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The growing demand for green energy has fueled the exploration of sustainable and eco-friendly energy
storage systems. To date, the primary focus has been solely on the enhancement of lithium-ion battery
(LIB) technologies. Recently, the increasing demand and uneven distribution of lithium resources have
prompted extensive attention toward the development of other advanced battery systems. As
a promising alternative to LIBs, potassium-ion batteries (KIBs) have attracted considerable interest over
the past years owing to their resource abundance, low cost, and high working voltage. Capitalizing on
the significant research and technological advancements of LIBs, KIBs have undergone rapid
development, especially the anode component, and diverse synthesis techniques, potassiation chemistry,
and energy storage applications have been systematically investigated and proposed. In this review, the

necessity of exploring superior anode materials is highlighted, and representative KIB anodes as well as
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Accepted 4th May 2021 various structural construction approaches are summarized. Furthermore, critical issues, challenges, and

perspectives of KIB anodes are meticulously organized and presented. With a strengthened
understanding of the associated potassiation chemistry, the composition and microstructural
modification of KIB anodes could be significantly improved.
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attention.’”'*® Owing to the abundance and similar electro-
chemical properties as those of lithium, the application of
potassium is being intensively investigated. As the seventh most
abundant element in the Earth's crust, the cost of potassium-

1. Introduction

Since the successful commercialization of Li-ion batteries (LIBs)
by Sony Corporation in 1991, LIBs have gradually attracted

considerable attention worldwide over the past 29 years,
merging high energy density, compact and lightweight designs,
and acceptable cycle life.”**” In recent years, with the gradual
advancement of practical battery technology, LIBs have become
the dominating power sources for portable electronics and
electric vehicles, and are regarded as a promising technology for
stationary and large-scale electrical energy storage grids, which
have been historically dominated by pumped-hydro technology
(over 95% of the total rated power) according to the global
energy storage database from the United States Department of
Energy.*”*® Nevertheless, the prevailing deficiency and uneven
distribution of lithium resources worldwide have resulted in
increasing concern regarding the high reliance on the mass
production of LIBs; thus, alternative batteries based on earth-

abundant elements have been receiving immense
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ion batteries (KIBs) is relatively reasonable.'® Additionally,
potassium, the next alkali metal after sodium in the periodic
table, has a lower reduction potential (—2.93 V vs. standard
hydrogen electrode) than that of sodium (—2.71 V vs. standard
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Fig. 1 (a) Various features of potassium in batteries. (b) Literature
distribution of KIB based research from 2008 to 2020 in the website of
Web of Science, and (c) corresponding number of citations.

Chem. Sci., 2021, 12, 7623-7655 | 7623


http://crossmark.crossref.org/dialog/?doi=10.1039/d0sc06894b&domain=pdf&date_stamp=2021-06-04
http://orcid.org/0000-0002-3789-914X
http://orcid.org/0000-0001-7401-717X
http://orcid.org/0000-0002-6638-249X
http://orcid.org/0000-0002-2162-2680
http://orcid.org/0000-0003-2005-0251
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06894b
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC012022

Open Access Article. Published on 11 maggio 2021. Downloaded on 21/08/2025 20:22:28.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

hydrogen electrode) (Fig. 1a),"*”'*® thereby enabling KIBs to
operate at a relatively higher potential. As potassium can be
utilized as a charge carrier that shuttles from the anode to the
cathode, similar to the alkali metal ions in LIBs, KIBs can be
fabricated in a “rocking-chair”-type manner.”* In addition,
potassium-sulfur (K-S) and potassium-oxygen (K-O,) batteries
have been considered as potential rechargeable batteries owing
to their reasonable cost and impressive theoretical energy
density. Like Li-S and Li-O, batteries, K-S and K-O, batteries
have an enhanced capability to accommodate a higher number
of ions and electrons through conversion reactions; neverthe-
less, the potassium storage behavior remains controversial
owing to the limited amount of studies on K-S and K-O,
batteries.'** Notably, research on potassium-based batteries has
recently attracted extensive attention within the scientific
community, which can be gauged by the rapid increase in the
number of publications related to these batteries."** Investiga-
tions on K-S and K-O, batteries are still in the early stages,
whereas studies on KIBs are already sufficient to provide
a comprehensive summary (Fig. 1b and c).

Among all the KIB components, the anode active materials
have similar storage behaviors as those in LIB anodes; thus,
most researchers commence their investigations by studying
the electrochemical properties of KIB anodes. For instance,
graphite, as a standard anode in commercial LIBs, has been
investigated as a host for K-ion storage, and it provides
feasible accommodation for K-ion insertion and extraction at
an operating potential of approximately 0.1 V. In addition,
with the reversible formation of KCg, it can provide a theoret-
ical reversible capacity of 278 mA h g~ '.*® Beyond conven-
tional graphite, the electrochemistry of other unique anodes
has also been significantly explored. After the rational
construction of the microstructure of anodes, which signifi-
cantly enhance potassium storage, desirable cycling perfor-
mances have been successfully achieved.** Nevertheless,
several bottlenecks need to be addressed before their further
application. For example, although graphitic anodes have
relatively low and flat voltage plateaus, their potassium
storage capability is generally insufficient due to the large size
of K ions. An alloying active material possesses high capacity
but always suffers from severe volume change, and the initial
coulombic efficiency in non-graphitic carbon anodes is usually
undesirable and requires rational improvement. To date,
various material engineering strategies combined with
different electrode designs have been proposed to address
these limitations in a targeted manner. An intensive summary
of the current research status of various KIB anodes is essen-
tial to elucidate the current development of KIB anodes, as
well as to provide constructive guidance for more purposeful
research in the near future.

In this review, we present the recent achievements of KIB
anode materials, focusing on their synthesis chemistry, potas-
sium storage behavior, electrochemical performance, and
contemporary bottlenecks (Fig. 2). Based on the extensive
summary and analysis, we discuss perspectives for further
exploration of new KIB anode materials.
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Fig. 2 Overview of the preparation and application of various KIB
anodes.

2. Strategies and methods
2.1 Hydrothermal treatment

Hydrothermal reactions provide a cost-effective and environ-
mentally friendly strategy to efficiently synthesize products with
high phase purity, optimized morphology, and controlled
particle size distribution.****** This strategy has been duly
applied for the synthesis of anode materials with unique
microstructures and desired sizes for utilization in KIBs. For
instance, Wang et al. directly prepared SnO, nanosheets (NSs)
grown on stainless steel mesh (SSM) as electrodes for potassium
storage through a hydrothermal process, wherein the ultra-
sonically cleaned SSM was immersed into a SnCl, solution
before being placed into a Teflon-lined stainless steel auto-
clave.® After heat treatment at 200 °C, large SnO, NSs with a size
of approximately 800 nm were identified on the SSM surface
(Fig. 3a). During the hydrothermal process, water participated
in the generation of anode porosity and structural orientation.
To address the slow kinetics and large volume expansion during
potassiation, a high-oriented mesoporous graphitic carbon
nanospring was prepared by Qian et al. using hydrothermal
epoxy resin (Fig. 3b).*® First, a large amount of macromolecules
was formed through the thermal polymerization of epoxy resin.
Then, a one-dimensional (1D) structure was formed owing to its
low supersaturation in water. Finally, at high temperatures, the
carbon nanorod expanded along the axial direction to form
a nanospring-like structure due to the [002] orientation, which
is beneficial for the migration path of potassium ions and
enhancement of rate capability. Besides, hierarchical carbon-
coated MoSe,/MXene hybrid NSs (MoSe,/MXene@C) were pre-
sented by Huang et al. through the hydrothermal treatment of
a mixture of Se in N,H, solution, and Ti;C,T, MXene in
Na,MoO, solution for 12 h, during which MoSe, NSs were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Preparation of KIB anodes through hydrothermal treatment. (a)
Morphology of SnO, NSs grown on stainless steel mesh. Reproduced
with permission.® Copyright 2018, Elsevier. (b) Hydrothermal synthesis
of oriented mesoporous graphitic carbon nanospring and its TEM
image. Reproduced with permission.*® Copyright 2019, Wiley. (c)
Schematic structure of hydrothermally synthesized MoSe,/MXene@C.
Reproduced with permission.** Copyright 2019, American Chemical
Society. (d) Synthesis process of the MoO,/rGO composite as a PIB
anode. Reproduced with permission.*® Copyright 2019, Wiley. (e)
Geometric structure of (NH,4),MosS;3; the yellow, cyan, blue, and white
spheres represent S, Mo, N, and H atoms, respectively. Reproduced
with permission.®®* Copyright 2020, American Chemical Society. (f)
Schematic illustration of the hydrothermally synthesized ZnSe CS/C.
Reproduced with permission.#2 Copyright 2020, The Royal Society of
Chemistry. (g) Morphology and elemental mapping of the hydro-
thermal carbon hollow bowls. Reproduced with permission.**? Copy-
right 2019, American Chemical Society. (h) Elemental distribution of
molybdenum and sulfur in synthesized MoS, NWs. Reproduced with
permission.*?® Copyright 2019, The Royal Society of Chemistry. (i)
Schematic structure of hydrothermal MoS,@rGO and (j) the flower-
like MoS, without graphene. Reproduced with permission.*** Copy-
right 2019, Elsevier.

