent; therefore,
energy storage devices are needed to store and release the
energy power on demand [1-3]. Lithium-ion batteries (LIBs)
are one kind of the most popular devices, and currently, they
have dominated the market of electronic devices. Unfortunately,
the scarcity and uneven distribution of Li resources limit the
wide spreading application of LIBs. In addition, the rapid
development of the electronic market requires a significant
improvement in energy density [4, 5]. Owing to the intrinsic
properties of alkaline lithium metal and the as-formed LIBs,
the achieved energy density from LIBs almost approached its
theoretical limits [6, 7], and thus new alternatives are always
pursed. So far, various energy storage and conversion systems
have been explored, including sodium-ion batteries (SIBs),
sulfur-based batteries, metal-based batteries, supercapacitors,
and so on [8-11]. Widespread research interest in SIBs has
recently been soaring due to the natural abundance of sodium,

but the relatively low energy density caused by the high redox
potential (-2.71 V vs. standard hydrogen electrode (SHE))
hinders its practical development. For comparison, potassium
has a relatively low potential, i.e., —2.936 V vs. SHE, a value
close to —3.04 V of Li/Li* redox couple, ensuing a comparable
energy density. Besides, the low cost and abundance of K
resources make potassium-ion batteries (PIBs) an attractive
alternative to LIBs, especially in large-scale energy storage
[12-14]. Another notable advantage of PIBs over LIBs and
SIBs is that the much weaker Lewis acidity of K* ion results in
smaller solvated ions as compared to Li and Na ions, leading
to fast K* ion transportation in the electrolyte. All these features
mentioned above contribute to the development of PIBs as a
promising battery system for large-scale energy storage.
Similar to LIBs, PIBs consist of four main components:
cathode, anode, separator, and electrolyte. Each component is
essential and significantly affects the electrochemical performance
of PIBs. Regarding the slow kinetics of K* ions in cathode
materials, the rational design of anode materials featured with
high capacity, fast K-ion diffusivity, and good cyclic stability is
crucial to building high-performance PIBs [15]. In this regard,
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numerous anode materials have been explored and various
structures have been designed and constructed, in order
to improve the electrochemical performance. Graphite, a
commercially available carbon material, is recognized as a
potential anode material in PIBs [16] through an intercalation/
deintercalation mechanism. To facilitate K* storage behaviors
in pores and voids, carbons with various architectures, such as
hollow and porous structures, have been deliberately designed.
However, carbon-based anodes usually show limited capacities
and energy densities, fail to satisfy the increasing demands of
devices [17]. Since then, a lot of inorganic materials have
emerged in PIBs, including metal alloys, oxides, and sulfides,
but the limitations lie in the poor electrical conductivity, fragile
structural integrity, and poor K* storage capability. Through
studying these materials, it is clear that the rational design and
engineering of micro/nanostructures of anode materials can
effectively address the issues of inorganic anode materials
(Fig. 1), as has already been confirmed in many electrochemical
related fields [18, 19]. Thus, numerous efforts have been focused
on the selection of inorganic materials, design and construction
of anodic structures, and investigation of their electrochemical
performances in PIBs.

Over the past several years, we have witnessed exponential
growth in high-quality works regarding PIBs, turning this into
a highly competitive field of research. Given the fact that the
anode materials for PIBs are rapidly developing and have
achieved great progress thus far, we believe that a timely
review is necessary, not only to summarize the latest progress
but also to provide a better understanding and general guidance
on the design and engineering of anode materials. In this
review, we firstly summarize the representative work of PIBs
and categorize them into several groups based on different
anodic compositions. Then, in each part, we introduce the
representative work from the viewpoints of anodic design
concepts, nanoscale fabrication/engineering methods, and
electrochemical performances. The comparisons of different
electrochemical performances and storage mechanisms of
various anode materials are presented. Finally, based on the
progress achieved so far, the shortcomings of existing methods
for making anodic structures, as well as the possible solutions
and strategies are discussed. Lastly, future perspectives on the
development and real-world applications of PIBs are given.
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Figure 1 Overview of the proposed architectures for serving as the
anodes of PIBs.
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2 Challenges of PIBs

Similar to LIBs, K* ions move back and forth between the
cathode and anode with electrolyte serving as the transport
medium in PIBs, known as the “rocking chair” mechanism. The
main challenges to achieving high energy density and good
cyclability of PIBs include the sluggish K* reaction kinetics in
solid electrodes and the large volume expansion of electroactive
materials, which not only causes the crack of active materials
but also results in unstable solid electrolyte interphase (SEI).
To overcome these challenges, efforts from both the rational
design of electrode materials and the exploration of new
electrolytes are required.

Sluggish K* reaction kinetics. Due to a much larger ionic
size (1.38 A) of K* jon than these of Li* (0.76 A) and Na* (1.02 A),
it is more difficult for K* ions to intercalate into electroactive
materials than Li* and Na* ions [20-22]. One well-established
approach is to reduce the dimension and size of active materials.
Considering the large size of K*, nanostructured materials
display improved K* reaction kinetics due to the shortened ion
diffusion length, leading to the enhanced rate capability and
reversible capacity. For layered-structured materials, expanding
the interlayer distance can significantly improve K* mobility due
to the smaller diffusion barrier relative to the pristine material.
For example, heteroatom doping can enlarge the interlayer
spacing of carbonaceous materials, resulting in fast K* ion
transport and improved structural integrity [23].

Large volume expansion. During potassiation process, the
anode materials undergo large volume expansion due to the
insertion of K* ions. Specifically, graphite exhibits ~ 61%
volume expansion after potassiation, six times larger than that
upon lithiation [24]. For alloy-based materials, the situation
is even worse. The volume variation of SnsPs; upon deep
potassiation is ~ 600% [25], which not only leads to the
pulverization of electroactive material but also isolates part of
the electrode from electrical contact, resulting in fast capacity
decay. It is known that a thin and stable SEI layer can greatly
improve the electrochemical performance of batteries because
it prevents the continuous reduction of organic electrolytes,
thus enabling the battery to operate below the reduction voltage
of electrolytes. However, as discussed before, the volume change
of anode materials triggers the breakage and regeneration of
SEI layers. As a consequence, SEI layers grow continuously
upon reiterative charge/discharge processes, giving rise to low
Coulombic efficiencies and fast capacity decay [26-28]. Besides,
since most electrochemical tests are carried out in half-cell
configuration, the intrinsic active properties of K metal would
trigger numerous side reactions with the electrolyte, forming
interphase layers with complicated compositions [29, 30]. In
addition, the serious volume expansion during the plating/
stripping process would destroy the as-formed SEI layers, and
expose fresh K metal to the electrolyte, generating new SEL
Therefore, it is crucial to promote the formation of a stable SEI
layer to ensure the cyclability of PIBs in both full-cell and
half-cell configurations.

Considerable efforts have been devoted to optimizing the
composition, morphology, and local atomic structure of anode
materials through nanoscale engineering to meet the above
challenges. These approaches have been demonstrated on
various anode materials, including carbon materials, alloys, oxides,
sulfides, to result in improved electrochemical performance.
In the following sections, we will introduce the synthesis and
nanoscale engineering concepts of anode materials, and then
comprehensively discuss the different types of anode materials,
along with the listing of representative works.
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3 Engineering concepts of PIB anode materials

As demonstrated in this review, various strategies have been
proposed to design and synthesize intriguing structures of
anode materials to resolve the issues encountered by PIBs. In
general, an optimal structure of anode materials should possess
the following characteristics: (i) high electrical conductivity to
facilitate electron transport; (ii) short ion diffusion length with
good electrolyte penetration; (iii) ample space to accommodate
volume change; and (iv) special structure to enable stable SEI
layers during cycles. For the engineering concepts of PIB anode
materials, the discussions are listed below.

With regard to the geometry of materials, they are typically
divided into zero-dimensional (0D), one-dimensional (1D),
two-dimensional (2D), and three-dimensional (3D) structures.
The 0D anode materials (e.g., particles, quantum dots) have
been widely studied as the anode materials for PIBs, especially
for transition metal compounds. However, the isolated 0D
particles tend to aggregate during electrochemical reactions,
degrading their K* storage performance. 1D nanostructures,
including nanofibers, nanotubes, nanowires, and nanorods,
are characterized by large aspect ratios, short ion diffusion
paths, and efficient electron transport. Moreover, the 1D
nanostructure can maintain excellent mechanical stability over
several cycles of K* insertion and extraction, which is extremely
suitable for materials undergo conversion and alloying reactions.
To date, several methods, such as hydrothermal, electro-
deposition, electrospinning, and chemical vapor deposition
techniques, have been employed to fabricate the 1D nano-
structures. The 2D nanostructures with large specific surface
areas have attracted increasing attention in PIBs. The large
surface area provides abundant sites for K* adsorption and
insertion, enabling fast reaction kinetics. However, the serious
stacking and aggregation issues for 2D nanostructures
significantly reduce the surface areas and hinder ion transport,
which has to be resolved to enhance their electrochemical
performances. The 3D architectures are usually assembled by
2D nanosheets, 1D nanowires, or 0D particles, thus enjoying
the advantages arising from the subunits. Typically, 3D
nanostructures contain numerous pores, voids, and channels,
ensuing the easy penetration of electrolytes and maintaining
excellent structural integrity. In addition, 3D architectures
have better processability because of the inhibited aggregation.
As a result, the electrochemical performance can be enhanced
compared to the bulk counterparts.

The design and construction of nanoscale structures is also
a popular approach to improve K* storage performances of
different dimensional anode materials. Main nano-structures
for anode materials include porous, hollow, and core (yolk)-
shell. To obtain these structures, approaches like template,
hydrothermal/solvothermal, electrospinning, and MOFs-derived
methods, are routinely utilized. Taking carbonaceous materials
with porous structures as an example, high-temperature
carbonization and template methods are commonly employed,
since voids and space can be created by the gas produced during
the carbonization process, and using templates. It should be
emphasized that the template method tends to generate
hierarchical porous architectures, which usually have a high
specific surface area for ion storage. For metal oxides, sulfides,
selenides, nitrides, phosphides, and other materials, diverse
approaches are used to create nano-structures. With delicate
nano-structures, the challenge of anode materials is often
how to maintain structural integrity during electrochemical
processes. As discussed throughout this work, although the
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design and construction of nano-structures for anode materials
is one of the most efficient approaches to increase the PIB
performance, it creates serious challenges in understanding
the charge storage mechanism of PIBs, which requires efforts
from both theory and experiments.

4 Carbon materials

Carbon materials with high electrical conductivity and tunable
structures are promising anode materials for PIBs [31, 32].
The above merits facilitate the transport pathways of electrons
and K* ions, contributing to outstanding cyclic performance.
To better study the in-depth relationships between structure
and electrochemical performance, keeping the different storage
mechanisms of K* ions within various types of carbon materials
in mind, we deliberately categorized the carbon anodes into
graphene, carbon tubes, carbon fibers, hollow carbon, and
porous carbon, as shown in Table 1.

4.1 Graphene

Graphene, a type of carbon material with atomic-layer thickness,
has attracted tremendous interests because of its high theoretical
specific surface area (2,630 m*g™'), exciting mechanical
characteristics, and excellent electron mobility [33-35]. Various
methods have been reported to prepare graphene nanosheets.
In the battery field, reduced graphene oxide (rGO) is the most
widely adopted form. rGO has shown remarkable K* storage
performance, owing to its abundant active sites as well as an
enlarged interlayer distance. Simon and co-workers synthesized
3D rGO aerogel through a freeze-drying method for K* storage
[36], as shown in Fig. 2(a). By optimizing the electrolytes and
drying methods, the 3D rGO aerogel delivered a high reversible
capacity of 267 mAh-g™' at C/3 rate, along with 78% capacity
retention after 100 cycles. Even increasing the rate to 1.6 C, a
high reversible capacity of 125 mAh-g™' was obtained after
running 500 cycles. Chen et al. also investigated the correlation
between microstructure and electrochemical performance of
rGO in PIBs [37]. They revealed that the K* storage performance
strongly depends on the thermal annealing temperature on
account of the difference in microstructure (Fig. 2(b)). The
rGO graphitized at 2,500 °C exhibited ultralong cyclic stability
over 2,500 cycles, resulting from the expanded interlayer
distance and the graphite-like structure [37].

Heteroatom (i.e. nitrogen, sulfur, boron, or phosphorous)-
doping has been demonstrated to be an effective strategy to
enhance the electrical conductivity and effectively promote
the ion storage properties of graphene [38-40]. For instance,
Ju et al. prepared few-layer N-doped graphene nanosheets as
anode materials for PIBs, using dicyandiamide and coal tar
pitch as raw materials [41]. As displayed in Fig. 2(c), by virtue
of the large K* storage capacity arising from high specific
surface area and abundant nitrogen doping sites (14.68 at.%),
the few-layer N-doped graphene displayed a competitive
reversible capacity of 320 mAh-g™ after 60 cycles at 50 mA-g™/,
superior rate capability, and excellent cyclability under a high
current density (150 mAh-g™ after 500 cycles at 500 mA-g™).
Qiu et al. reported the use of N and P co-doped vertical
graphene sheets grown on carbon cloth as a binder-free anode
for PIBs [42]. Considering the advantageous structures with
enriched active sites, large interlayer spacing and accessible
surface, highly conductive network, and robust structural
integrity, the achieved PIBs exhibited a high capacity reaching
344.3 mAh-g™', remarkable rate capability (~ 46.5% capacity
retention at 2.0 A-g™"), and prominent long-term cycle stability
(~ 82% capacity retention even after 1,000 cycles).

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Table 1 Comparison of different carbon-based anode materials of PIBs

Nano Res.

Anodes Morphology Synthesis method Specific capacity Cyclic performance Ref.
-1
rGO aerogel 3D porous structure Chemical reduction 92 mAh-g'at6.7C 267 mAh-g " after 100 cycles [36]
at1/3C
-1
rGO Curved flakes Heat treatment ~80mAh-g'at10C 884 mA:tgl 0(? ileg.Zg:SlOO cycles [37]
Few-layered . ~320 mAh-g™! 150 mAh-g™" after 500 cycles
N-doped graphene structure Bottom-up synthesis at 50 mA-g ! at 500 mA-g”! [41]
N, P co-doped Hierarchical porous Microwave plasma-enhanced 46.5% capacity retention ~ 82% capacity retention after (42]
graphene/carbon cloth  layered structure chemical vapor deposition at 2,000 mA-g™! 1,000 cycles
~1
F-doped graphene Hollow porous Solid-state method . 165.9 mAh-g™' after %100 cycles [43]
foam structure at 500 mA-g
Carbon microtube Porous structure Hydrothermal method followed with 273.6 mAh-g ! at 177.6 mAh-g™" after 2,000 cycles (47]
array us structu annealing 1,000 mA-g™ at 2,000 mA-g™!
- 0, i 1
N-doped carbon Nanotubular Precursor-derived method 44 mAhg" at 9.56 C 91.8% capacity retention after (48]
nanotube structure 5,000 cycles
Interconnected o o
N-doped cup-stacked network with Chemical vapor deposition 75 mAh-g it 236 mAh-g™! after {?0 cycles [51]
carbon nanotube interspace inside 1,000 mA-g at 20 mA-g
. P : o]
SMCF@CNTs Flexible and porous Electrospmnlng cgmblned 108 mAhg™ at 5.0 C 193 mAh-g™ after 300 cycles (52]
structure with annealing at1.0C
N-doped carbon Porous tubular . 101 mAh-g™'at 146 mAh-g ! after 4,000 cycles
nanofiber structure Precursor-derived method 20,000 mA-g™! at 2,000 mA-g™ [>6]
N-doped carbon ~ Hierarchical porous Electrospinning combined 197 mAh-g ' at 65 mAh-g ! after 346 cycles (57]
nanofiber structure with annealing 50 mA-g™! at 100 mA-g™!
Multichannel carbon Free-standing Electrospinning combined 420.1 mAh-g' at 110.9 mAh-g ™ after 2,000 cycles (58]
fibers porous structure with annealing 50 mA-g™' at 2,000 mA-g™
-1
N-doped carbon Porous structure Precursor-derived method 84.7 mAh-.g'at5C 1034 mAh-g " after 500 cycles [61]
nanofiber at2C
N-doped porous Porous and hollow Template method 94 mAh-g' at 157 mAh-g ™! after 12000 cycles [65]
carbon structure (polystyrene spheres) 10,000 mA-g™* at 2,000 mA-g™
. 370.2 mAh-g! at Stable for 5,000 cycles at
Carbon nanosphere ~ Hollow structure Template method (SiO2) 2,000 mA-g" 2,000 mA-g! [66]
N-doped carbon . 141 mAh-g ' at 154 mAh-g! after 2,500 cycles
nanosphere Hollow structure Template method (SiOz) 2,000 mA-g! at 1,000 mA-g" [67]
Necklace-like 293.5 mAh-g at 161.3 mAh-g™ after 1600 cycles
N-doped carbon porous structure Template method (ZnO) 100 mA-g"! at 1000 mA-g" [68]
Honeycomb porous Template method 42 mAh-g!' at 195.3 mAh-g™" after 150 cycles
Hard carbon structure (carbon quantum dots) 3,200 mA-g™! at 100 mA-g™ [69]
Template method 145 mAh-g™' at 160 mAh-g! after 800 cycles
N-doped carbon Hollow structure (carbon quantum dots) 4,000 mA-g™! at 1,000 mA-g™ (70]
Bi-doped carbon 107 mAh-g ™' at 271 mAh-g! after 1,000 cycles
nanosheets Porous structure Template method (NaCl) 20,000 mA-g" at 1,000 mA.g" [71]
N-doped carbon Interconnected 54 mAh-g™' at 117.2 mAh-g™" after 3,000 cycles
sphere porous nanosheets Template method (NaCl) 30,000 mA-g™ at 1,000 mA-g™ (72]
N-doped graphitic ~ Porous, defect-rich . 280 mAh-g™ at 189 mAh-g™" after 200 cycles
nanocarbons structure Precursor-derived method 50 mA-g™! at 200 mA-g™' (73]
. . . 105 mAh-g™" at 132 mAh-g™" after 5,000 cycles
N-rich carbon onion Hollow nanosheets Precursor-derived method 10,000 mA-g”! at 2,000 mA-g”! [74]
Graphitic carbon Interconnected Precursor-derived method 175 mAh-g ' at35C — [75]
nanocages hollow structure
. Precursor-derived method 260 mAh-g™' at 118 mAh-g ! after 1200 cycles
Carbon material Porous structure (coal) 50 mA-g! at 1,000 mA-g" [76]
Precursor-derived method 381.9 mAh-g at 260 mAh-g" after 1,000 cycles
P-doped hard carbon  Porous structure (epoxy resin) 100 mA-g! at 200 mA-g”! [77]
. o1
Hard carbon Macroporous Precursor-derwe(‘i method 336 mAh gﬁl at B (78]
structure (epoxy resin) 10 mA-g
Graphitic carbon ~ Hierarchical porous Precursor-derived method 121.7 mAh-g™" at 99.9 mAh-g™" after 10,000 cycles (79]
nanospring structure (epoxy resin) 5,000 mA-g™! at 2,000 mA-g™!
Hierarchical porous . 320 mAh-g™' at 65 mAh-g ! after 900 cycles
Carbon shells structure Precursor-derived method (MOFs) 50 mA-g-1 at 2,000 mA-g" [80]
. 186.2 mAh-g™' at 231.6 mAh-g ™ after 2,000 cycles
N-doped carbon Porous structure Precursor-derived method (MOFs) 2,000 mA-g”! at 500 mA-g ! [81]
. Precursor-derived method o
Hard-soft composite Porous carbon (3,4,9,10-perylenetetracarboxylic 81 mAh-g' at 10 C 118 mAh-g™ after 200 cycles [82]

carbon nanosphere

dianhydride)

at1C

TSINGHUA

@ Springer | www.editorialmanager.com/nare/default.asp



Nano Res. 5
e —
(Continued)
Anodes Morphology Synthesis method Specific capacity Cyclic performance Ref.
N-doped carbon Porous structure Precursor-derived method 423 mAh-g™' at 305 mAh-g™' after 660 cycles (83]
nanosphere (polyaniline-co-polypyrrole) 50 mA-g™ at 200 mA-g™!
p poly polypyr g g
Precursor-derived method 293.8 mAh-g at 143.6 mAh-g™ after 1,200 cycles
S, N co-doped carbon  Porous structure (polyacrylonitrile) 100 mA-g-! at 3,000 mA-g! [84]
Precursor-derived method 280 mAh-g™' at
N-doped carbon Porous structure (polyacrylonitrile) 25mA-g" — [85]
Mesoporous . 1442 mAh-g' at 146.5 mAh-g" after 1,000 cycles
Ordered carbon structare Precursor-derived method (sucrose) 1,000 mA-g" at 1,000 mA-g! [86]
ol
Hard carbon Porous structure Precursor-derived method (sucrose) — 290 mAh-g " after _5]0 cycles [87]
at 25 mA-g
Porous hollow . . 304 mAh-g™' at 133 mAh-g™" after 1,000 cycles
Carbon bowls structure Precursor-derived method (biomass) 100 mA-g"! at 1,000 mA-g" [88]
Hierarchical porous . . 263.6 mAh-g' at 119.9 mAh-g™" after 1,000 cycles
N-doped carbon carbon Precursor-derived method (biomass) 100 mA-g! at 1,000 mA-g" [89]
Hard carbon Porous structure Precursor-derived method (biomass) 32mAhg'at1/5C — [90]
N-rich hard carbon Hlerarzgitc)a:)lnporous Precursor-derived method (biomass) 154 mAh-g'at72 C Stable for 4,000 cycles [91]
. . . 164 mAh-g™' at 122 mAh-g ! after 1,000 cycles
Carbon wires Porous structure Precursor-derived method (biomass) 1,000 mA-g"! at 5,000 mA-g" [92]
- o . .
Graphite-structured Porous structure  Precursor-derived method (biomass) 67 mAh-g'at1.3C 90% capacity retention after [93]
hard carbon 300 cycles
Hierarchical porous Precurspr—denve@ meth(?d 193.1 mAh-g™" at 500 296.8 mAh-g ™ after 200 cycles
N-doped carbon (ammonium chloride/sodium > 1 [94]
structure mA-g at 50 mA-g
polyacrylate)
Hierarchical porous Precursor-derived method 158.7 mAh-g" at 156.8 mAh-g™" after 1,000 cycles
N, § co-doped carbon structure (sodium polyacrylate/thiourea) 500 mA-g™ at 500 mA-g™ (9]
. . Precursor-derived method
Hierarchical porous . : 76.7 mAh-g™" at 211.5 mAh-g™" after 50 cycles
Carbon framework structure (polyacrylate/sodlgm chloride/Zn 10,000 mA-g" at 50 mA-g! [96]
nanoparticles)
Hierarchical porous Precursor-derived method 160 mAh-g™ at 118 mAh-g" after 900 cycles
Carbon network structure (melamine foam) 1,000 mA-g™* at 1000 mA-g! (97]
. . 162.5 mAh-g™" at 167 mAh-g" after 1,000 cycles
N-doped carbon Porous structure  Precursor-derived method (pitch/urea) 2,000 mA-g" at 1,000 mA-g ! [98]
N, S co-doped carbon  Hollow porous . 155.6 mAh-g™" at 180.5 mAh-g™ after 1,000 cycles
microbox structure Precursor-derived method (ZIFs) 2,000 mA-g™! at 500 mA-g™! (99]
N-doped carbon . 339 mAh-g™' at 141 mAh-g™" after 1,000 cycles
nanotubes@carbon Porous structure Precursor-derived method (ZIFs) 50 mAg” at 1,000 mA-g" [100]
. 120 mAh-g™ at 192 mAh-g™" after 5,200 cycles
Carbon nanoplate Porous structure Precursor-derived method (ZIFs) 5,000 mA-g" at 1,000 mA-g" [101]

Besides building rGO architectures, various graphene
architectures prepared via directly thermal annealing processes
can also be utilized as anodes for PIBs. The as-prepared graphene
structures feature a high graphitic degree and an enlarged
interlayer distance. For example, few-layered F-doped graphene
foam was synthesized via a high-temperature solid-state synthetic
route [43]. Benefitting from the synergistic effects endowed by
the F-doped species, high specific surface area, and mesoporous
membrane structures, both ions and electrons have fast
transportation rates in F-doped graphene. Combined with the
abundant active sites for K* storage, the corresponding PIBs
exhibited excellent electrochemical performances, especially
in terms of rate capability and cyclic performance under high
rates (165.9 mAh-g™" after 200 cycles at 500 mA-g™).