anchored on MXene flakes through strong covalent bonds.**
After applying a polydopamine (PDA) coating, it was annealed in
a H,/Ar atmosphere to realize a uniform carbon layer, thereby
effectively reinforcing the hierarchical two-dimensional (2D)
nanostructure and enhancing the overall conductivity (Fig. 3c).
As a layered metal oxide, molybdenum dioxide (M0O,) has been
widely applied in lithium and sodium storage. Liu et al
explored its further application in KIBs by growing MoO, hollow
sphere particles on the surface of graphene sheets in the pres-
ence of ascorbic acid.*® During the hydrothermal process, the
pH value was adjusted to 2 by adding concentrated HCI to
promote the conversion of large Mo,0,,°" ions into MoO,*"
ions (Fig. 3d). In the final anode, graphene sheets could not only
effectively facilitate electron transport but also efficiently miti-
gate the volume expansion induced by potassium insertion.
Transition metal sulfides (TMSs) are considered as promising
materials because of their multiple active sites and optimized
working potential. As a higher sulfur content might be related to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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an enhanced capacity, (NH,),Mo03S;3 was proposed by Ding et al.
as a KIB anode via hydrothermal synthesis.*®* As shown in
Fig. 3e, (NH4),Mo03S;3 has a three-dimensional (3D) structure
with isolated (Mo3S;5)>~ and NH*' clusters, and the distance
between the (Mo;S;5)*~ clusters is 3.64-7.42 A, which confirms
effective K' diffusion in multiple directions.®* Zinc selenide
(znSe) is a typical transition metal dichalcogenide for potas-
sium storage, but its application is hindered by poor conduc-
tivity and drastic expansion during potassiation. To fully exploit
its intrinsic advantages (e.g., low toxicity and high electro-
chemical activity), Chu et al. designed open ZnSe/C nanocages
with a multi-hierarchical stress-buffering effect for KIBs
(Fig. 3f).** The zeolitic imidazolate framework (ZIF-8) func-
tioned as a sacrificial template for ZnSe/C nanocages during the
facile hydrothermal selenization process, wherein selenous acid
and hydrazine hydrate were utilized as the selenium precursor
and deoxidizer, respectively. Meanwhile, by changing the
amount of the reducing agent, the morphology of ZnSe could be
adjusted. Notably, KIBs, as a potential battery system, suffer
from high accumulated stress related to the huge volume vari-
ation of the electrode wupon long-term potassiation/
depotassiation. To further understand this process, nitrogen/
oxygen-modified carbon hollow multihole bowls
prepared by Zhang and his coworkers through hydrothermal
treatment using biomass as the carbon source, and the von
Mises stress distributions were simulated.''* As demonstrated
in Fig. 3g, the carbon hollow bowls with a uniform distribution
of C, O, and N have a uniform size of ca. 500 nm and a well-
defined bowl-like shape, and they can effectively relieve the
mechanical stress and maintain tough integrity during the
potassium storage process. Additionally, a tubular, interlayer-
expanded MoS,-N/O doped carbon composite was rationally
designed and fabricated for structural stability enhancement.**®
Ultrathin MoS,/C NSs were uniformly distributed in the wall of
the carbon skeleton, resulting in homogeneous Mo and S
distribution (Fig. 3h), which promoted MoS, utilization,
inhibited the dissolution of active components, and mitigated
the mechanical stress. Similarly, a nano-rose-like MoS,
confined in reduced graphene oxide (MoS,@rGO) was proposed
by Liu's group via a facile one-step hydrothermal strategy.**
Notably, Na,MoO, and CH,N,S were applied as Mo and S
sources, respectively, and Mo-C and Mo-O-C bonds were
formed between the rGO and Mo ions during the generation of
MoS, NSs (Fig. 3i). These NSs were then gradually assembled to
nano-roses with sizes ranging from 200-500 nm (Fig. 3j) in
a Teflon-lined stainless steel autoclave at 210 °C. Thus, the
hydrothermal method provides a facile approach to explore KIB
anodes with unique microstructures and morphologies, which
possess the potential to overcome existing limitations, such as
suppressed kinetics and large volume changes in KIBs. Before
we select hydrothermal treatment as the synthesis process of
KIB anode materials, some nonnegligible drawbacks should
also be paid attention. The first one is that the reaction always
happens in the sealed autoclave, making it hard for the
researchers to observe the detailed reaction process. Secondly,
there is high quality requirement for the facilities used for
hydrothermal treatment as are generally
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conducted upon high pressure and temperature. Thirdly, the
test parameters should be strictly controlled, as some explosion
might happen if the temperature is too high or the volume of
liquid inside is uncontrolled.

2.2 Mechanical milling

Milling is used to pulverize bulk materials into fine particles
and to prepare secondary particles through repeated flattening,
fracturing, and welding."” Such a simple and cost-effective
strategy is highly attractive as it has the potential to be scaled
up for mass production.**® To improve the cycling stability and
charge capacity, the hybridized Co;0, and Fe,O; were dispersed
in a carbon matrix by Rahman et al. via a ball-milling process
and applied for potassium storage."* The hybrid was integrated
into chain-like carbon black, and the overlay of elemental
cobalt, iron, and carbon mapping highlighted the location and
distribution of Coz0,, Fe,03, and super P carbon in the sample
(Fig. 4a). Super P, as the conductive scaffold between the current
collector and metal oxide nanoparticles (NPs), confirmed reli-
able contact for fast electron transfer. To further enhance the
potassium storage capability of graphite, Wu et al. fabricated
a phosphorus/carbon composite via a simple milling process of

Overlay

@ 4No P-CBonding

= 2]

Ball milling
Antimony

Fig. 4 Synthesis of KIB anodes via mechanical ball milling method. (a)
Bright-field image and an overlay of ball mill-synthesized CozO4-
Fe,O3/C anode (color scheme: cobalt-green; iron-red; carbon-
yellow). Reproduced with permission.** Copyright 2017, The Royal
Society of Chemistry. (b) Schematic diagram of the ball milling of the P/
C composite. Reproduced with permission.** Copyright 2018, Elsevier.
(c) TEM image of the milled SnsP3s/C NPs. Reproduced with permis-
sion.® Copyright 2017, American Chemical Society. (d) Overlay of the
maps of phosphorus (red) and carbon (green). Reproduced with
permission.®? Copyright 2017, The Royal Society of Chemistry. (e)
Schematic ball milling of the antimony-graphite composites. Repro-
duced with permission.®* Copyright 2019, Wiley. (f) Schematic illus-
tration of structural configuration of activated RP/C-based PIB
electrode. Reproduced with permission.®> Copyright 2019, Wiley. (g)
TEM and SEM images of the ball-milled RP/MoS, hybrid. Reproduced
with permission.t°¢ Copyright 2019, Wiley. (h) Ball milling process of
SnPz/C nanocomposite. Reproduced with permission.*¢ Copyright
2019, American Chemical Society.
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commercial red phosphorus (RP) and graphite.** As illustrated
in Fig. 4b, a milling pot filled with 20 wt% RP and 80 wt%
graphite was sealed in an argon atmosphere and rotated at
500 rpm for 48 h, forming island-like phosphorus uniformly
spread in a sea-like highly conductive carbon matrix. The K-ion
transport path and particle breakage owing to the volume
expansion of phosphorus during potassiation could be short-
ened and alleviated, respectively.** Additionally, a Sn,P;/C
composite synthesized by means of conventional milling was
also proposed.”” Agglomerated microparticles consist of
numerous crystalline Sn,P; NPs (ca. 20-50 nm) distributed
evenly in the amorphous carbon (Fig. 4c). Because Sn,P; is
a relatively safe anode material, this work may be beneficial for
the exploitation of safe, high-energy-density, and low-cost
rechargeable KIBs. Alexey et al. prepared black phosphorus/
graphite (BP-C) composites via planetary ball milling at
200 rpm; the obtained BP-C exhibited excellent mixing of
phosphorus and carbon components (Fig. 4d).** To maintain Sb
stability, a series of Sb-graphite composites were also synthe-
sized through facile milling of commercial Sb and graphite as
anodes for potassium storage. Finally, the Sb nanoclusters were
incorporated into graphite layers by the molecular diffusion
effect during the ball milling and ultrasonic process, which was
beneficial for the prevention of Sb aggregation, as illustrated in
Fig. 4e.* Considering that the effective utilization of RP as an
active material in KIBs had not been well-studied, Tuan et al
attempted a one-pot milling approach to prepare activated RP/
C-based KIB electrodes composed of RP, multi-wall carbon
nanotubes (CNTs), and Ketjen black, wherein the RP NPs were
evenly dispersed in a carbon matrix with desirable electrical
pathways and strong scaffolds.®® Notably, there was no P-C
bond formed in the composite, which might be beneficial for
the effective reaction between K-ions and RP (Fig. 4f). RP was
also incorporated with MoS, to form a promising mosaic RP/
MoS, hybrid, as reported by Hou's group.**® After homogeneous
mixing, commercial RP and bulk MoS, powder were transferred
and vigorously milled in a stainless steel jar. Taking advantage
of the high-energy shear force, a large particle size was
decreased and a mosaic hybrid was formed, presenting an RP-
embedded architecture with a rough surface and abundant
microchannels (Fig. 4g). This alleviated the volume expansion
and agglomeration of RP particles. To conquer the intrinsic
inaccessibility of bulk SnP; in KIBs, Rakesh et al. proposed an
effective milling process and elucidated, for the first time, the
use of SnP; active materials.*® Firstly, SnP; was prepared via the
reaction between metallic Sn and RP. Thereafter, 20 wt% super
P was milled with the obtained SnP; NPs for 3 h to ensure strong
adhesion of amorphous carbon (Fig. 4h). This structure
provided a facile approach to optimize electron transfer and
enhance SnP; utilization. Obviously, mechanical milling could
provide a facile and reliable way to decrease the product size,
enrich the surface active sites or trigger some solid-phase
reactions. Nevertheless, its low efficiency and large energy
consumption should also be taken into account. Besides, the
negative effect of intensive vibration and harsh noise on
scholar's daily research work should also be alleviated through
protective measurements.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.3 Chemical etching process