4.2 Carbon tubes

Carbon tubes feature high electrical conductivity, fast transport
of ions and electrons, which result in enhanced rate performance
and prolonged cyclic lifetime [44-46]. Recently, carbon tubes
have aroused great interests as anode materials for PIBs. For
instance, with sycamore leaves as the raw material, a porous
carbon microtube array derived from the carbon quantum dots
was fabricated (Fig. 3(a)) [47]. Owing to the merits including

multi-hole cross profile, high specific surface area, and larger
interlayer spacing distance, porous carbon microtube arrays
delivered a record-high cyclic performance with a specific
capacity reaching 177.6 mAh-g™' even after 2,000 cycles under
2.0 A-g”'. Meanwhile, polyaniline-derived N-doped carbon
nanotubes were also confirmed to have remarkable K* storage
performance when used as the anode of PIBs [48].

Due to a large length-to-width ratio, carbon tubes can
easily form free-standing electrodes with intriguing network
architectures, which avoid the use of nonactive components,
such as binders, conductive additives, and current collectors
[49, 50]. As a typical example, Xu and co-workers employed
free-standing N-doped cup-stacked carbon nanotube mats as
a PIB anode (Fig. 3(b)) [51]. Benefitting from the nanosized
characteristics and interconnected flexible structure, the
as-prepared anode exhibited remarkable electrochemical
performances with a reversible capacity of 323 mAh-g™' and
a good cyclic performance with a capacity of 75 mAh-g™" after
100 cycles at 0.02 A-g™'. Additionally, Shen et al. employed
self-supporting carbon nanotubes encapsulated into sub-micron
carbon fiber (SMCF@CNTs) for K* storage [52], as shown in
Fig. 3(c). Electrochemical testing revealed a combined capacitive
and diffusion-controlled K* storage mechanism, and the

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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SMCF@CNTs anode displayed high reversible capacities of
236 and 108 mAh-g™" at 0.1 and 5.0 C, respectively, which
maintained over 193 mAh-g™' after 300 cycles at 1.0 C. The
above results signify the great potential of carbon tubes as the
anodes for flexible PIBs.

4.3 Carbon fibers

Besides graphene and carbon tubes, carbon fibers have also
been studied because of their high electrical conductivity and
short ion diffusion length [53-55]. Toward this end, using
N-doped carbon nanofibers as a high-performance anode for
PIBs was reported by Lei et al. [56]. Theoretical simulations
have predicted that N-doping can enhance the K-adsorption
ability and K* diffusivity, especially pyrrolic and pyridinic N.
The theoretical results indicated that the N-doping was
responsible for the excellent electrochemical performance
(a high reversible capacity of 248 mAh-g™' at 25 mA-g”, an
excellent rate performance of 101 mAh-g™" at 20 A-g™', as well
as great long-term cyclic stability for 4,000 cycles). Moreover,
carbon fiber architecture with a high N content and a hierarchical
porous structure was also reported [57]. The unique structure
not only provided intrinsic electron pathways and ion transport
channels but also accommodated the volume change by
providing sufficient free space during cycles. Finally, the
anode displayed a high capacity of 197 mAh-g™' at 50 mA-g™
and good cyclic performance over 346 cycles at 100 mA-g™.
To further investigate the effects of microstructures on the
electrochemical performances of carbon fibers, Zheng et al.
fabricated multi-channel carbon fibers as freestanding anodes
of PIBs [58]. The unique multi-channel in amorphous carbon
fibers can alleviate the volume expansion and allow the
penetration of electrolyte. At the same time the doping of
heteroatoms can generate defective sites and ameliorate the
electrical conductivity [59, 60]. As a consequence, the multi-
channel carbon fibers displayed significantly enhanced K*
storage performances (420 mAh-g' at 50 mA.g”', and
111 mAh-g™" over 2,000 cycles at 2.0 A-g™"). Similarly, chitin-
derived porous N-doped carbon nanofibers also showed
excellent electrochemical performance in PIBs [61].

4.4 Porous carbon

Porous carbons usually have good electrical conductivity,
abundant pores, high specific surface areas, easily accessible
channels, and a large number of active sites [62-64], showing
great possibility in PIBs. Especially, porous nanocarbons would
show better electrochemical performance: (i) Nanocarbon
structures can provide abundant active sites for K, con-
tributing to the pseudo-capacitive type behavior and thus specific
capacity; and (ii) the elastic feature can effectively accommodate
the volume expansions during potassiation/depotassiation.
Porous nanocarbons with hierarchical structures can be easily
fabricated using a template method. So far, different templates
including polystyrene spheres [65], SiO. [66, 67], ZnO [68],
carbon quantum dots [69, 70], and NaCl crystals [71, 72], have
been used. For instance, with polystyrene spheres as the template,
Yu and co-workers have fabricated a 3D interconnected N-doped
hierarchical porous carbon and measured its electrochemical
performance in PIBs (Fig. 4(a)) [65]. In virtue of reduced
ion/electron diffusion distances and N-doping in porous
carbon (as revealed by the theoretical calculations), it exhibited
excellent electrochemical performances (292 mAh-g™ at 0.1 A-g”/,
94 mAh-g™" at 10 A-g™, and 157 mAh-g™" after 12,000 cycles at
2.0 A-g™"). Guo et al. synthesized a highly pyrrolic/pyridinic-
N-doped necklace-like hollow carbon material using ZnO as
a scarify template (Fig. 4(b)), and employed it as a novel
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freestanding anode for PIBs [68]. Theoretical simulations
verified that the pyrrolic- and pyridinic-N species have a great
K-adsorption capability (Fig. 4(b)). Thanks to the multiple
structural features: hierarchical pore structures, 1D hollow
structure, N atom doping, and high specific surface area, the
necklace-like carbon nanofibers exhibited fast intercalation/
deintercalation of K' ions, good structural stability, and
outstanding electrochemical performance (161 mAh-g™ after
1,600 cycles at 1.0 A-g™).

The precursor-derived method can also produce porous
carbon architectures with high efficiencies. Using ethylenedia-
minetetraacetic acid nickel coordination compound as the
precursor, Alshareef et al. fabricated N-doped, defect-rich
graphitic nanocarbons as a high-performance PIB anode [73].
The results revealed that the K* storage mechanism of carbon
architecture was similar to that of graphite, and the structural
features provided additional active sites for the potassiation
process. Finally, the as-prepared carbon anodes exhibited a
high specific capacity reaching 280 mAh-g™' at 50 mA-g™,
good rate performance, and long cyclic lifetime. Moreover, a
Co-hexamine coordination framework was also utilized as the
precursor to prepare porous and hollow carbon architecture,
and electrochemical tests revealed an excellent K* storage
performance [74]. Besides the organic-based precursor, Ketjen
carbon black was also selected as the precursor for synthesizing
carbon nanocages with an interconnected hollow structure [75].
This approach can be easily scaled up because Ketjen carbon
black was commercially available. The nanocage showed
extremely high specific capacity and excellent cyclic stability,
when used as the anode materials for PIBs.

Porous carbonaceous materials are the extensively studied
for PIBs, to make them, the precursor-derived strategy is
preferred because it is simpler and more efficient than the
template method without the need to remove the template. The
precursor-derived strategy commonly starts with the selection/
preparation of precursors containing organic molecules, and
then the precursors are treated by thermal annealing under
high temperature, and followed by post-treatments. To date,
coal [76], epoxy resin [77-79], metal-organic frameworks
(MOFs) [80, 81], 3,4,9,10-perylenetetracarboxylic dianhydride
[82], polyaniline-co-polypyrrole [83], polyacrylonitrile [84, 85],
sucrose [86, 87], biomass [88-93], ammonium chloride/sodium
polyacrylate [94], sodium polyacrylate/thiourea [95], polyacrylate/
sodium chloride/Zn nanoparticles [96], melamine foam [97],
pitch/urea [98], and zeolite imidazole ester frameworks (ZIFs)
[99-101] have been used as precursors to synthesize various
porous carbon materials for PIBs. Taking phosphoric acid
linked epoxy resin as a representative example, porous carbon
obtained by massive carbonizing a phosphoric acid solidified
epoxy resin contains P-C and P-O bonds, which can serve
as active sites for K* storage (Fig. 5(a)) [77]. Electrochemical
tests revealed that the as-prepared P-doped hard carbon
possessed a high reversible capacity reaching 179 mAh-g™ at
5.0 A-g”', and high capacity retention of 260 mAh-g™ after
1,000 cycles at 0.2 A-g™'. In situ characterizations (Fig. 5(a))
confirmed that excellent electrochemical performance could
be attributed to the formed P-containing bonds, which can
enhance the adsorption to alkali metal ions and participate in
electrochemical redox reactions by forming Li.PC,. Moreover,
Lin and co-workers reported a highly oriented mesoporous
graphitic carbon nanospring made from epoxy resin [79].
Benefitting from the high orientation, a large amount of
active edge-plane sites, and mesoporous structure, the spring-
like structure could efficiently alleviate the volume strain
during electrochemical processes. Consequently, an excellent
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© American Chemical Society 2019. (b) SEM image of necklace-like N-doped hollow carbon, long-term cycle tests at 1.0 A-g

! and theoretical simulations

on the K-adsorption abilities of different nitrogen species. Reprinted with permission from Ref. [68], © The Royal Society of Chemistry 2019.

electrochemical performance including high reversible
capacity (541 mAh-g™ at 50 mA-g™), high rate capability, and
stable cyclic performance (100 mAh-g™ after 10,000 cycles at
1,000 mA-g™) were achieved. Besides, polyaniline-co-polypyrrole
was selected as the precursor for preparing edge-N-doped carbon
architecture (Fig. 5(b)) [83]. Owing to the different thermal
stabilities, the ordinal release of radicals was generated from
pyrrole and aniline. Through optimizing the pyrolysis con-
ditions, carbon-based anodes displayed remarkable K* storage
performances (74 mAh-g™ at 5.0 A-g”', and 305 mAh-g™ after 660
cycles at 0.2 A-g™). All these results proved that the precursor-
derived strategy was promising for efficiently generating the
porous carbon architectures.

Although carbonaceous materials exhibited impressive
electrochemical performances when working as the anodes
of PIBs, several shortcomings still exist, restricting their
commercialization. The first one lies in the sluggish K* diffusion
kinetics induced by the large ionic radius and the narrow
carbon interlayer spacings. This can be well reflected by the
poor rate capability under high current densities. The design
and construction process of carbon architectures is another
major challenge. The micro/nano-structured carbonaceous
materials commonly require complex synthesis procedures

TSINGHUA
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and harsh experimental conditions; therefore, the obtained
carbonaceous materials are difficult to be scaled up. For
achieving high-performance K* storage, nanoscale engineering
of carbonaceous materials is important to reduce the ion
diffusion length. For example, carbon materials with unique
nanostructures and pores allow the fast storage of K* within
the pores and voids, contributing to much higher capacities and
superior rate capabilities. Expanding the interlayer spacing in
carbon materials can mitigate the diffusion barrier energy for
K*-ion intercalation, resulting in improved rate performance.
Besides, heteroatom-doping is another typical strategy to
improve the K* storage for carbon-based materials thanks to
the abundant adsorption active sites and improved reaction
kinetics. The combination of the above-mentioned strategies
can further promote K' storage performance owing to the
synergistic effects.

5 Alloys

Alloy-type anode materials are considered promising alternatives
for carbon materials, and this kind of anode materials normally
exhibit high theoretical capacities, energy density, and safety.
However, the practical applications of these alloy-type anode
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Figure 5 (a) Synthesis, K* storage performance, and in situ characterizations of phosphorus-doped hard carbon anode. Reprinted with permission from
Ref. [77], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (b) SEM image of defect-rich, edge-N-doped carbons, and the electrochemical
performance of PIBs. Reprinted with permission from Ref. [83], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2020.

materials are seriously restricted by the poor cyclic stability
and the large irreversible capacity loss originating from the huge
volume change during continuous cycles. The main solutions
to overcome these limitations are to improve the electrical
contact in electrodes and retain the stability of SEI layers,
which rely on the rational design and engineering of alloy-
type anodic structures (Table 2), as will be introduced and
discussed below.