MXenes, which collectively represent transition metal carbides/
carbonitrides/nitrides, have attracted considerable attention in
the electrochemical energy field, including potassium storage
batteries.**® The synthesis of MXenes is primarily carried out via
the selective etching of the “A” element from the layered ternary
MAX precursor using etchants, where M represents a transition
metal, A is a group 13 or 14 element, and X is carbon and/or
nitrogen. In addition, the etching process can also act as
a buffer space in the designed porous or hollow products, which
enhances the potassium storage capability. Fig. 5a demon-
strates the fabrication of alkalized Ti;C, (a-TizC,) MXene
nanoribbons by the continuous etching of pristine Ti;C, MXene
in an aqueous KOH solution.® Notably, Ti;C, MXene NSs were
first synthesized in sealed plastic containers with 60 mL
aqueous HF solution (40%), which was followed by continuous
shaking in a 6 M KOH aqueous solution for 72 h. Profiting from
the expanded interlayer space, narrow nanoribbon-like struc-
ture, and 3D interconnected porosity, the obtained a-TizC,
anodes exhibited enhanced ion reaction kinetics and improved
structural stability during potassium storage. Yang et al., for the
first time, reported the electrochemical behavior of porous
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Fig. 5 Preparation of KIB anodes through chemical etching process.
(a) Schematic of the synthesis of a-TizC, MNRs via etching method.
Reproduced with permission.® Copyright 2017, Elsevier. (b) Schematic
illustrations of three etched nanoporous samples: np-Geszo, Np-Gezg
and np-AlGe. Reproduced with permission.2® Copyright 2019, Elsevier.
(c) Morphology images of TizC, MXene, M-NTO, and M-KTO. Repro-
duced with permission.* Copyright 2017, American Chemical Society.
(d) Schematic illustrations of the fabrication process of BC-NCS by
etching SiIOC ceramic spheres using molten KOH. Reproduced with
permission.®® Copyright 2019, Elsevier. (€) Schematic illustration of the
acid etching process of graphitic nanocarbons. Reproduced with
permission.®> Copyright 2019, Wiley. (f) TEM image of the silicon
carbide-derived carbon anode synthesized using a concise etching
approach. Reproduced with permission.*°? Copyright 2020, Wiley.
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germanium anodes obtained by a facile chemical etching
process.”® Two Al-Ge alloys (Al,(Ges, and Alg,Ge,,) were
designed by refining Al and Ge in a vacuum arc furnace at an
ultrahigh temperature. By tuning the Ge-Al composition and
etching time, products with various porous structures were
obtained (Fig. 5b). This presents a new approach toward the
structural optimization of Ge electrodes. To further exploit the
optimum anode materials, Bao et al. also reported the trans-
formation of accordion-like Ti;C, MXene to potassium titanate
(M-KTO, K,Ti,O9) nanoribbons. After the solid-liquid reaction
of ball-milled Ti, Al, and graphite powder at high temperatures,
the obtained Ti;AlC, was selectively etched and then alkalized,
thereby forming M-KTO ribbons. As shown in Fig. 5c, the
accordion-like multilayered Ti;C, was successfully fabricated
from densely packed Ti;AlC,. After treating Ti;C, in an alkaline
solution, there was an evident color change, which indicated
the transformation into urchin-like M-NTO and M-KTO with
a self-woven framework. The transformation approach is valu-
able for the further development of a variety of MXene-derived
nanomaterials. Furthermore, SiO, is an effective sacrificial
template for the synthesis of KIB anodes. Recently, bicontin-
uous and nanoporous carbon spheres (BC-NCS), consisting of
a continuous nanocarbon framework and interconnected
nanopores, were designed and prepared by Ji et al. by etching
the SiO, template.®® Specifically, SiOC ceramic powders
prepared via a two-step sol-gel process followed by pyrolysis
were KOH-etched and calcinated at 800 °C before they were
applied as a KIB anode. As shown in Fig. 5d, the obtained BC-
NCS maintained interconnected nanopores and a continuous
carbon framework, providing fast ion diffusion channels,
sufficient volume expansion alleviation, and super electron-
transport capabilities. A similar acid etching strategy was
proposed by Alshareef's group for the synthesis of nitrogen-
doped, defect-rich graphitic nanocarbons (GNCs).** With the
assistance of a NaCl template, an ethylenediamine tetra-acetate
nickel coordination compound was carbonized under the
catalysis of nickel and then etched in HCI solution before the
collection of the GNC active material (Fig. 5¢). A unique hollow
bubble-like structure was observed owing to the delicate
designation and facile acid etching. Similarly, a silicon carbide-
derived carbon composite with a controllable pore structure was
proposed using a concise etching approach.'® The unique pore
structure maintained a high proportion of the mesopore
volume (Fig. 5f), which confirmed the presence of sufficient
active sites for enhanced potassium adsorption and accumu-
lation. Apparently, chemical etching method is an effective way
to create layered, porous and hollow structures. But some
drawbacks still hinder its widely application in the preparation
of KIB anode active materials. Generally, it is time-consuming
to realize a sufficiently etched product, and the etching
process always produces large amount of acid wastes, which is
very hard to be dealt with and harmful to the environment.
Additionally, the surface properties of obtained products could
be significantly changed by the acid used during the etching
process. Thus, much more effort are still needed to optimize
this synthesis process.
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2.4 Other strategies

In addition to the abovementioned methods, several other
effective strategies, such as facile annealing, co-precipitation,
electrospinning, spray drying, electrodeposition, and chemical
vapor deposition (CVD) have also been explored and applied in
the preparation of KIB anodes.

2.4.1 Facile annealing. To strengthen the application of Bi
metals based on their excellent conductivity and relatively low
working potential, Qu et al. fabricated Bi nanorods encapsu-
lated in N-doped CNTs (hollow Bi@C nanorods) through the
facile annealing of PDA-coated Bi,S; nanorods and partial
evaporation of Bi at increased temperatures (Fig. 6a)."° The Bi
contents of Bi@C-600, Bi@C-920, and Bi@C-1000 were esti-
mated as 91.3, 81.2, and 0 wt%, respectively, which might be
related to the low melting point of Bi and uniform shrinkage of
pyrolyzed PDA during the facile annealing process. Through
facile annealing, Qiao et al. confined MXene with rGO NSs and
then transformed MXene into ultrathin titanates with a well-
confined layered structure.** The as-obtained sandwiched
hybrid sample exhibited remarkable mechanical performance
and maintained the merits of thin titanates and the impressive
conductivity of rGO (Fig. 6b). To highlight the importance of N-
doped soft carbon and its correlation to K storage performance,
Xu et al. synthesized N-doped carbon nanofibers (NCNFs) with
a high N-doping level of 13.8%.* A polypyrrole (PPy) precursor
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was first prepared through the polymerization of the pyrrole
monomer. After filtration, the black precipitate was annealed in
an inert atmosphere for 2 h, leading to the formation of NCNFs.
The incorporation of N and its even distribution over the entire
nanofiber were observed (Fig. 6¢), and the hollow interior of the
nanofibers was also recorded (Fig. 6d). Guo et al. further fabri-
cated NCNFs via the facile annealing of bio-waste chitin.®® Pure
chitin, as the second most abundant biopolymer, possessed
a smooth surface morphology with a fine nanofibrous structure
with a uniform diameter of approximately 10-30 nm (Fig. 6e). It
was heat-treated at various temperatures (500, 700, and 900 °C),
and the product with the optimum composition was identified.
Inspired by the ultrahigh physicochemical stability of the
carbon matrix, Zhao and coworkers delicately dispersed zinc
active particles in a nanoporous carbon network (ZNP/C),
considering that zinc particles suffer from severe volume
expansion during potassiation.®® During the fabrication
process, the ZIF-8 precursor obtained by aging the mixture of 2-
methylimidazole and Zn(NOj3),-6H,0 in methanol was directly
annealed at a specific temperature. Inherited from the poly-
hedral morphology of the ZIF-8 precursor, uniform polyhedral
ZNP/C (ca. 250 nm) were identified, as shown in Fig. 6f. The
uniform distribution of Zn, C, and N was also realized. More-
over, through facile annealing of a vacuum-dried mixture of
NH,H,PO,, H,NO;V, KF, and citric acid, Zhang et al. collected

N Partial C let
E] PDA coltini evapor‘;ﬂon\ evnporltlon} ev:;'::ﬂ:n\
. 600°C 920°C \ 1000°C
Bi:Ss Bi:S: @PDA Bi @C-600 Bi @C-920 Bi @C-1000

Amidation

Su?ennolecular interaction
&
Imidization

g aiae! =,

Fig. 6 Synthesis of KIB anodes through facile annealing. (a) Schematic illustration of synthesis process of Bi@C samples through facile annealing.
Reproduced with permission.t® Copyright 2020, Elsevier. (b) Structure of NTO/rGO films and its cross-sectional TEM image. Reproduced with
permission.® Copyright 2018, Wiley. (c) Nitrogen mapping (orange) of facile annealed N-doped carbon nanofibers, and (d) TEM image of their
hollow structure. Reproduced with permission.>®> Copyright 2018, Nature. (e) AFM image of pure chitin before annealing process. Reproduced
with permission.®> Copyright 2017, Elsevier. (f) TEM image of the annealed Zn NPs confined in carbon network and their elemental mapping.
Reproduced with permission.®* Copyright 2018, The Royal Society of Chemistry. (g) Crystal structure of the facile annealed KVPO4F anode.
Reproduced with permission.®® Copyright 2019, The Royal Society of Chemistry. (h) Schematic diagram of the annealing mechanism of the PMA-
MA supermolecule. Reproduced with permission.*** Copyright 2020, Wiley.
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a type of black powder, i.e., KVPO,F.*® In the refined KVPO,F
structure, VO,F, octahedral and PO, tetrahedral building blocks
were observed (Fig. 6g). Two half occupied K ion sites were
identified, which indicated the possibility of accommodating
one more K ion per KVPO,F. Encouraged by the efficient storage
of potassium in active sites at edge-nitrogen-induced defects,
Alshareef and coworkers reported a carbon anode with an
ultrahigh edge-nitrogen level using pyromellitic acid (PMA) and
melamine (MA) as monomers."* A white PMA-MA super-
molecule was first prepared by stirring PMA and MA in a sealed
glass bottle. Thereafter, 3D N-doped turbostratic carbon was
obtained through a one-step heat treatment (Fig. 6h). Owing to
the high nitrogen level in MA and good thermal stability of the
amide and imide structures, the optimized carbon anodes
maintained an ultrahigh nitrogen doping level (22.8 at%) and
ultrahigh edge-nitrogen doping level (16.8 at%), which is highly
beneficial for potassium storage. Facile annealing is quite an
easy way to realize the carbonization or crystallization of
precursor materials for KIB anodes. Nevertheless, during the
application of this synthesis approach, the structure or
component of collected products are relatively hard to be
adjusted.