5.1 Antimony (Sb)

Antimony (Sb) is the most extensively investigated element
among metals for PIBs because of its high theoretical capacity
(660 mAh-g™', KsSb) and low redox potentials (0.8 ~ 0.9 V vs.
SHE) [102]. Unfortunately, Sb suffers from significant volume
expansion (~ 390%) during electrochemical processes, leading
to serious aggregation and pulverization of electrode materials,
which deteriorates the electrochemical performances [103, 104].
To resolve the above challenges, the construction of nano-
structured Sb/carbon or Sb/MXene composites has been
widely recognized as an effective and straightforward strategy
[105-110]. The nanostructured Sb can release the stress stemming
from volume variations, while the carbon matrix/MXene
sheets not only buffer the volume changes but also ensure the
continuous electrical networks. So far, MOFs-derived [111],

high-energy ball milling [112], thermal reduction [113-117],
and dealloying methods [118] have been applied to produce
Sb/carbon architectures. For instance, Lu and co-workers
prepared Sb nanoparticles embedded in porous carbon
(Sb-NPs@PC) composites through direct calcination of Sb-
based MOFs (Fig. 6(a)) [111]. Due to the porous structures,
large specific surface area, and uniform distributions of Sb
nanoparticle, Sb-NPs@PC electrodes exhibited high reversible
capacity reaching 551 mAh-g™' at 50 mA-g”', great rate
capability (270 mAh-g™' at 1,000 mA-g™), and high capacity
retention after 100 cycles. Wang et al. incorporated Sb nano-
particles into the carbon sphere network (Sb@CSN) through
the electrospray-assisted strategy followed by a thermal
annealing process (Fig. 6(b)) [113]. Thanks to the conductive
carbon network as well as the formation of a robust KF-rich
SEI layer (with concentrated electrolyte solution) on the
electrode, Sb@CSN anodes delivered impressive K storage
performance (high capacity retention of 504 mAh-g™ after
220 cycles at 200 mA-g™). To further optimize the anodic
structure of PIBs, Feng et al. fabricated nanoporous Sb via an
environmentally friendly vacuum-distillation method by using
zinc as the alloy metal (Fig. 6(c)) [118]. The study showed that
the morphology and porosity of nanoporous Sb could be
finely tuned through adjusting the Zn-Sb compositions and

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Table 2 Comparison of alloy-type materials for the anodes of PIBs

Nano Res.

Anode Morphology Synthesis method Specific capacity Cyclic performance Ref.
$b partlcle@;arbon Porous structure High-energy ball milling 400 mAh-g™' at 50 mA-g™' — [105]
composite
Sb nanoparticle@porous Hierarchical porous Precursor-derived method 160 mAh-g™ at 497 mAh-g! after 100 cycles [111]
carbon structure (MOFs) 2,000 mA-g™! at 100 mA-g™*
. Macroporous . a1 286 mAh-g™" at 97% capacity retention after
Sb@carbon composite structure High-energy ball milling 1,000 mA-g 260 cycles [112]
. Nanoparticles in . 504 mAh-g ' after 220 cycles
Sb@carbon composite carbon spheres Thermal reduction — at 200 mA-g" [113]
Sb@N, P-co-doped Uniform distributed . 161 mAh-g™ at 130 mAh-g™" after 1500 cycles
carbon composite porous structure Thermal reduction 1,000 mA~g’l at 1,000 mA~g’l (114]
Sb
. . 387.2 mAh-g! at 280 mAh-g ™' after 500 cycles
nanopartlcles@carbon 3D porous structure Thermal reduction 2,000 mA-g” at 1,000 mA-g" [115]
composite
Sb nanorod@carbon . 211.5 mAh-g' at 300.1 mAh-g ' after 120 cycles
tube Hollow structure Thermal reduction 5,000 mA-g"! at 2,000 mA-g! [116]
. Hierarchical porous . 381 mAh-g™' at 210 mAh-g ™" after 200 cycles
Sb nanoparticle@rGO structure Thermal reduction 100 mA-g! at 500 mA-g! [117]
. 30 mAh-g at 318 mAh-g™" after 50 cycles
Sb/carbon Porous structure Dealloying method 500 mAg" at 100 mA-g"! [118]
Sn . . -1 -1
nanoparticle/N-doped Hierarchical porous Sol-gel method.followed by 94 mAh-g _alt 198 mAh-g™ after 2_(1J0 cycles [124]
carbon annealing 1,000 mA-g at 50 mA-g
carbon
Sn/carbon composite Porous structure Ball milling 150 mAh-g™' at 25 mA-g! — [125]
. Solution method combined with 67.1 mAh-g™" at 200 mAh-g ™" after 50 cycles
Sn particle/rGO 3D porous structure annealing 2,000 mAg" at 100 mA-g! [126]
Bi@N-doped carbon Multicore—shell The solvothermal method 152 mAh-g™' at 203 mAh-g! after 1,000 cycles [128]
sphere porous structure combined with annealing 100,000 mA-g™* at 10,000 mA-g!
. . Hierarchical porous . . 235 mAh-g™ at 290 mAh-g" after 150 cycles
Bi nanoparticles/rGO structure Solution synthesis 500 mA-g! at 50 mA-g" [129]
Bi
3D porous . 180 mAh-g ! at 185.2 mAh-g ™" after 2,000
nanosfﬂl:::vsv/ Ogrrlffhene frameworks Self-assemble and annealing 50,000 mA-g! cycles at 10,000 mA-g" [130]
o . .
Bi network 3D porous structure As received — 86.5% of capacity retention [131]
after 350 cycles
- 300 mAh-g™" at Stable for 680 cycles
Red P/carbon nanotube Porous network Ball milling 1,000 mA-g" at 1,000 mA-g" [134]
g1 9 i i
Black P/carbon Bulk structure Ball milling 617 mAh g,l at 61% capacity retention after [135]
50 mA-g 50 cycles
Porous layered . 182 mAh-g™ at 120.5 mAh-g™" after 500 cycles
Red P/MoS; structure Ball milling 1,000 mA-g™ at 1,000 mA-g™ [136]
. . - 223 mAh-g™' at 323.5 mAh-g ' after 50 cycles
P/carbon composite Particle structure Ball milling 200 mA-g! at 50 mA-g" [137]
Red P/N-doped carbon Hollow tubular vaporization-condensation- 342 mAh-g™ at 465 mAh-g" after 800 cycles [138]
nanofiber structure conversion approach 5,000 mA-g™! at 2,000 mA-g™!
Porous hollow vaporization-condensation- 430 mAh-g ' at 580 mAh-g ' after 800 cycles
Red P/carbon network structure conversion approach 8,000 mA-g™! at 2,500 mA-g™! [139]
Red P@carbon Interconnected vaporization-condensation- 323.7 mAh-g' at . [140]
nanosheet porous structure conversion approach 2,000 mA-g™!
- . A
P/activated carbon Porous structure vap orlzat1op—condensat10n- 61 mah-g ,alt — [141]
conversion approach 1,000 mA.g
. Hierarchical porous vaporization-condensation- 1344 mAh-g" at 253 mAh-g™" after 500 cycles
P particles/rGO structure conversion approach 2,000 mA-g™! at 500 mA-g™ [142]
-1
Ge architecture Porous structure Chemical dealloying — 120 mAh-g " after %?0 cycles [143]
at 20 mA-g
. - . 230 mAh-g™" at 75% capacity retention after
Pb architecture Porous structure Friction drawing 200 mA-g” 350 cycles at 400 mA-g’ [144]
Zn nanoparticles P truct Precursor-derived method 46 mAh-g™ at 145 mAh-g" after 300 cycles [146]
/carbon network orous structure (MOFs) 2,000 mA-g™! at 500 mA-g™'
. . . . 300 mAh-g™" at 353 mAh-g" after 1,000 cycles
BiSb alloy Particle structure In situ reduction method 1,000 mA-g~" at 500 mA-g”! [149]
Homogeneously . 76.7 mAh-g' at 200 mAh-g™" after 400 cycles
CoSn@carbon distributed Solution-based method 5,000 mAg " at 200 mA-g" [150]
SbBii-y alloys/carbon 382 mAh-g™ at 83% capacity retention after
framework Porous structure Sol-gel method 50 mA-g 400 cycles at 500 mA-g! [151]
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Figure 6 (a) Schematic illustration of the fabrication of Sb-NPs@PC material and cycle performance at 100 mA-g™'. Reprinted with permission from Ref.
[111], © The Royal Society of Chemistry 2019. (b) Morphology of Sb@CSN and K* storage performance of Sb@CSN electrode. Reprinted with permission
from Ref. [113], © The Royal Society of Chemistry 2019. (c) Schematic illustration and transmission electron microscopy (TEM) image of nanoporous Sb,
and the electrochemical performance of PIBs. Reprinted with permission from Ref. [118], © American Chemical Society 2018.

distillation temperature. Finally, the obtained nanoporous Sb
architectures displayed enhanced electrochemical performances
in terms of high specific capacity, good rate capability
(265 mAh-g™" at 500 mA-g™), and remarkable cyclic stability
(318 mAh-g™ after 50 cycles at 100 mA-g™). The above results
suggest that Sb-based materials are highly promising for high-
energy PIBs.

5.2 Tin (Sn)

Similar to Sb, Sn undergoes an alloying and dealloying reaction
mechanism in ion batteries [119-121]. Although Sn possesses
a high theoretical capacity, it commonly suffers from several
apparent limits of low electrical conductivity and serious
volume change. It has been demonstrated that the reaction of
Sn with K undergoes two steps: forming a KSn intermediate
phase after full potassiation and reversible nanopore generation
during the cycle of Sn nanoparticles [122]. Unfortunately,
Sn-based anodes commonly show a sharp drop in capacity
after just a few cycles induced by the severe pulverization of Sn
nanoparticles [123]. To surmount the above issue, great efforts
have been devoted to the rational design and construction
of Sn/carbon architectures [124-126]. Wang and co-workers
reported an architecture composed of Sn nanoparticles anchored
on a N-doped carbon matrix through a simple sol-gel method
combined with a thermal treatment process (Fig. 7(a)) [124].
The N-doped carbon matrix possessed high electrical con-
ductivity and remarkable structural integrity, endowing the
total anode with good K storage performances (198 mAh-g™*
after 200 cycles at 50 mA-g™!, and 94 mAh-g™' at 1,000 mA-g™).
As another representative work, Zhuang et al. fabricated
Sn-based submicron-particles encapsulated in a porous rGO
network through an in situ reduction method [126]. The
Sn@rGO composites possessed the features of homogeneously
distributed Sn-based particles in rGO networks, abundant
structural defects, numerous oxygen-containing groups, and
high specific surface area. All these features contributed to a

significantly enhanced electrochemical K* storage performance.

5.3 Bismuth (Bi)

Recently, Bi has been widely used in ion batteries [127], because
of its high theoretical capacity, large lattice fringes (3.95 A),
and environmental friendliness. The pioneering work from
Yu and co-workers demonstrated the K storage performance
of multicore-shell Bi@N-doped carbon nanospheres [128]. As
shown in Fig. 7(b), the as-obtained structure possesses several
advantages: (i) The completely encapsulated Bi nanospheres
can alleviate the volume change and allow the SEI formation
on the outer surface instead of the Bi surface; (ii) the voids and
sizes of Bi nanoparticles significantly reduce the ion/electron
diffusion length; (iii) the nitrogen doping can enhance the
electrical conductivity of composite and provide more active
sites for K* storage. Consequently, the as-prepared anodes
exhibited outstanding rate capability of 152 mAh-g™ at 100 A-g™,
and long cycle life even for 2,000 cycles at 10 A-g™ (235 mAh-g™).
To further develop a feasible electrode that can well accommodate
the large-sized K*, Guo et al. reported Bi nanoparticles/rGO
architecture via a simple room-temperature solution synthesis
method [129]. Benefitting from the uniformly distributed
Bi nanoparticles on the rGO surface and the high electrical
conductivity for promoting fast electron transfer, Bi nano-
particles/rGO anodes displayed excellent electrochemical
performance. Through further optimizing the compositions of
electrolyte, the uniformity and stability of SEI layers can be
improved, benefitting the electrochemical performance, especially
the long-term cyclic stability. Bi nanospheres embedded into
graphene frameworks [130] and 3D porous Bi network [131]
were also reported and employed as the anodes of PIBs, and
all of them exhibited good electrochemical performances.