2.4.2 Co-precipitation. Capitalizing on the hydrogen
bonding and electrostatic interactions between chitosan chains
and GO sheets, Quan's group rationally fabricated a SnP o,
nanoplate/GO (SnP,¢,@GO) composite through a delicate
precipitation process, during which the addition of chitosan
triggered the autonomous encapsulation of GO sheets on the

t@ ¥ Q! u Chitosan-assisted
&y

assembly with GO

Fig. 7 Co-precipitation process for the preparation of KIB anodes. (a)
Schematic depicting the precipitation of the SnPy.94,@GO composite.
Reproduced with permission.* Copyright 2019, Elsevier. (b) SEM image
of precipitated Na,CgH,Og¢. Reproduced with permission.* Copyright
2018, Elsevier. (c) Morphology and schematic diagram of the Fe—Mo
selenide@N-doped carbon anode. Reproduced with permission.>®
Copyright 2018, Elsevier. (d) Morphology and Sb distribution in the Sb-
NP@PC anode. Reproduced with permission.”® Copyright 2019, The
Royal Society of Chemistry. (e) Schematic illustration and (f) SEM image
of Sb—Co precipitate. Reproduced with permission.®® Copyright 2019,
Elsevier. (g) Schematic illustration and (h) microstructure of the
nanoflake-interlaced carbon microspheres. Reproduced with
permission.*®® Copyright 2020, The Royal Society of Chemistry.
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surface of the SnP, o, nanoplates (Fig. 7a).* Zhao et al. also re-
ported a novel di-sodium organic salt as a KIB anode, which was
synthesized by the facile precipitation of ortho-di-sodium salts
of tetrahydroxyquinone (0-Na,C¢H,0¢).2* With the help of
quickly injected sodium carbonate, dark purple 0-Na,CsH,O¢
crystals with irregular morphology were separated from the
yellow solution of sodium carbonate and inositol (Fig. 7b). To
provide sufficient space for the storage of large-sized K-ions,
Alex and coworkers proposed an ultrathin, crisp-like bime-
tallic Fe-Mo selenide@N-doped carbon core/shell composite
(FMSC).** Firstly, a mixture of FeCl;, H,Mo0O,, oleylamine
(OAm), and oleic acid was dehydrated and degasified at 90 °C.
After the addition of Se and heat treatment at 180 °C, a dark
precipitate of FeMoSe,@OAm nanoplates was obtained and
further carbonized into FMSC. As shown in Fig. 7c, the curved
crisp-like morphology with a diameter of 400-500 nm and an
interlayer spacing of 0.74 nm facilitated the transfer of ions,
confined the FeMoSe,, and maintained the integrity of the
electrode. A precipitation strategy was also applied to alleviate
the agglomeration and pulverization of Sb-based active mate-
rials. Lu's group delicately embedded Sb NPs (ca. 19 nm) into
porous carbon networks (Sb-NPs@PC) through the co-
precipitation of Sb-MOF and carbonization.” Notably, the Sb-
NPs@PC product had a uniform size and even Sb distribution
(Fig. 7d), which could sufficiently buffer the mechanical stress
of the potassiated Sb. Moreover, Deng et al. further enhanced
the stability of Sb-based alloy anodes by designing 3D porous
Sb-Co nanocomposites.*® A simple reduction precipitation was
performed using SbCl; and CoCl, as precursors and NaBH, as
the reducing agent (Fig. 7e), resulting in highly porous Sb-Co
NPs (Fig. 7f) compared to pure Sb particles. However, the
further application of this strategy is significantly hindered by
the undesirable instability of NaBH,. Notably, Lu et al. reported
that surfactants could also be utilized to assist the precipitation
process during the synthesis of oxygen-rich carbon microsphere
anodes.’ With the self-assembly of low-cost urea and formal-
dehyde, the adoption of hard templates or dangerous hydro-
thermal devices (Fig. 7g) was avoided, and the nanoflake-
interlaced microstructure of the obtained carbon micro-
spheres verified the stability of anodes during the charge/
discharge process (Fig. 7h). For co-precipitation technique,
the morphology and structure of designed sample are easy to be
adjusted by optimizing the solution concentration, stirring
speed and type of precipitating agent. More effort is needed to
promote the application of this technique in mass production,
and the liquid-phase reactions in the large-volume retort
significantly different from those in laboratory beaker should be
carefully investigated.

2.4.3 Electrospinning. As 1D carbon materials (e.g., nano-
tubes, nanowires, nanorods, and nanofibers) are favorable for
the mitigation of volume change during K-Sb alloying, Hu et al.
proposed the fabrication of Sb@CN nanofibers with nano-Sb
confined in N-modified carbon fibers via an electrospinning
process (Fig. 8a).> The nano-Sb was independently embedded in
the CNFs, presenting a rod-like shape with a diameter ranging
from 10 to 30 nm and boosting reaction kinetics during cycling.
Electrospinning was also applied in the synthesis of coal
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Fig. 8 Electrospinning, spray drying, electrodeposition, and CVD. (a)
Electrospinning process and the corresponding microstructure of
Sb@CN nanofibers. Reproduced with permission.2 Copyright 2020,
Elsevier. (b) As-spun preasphaltene/PAN (bl) and PAN (b2) fibers.
Reproduced with permission.?” Copyright 2020, American Chemical
Society. (c) SEM images of CuO/Cu-NCNFs. Reproduced with
permission.*® Copyright 2020, Elsevier. (d) Schematic illustration of the
spraying process and (e) corresponding elemental mapping of the
CoTe,—C composite. Reproduced with permission.®* Copyright 2020,
Elsevier. (f) SEM of the obtained N-doped interconnected carbon
spheres and the NaCl/CgH17N3O5 precursor for spraying. Reproduced
with permission.® Copyright 2019, The Royal Society of Chemistry. (g)
Morphology of the activated crumpled graphene after the spray drying
process. Reproduced with permission.®® Copyright 2020, Wiley. (h)
Schematic of the electrodeposition process of SnO,@CF and (i) XRD
spectrum after deposition. Reproduced with permission.** Copyright
2020, The Royal Society of Chemistry. (j) CVD for the fabrication of red
P@AC. Reproduced with permission.**® Copyright 2020, Elsevier. (k)
Microstructure of multiwalled hierarchical carbon nanotube after CVD.
Reproduced with permission.*** Copyright 2018, Wiley. () CVD for the
synthesis of graphitic carbon foam. Reproduced with permission.*?
Copyright 2019, The Royal Society of Chemistry.

liquefaction residue-based nanofibers with polyacrylonitrile
(PAN) and preasphaltene (PA) selected as the precursor.”
Compared to pure PAN-based electrospun fibers, the PAN-PA
fiber had a yellowish-brown color, indicating a good incorpo-
ration of PA in PAN during the electrospinning process (Fig. 8b).
After peroxidation and calcination, the as-spun PA-PAN carbon
fiber was collected; it comprised a short and disordered tur-
bostratic structure with a higher interlayer distance (0.375 nm),
which favored the rapid insertion of K ions. To promote the
potassium storage performance of the electrospun fibers, Yang
et al. decorated N-doped carbon microfibers with CuO/Cu
clusters, providing a 3D microfiber network (CuO/Cu-NCNFs)
with an average diameter of 300 nm (Fig. 8c).*® Thus, electro-
spinning is a good way to produce uniform fibres with large
specific area, low aggregation and reliable mechanical strength.
When applied as the KIB anode, it exhibits desirable ion kinetic
behavior and high energy storage efficiency. However, the
electrospinning process is intensively influenced by many
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parameters, such as voltage, spinning rate, flying distance
between the needle and collector, rotating speed of the
collector, concentration and viscosity of the polymer solution,
ambient temperature and humidity, and type of solvent. Thus,
sufficient preparations are quite essential before fibre prepa-
ration through electrospinning.

2.4.4 Spray drying method. The spraying method is
another effective method for structural engineering and
morphological control of KIB anodes. Kang et al. reported
CoTe,-C composite microspheres via a spraying process.*
Briefly, TeO, in nitric acid was added to the solution of cobalt
nitrate and sucrose, forming a homogeneous mixture for
further spraying at a flow rate of 5 L min~ ' (Fig. 8d). This
process ensured the uniform distribution of the ultrafine CoTe,
nanocrystals in the CoTe,-C composite microspheres, as indi-
cated in Fig. 8e. This was beneficial for improving the cycling
stability and rate performance during the potassium storage
process. The template-assisted spray method was then
proposed by Li et al., which used low-cost NaCl as a template
and C¢H;0,(NH,); as the carbon precursor.® After calcination
and water washing, 3D N-doped carbon nanosheets (UNCns)
with a spherical network-like structure consisting of continu-
ously interconnected carbon nanoboxes were obtained (Fig. 8f).
The wrinkled and ultrathin features of the CNSs endowed
UNCns with abundant active sites for energy storage. The GO
slurry, as a highly malleable material, was also employed as the
precursor material for the spraying synthesis of the defective
activated-crumbled graphene (A-CG) anode.” During the fast
spray drying process, a ruffled ball-like morphology with a ridge
structure was formed by partial stacking and folding of the NSs
(Fig. 8g). Typically, the product of the spray drying process has
a relatively uniform size and controlled microstructure, which
are both beneficial for the industrial application of KIB anodes.
This indicates the promising potential of the spray drying
technique in the preparation of KIB active materials. Although
spray drying has attracted enormous attention because of its
unique features (e.g., mature technology, easy operation and
continuous production), it is noteworthy that only limited
solutions, emulsions, suspensions or molten liquids are suit-
able for spray drying. And the physical and chemical properties
of precursors, especially the possible hazards under high
temperature should be carefully taken into consideration.

2.4.5 Electrodeposition method. Electrodeposition was
adopted by Hou et al. to anchor SnO, NPs on 3D carbon foam
(SnO,@CF) as a freestanding KIB anode.'® As shown in Fig. 8h,
a carbon fiber and carbon rod were used as the working and
counter electrodes, respectively, while electrodeposition was
conducted in a stationary electrolyte solution containing SnSO,
and H,S0, through the reactions: SO,>~ + H,O + 2e~ — SO5>™ +
20H™ and Sn** + 4O0H™ — SnO, + 2H,0. The X-ray diffraction
(XRD) spectrum of the as-deposited product (Fig. 8i) indicated
that SnO, with (110), (101), and (211) planes was successfully
anchored on the carbon foam matrix. Therefore, electrodepo-
sition is a good way to deposit specific active materials on
selected scaffold. But, the voltage and current should be care-
fully controlled to avoid the formation of uneven nanoparticles,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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which could deteriorate the performance of electrodeposited
electrode.

2.4.6 Chemical vapor deposition. CVD is another widely
used strategy for the preparation of reliable KIB anodes. In the
CVD process, active material in the gas phase such as phos-
phorus, CH, and C,Hg could easily deposit or be pyrolyzed on
the surface and the pores of targeted matrix, forming an ideal
combination of active material and conductive matrix. For
example, Qu et al. confined nanoscale RP within a porous
carbon structure through a delicately controlled RP vapor
deposition process."*® A dual protection of RP was further ob-
tained by the surface coating of PPy on RP-embedded carbon
(P@AC) (Fig. 8j). In the obtained product, the structural stability
and oxidation resistance of the assembled electrode were
effectively enhanced by the successful encapsulation of the
active material. A multiwalled hierarchical carbon nanotube
(HCNT) was obtained by Han and coworkers through CVD
treatment on skeletal CNT.** Ferrocene and 1,2-dichloroben-
zene were applied as the catalyst and carbon precursor,
respectively, in a CVD furnace with a mixture of Ar and H, as the
carrier gas. The unique HCNTs consisted of densely stacked
graphitic inner CNTs and loosely stacked outer CNTs (Fig. 8k),
and were further interconnected to a hyperporous bulk sponge,
which maintained the developed porosity and tunable
modulus. Taking advantage of the transition metal catalyst and
reliable CH, deposition chemistry, Yu's group also designed
a kind of CNT-modified graphitic carbon foam (CNTs/GCF) as
KIB anodes.” The graphitic carbon foam was first obtained on
the surface of Ni foam in a CH, atmosphere (Fig. 81), and then
anchored by NiCo catalysts to form NiCo-O/GC. After repeated
CVD treatment using C,H, as the carbon source, abundant
CNTs adhering to the surface of the 3D GCF were obtained. This
rationally designed 3D structure exhibited a shortened ion
diffusion path and promoted ion migration. The gas phase of
the chemical precursor in the CVD process guarantees uniform
dispersion or deposition of active materials. Although the CVD
induced product maintains enhanced K’ kinetics, buffered
volume change and improved cycling stability, the high cost
and strict requirement of CVD equipment still significantly
hinder its large-scale application. Notably, the combustible gas
detection devices are indispensable during the anode prepara-
tion to avoid possible explosion. Besides, typical synthesis
processes of KIB anodes are organized in Table 1.

3. Potassium storage chemistry
3.1 Alloying-type anode

For the alloying-type anode, the electrochemical alloying
process is typically exhibited as M + xK* + xe~ — MK,, where M
is an alloying element and x is the stoichiometric coefficient for
the chemical formula. Generally, a single atom can react with
several K atoms, thereby leading to a substantially high specific
capacity.”*"* Among the alloying elements, Sb has attracted
considerable attention because of its low working potential and
high theoretical capacity (660 mA h g™ ') induced by the
formation of K;Sb. Qian et al. successfully constructed a hier-
archically porous alloying-type Sb on MXene paper.” The Sb
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active material has a microscale flower-like Sb particle consist-
ing of a large number of nanoscale particles and several voids/
vacancies among various NPs (Fig. 9a). Owing to the synergistic
effect between the hierarchical porosity of Sb and the high
conductivity of MXene, the proposed MXene@Sb significantly
enhanced the K storage capability. Specifically, compared to the
rapid decay and poor cycling stability of bulk Sb, optimized
MXene@Sb anodes maintained an ultrahigh capacity retention
of 94.32% over 100 cycles (Fig. 9b). Antimony nanocrystal-
embedded ultrathin carbon nanosheet (Sb/CNS) composites
were also prepared by Han et al. during which SbCl; was mixed
with ferrocene before being sealed together with hexane in an
autoclave (Fig. 9¢).** After heat-treatment at 330 °C for 10 h, Sb/
CNSs were collected, and Sb nanocrystals (approximately 14.0
nm) were uniformly embedded in amorphous CNSs with a layer
thickness of approximately 18.6 nm. However, without hexane
addition, only a bulk Sb/C composite was achieved, which
exhibited a much lower performance (100 mA h g™ " after 100
cycles) than that of Sb/CNS (247 mA h g~ over 600 cycles). This
emphasizes the importance of morphological control for the
electrochemical performance of Sb-based KIB anodes. Similarly,
Ju et al. reported a Sb@PC composite, wherein Sb NPs were
homogenously embedded into a 3D porous carbon (Fig. 9d).*” A
mixture of SbCl;, ethanol, and sodium polyacrylate was
prepared under continuous stirring and then dried and
carbonized at 600 °C in an Ar atmosphere. After thorough
washing, the NaCl was removed, leaving the final Sb@PC.
Owing to the unique structure, the intense volume expansion of
the inner Sb alloying was inhibited, providing good K storage
capability (250 mA h g~' at 100 mA g~ "). Graphene was further
applied in the enhancement of alloy-type Sb by Kim et al.,
during which the prepared droplet containing Sb-tartrate and
GO was dried and pyrolyzed into Sb—-C-rGO spheres.* During
the K storage process (Fig. 9¢), the graphene-enhanced Sb-C
composite maintained an optimized rate performance,
providing reversible capacities of 388-195 mA h g * at current
densities ranging from 0.2-1.5 A g~ (Fig. 9f). Furthermore, Han
and coworkers designed a 3D carbon network that could
confine Sb NPs effectively.” After stirring a transparent solution
of the polyvinylpyrrolidone, SbCl;, and NaCl template for
30 min, the mixture was freeze-dried and heat-treated, thereby
realizing the formation of 3D SbNPs@C composites (Fig. 9g),
which combined the merits of the 3D structure and the high
capacity of the Sb anode and provided a high reversible capacity
of 225 mA h g~* at 1000 mA g ' over 50 cycles. To further
enhance the integrity of the Sb-based KIB anode, Wang and
coworkers also proposed an extremely stable Sb-C composite,
wherein PAN was applied as the carbon matrix with uniformly
embedded Sb NPs with an average size of 14 nm (Fig. 9h).”* In
the charge-discharge behavior of Sb@CSN (Fig. 9i), two prom-
inent discharge voltage plateaus at 0.78 V and 0.23 V were
observed, which were related to the potassiation reaction of Sb
to KSb,/KSb and K;Sb,/K;Sb, respectively, while the two charge
platforms at 0.64 V and 1.12 V were attributed to the extraction
of K from K;Sb to Sb.** This work proposed an effective way to
buffer the volume change of Sb and simultaneously investigated
the K alloying process.
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Table 1 Synthesis processes of typical KIB anodes
Typical KIB anodes Synthesis strategies Main precursors Synthesis conditions Ref.
SnO, nanosheets Hydrothermal treatment NaOH; SnCl,; water 200 °C for 24 h 3
Graphitic carbon Hydrothermal treatment Epoxy resin; water 500 °C for 10 h 30
nanospring
MoO, hollow sphere Hydrothermal treatment Ammonium 180 °C for 15 h 48
heptamolybdate; ascorbic
acid; GO dispersion
Sulfur-rich (NH,),M03S13 Hydrothermal treatment Sodium molybdate; 160 °C for 24 h 63
thioacetamide; water
ZnSe/C nanocage Hydrothermal treatment Zinc nitrate hexahydrate; 2- 140°Cfor1 h 82
methylimidazole; methanol
Phosphorus/carbon Mechanical milling Red phosphorus; graphite 500 rpm for 48 h 34
composite powder
Sb-graphite composites Mechanical milling Graphite; Sb power 450 rpm for 24 h 83
Activated red P/carbon Mechanical milling Red phosphorus; multi-wall 300 rpm for 12 h 95
carbon nanotubes; Ketjen
black
Mosaic RP/MoS, hybrid Mechanical milling Commercial red 500 rpm for 24 h 106
phosphorus, bulk MoS,
powder
Ti;C, MXene nanoribbons Chemical etching process Ti3AIC, powder; HF solution HF etching for 72 h; KOH 9
(40%); 6 M KOH etching for 72 h
Bicontinuous and Chemical etching process SiOC ceramic spheres; High temperature (800 °C) 68
nanoporous carbon spheres molten KOH etching for 2 h
Defect-rich graphitic Chemical etching process EDTA nickel coordination 120 °C for 24 h; cold water 85
nanocarbons compound; sodium reflux
chloride; nickel chloride;
HCI solution
Silicon carbide-derived Chemical etching process Cubic silicon carbide; Chlorine etching; 900 °C for 102
carbon chlorine gas 2h
Nitrogen-doped carbon Facile annealing Polypyrrole fibre 650 °C for 2 h; N, 55
nanofibers atmosphere
Zn nanoparticles confined in Facile annealing Zeolitic imidazolate 600 °C for 3 h; N, flow 84
carbon network framework-8
Chitin based carbon fibre Facile annealing Bio-waste chitin 700 °C for 2 h; Ar 65
atmosphere
SnP, ¢, nanoplate/GO Co-precipitation SnP, ¢, powder; GO Dropwise mixing; 4
suspension; chitosan continuous stirring
solution
FeMoSe,@N-doped carbon Co-precipitation Ferric chloride; molybdic 180 °C; existence of 50
acid; oleylamine; oleic acid; generated H,Se
Se powder
3D porous Sb-Co Co-precipitation Antimony trichloride; cobalt pH = 12; dropwise adding; 89
nanocomposites chloride; sodium citrate continuous stirring
Nano Sb confined in N- Electrospinning Antimony trichloride; Flow rate 10 uL min™; 2
doped carbon fibers polyacrylonitrile voltage 10 kv
CuO/Cu-nitrogen-doped Electrospinning Polyacrylonitrile; N,N- Flow rate 0.3 mm min™ % 46
carbon microfibers dimethylformamide; copper voltage 16 kv
acetate monohydrate
CoTe,~C composite Spray drying TeO,; cobalt nitrate; sucrose 550 °C; H,/Ar carrier gas; 64
microspheres flow rate 5 L min™"
3D ultrathin nitrogen doped Spray drying Sodium chloride; Air atmosphere; 150 °C 81
carbon nanosheets ammonium citrate tribasic
Activated crumpled Spray drying Graphene oxide; deionized 100 °C; Ar carrier gas; flow 99
graphene water rate 10 L min™*
SnO, nanoparticles on 3D Electrodeposition 0.04 M SnSOy; 0.5 M H,SO, Current density 0.8 16
carbon foam mA cm™%; deposition time 5
h
Red P@activated carbon Chemical vapor deposition Red phosphorus; activated 550 °C for 3 h; 260 °C for 24 h 119
composite carbon
Multiwalled hierarchical Chemical vapor deposition Ferrocene; 1,2- 880 °C; Ar (2000 mL min’l); 125
carbon nanotube dichlorobenzene H, (300 mL min™")
CNT-modified graphitic Chemical vapor deposition Nickel foam; nickel nitrate; C,H,/H,/Ar (50/50/200 129