5.4 Phosphorous (P)

The P as the anode material possesses the highest theoretical
capacity (865 mAh-g™') among all the elements, and it is
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Figure 7 (a) SEM image of Sn/N-doped carbon and the K* storage performance. Reprinted with permission from Ref. [124], © Elsevier B.V. 2019.
(b) TEM image of Bi@N-doped carbon and the electrochemical performance of PIBs. Reprinted with permission from Ref. [128], © WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim 2019. (c) Schematic illustration of the structural configuration of activated Red P/C-based PIB electrode without the
formation of P-C bonds. Reprinted with permission from Ref. [134], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (d) Red P in
free-standing N-doped porous hollow carbon nanofibers and the K* storage performance. Reprinted with permission from Ref. [138], © American

Chemical Society 2019.

abundant in the earth [132, 133]. In particular, due to the
toxicity and chemical instability of white P, red P and black
P are the primary species explored for PIBs. One efficient
strategy to improve the K storage performance is to incorporate
P species into substrates (e.g., carbonaceous materials, transition
metal dichalcogenides (TMDs)) to form various intriguing
architectures. As one of the most efficient and easily scaled-up
production techniques, ball milling is used to prepare P-based
composites, such as P/carbon composites [134-137]. For example,
Tuan et al. have directly prepared the electrode slurry through
ball milling the mixture composed of red P, multiwalled
carbon nanotubes, Ketjen black, and sodium carboxymethyl
cellulose (Fig. 7(c)) [134]. Red P particles were thoroughly
encapsulated into the mixtures, and the presence of carbonaceous
materials can enhance the electrical conductivity of electrodes.
The as-prepared anodes exhibited a high reversible capacity
reaching 750 mAh-g™" and high rate capability with the capacity
of about 300 mAh-g™' at 1.0 A-g”". To further increase the
loading of P in the electrodes and buffer the volume expansion
during electrochemical redox reactions, the vaporization-
condensation-conversion approach was developed [138-142].
This approach involves the selection/synthesis of carbonaceous
materials with large voids and spaces, followed by the impre-
gnation of P under heat treatment. Again, the encapsulation of
red P into N-doped porous hollow carbon nanofibers matrix
with ultrahigh pore volume and specific surface area was
reported (Fig. 7(d)) [138]. In this work, the N-doped porous
hollow carbon nanofibers were firstly prepared through the
electrospinning method followed by using a self-scarified

template method, red P was then introduced into the carbon
matrix by the vaporization-condensation strategy. The anodes
display great rate capability (342 mAh-g™' at 5.0 A-g™'), and
remarkable long cycle life with the reversible capacity as high
as 465 mAh-g™" after 800 cycles at 2.0 A-g™". In addition, for the
first time, Qu and co-workers designed and synthesized 1D
carbon nanotube-backboned mesoporous carbon networks for
confining P in PIBs [139]. The multiwalled carbon nanotubes
were encapsulated into the foam like mesoporous carbon
layers to form the special coaxial core-shell structures, and red
P was embedded into the pores of the outer spaces of carbon
shells. As a result, the final anodes exhibited a high reversible
capacity (~ 1,000 mAh-g™' at 0.05 A-g™'), superior rate per-
formance with the capacity of ~ 430 mAh-g™" at 8.0 A-g™', and
great cyclic stability over 800 cycles.

Other metals, like Ge [143], Pb [144, 145], and Zn [146],
were also prepared to serve as the anode materials for PIBs.
For instance, He et al. have prepared porous Ge anodes
through a chemical-dealloying method [143]. By tailoring
the nanoporous structures of Ge, the optimal electrochemical
performances were obtained, including a stable capacity of
about 120 mAh-g™* over 400 cycles. The formed intermediate
K-Ge alloys can be detected upon discharging. Zhao et al.
prepared the highly dispersed Zn nanoparticles confined into
a nanoporous carbon network via annealing the Zn-containing
MOFs under an inert atmosphere [146]. The as-prepared
architecture possessed a porous structure and high surface
area, which can boost the transport of electrons and ions as
well as buffer the volume expansion during cycles.
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5.5 Binary alloys

Metal alloys can also be utilized because of the high theoretical
capacity value and accommodated volume changes [147, 148].
By optimizing the stoichiometry of different metallic elements,
the electrochemical K* storage performance can be improved.
Moreover, owing to the solid-state properties, the alloying
processes can be limited to the local area and thus avoiding
serious particle aggregations. As a representative work, Lu et
al. prepared BiSb alloy through an in situ reduction method to
serve as the anodes of PIBs [149]. Benefitting from the unique
structures and special compositions, the as-obtained anodes
displayed ultrahigh capacities reaching 611 and 300 mAh-g™'
at 100 and 1,000 mA-g™, respectively, as well as high cyclic
stability of 353 mAh-g™ after 1,000 cycles at 500 mA-g™'. The
above electrochemical performance comes from the series
reactions between SbBi alloy and K* ions, which follows the
conversion processes of SbBi to K(SbBi), then to Ks(SbBi)
during discharge, and Ks(SbBi) to K(SbBi) and further to SbBi
in the charge processes, as proved by the in situ characterizations.
To further resolve the issues encountered by alloys and increase
the electrochemical performance of PIBs, incorporating
alloys into carbon matrices is the most promising strategy. For
instance, Cabot and co-workers have confined the monodispersed
CoSn and NiSn nanoparticles into a commercial carbon
matrix for PIBs [150]. Owing to the nanosized particles and
uniform distributions of alloys and the presence of carbon
matrix, the as-achieved anodes showed excellent electrochemical
performances with high discharge capacity values. Moreover,
nanostructured Sb.Bi;. alloys anchored on 3D carbon
frameworks were designed and fabricated via a modified
sol-gel method [151]. When used as the anodes for PIBs, the
optimal SbosBios@carbon composite exhibited a high initial
discharge capacity of 382 mAh-g™ at 0.05 A-g™' and long-term
cyclic performance with the capacity retention as high as 83%
after 400 cycles.

Although alloy-type anode materials suffered from poor
cyclic stability and largely irreversible capacity loss, they are still
regarded as promising candidates for practical applications after
careful composition optimization and nanoscale structure
engineering. P is the best choice as the anode materials of PIBs
in this regard, owing to its high theoretical capacity and good
cyclic stability derived from its intriguing intrinsic properties.
Moreover, the most promising strategy to effectively accommodate
the issues faced by alloy-type anode materials is to integrate
with carbonaceous materials forming hybrid composites. Since
some of the capacity contribution mechanisms of alloy-type
materials are still vague, more efforts are still needed to focus
on the in-depth working mechanisms during electrochemical
reaction cycles. Regarding the large volume change of alloy-type
anode materials, nanostructure engineering not only shortens
ion diffusion pathways, but also alleviates the pulverization
of active materials during electrochemical cycles. In addition,
hybridizing nanostructured alloy-type materials with carbonaceous
material can further improve the electrical conductivity and
maximize the active material utilization, while suppressing the
structural collapse. Up to now, different dimensional carbon
materials have been integrated with alloy-based materials to
achieve synergistic effects.

6 Transition metal compounds

6.1 Metal oxides

Metal oxides have been widely studied in LIBs and SIBs
[152-154], however, their applications in PIBs are rarely
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reported. The reason can be attributed to the sluggish ion
diffusion kinetics and poor structural stability [155, 156].
To resolve the above issues, 1D and 2D metal oxides with
abundant active sites, large surface area, and short ion diffusion
path have caught the attention of researchers. More importantly,
3D materials composed of 2D layered metal oxides possess
the structural advantages of minimized volume expansion and
self-aggregation, thus enabling high structural integrity. So far,
well developed metal oxides with special structures that exhibit
high K* storage performances in PIBs include Nb.Os [157],
TiP,O [158], TiOx [159], VOx [160, 161], SnO; [162, 163],
CuO [164], and so on. For instance, Nb.Os with a layered
structure, an open intrinsic framework, and good chemical
stability was firstly reported in PIBs by Tang and co-workers
[157]. As displayed in Fig. 8(a), the as-prepared Nb.Os anodes
delivered good rate capability (74 mAh-g™ at 1.0 A-g™"). Jiao
et al. reported the synthesis of CuO and employed it as high-
performance anode material (Fig. 8(b)) [164]. The CuO with
nanoplate structure can ensure effective contact between the
electrode and electrolyte and reduce the K* diffusion length.
As a result, CuO anode displayed a high reversible capacity
of 342.5 mAh-g™ at 0.2 A-g™" and good cyclic stability with the
capacity of 206 mAh-g™ after 100 cycles at 1.0 A-g™".

To further enhance the electrochemical performances of
PIBs, metal oxides have been hybridized with carbonaceous
materials. The introduction of carbonaceous materials can
significantly enhance the electrical conductivity of anodes,
which enables the fast transport of electrons and ions. Moreover,
the as-formed large voids and spaces in the composites can
well accommodate the volume expansion of active materials,
as well as keep the structural integrity of total electrodes. As a
typical work, Jiao et al. fabricated a flexible and self-standing
electrode composed of V:0; nanoparticles embedded into
porous N-doped carbon nanofibers via electrospinning method
followed by thermal treatment (Fig. 8(c)) [165]. In situ
characterizations showed that the material interlayers and K*
intercalation behavior are reversible, benefitting the structural
integrity and electrochemical performance. Finally, a high
reversible capacity of 240 mAh-g™" at 50 mA.g™', great rate
capability of 134 mAh-g™" at 1,000 mA-g™', and long-term cycle
stability reaching 500 cycles were obtained. In another work,
Liu and co-workers have synthesized hollow MoO: wrapped
by rGO sheets through a simple hydrothermal approach followed
by thermal treatment [166]. The as-fabricated MoO,/rGO
composite anode could deliver a high K storage capacity of
367.2 mAh-g™" at 50 mA-g™, and high capacity retention after
200 cycles. Other metal oxides, like Na,Ti;07 [167], TiO; [168],
Fe;04 [169], SnO: [170, 171], MnO. [172], VO« [173], etc.,
were also reported to hybrid with carbonaceous materials as
new anodes for PIBs, and all these anodes showed improved
electrochemical performance compared with the individual
counterparts (Table 3).

6.2 Metal chalcogenides
6.2.1 Metal sulfides

Metal sulfides commonly have high electrical conductivity and
large interlayer distances [174-177], and they can be directly
used as the electrode materials of PIBs (Table 4). The most
extensively investigated sulfide is molybdenum sulfides (MoS:),
a typical 2D TMD [178]. Theoretical simulations on MoS,
have proven that the storage of K* derives from two steps: the
intercalation of K* into the layered structure and the following
conversion reaction [179]. The conversion reaction occurring
at the low potential range would contribute to most of the K*

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



Nano Res.

g

-y
N
i~

Capacity (mAh-g™")
@
o

s

10 20 30 40 50 60 7
Cycle number

e Discharge
e Charge
e Coulombic efficiency

Current density : 1.0 A-g™'

n
>
>

0 r —— r—— r r —— 0
0 10 20 30 40 50 60 70 80 90 100

Coulombic efficiency (%)

Cycle number

— 120
H 2 100 £
N £ 2y R o

< 400-,9&% =

E L leo &

> 300 i 2

£ . V,0,@PNCNFs 50 mA-g 1o i

S 200 pVY o

H] ] {a0

(%]

= 1004 * Discharge a0 1

E s Charge

[ o 2

100 200 300 400 500

Cycle number

# #:Stainless steel “Raw data Charged
- - Backgronnd

=—=kq v

v

o
250

Intensity (a.u.)

Intensity (a.u.)

Discharged
___/k.....«

Capacity (mAh-g™')

i

THITII T II‘A

Fresh clectrode

°1

35 36 35

26 ()

32 33 34

w
N
@
s

o 1 2 3
Voltage/V (vs. K'/K)

Figure 8

40

50 55
29 (°)

45

70 512

514
Binding cnergy (cV)

516 si8 520

(a) Morphology and rate performance of T-Nb,Os nanowires. Reprinted with permission from Ref. [157], © The Royal Society of Chemistry

2018. (b) TEM of CuO and the cycle stability at 1.0 A-g™'. Reprinted with permission from Ref. [164], © WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim 2019. (c) TEM image of V,Os3 nanoparticles in a carbon nanofiber, cyclic performance at 50 mA-g™', and the in situ characterizations of anodes
during charge/discharge processes. Reprinted with permission from Ref. [165], © Elsevier Ltd. 2018.

storage performance [180]. Even though MoS; can exhibit a
high K* storage capacity, the layered structures of MoS, will tend
to collapse upon deep discharge, thus restricting its applications.
Similarly, carbonaceous materials are incorporated with MoS,
through the construction of different architectures [181-188].
The carbonaceous materials can not only enhance the electrical
conductivity of the composite but also serve as the substrates
for MoS$; layer decoration. The synergistic effects of the above
two benefits can lead to significant improvement in K* storage
capability. For instance, Qin et al. have reported bamboo-like
MoS2/N-doped carbon hollow tubes with an expanded interlayer
distance of 10 A [187]. The bamboo-like structure possessed
the large spaces and voids to mitigate the strains in both
directions and alleviate the volume expansion of K" intercalation
(Fig. 9(a)), thereby efficiently hindering the continuous growth
of SEI inside the particles. The bamboo-like structure can
deliver a reversible capacity of 330 mAh-g™ after 50 cycles at
50 mA-g™', 212 mAh-g™' after 200 cycles at 100 mA-g™, and
151 mAh-g™ after 1,000 cycles at 500 mA-g™'. Moreover, to
further promote the K* ion transportation in MoS./carbonaceous
composites, Li and co-workers have fabricated a hierarchical
interlayer-expanded MoS; assembled on carbon tubes through

TSINGHUA

UNIVERSITY PRESS

a straightforward solution method (Fig. 9(b)) [188]. The MoS.
layers demonstrated increased interlayer spacing, which
decreases the diffusion energy barrier and boosts the ion
diffusion kinetics. As a result, the MoS; anode displayed a
great rate capability with the capacity value of 247 mAh-g™" at
1.0 A-g”', and 176 mAh-g™" after 500 cycles at 1.0 A-g™*

Other materials were also synthesized and used to incor-
porate the MoS; layers, such as metal oxides [189-191], and
sulfides [192]. These composite materials exhibited impressive
electrochemical performances when serving as the anodes
for PIBs. Liu and co-workers have synthesized MoS,-based
heterostructured materials composed of a conductive FesSio
core and carbon layers (Fig. 9(c)) [192]. The FesSio core here
can improve the electrical conductivity, facilitate the densifying
of Mo§; particles, and form numerous heterogeneous interfaces.
A high volumetric capacity of 408 mAh-cm™, and stable cyclic
performance (50 cycles at 2.0 A-g™) were finally achieved.

Tin sulfides (SnS:), another typical sulfide with a high
theoretical capacity (733 mAh-g™') combining both the conversion
and alloying mechanisms, have also been investigated [193].
Although theoretical calculations have confirmed that SnS,
can display increased electrical conductivity when combined
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Table 3 Comparisons of metal oxides as the anodes of PIBs
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Anode Morphology Synthesis method Specific capacity Cyclic performance Refs.
104 mAh-g™' at 0.068% per cycle decay for
Nb2Os Porous open structure Hydrothermal method 400 mA-g! 400 cycles [157]
. . . 138.9 mAh-g™" at 177.2 mAh-g™" after
TiP.O7 Spherical structure Precursor-derived method 5,000 mA-g" 5,300 cycles at 1,000 mA-g" [158]
) . . 150 mAh-g™" at Stable for 500 cycles at
TisOn Particle structure Reduction method 50 mA-g" 200 mA-g" [159]
Sn-doped V»0 Hierarchical Solvothermal method combined 166 mAh-g™" at 188 mAh-g™! after [160]
P s tremella-like structure with partially replacing process 500 mA-g™ 3,000 cycles at 500 mA-g™'
Amorphous V205 Layered structure Electrodeposited method — — [161]
. . o . .
$nO Hierarchical porous Precipitation method - 80% capacity retention after [162]
structure 30 cycles
SnO:/Stainless steel Hierarchical porous 125 mAh-g™" at 128 mAh-g ™" after 200 cycles at
mesh structure Hydrothermal method 1,000 mA-g™* 1,000 mA-g™* (163]
. 342.5mAh-gat 206 mAh-g™" after 100 cycles at
CuO Nanoplate-like structure Hydrothermal method 200 mA-g! 1,000 mA-g [164]
V20; . - . - . .
. Self-standing porous Electrospinning followed with 134 mAh-g™' at 95.8% capacity retention after
nanoparticles/N-doped structure thermal treatment 1,000 mA-g™* 500 cycles at 50 mA-g™! (165]
carbon nanofibers
Hydrothermal method followed by ~ 367.2 mAh-g™' at 104.2 mAh-g* after
Mo0:/rGO Porous hollow structure thermal treatment 50 mA-g™* 500 cycles at 500 mA-g™* [166]
Na.Ti;07/N-doped Porous wire structure Hydrothermal method followed by 25 mAh-g! at 107.8 mAh-g' after (167]
carbon sponge thermal treatment 1,000 mA-g™ 20 cycles at 100 mA-g™
) Hierarchical tubular . 97.3 mAh-g™' at 132.8 mAh-g' after
TiOx/carbon structure Wet-chemical method 2,000 mA-g™! 1,200 cycles at 500 mA-g™* (168]
Fe;04/N-doped . . 97.2mAh-g™" at 154.6 mAh-g' after
graphene 3D porous frameworks Chemical blowing method 2,000 mAg" 500 cycles at 1,000 mA-g [169]
Freeze-drying followed by 144.6 mAh-g™' at 270.3 mAh-g ™! after
SnOs/carbon 3D porous structure dealloying 2,000 mA-g" 200 cycles at 100 mA-g”! [170]
Homogeneous - -
- . - 114.8 mAh-g™" at 202.1 mAh-g ! after
SnO./graphene-carbon  distributed in carbon Electrospinning method 1,000 mA-g”! 100 cycles at 100 mA-g™ [171]
nanofiber
ol
MnO:/carbon nanotube Nanowire arrays Hydrothermal method 241 mAh-g 71at — [172]
100 mA.g
104 mAh-g™' at Stable for 2,000 cycles at
V:0s/graphene Porous structure Hydrothermal method 1,000 mA-g"! 1,000 mA-g"! [173]
Table 4 Comparison of metal sulfides/selenides as the anodes of PIBs
Anode Morphology Synthesis method Specific capacity Cyclic performance Refs.
Carbon-coated 176.6 mAh-.g'at  220.7 mAh-g' after 150 cycles
MoS»/N-doped graphene Layer stacked structure Hydrothermal method 2,000 mA-g™ at 1,000 mA-g" [181]
MoS:/carbon . 2919 mAh-g'at  350.4 mAh-g after 500 cycles
polyhedron Porous structure Precursor-derived method 5,000 mA-g™ at 500 mA-g"! [182]
Porous layered 323 mAh-g' at 180 mAh-g" after 240 cycles at
MoS; monolayer/carbon structure Solvothermal method 100 mA-g ! 500 mA-g " [183]
Porous layered Solvothermal method followed by 310 mAh-g' at 510 mAh-g™" after 100 cycles at
MoSy/carbon nanotube structure thermal annealing 1,000 mA-g™ 200 mA-g™ (184]
Porous rose-like 438.5 mAh-g at 98.5% capacity retention after
Mo$:/rGO structure Hydrothermal method 100 mA-g™ 200 cycles at 100 mA-g™* (185]
Porous rose-like 178 mAh-g™ at 381 mAh-g™" after 100 cycles at
MoS: rose/rGO structure Solvothermal method 500 mA-g”! 100 mA-g! [186]
Bamboo-like tubular  Solvothermal method followed by 131 mAh-g™" at 151 mAh-g™" after 1,000 cycles
MoS:/N-doped carbon structure thermal annealing 2,000 mA-g™ at 500 mA-g™! (187]
MoS:/N, O-codoped Porous tubular Solvothermal method followed by 247 mAh-g™" at 220 mAh-g" after 300 cycles at (188]
carbon structure thermal annealing 1,000 mA-g™! 250 mA-g™!
Carbon-coated Porous layered Solvothermal method followed by 233 mAh-g™' at 175 mAh-g™" after 300 cycles at [189]
MoS,/TiNb,Os spheres structure thermal annealing 1,000 mA-g™ 1,000 mA-g™
Chemical vapor deposition combined 296 mAh-g™" at 91% capacity retention after
MoS,/MeQz-carbon Porous structure with hydrothermal method 500 mA-g™! 500 cycles at 500 mA-g™* (190]
Hierarchical porous 86 mAh-g! at 312 mAh-g " after 25 cycles at
MoS.@SnO@carbon structure Hydrothermal method 800 mA-g" 50 mA-g! [191]
Hierarchical layered Molten-salt method followed by 127 mAh-g™' at 95.4% capacity retention after
MoS:@FesSio@carbon structure chemical vapor deposition 5,000 mA-g™! 50 cycles at 2,000 mA-g™! (192]
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L —
(Continued)
Anode Morphology Synthesis method Specific capacity Cyclic performance Refs.
Porous layered . 120 mAh-g™" at
SnS,/rGO structure H.S reduction method 2,000 mA-g”! — [193]
Porous layered 247 mAh-g™' at 205 mAh-g" after 300 cycles at
Few layer SnS,/rGO structure Solvothermal method 1,000 mA-g" 1,000 mA-g! [195]
Porous layered . 397.4mAh-g'at  298.1 mAh-g™" after 500 cycles
SnSz/carbon/rGO structure Solution-based method 2,000 mA-g” at 500 mA-g! [196]
CoS/carbon 4 .
nanotube/carbon Porous structure Precursor-derived method 133.1 mAh-g 7lat 130 mAh-g * after 60,? cycles [197]
frameworks 6,400 mA-g at 3,200 mA-g
Porous layered 2323 mAh-g'at  310.8 mAh-g after 100 cycles
CoS/graphene structure Hydrothermal method 4C at 500 mA-g”! [198]
. 186 mAh-g™" at 303 mAh-g ™ after 150 cycles
CoS/N-doped carbon Particle structure Hydrothermal method 1,000 mA-g~" at 200 mA-g”! [199]
Porous yolk-shell . 203 mAh-g™' at Stable for 1,500 cycle at
FeS:@carbon structure Solution-based method 10,000 mA-g”! 5,000 mA-g" [200]
Porous hollow . 151 mAh-g™" at 123 mAh-g™" after 420 cycles
FeSz nanocage@rGO structure Precursor-derived method 500 mA-g" at 500 mA-g”! [201]
Solution-based method combined 298 mAh-g™' at
Graphene/FeSz/carbon Porous structure with thermal annealing process 2,000 mA-g™ — [202]
FeS:@carbon Porous hollow Solution-based method combined 486 mAh-g™' at Stable for 100 cycles at (203]
nanoparticles structure with thermal annealing process 2,000 mA-g™! 500 mA-g™!
. 40 mAh-g" at
2H-WS; Layered structure As received 200 mA-g! — [204]
. 58 mAh-g™' at 103 mAh-g" after 100 cycles
WS, powder Layered structure As received 800 mA-g! at 100 mA-g-" [205]
. - ~ 180 mAh-g™' at 404 mAh-g" after 200 cycles
Sb,Ss/carbon sheet Porous structure High-shear exfoliation method 2,000 mAhg" at 50 mA-g [206]
szS;ii,pI}\ltﬁeoped Porous structure Hydrothermal method — Stable for 50 cycles [207]
410 mAh-g™'at1 290.5 mAh-g ™ after 100 cycles
CuS nanosheet/GO Porous structure One-step method 00 mAg" at 100 mA-g”! [208]
. Porous layered . 402 mAh-g™" at 495 mAh-g™" after 1,900 cycles
NiCo25S4/rGO structure Solution-based method 2,000 mA-g” at 200 mA-g! [209]
MoSe:/carbon Pistachio-shuck-like Thermal annealin 224 mAh-g™' at 226 mAh-g" after 1000 cycles [210]
nanostructure structure J 200 mA-g™! at 1,000 mA-g!
FeMoSes/N-doped Flower-like porous Colloid method combined with 227 mAh-g™ at 178 mAh-g™" after 400 cycles [211]
carbon structure thermal annealing 1,000 mA-g™! at 1,000 mA-g!
MoSe:/N, S-doped Porous layered Solution-based method combined 239 mAh-g™' at 192 mAh-g™" after 1,000 cycles [212]
carbon structure with thermal annealing 2,000 mA-g™! at 5,000 mA-g™!
. - 133 mAh-g™' at 81 mAh-g™! after 100 cycles
MoSez/carbon fiber Fiber structure Electrospinning method 3,000 mAg" at 100 mA-g”! [213]
Carbon-coated Porous structure Hydrothermal combined with 183 mAh-g™' at 355 mAh-g™' after 100 cycles [214]
MoSe:/MXene us structu thermal annealing 10,000 mA-g™* at 200 mA-g™'
-1 o1
Commercial TiSe> Powder structure As received 38.3 mAh-g™ at 52.2 mAh-g after 300 cycles [218]
16 C at2C
ReSer/rGO Porous spherical Hydrothermal combined with 203 mAh-g™' at 150 mAh-g™" after 500 cycles (219]
2 structure thermal annealing 10,000 mA-g™* at 2,000 mA-g™!
CoSe2/N-doped carbon Nanoparticles on 196 mAh-g™" at 173 mAh-g" after 600 cycles
nanotube tubular structure Solvothermal method 2,000 mA-g™! at 2,000 mA-g™! (220]
Porous hollow o 166 mAh-g™' at 299 mAh-g" after 400 cycles
Coos5Se/carbon nanobox structure MOFs electrospinning method 5,000 mA-g™ at 1,000 mA-g~" [221]
Coos5Se/carbon Porous hollow Solution-based combined with 220 mAh-g™' at 402 mAh-g" after 100 cycles (222]
polyhedron structure thermal annealing 2,000 mA-g™! at 50 mA-g™!
. 318 mAh-g' at 189 mAh-g! after 1,000 cycles
ZnSe/carbon nanocage  Porous hollow spheres  Solution-based template method 50 mA-g! at 500 mA-g”! [223]
Solution-based combined with 52.8 mAh-g™' at 262.8 mAh-g ™" after 200 cycles
ZnSe/N-doped carbon Porous polyhedron thermal annealing 5,000 mAg" at 100 mA-g! [224]
Graphene-like . 169 mAh-g™' at 0.025% decay per cycle for
VSe; nanosheets structure Solution-based method 2,000 mA-g™ 500 cycles [225]
. Ton-intercalation and exfoliation 121 mAh-g™" at 81.4% capacity retention after
TasNiSes Layered structure method 1,000 mA-g™ 1,100 cycles at 500 mA-g™* [226]
. - 95 mAh-g" at
NbSe; flakes Layered structure Physical exfoliation method o — [227]
¥ 4 25mA.g
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Figure 9