carbon foam
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Fig.9 Potassium storage chemistry and applications of Sb-based alloying-type anodes. (a) High-magnification SEM image of MXene@Sb anode,
and (b) cycling performances of MXene@Sb and bulk Sb. Reproduced with permission.” Copyright 2019, The Royal Society of Chemistry. (c)
Schematic illustration of the solvothermal reaction and structural morphology of the Sb/CNS composite. Reproduced with permission.?
Copyright 2018, Elsevier. (d) Morphology of the Sb@PC anode. Reproduced with permission.#” Copyright 2018, Elsevier. (e) Electrochemical
behavior of the Sb—C-rGO anode, and (f) its rate performance. Reproduced with permission.®® Copyright 2019, American Chemical Society. (g)
Schematic illustration of the potassium storage behavior of 3D SbNPs@C. Reproduced with permission.”® Copyright 2018, The Royal Society of
Chemistry. (h) TEM image and Sb mapping of an individual Sb@CSN sphere, and (i) typical second charge/discharge profile at 50 mA g™,
Reproduced with permission.*®* Copyright 2019, The Royal Society of Chemistry.

Tin could also form a reversible alloy with potassium and
exhibit desirable specific capacity. Huang et al reported 3D
hierarchically porous carbon/Sn composites (HPCS) for KIB
anodes using in situ generated NaCl crystals as templates.”
Specifically, stannic chloride pentahydrate, as the Sn source, and
PANNa, as the carbon and template source, were mixed together,
forming a white solution, which was subjected to freeze-drying
and heat treatment. After facile template removal, 3D-HPCS
were collected and evaluated at 50 mA g~ ', revealing a high
reversible capacity of 276.4 mA h g~ " after 100 cycles (Fig. 10a).
The good performance was attributed to the unique microstruc-
ture with uniformly anchored Sn NPs on the ultrathin carbon
wall-constructed network. To further pursue practical KIB with
high energy density and long cycle life, Zhuang et al. proposed
Sn-based submicron particles encapsulated in a porous rGO
network as a KIB anode.** Owing to the electronegativity of
functional groups such as hydroxyl and carboxyl, a highly
uniform distribution of Sn NPs between the graphene layers was
obtained (Fig. 10b), leading to a high K storage capacity
(200 mA h g™') after 50 cycles and an excellent rate capability
(67.1 mAh g~ " at 2000 mA g~ ) (Fig. 10c). Notably, Sn@RGO with
an enlarged interlayer space and wrinkled morphology was
favorable for buffer volume change and ensured electrode
integrity. As the KIB performance of pure Sn is relatively unsat-
isfactory due to inevitable mechanical degradation, Glushenkov's
group designed a Sn-C composite by incorporating 30 wt%
graphite with 70 wt% Sn.>® This ensured the stability and integrity
of Sn-based anodes with active materials deeply embedded in
a C-based matrix, as shown in the overlay of the energy-filtered
elemental maps of C (yellow) and Sn (blue) (Fig. 10d).

© 2021 The Author(s). Published by the Royal Society of Chemistry

Zhang and coworkers investigated the potassium storage
behavior and identified continuous surface potassiation with
K;Bi formed in the first discharge and reversible stepwise K;Bi-
K;3Bi,-KBi,-Bi dealloying-alloying behavior in subsequent
cycles (Fig. 10e).° To realize the fast kinetics and tolerance of its
volume change, 3D Bi porous networks were developed by Lei's
group.”® When a full KIB was fabricated in the configuration of
Bi//dimethoxyethane (DME)-based electrolyte//
hexacyanometallate (K, ,,Fe[Fe(CN)y]) (Fig. 10f), a high
discharge capacity (54.5 mA h g~') and impressive cycling
retention (86.5%) after 350 cycles, corresponding to a capacity
decay of 0.039% per cycle, was observed. To address the
pulverization of Bi-based active materials, Yu et al. reported
a robust hierarchical structure with Bi NPs dispersed in 3D
macroporous graphene framework (Bi@3DGF) via facile the
heat treatment of filtered 3D graphene and triphenylbismuth.*”
The conductive 3DGFs successfully introduced a defined buffer
space for expanded Bi without destroying the electrode integrity
and structural continuity, leading to slight polarization and low
over-potentials during the charge/discharge process with
voltage platforms evidently distinguished (Fig. 10g). Besides,
a novel Bi nanorod was prepared by Ma et al. and fabricated as
the core with amorphous carbon as the shell (Bi@C)."*® Notably,
the diameter of the Bi core and the thickness of the carbon shell
were both approximately 20 nm (Fig. 10h), which demonstrated
a desirable storage capacity of more than 360 mA h g~ ' at
0.2 A g™, which surpassed that of the Bi/C composite (Fig. 10i).
The enhanced electrochemical performance could be ascribed
to the facilitated ion diffusion by appropriate pore size and
soothed mechanical stress by carbon coating in a rationally
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designed core-shell structure.'*® It was noteworthy that double-
shell-structured Bi boxes were another promising candidate as
KIB anode materials because of their sufficiently soothed stress
during the K storage process. Qiao et al. delicately designed an
optimized carbon-coated double-shell Bi hollow box, denoted as
C@DSBC, through the modified sulfidation of ZIF-8 cubes (ca.
500 nm) followed by carbon coating and calcination (Fig. 10j).**
With uniform N-doped carbon coating, the C@DSBC-based
anode showed a reliable reversible capacity (300 mA h g™ %),
which was apparently higher than that of the unmodified Bi
anode (65 mA h g~ '). Moreover, Bi nanorods encapsulated in
hollow N-doped CNTs were also explored, and they exhibited an
impressive capacity retention (88%) after 1000 cycles, as well as
excellent rate capability (297 mA h g ' at 20C, 94% of the
capacity at 1C) (Fig. 10k).”* The conductivity and structural
integrity of Bi nanorods could also be effectively mitigated in
the robust N, S co-doped carbon matrix (Bi/NS-C), as reported
by Jiao and his coworkers.’** As expected, after 1000 cycles, an
outstanding cycling stability (91% capacity retention at 5 A g~ )
was achieved. In addition, high rate capabilities could also be
obtained, illustrating reversible capacities of 338 mA h g~ " and
289 mA h g " at 0.5 and 6 A g, respectively.’®® The rationally
fabricated Bi-C composite significantly integrated the advan-
tages of the N, S co-modified carbon framework, which

7634 | Chem. Sci, 2021, 12, 7623-7655

functioned as a conductive network and tough mitigation of
severe volume change, and a unique Bi rod-like structure with
enhanced reaction kinetics, which accommodated large strains
(Fig. 101).