(a) Synthesis, morphology, and electrochemical performance of MoS,/N-doped-carbon tube. Reprinted with permission from Ref. [187],

© WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (b) TEM of tubular, interlayer expanded MoS,-N/O-doped carbon and the cycle stability at
1.0 A-g”". Reprinted with permission from Ref. [188], © The Royal Society of Chemistry 2019. (c) Schematic illustration of the formation mechanism
and direction of internal E-field for FesSio@MoS.@carbon during discharge and charge processes and the cycle performance at 2.0 A-g™'. Reprinted with

permission from Ref. [192], © Elsevier B.V. 2019.

with K* jons during electrochemical reactions, the sluggish K*
diffusion kinetic seriously restricts their practical applications
[194]. To meet the challenge of severe volume expansion and
low electrical conductivity, rational structure engineering and
composite electrode design have been adopted. For instance,
Xia and co-workers have incorporated SnS, nanosheets with
rGO to form the composite electrodes of PIBs (Fig. 10(a)) [195].
Thanks to the ultrathin nanosheets and excellent structural
integrity, the hybrid enabled fast K* storage kinetics and fast
electron/ion transportation. As a result, the hybrid delivered
high specific capacity reaching 448 mAh-g™" at 0.05 A-g™}, great
rate capability with the capacity of 247 mAh-g™" at 1.0 A-g™,
and impressive cyclic stability with 87% capacity retention
after 100 cycles. Moreover, Ci et al. have restrained SnS; into
the porous carbon networks with rGO shells as the anodes
for PIBs, via a pyrolysis and combination method (Fig. 10(b))
[196]. The rGO coating can efficiently restrict SnS, in porous
carbon networks, and result in enhanced electrochemical
performance.

Besides the abovementioned sulfides, other sulfides, like
CoS [197-199], FeS: [200-203], WS; [204, 205], Sb.S; [206, 207],
CuS [208], and NiCo25S4 [209], were also prepared and utilized
as the anodes. Guan et al. have reported the engineering of

FeS:@carbon structure on the graphene matrix through a
solution-processed method (Fig. 10(c)) [202]. The channels
and space between yolk and shell can alleviate the volume
expansion and prevent the aggregation of FeS. species. The
graphene matrix can enhance the charge transport within the
composite. The hybrid displayed a high reversible capacity and
great rate capability with the capacity reaching 298 mAh-g™'
at 2.0 A-g™". Liu and co-workers have reported the fabrication
of layered Sb.S; via a solution-triggered one-step shear
exfoliation method [206]. The as-prepared composite anodes
can also show excellent electrochemical performance, which
can be attributed to the structural advantages, including layered
morphology which can minimize the volume expansion and
shorten the ion transport distance during electrochemical
processes, and the existence of carbon sheets to enhance
the electrical conductivity and maintain the total structural

integrity.
6.2.2 Metal selenides

Compared to metal sulfides, metal selenides have a higher
electrical conductivity, which makes them promising for high-
power electrode materials (Table 4) [210]. Meanwhile, metal
selenides also suffer from severe volume expansion during

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



18 Nano Res.
3  SSarGo3 00 * Sas,@1GO2
* SaS,@rGO1 * SaS,@GO1
o ses@Go4| + SaS,@rGo4
* Ses; T!‘ 6004 + Sas,
oosag? 005 Ag -‘é
01A
a0y *ozagt sitre| Z 00
“'.:"“O.SAT' i3 z o
ST A g .
reeiteees < 2004 .
. .
Soe cees
.............. L) N \
0 s 15 20 28 30 0 20 40 60 80 100
Cycle number Cycle number
Disodium stannous citrate @ Sn @ SnS,

Calcination

GO coating
—>

Calcination

y
rGO@p-FeS,@C rGO@p-Fe,0,@C

B somyer Q FeO/Fe0,NPs

Washing
—>

rGO@Si0,@Fe,0,@C

Carbon layer ' FQSINPS § 10 15 20 25 30 35 40

Sulfuration

Sulfuration
| —>

2
_ 03 10A-g™
-'u"m GO@PFeS,BC ° o
@ 1,000{ %
= i 1GOgFeS,C © °
< a0
£ w

°
2 9300,
T 0] 329900000000000000900000000
b Soau““"“n“nuna“
S 200{ % 9900000000000,
©

& 10 16 20 26 30
Cycle number

. CO@p Fes,GC o |
° rGO@FesS @C o

01A-g”

““M

Capacity (mAh-g™")

Cycle number

Figure 10 (a) SEM image of SnS:@rGO-2 and electrochemical performance of PIBs. Reprinted with permission from Ref. [195], © WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim 2019. (b) Synthesis process of SnS@C and SnS:@C@rGO-x. Reprinted with permission from Ref. [196], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim 2019. (c) Schematic illustration of rGO@p-FeS:@C and the K* storage performance. Reprinted with permission

from Ref. [202], © Elsevier Ltd. 2019.

charge/discharge processes. As a typical metal selenide,
molybdenum selenides (MoSe:) with versatile nanostructures
were carefully designed and incorporated with carbon matrix
to form composite anodes for PIBs [210-213]. Guo et al.
constructed a pistachio-shuck-like MoSe,/carbon nanostructure
for boosting the performance of PIBs (Fig. 11(a)) [210]. The
few-layer MoSe: with expanded interlayer distance enables fast
intercalation/deintercalation of K* ions, while the carbon shell
restrains the MoSe, and improves the structural integrity of
the electrode during cycles. As a result, the as-prepared anodes
showed a high capacity reaching 322 mAh-g™' at 0.2 A-g™! for
100 cycles, and maintained 226 mAh-g™" at 1.0 A-g™! even after
1,000 cycles. Coupling MoSe; with MXene can enhance the
K* storage performance of MoSe.. In this regard, Zhang and
co-workers have fabricated hierarchical carbon-coated MoSe,/
MXene hybrid nanosheets via a hydrothermal method followed
by thermal annealing processes (Fig. 11(b)) [214]. The MoSe./
MZXene anodes displayed excellent electrochemical performance
with a high specific capacity of 207 mAh-g™ at 5.0 A-g™* after
300 cycles and an impressive rate capability of 183 mAh-g™ at
10 A-g.

Other selenides, like GeSe [215-217], TiSe, [218], ReSe:

[219], CoSex [220-222], ZnSe [223, 224], VSe, [225], TasNiSes
[226], and NbSe, [227], were also prepared and employed
as the anodes of PIBs, and all these PIBs show excellent
electrochemical performance for K* storage. For instance,
Ma et al. have reported the fabrication of ReSe. nanosheets
anchored on rGO nanoflakes (Fig. 11(c)) [219]. The layered
structure of ReSe: can facilitate the interaction of K* and
shorten the ion diffusion path, while rGO sheets offer the
conductive matrix to buffer the volume changes during cycles.
In PIBs, a high specific capacity of over 250 mAh-g™ was achieved
after 200 cycles even at 500 mA-g~'. When the current rate was
increased to 10 A-g™', the capacity can retain at 203 mAh-g™".
Moreover, Wang and co-workers have designed and fabricated
the few-layered ternary selenides for PIBs [226], Ta;NiSes, which
has large interlayer spacing and abundant Se sites. Experiments
and theoretical simulations confirmed that the intercalation
of K* prefered to happen along the zigzag pathways in layered
Ta;NiSes. Finally, a high capacity of 315 mAh-g™', an impressive
rate capability of 121 mAh-g™ at 1.0 A-g™, and ultra-stable cyclic
performance were obtained. These pioneering investigations
demonstrated that the utilization of selenides may provide an
opportunity for realizing the practical applications of PIBs.
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Figure 11 (a) SEM image of pistachio-shuck-like MoSez/carbon core/shell nanostructure and electrochemical performance of PIBs. Reprinted with
permission from Ref. [210], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2018. (b) Schematic of the preparation of MoSe»/MXene@carbon,
the rate, and long-term cycle stability. Reprinted with permission from Ref. [214], © American Chemical Society 2019. (c) Schematic illustration of
ReSe:@rGO composites and the K* storage performance. Reprinted with permission from Ref. [219], © WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim 2019.

6.3 Metal phosphides

Phosphides are promising anode materials for PIBs, but the
synthesis of phosphides usually involves complicated processes
and harsh experimental conditions [228, 229]. The state-of-art
metal phosphide electrodes for PIBs are summarized in Table 5.
Tin phosphides are the most extensively investigated anode
material for PIBs because both P and Sn species undergo
alloying mechanism with the discharge products of K;P and
KSn [230-233], contributing to a high theoretical capacity.
Typically, SnsP; confined into N-doped carbon fibers was
synthesized through the electrospinning method, followed by
thermal annealing processes (Fig. 12(a)) [230]. Sn4Ps particles
were uniformly embedded in N-doped carbon fibers, and the
carbon shells can stabilize the SEI layers during repeated
charge/discharge processes. In operando synchrotron X-ray
diffraction (XRD) characterization suggested that both Sn and
P species participate in the electrochemical redox reactions, and
electrochemical tests revealed the stable cyclic performance
of the as-prepared anodes, with the capacity of 160.7 mAh-g™
after 1,000 cycles at 500 mA-g™".

Other phosphides, including FeP [234, 235], Co.P [236],
and NiFeP [237], were also tested as the anodes of PIBs. For
instance, Guo et al. have reported the yolk-shell structured
FeP@carbon nanoboxes [234]. As shown in Fig. 12(b), the
existed voids and spaces as well as the conductive host can
accommodate the volume expansion and improve the electron
transfer during electrochemical reactions, thus leading to greatly

enhanced electrochemical performance (negligible capacity
loss after 300 cycles at 0.1 A-g”', and 37 mAh-g™" at 2.0 A-g™).
Similarly, double-shelled NiFeP/N-doped carbon nanobox
was prepared via the MOF-derived method [237]. The unique
architectures, including large spaces and voids as well as the
presence of carbon matrix, could alleviate the volume changes,
restrict the particle aggregations during cycles, and ensure the
efficient contact between active materials and electrolyte. As
a result, the as-prepared NiFeP/N-doped carbon nanoboxes
delivered improved long-term cyclic stability with the capacities
reaching 172.9 mAh-g™" at 500 mA-g™" after 1,600 cycles and
115 mAh-g™ at 1,000 mA-g™" after 2,600 cycles.

6.4 MXene

MZXenes, a family of 2D materials with merits of high electronic
conductivity and flexible mechanical properties, have been used
as PIB anodes [238-240], and their K* storage performances
are summarized in Table 5. Typically, Tian et al. have designed
a robust, flexible, and freestanding MXene@metal film through
a general one-step electrodeposition method for serving as
the anodes of PIBs [238]. It was revealed that the hierarchical
feature can provide a short diffusion distance for K* and
accommodate the volume changes during cycles, while the
MXene film can act as the elastic electronic highway for electron
transport. As a result, the MXene@metal anodes exhibited a
high specific capacity reaching 516.8 mAh-g™', a remarkable
rate capability of 270 mAh-g™ at 500 mA-g™', and a low capacity
fading rate of 0.042% per cycle. Moreover, Wu and colleagues
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Table 5 Comparison of phosphides and other materials as the anodes of PIBs

Nano Res.