Phosphorus has been regarded as a promising alloying-type
anode owing to its resource abundance, good diffusion kinetics,
and desirable potassium storage ability with an impressive
theoretical capacity of 843 mA h g~ through the formation of
KP.*> A hollow carbon with an ultrathin shell was prepared by
Chen et al to accommodate phosphorus active materials
(75 wt% loading), resulting in the formation of a P@HC yolk/
shell composite.*** Calcium carbonates were selected as the
template for the synthesis of hollow carbon. After the facile
template removal using HCI, hollow carbon could be collected
with a wall thickness of approximately 5 nm, which was then
mixed and heat-treated with phosphorus powder to form
a perfect yolk-shell structure (Fig. 11a). When applied in KIBs,
P@HC electrodes could provide a high reversible capacity of
841 mA h g™, with an excellent rate capability (249 mA h g~ " at
5Ag ", 29% of the capacity at 0.05 A g~ ') (Fig. 11b). To promote
the potassiation of phosphorus, Xu et al. successfully incorpo-
rated RP in interconnected CNSs through delicate vaporization
and condensation (Fig. 11c), thereby realizing a superior elec-
trochemical performance with a high reversible capacity of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Potassium storage chemistry and applications of phosphorus-based alloying-type anodes. (a) TEM image of P@QHC (75 wt% P content)
and (b) its charge/discharge curves at various current densities. Reproduced with permission.*** Copyright 2020, The Royal Society of Chemistry.
(c) Schematic illustration of the synthesis process for RP@CN composite, and (d) its calculated formation energy. Reproduced with permission.*4®
Copyright 2018, Wiley. (e) Schematic illustration of the potassiation/depotassiation process of hollow carbon fibers coated with RP, and
nanostructured RP confined in the N-PHCNF matrix, and their potassium storage performance. Reproduced with permission.*¢ Copyright 2019,
American Chemical Society. (f) SEM and line scanning of P@TBMC and (g) its electrochemical performance. Reproduced with permission.**?
Copyright 2018, Elsevier. (h) Rate capability for the black phosphorus/carbon electrodes. Reproduced with permission.®? Copyright 2017, The

Royal Society of Chemistry.

655 mA h g~' at 100 mA g~ '.** To investigate the potassium
storage behavior of RP, density-functional theory (DFT) calcu-
lations were conducted, as depicted in Fig. 11d, revealing that
the KP phase with the lowest formation energy (—0.421 eV) was
the most thermodynamically stable form. Notably, Yu et al.
proposed a rationally designed strategy to boost the KIB prop-
erty by encapsulating phosphorus in N-modified hollow CNFs
through KOH activation and phosphorus condensation.**
Compared with products without KOH activation, the as-
optimized sample with a large surface area and high pore
volume could effectively accommodate the large volume
expansion and possess superior phosphorus stability (Fig. 11e),
resulting in a significant enhancement in the potassium storage
capability. Aiming to address the intrinsic insulating property
and severe volume change of phosphorus-based active mate-
rials, Qu and coworkers successfully confined phosphorus in
CNT-backboned mesoporous carbon (TBMC).**> To prepare
TBMC, tetraethyl orthosilicate was first coated on commercial
CNTs before they were wrapped with resorcinol-formaldehyde.
After intensive etching of SiO,, purified phosphorus was
condensed in the collected TBMC in a sealed tube at 600 °C,
forming P/TBMC (Fig. 11f). When charged/discharged at
0.5 A g ', it delivered a depotassiation capacity of 244 mAh g™ *,
even after 200 cycles in the KIB (Fig. 11g), implying the bene-
ficial effect of microstructural optimization of the carbon host
on the enhancement of the P-C anode. Black phosphorus could
also be utilized as the main active component in KIBs, based on
the research of Glushenkov and coworkers.®* Typically, black
phosphorus obtained from the intensive milling of RP for 25 h
in Ar could be incorporated with graphite under the same

© 2021 The Author(s). Published by the Royal Society of Chemistry

conditions. As shown in Fig. 11h, a reasonable rate capability
with an original capacity above 400 mA h g ' and a final
capacity of 120 mA h g™ ' at 500 mA g~ ' was attained. Thus,
through the formation of the KP alloy, phosphorus-based
anodes could deliver a remarkably high reversible capacity,
while a trade-off between the capacity and the content of
phosphorus should be carefully made in the composites
because of the severe volumetric change during charging and
discharging. The detailed comparison of typical alloying-type
anodes in potassium ion batteries is provided in Table 2.

3.2 Conversion-type anode

Conversion active materials have been considered as potential
anodes for alkali-ion batteries because of their desirable
potassium storage capability and redox reversibility. The
general conversion reaction process is given as follows: T,A, +
(2K — xT + YK A, wherein T represents the transition metal, A
is the anion, and z is the oxidation state of A.**® To date, various
investigations have been carried out to promote their wide
application. For example, Qiu et al. designed a type of FeP/C
composite and calculated the K-ion adsorption energy accord-
ing to the potassium diffusion pathway.'® Notably, it was
unveiled that the K-FeP adsorption interaction was more pref-
erable than that of Na-FeP because potassium had more elec-
trons and a larger radius than sodium. Owing to the fast
potassium diffusion rate in FeP, the as-designed FeP/C
composite delivered a reversible capacity of 288.9 mA h g~ * at
a discharge rate of 50 mA g~ (Fig. 12a), suggesting its potential
as a KIB anode material.’* Additionally, CoS quantum dot
nanoclusters were prepared and anchored on the surface of

Chem. Sci., 2021, 12, 7623-7655 | 7635
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Table 2 Summary of various alloying-type anodes in potassium ion batteries

Electrode materials ICE Capacity Current density Cut voltage Retention Ref.
MXene@Sb ~45% 4751 mAh cm™? 50 mA g " 0.01-1.2 V 79%/500 cycles 7
3D Bi porous network 80.2% 496 mAhg* 200 mA g ! 0.1-1.5V 86.9%/300 cycles 26
Sb/CNS 48% 2882 mAhg™! 50mAg " 0.01-2.5 V 90%/600 cycles 32
BP-C 60% 270 mAhg! 50 mAg ' 0.01-2.0 V 61%/50 cycles 62
3D SbNPs@C hybrid ~70% 488 mAhg! 200 mA g ! 0.01-2.0 V 96%/15 cycles 78
3D C/Sn network 45.3% 276.4mAhg! 50 mA g ' 0.01-3.0 V ~75%/100 cycles 13
Sb-C-rGO 46% 310mAhg’ 500 mA g " 0.001-1.5 V 79%/100 cycles 69
3D Sh@PC 46.2% 596.8 mAhg! 100 mA g™ " 0.001-2.5 V ~53%/200 cycles 47
Sb@CSs 61% 551mAhg’ 100 mA g~ ! 0.01-2.0 V 80.5%/200 cycles 101
Sn@RGO 49.8% 200mAhg* 100 mA g™ " 0.01-3.00 V 66.7%/50 cycles 36
Sn-C ~50% ~150 mAhg™* 25mAg " 0.01-2.0 V 73.3%/30 cycles 53
Bi microparticle 83% 404mAhg? 400 mA g’ 0.1-1.5V 97%/100 cycles 66
Bi@3DGF 51.1% 173mAhg! 200 mA g ! 0.2-1.8V 75%/50 cycles 97
Bi@C nanorod 68.2% 425mAhg? 200 mA g ! 0.01-3.0 V 93.5%/60 cycles 110
C@DSBC 52% 351mAhg"’ 0.05C 0.01-1.5V 74%/200 cycles 117
Bi@N-CT ~70% 316mAhg™! 385 mA g’ 0.01-1.5V 88%/1000 cycles 122
Bi@NS-C 65% 338mAhg™’ 500 mA g " 0.1-1.5V 91%/1000 cycles 130
Yolk/shell P@HC 67% 841mAhg! 50 mA g ' 0.01-3.0 V ~92%]/40 cycles 141
Red P@CN 59% 655 mAh g™’ 100 mA g~ ! 0.01-2.0 V ~60%/40 cycles 145
Red P@N-PHCNFs ~35% 700 mAhg™* 100 mA g™ " 0.01-2.0 V 84%/200 cycles 146

graphene (CoS@G) by Guo et al. for further application in
KIBs.”” The cooperation of CoS nanoclusters and graphene
sheets (Fig. 12b) endowed the KIB anode material with a suit-
able surface area, good conductive network, reliable structural
integrity, and impressive electrochemical potassium storage
properties. Furthermore, to explore the potassium storage
performance of metal oxide electrodes, Rahman and coworkers