Anode Morphology Synthesis method Specific capacity Cyclic performance Ref.
Sn4P3/N-doped carbon . Electrospinning combined with 169.6 mAh-g™ at 160.7 mAh-g™" after
fibers Wire structure thermal annealing 2,000 mA-g™ 1,000 cycles at 500 mA-g™* [230]
. Hierarchical porous 183.6 mAh-g'at  181.5 mAh-g " after 800 cycles
Sn4P3/carbon composite structure Solvothermal method 2,000 mA-g! at 500 mA-g” [231]
. 57 mAh-g™' at 106 mAh-g™" after 100 cycles
SnPo.ss/GO Nanoplate structure Solution-based method 1,000 mA-g”! at 200 mA g [232]
. - 116.4 mAh-g™" at 157.3 mAh-g" after 60 cycles
Sn4P3/rGO Particle structure Ball milling 800 mA-g-" at 600 mA g~ [233]
Porous yolk-shell Solution-based method combined 37 mAh-g ' at 205 mAh-g" after 300 cycles
FeP@carbon nanobox structure with chemical vapor deposition 2,000 mA-g™! at 100 mA-g™! 234]
. - 288.9 mAh-g' at 63.2% capacity retention after
FeP/carbon Particle structure Ball milling 50 mA-g! 50 cycles at 50 mA-g™ [235]
Nanorod on layered . 141 mAh-g™' at 54% capacity retention after
Co:P/rGO structure Solution-based method 2,000 mA-g™! 5,000 cycles at 200 mA-g™* [236]
NiFeP/N-doped carbon Porous hollow Solution-based method combined 51.2 mAh-g™' at 115 mAh-g ! after 2,600 cycles (237]
nanobox structure with thermal annealing 2,000 mA-g™! at 1,000 mA-g™'
ol ol
MZXene/hard carbon Porous structure Solution and filtration method 102.2 mAh g,l a 210 mAh-g " after 1,(1)0 cycles [238]
500 mA-g at 50 mA-g
1T . 270 mAh-g™' at 0.042% capacity decay per cycle
MZXene/Sb Particle-like structure Electrodeposition method 500 mA-g-! for 500 cycles at 500 mA-g"! [239]
. . 78 mAh-g™' at 42 mAh-g! after 500 cycles
MZXene nanoribbons Porous structure Shaking treatment 200 mAg! at 200 mA g [240]
. .. Particle-like structure . 72 mAh-gat 1, 150 mAh-g ! after 1,250 cycles
TiOxNy/carbon composite on layers Thermal annealing 600 mA-g! at 200 mA-g [241]
Cobealt (1I) tetrephthalate- 131 mAh-g ! at 188 mAh-g" after 600 cycles
based layered MOF Layered structure Solvothermal method 1,000 mA-g”! at 1,000 mA-g" [242]
Solution combustion method 152 mAh-g™ at 215 mAh-g" after 500 cycles
VN quantum dots/carbon Porous structure combined with a reduction process 2,000 mA-g™! at 500 mA-g™! (243]

have synthesized the alkalized Ti:C. MXene nanoribbons with
expanded interlayer distance through the continuous shaking
treatment of pristine Ti;C, MXene in an aqueous KOH solution
(Fig. 12(c)) [240]. The 3D interconnected porous frameworks
boost ion kinetics and improve structural integrity. A reversible
capacity of 136 mAh-g™' at 20 mA-g™, and outstanding long-term
cyclic stability with the capacity of 42 mAh-g™" after 500 cycles
were obtained.

For transition metal compounds, nanoscale engineering
strategies were also involved in the design and construction of
anodes for PIBs. The engineering of various nanostructures,
such as hollow, porous, and yolk-shell, contributes to larger
accessible surface areas and shorter ion diffusion pathways,
thus promoting the ion transport in transition metal com-
pounds. Applying template and solution-based synthesis are
the two mainly used approaches to obtain such unique micro
nanostructures. Unfortunately, transition metal compounds
also suffer from poor electrical conductivity, thus restricting
the electron transfer and affecting the electrochemical
performance. The most effective method is to hybridize the
transition metal compounds with carbonaceous materials.
As such, the incorporation of carbonaceous materials not
only improves the electrical conductivity of transition metal
compounds but also boosts their structural stability during the
electrochemical process, thus enabling excellent cyclic stability
and rate performance.

7 Other materials

TiO:N, [241], MOFs [242], and nitrides [243], were also
reported as the PIB anodes, as shown in Table 5. For instance,
cobalt (II) tetrephthalate-based layered MOF was designed
and fabricated as PIB anodes [242]. It was found that both the

Co centers and organic ligands could participate in the K*
storage, and the coordination between oxygen ions and Co
ensured the high reversibility of K* intercalation/deintercalation
processes. Finally, the as-prepared anodes displayed a reversible
capacity as high as 188 mAh-g™ after 600 cycles at 1.0 A-g™/,
indicating that MOFs can be used as superior electrodes for
K" storage.

8 Conclusions and future perspectives

In summary, PIBs have attracted tremendous interests because
of the high energy density, wide potential window, and
abundant K sources. The anode materials currently suffer from
narrow interlayer spacing, low electrical conductivity, and serious
volume expansion, all of which will undoubtedly restrict the
commercial-scale applications of PIBs. To resolve these issues,
different electrode design strategies were explored towards
various types of anode materials, including carbonaceous
materials, metals alloys, oxides, sulfides, selenides, and others,
as a result, these anodes can deliver excellent electrochemical
performances in terms of reversible capacity, rate capability,
and long-life cyclic stability. In this review, recent developments
in the rational design and engineering of anode materials
(conductive materials, nanostructure engineering, etc.) are
carefully reviewed and discussed. Notably, the current progress
on the anode materials of PIBs is far from satisfactory, especially
for practical applications. In addition, many scientific questions
are yet to be answered and novel designs of advanced anode
materials are still needed. Herein we list some important
directions for future research and development:

(1) Increasing K* intercalation/deintercalation kinetics can
indeed improve the electrochemical performances of PIBs. To
this end, the main strategy lies in the design and engineering
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Figure 12 (a) TEM image of SnsP;@carbon fiber, K* storage performance, and in operando synchrotron XRD characterizations of the anode during
potassiation/depotassiation processes. Reprinted with permission from Ref. [230], © Elsevier Inc. 2018. (b) TEM image of FeP@carbon and the electrochemical
performance of PIBs. Reprinted with permission from Ref. [234], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (c) SEM image of Ti;C
MXene and the cycle stability under 200 mA-g™'. Reprinted with permission from Ref. [240], © Elsevier Ltd. 2017.

of carbon matrix with enlarged interlayer distances to serve
as the anode materials; however, this strategy has its intrinsic
limits and the interlayer spacing can only be broadened to
some extent. Therefore, novel strategies aimed at boosting
the K* diffusion kinetics is extremely needed. For instance,
heteroatom doping can not only enlarge the interlayer spacing
but also modify the electronic structure of carbon materials.
In this regard, precise control of heteroatom doping with a
tunable amount needs to be achieved.

(2) The detailed working mechanisms of different types of
anode materials should be figured out, in order to provide
reliable guidance for future design and construction of novel
anode materials. The reaction mechanisms of anode materials
in PIBs are not the same as in LIBs and SIBs. Currently, the K*
storage performance of the carbon matrix is mainly attributed
to the intercalation/deintercalation behaviors of K* ions into
the interlayers of carbonaceous materials, but for heteroatoms
doped carbon matrix, the redox reactions can also be found
and this would contribute to part of the K* storage capability.
Moreover, for other materials, the electrochemical performances
mainly originated from the redox reactions of inorganic
materials with K* to form different intermediates and sequentially

final products; however, the intercalation/deintercalation
behavior should also be responsible for part of the electrochemical
capacity. The accurate contributions of different working
mechanisms need to be precisely determined, and the related
influence factors needed to be examined, to facilitate the future
practical applications.

(3) The interplay between anode materials and electrolytes
should be well clarified, given that even the same material
shows distinct cyclic stability in different electrolytes. For
instance, it was revealed that increasing the salt concentration
in the diglyme-based electrolyte could greatly enhance the
cyclic stability of PIBs [244]. Therefore, developing a suitable
electrolyte for a specific type of anode material is crucial for
achieving better electrochemical performance. The underlined
reduction mechanisms of electrolytes on different anode
materials should be clarified. More importantly, the exploration
and optimization of new electrolyte systems are crucial to
improving electrochemical performance. The currently utilized
electrolyte systems could lead to low initial Coulombic
efficiencies, affecting the total electrochemical performance
of anodes. Besides the adjustment of electrolyte additives and
solvent, developing new electrolyte salts and all-solid-state
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electrolytes will be another efficient strategy. This will largely
overcome the destructive issues faced by PIBs. Finally, maybe
K metals can be directly used as the anodes in practical
applications, once resolving the safety problem of K metal
when exposing to the air.

(4) Theoretical understanding of the anode materials of
PIBs is still lacking. To better guide the design and construction
of anodes, theoretical calculations are needed to investigate
the intrinsic properties and evaluate the suitability of such
materials to act as the anodes of PIBs. Moreover, the working
mechanisms and theoretical capacities of different types of
anode materials need to be examined in-depth. Experimental
investigations need to progress accordingly to test the predictions
given by theoretical simulations.

(5) Advanced techniques are in urgent need to characterize
the composition and structure evolutions of anode materials
during potassiation/depotassiation cycles. For instance, cryo-
electron microscopy (cryo-EM) can be used to investigate the
growth of SEI layers, and examine their working mechanisms
in K* storage. Moreover, in situ and ex situ characterization
tools, like in/ex situ Raman spectroscopy, in/ex situ Fourier
transform infrared (FT-IR) spectroscopy, in/ex situ X-ray
absorption fine structure (XAFS) spectroscopy, in/ex situ nuclear
magnetic resonance (NMR) imaging, and aberration-corrected
scanning transmission electron microscopy (STEM) can be
conducted to help find the underlined working mechanisms
based on electrochemical redox reactions. It should be noted
that a single characterization tool is not enough o obtain
sufficient useful information; thus multiple techniques should
be carried out together in some cases. Also, the development
of new and creative characterization systems is encouraged in
probing in-depth mechanisms.

(6) The investigations on PIB full-cells need to be further
conducted. So far, most of the achieved electrochemical
performances were tested on half-cells. For PIB full-cells, the
matching of cathodic and anodic materials, the amount ratio
of electroactive materials, as well as the electrolyte, should be
considered. Moreover, the durability tests of PIB full-cells under
harsh environments, such as high/low working temperatures
and high humidity atmosphere, need to be conducted in order
to cater the practical applications.

(7) The synthesis procedures of anode materials normally
involve the expensive facilities and complicated processes,
which seriously restricted their commercial application. Moreover,
the current achieved electrochemical performances of PIBs
are still below the requirements for real applications, in terms
of energy density, reversible capacity, rate capability, and
long-term cyclic lifespan. More efforts should be devoted to
constructing new anode materials using novel approaches.

(8) Last but not least, to promote the commercial application
of anode materials for PIBs, the earth-abundant, non-toxic,
and low-cost raw materials have to been used. Figure 13 shows
the cost of different elements that have been used for the PIB
anodes. In general, carbon-based materials have the lowest
cost, however, the capacity is relatively low. Among different
metal compounds, Fe, Mn, and Zn-based compounds are
compounds favorable for low-cost PIB anodes thanks to the
low cost of Fe, Mn, and Zn, while Sn- and Bi-based compounds
typically have higher capacities due to the conversion and
alloying reactions. It is worth noting that phosphorous not
only has a low price but shows an intriguing capacity
(843 mAh-g™, for potassium phosphide (KP)), which is rather
attractive in PIBs. For practical application, both the cost and
performances of anode materials should be considered and
well balanced under specific conditions.

Nano Res.
,l,l
32.3

18.9

182.1
1275
T ¥ /AI T T T
20 160 180 200
Prices (USD/Ib)

Figure 13  Price comparison of carbon, phosphorous, and various metals
for potential applications in PIBs. (The data was collected on website from
https://www.shmet.com)

In summary, PIBs have attracted numerous attentions as
an alternative to traditional LIBs. Although great progress
has already been achieved, the development of PIBs is still in
its infancy. More experimental conductions and theoretical
simulations on the anode materials of PIBs are required in the
future. Given the rapid development of anode materials and
in understanding of working mechanisms, the commercial
applications of PIBs are expected to be realized in the near
future.
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