proposed Coz0,4/Fe,O; hybrid NPs embedded in a super P
carbon matrix (Fig. 12c)." When tested in a KIB, it delivered
a reversible capacity of 220 mA h g " at 50 mA g~ *, which could
be ascribed to the sequential volume expansion and contraction
during the cycling process. It has been generally accepted that
TMSs are promising anodes for KIBs because of their high
capacity and abundance. their
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Fig. 12 Potassium storage chemistry and applications of conversion-type anodes. (a) Diffusion pathway of the K* ions in the FeP structure, and
its corresponding potassium storage performance. Reproduced with permission.*® Copyright 2019, American Chemical Society. (b) SEM image of
CoS@G. Reproduced with permission.®” Copyright 2017, Wiley. (c) Surface morphology of the conversion-type CozO4—Fe,O= electrodes.
Reproduced with permission.** Copyright 2017, The Royal Society of Chemistry. (d) TEM of the synthesized Cu,S and Cu,S@NC, and (e) the long
cycling performance of Cu,S@NC. Reproduced with permission.” Copyright 2020, American Chemical Society. (f) SEM mapping character-
ization and (g) discharge and charge performances of the Mn—Fe—-Se/CNT composite. Reproduced with permission.®* Copyright 2019, Elsevier.
(h) SEM of the flower-like VPO, anode material. Reproduced with permission.**®> Copyright 2019, The Royal Society of Chemistry.
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implementation is hindered by their unsatisfactory stability and
rate performance. To address the aforementioned bottlenecks,
Yu's group successfully designed a uniform N-doped carbon-
coated Cu,S hollow nanocube (Cu,S@NC). As shown in
Fig. 12d, the cubic Cu,S maintained a 15 nm-thick shell and
50 nm cubic cavity, and the diameter of the Cu,S@NC after PDA
coating could be increased to 110 nm with a 16 nm-thick shell.
Owing to the increased surface and enhanced electrical
conductivity induced by the mono-dispersed nanotube struc-
ture and surface-coated N-doped carbon layer, the Cu,S@NC
KIB anodes exhibited an outstanding cycle performance
(317 mA h g™ " after 1200 cycles at 1 A g~ ') and excellent rate
capacity (257 mA h g " at 6 A g™ ') (Fig. 12e).”® Additionally, by
adhering interlaced CNTs with spherical MnSe/FeSe,, suitable
KIB anode materials (Mn-Fe-Se/CNT) with uniform Mn, Fe, and
Se distributions (Fig. 12f) could be formed, exhibiting an
increased reversible charge capacity (351 mA h g ') compared
to that of bare bulk MnSe/FeSe, (21 mA h g™ ') (Fig. 12g). This
implies that the synergistic effect between the interlaced CNTs
with high conductivity and the porous Mn-Fe-Se with sufficient
buffer space can effectively optimize the potassium storage
potential in the Mn-Fe-Se system. Inspired by the high theo-
retical specific capacity (550 mA h g ') of VPO, for lithium and
sodium storage, Chen et al. further exploited carbon-coated
flower-like VPO, as the anode in KIBs (Fig. 12h)."*® Based on
a conversion reaction mechanism (VPO, + 3K' + 3¢~ — V +
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K;PO,), a desirably high specific capacity of 400 mA h g~ " was
obtained. This work proves that such a rationally designed
electrode is promising for potassium storage because of its
unique architecture with a highly conductive carbon coating
layer.

3.3 Intercalation-type compound

Because spinel-lithium titanate and sodium-titanate
compounds have been explored as intercalation anodes for
LIBs and sodium-ion batteries (SIBs),'**'** it is reasonable to
develop the analogs of these compounds as an intercalation-
type in KIBs. To date, most of the non-carbonaceous,
intercalation-type anodes reported for KIBs are Ti-based mate-
rials. For instance, M-KTO with suitable interlayer spacing for
potassium insertion has been proposed as a typical
intercalation-type anode; its potassium storage mechanism is
given as follows: K,Ti ;O + 2K" + 2¢~ — K,Ti40q, during which
two Ti** ions are reduced and accompanied by the insertion of
potassium ions. In order to promote the intercalation of
potassium titanate, an ultrathin nanoribbon-structured M-KTO
was delicately prepared by Bao and coworkers via the simulta-
neous oxidation and alkalization of Ti;C, MXene derived from
HF-etched Ti;AIC, in a mixed solution of H,O, and KOH.* As
illustrated in Fig. 13a, the obtained M-KTO maintained a suit-
able interlayer spacing (0.93 nm), ultrathin thickness (<11 nm),
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and (b) its rate performance. Reproduced with permission.** Copyright 2017, American Chemical Society. (c) Crystal structure of the M-KTO
anode. Reproduced with permission.®> Copyright 2016, The Electrochemical Society. (d) Electron localization functions of Ti,CO, with two K
layers. Reproduced with permission.** Copyright 2014, American Chemical Society. (e) Microstructure and projection of the K,TigO17 structure
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tubular TiO,-carbon MTs. Reproduced with permission.**® Copyright 2019, Elsevier. (i) XPS spectra of the K,TigO13 electrode at full potassiation
(0.01 V) and depotassiation (3.0 V) states, and its corresponding potassium storage performance at various current densities. Reproduced with
permission.**® Copyright 2019, Elsevier. (j) Illustration of PDDA-modified N-rich porous CNS/TizC, hybrids. Reproduced with permission.*?
Copyright 2020, The Royal Society of Chemistry.

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci,, 2021, 12, 7623-7655 | 7637


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06894b

Open Access Article. Published on 11 maggio 2021. Downloaded on 21/08/2025 20:22:28.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

and narrow nanoribbon width (<60 nm), which induced
a superior specific capacity of 151 mA h g~ at 50 mA ¢~ and
88 mA h g~ " at a high rate of 300 mA g~ ' (Fig. 13b). In addition,
Brij et al. proposed a layered M-KTO with a monoclinic structure
consisting of zig-zag ribbons of TiOs octahedra; it maintained
a suitable interlayer gap to accommodate K ions through the
facile grinding of a mixture of K,CO; and TiO, (Fig. 13¢).>® To
further promote the experimental and theoretical research of K-
ions in MXene, first-principles simulations were combined with
select experimental measurements to elucidate their storage
behavior.** As exhibited in the electron localization functions of
the (110) section for potassium (Fig. 13d), the electrons were
relatively localized, which might be due to electron transfer
from spherical s orbitals to the more localized nonspherical p or
d orbitals. Consistent with theoretical calculations, it was veri-
fied that K" ions are embeddable in a terminated Ti,C, NS.*
Notably, a unique K,TigO,; crystal was also successfully fabri-
cated and evaluated as an anode active material in KIB by Han's
group. Compared with the large-sized bulk K,TigO;, prepared
through a solid-state method, the novel K,TigO;; obtained
through hydrothermal treatment and post-sintering possessed
a nanorod-formed canthosphere-like morphology (Fig. 13e). In
addition, by taking advantage of large interstitial spaces and
open channels for K ion transport provided by the edge- and
corner-sharing TiOs octahedrons, the novel K,TigO;; anode
delivered a specific discharge capacity of 110.7 mA h g~ after 50
cycles. This study may provide valuable inspiration for the
exploration of novel intercalation-type anodes. Similarly, by the
hydrothermal treatment of TiO,, KH,PO,, and H3;PO,, Xu's
group reported a novel nanocubic KTi,(PO,); anode (Fig. 13f).
With a 10 nm-thick carbon coating and suitable interlayer
distance of 0.367 nm, the KTi,(PO,);/C composites possessed
a favorable host structure for its K-storage reaction.®® In addi-
tion, KTiOPO, (KTP) with an inorganic-open-framework anode
was reported by Sun's group.®® In contrast to the sole Ti-O-P
linkage in KTi,(PO,)s, one-third of the Ti-O-P linkages in the
KTP structure was substituted by the weaker Ti-O-Ti, which
could lead to a lower redox potential (Fig. 13g); it not only
elevated the full cell voltage but also sufficiently prevented the
catastrophic K-dendrite formation.*® Hierarchical HeTiO,eC
microtubes (MTs) composed of heterostructured TiO,eC NSs
had also been proposed, illustrating a microtubular structure
with a diameter of ca. 2.0 pm and shell thickness of approxi-
mately 400 nm (Fig. 13h). This rationally designed structure is
highly beneficial for stress buffer and electrolyte diffusion
during the potassium storage process. Through a similar
synthesis procedure, Jiao et al. obtained nanorod-like K,TisO3
anode materials. In the X-ray photoelectron spectroscopy (XPS)
characterization of the electrodes, the Ti** content was 17.80%
at 0.01 V, while the peaks (P5 and P6) for the Ti 2p spectrum
could be evidently assigned to Ti*". The partial reversible redox
reaction of Ti**/Ti** contributed to various acceptable reversible
capacities, i.e., 95.7, 83, and 53.6 mA h g’1 at 0.01, 0.05, and
0.1 A g, respectively (Fig. 13i).** Moreover, self-assembled
Ti3C, MXene and N-rich porous carbon hybrids (PDDA-NPCN/
Ti3C,) were reported and further applied as active materials for
potassium storage (Fig. 13j).”® Owing to the electrostatic

7638 | Chem. Sci., 2021, 12, 7623-7655

View Article Online

Review

attraction-induced self-assembly, the coupled hybrids main-
tained a stacked structure and abundant accessible active sites,
which was beneficial for potassium storage.

3.4 Compound anodes with multiple potassium storage
behaviors

In recent years, following the development of research,
a growing number of anodes with mixed potassium storage
behaviors have been reported. For example, there is a conver-
sion-alloying reaction for SnO, (SnO, + 4K' + 4e~ — 2Sn +
2K,0; 23Sn + 4K' + 4e” — 2K,Sny;);* the CuSe anode
undergoes a conversion-decomposition process (CuSe + 2K" +
2e” — Cu + K,Se; K,Se + 2e~ — 2K + Se);* and intercalation-
conversion reactions are identifiable from the potassiation of
the VsSg anode (VsSg + K" + e~ — KV;Sg; 3KV;5Sg + 13K + 13e~
— 8K,S; + 15 V).** In this section, mixed potassium storage
behaviors are systematically organized and summarized. For
instance, Hou et al. rationally anchored SnO, on the surface of
carbon foam (denoted as SnO,@CF) and applied it as a free-
standing anode. Featuring a 3D conductive carbon frame and
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Fig. 14 Potassium storage chemistry and applications of anodes with
a conversion-alloy mechanism. (a) SEM images and elemental
mapping of SnO,@CF with the photograph of the freestanding
SnO,@CF inserted. Reproduced with permission.** Copyright 2020,
The Royal Society of Chemistry. (b) Schematic illustration of the 3D
SnO,@C and (c) its corresponding rate performance. Reproduced with
permission.** Copyright 2019, Elsevier. (d) SEM of the SnO electrode
before and after cycling without cracks recognized. Reproduced with
permission.®® Copyright 2018, American Chemical Society. (e)
Morphology of SnO,—-G-C nanofibers and (f) its electrical conductivity
measurement. Reproduced with permission.”® Copyright 2018,
Elsevier. (g) Morphology and (h) rate capabilities of the SnS,/graphene
nanocomposite. Reproduced with permission.®® Copyright 2019,
Elsevier. (i) lllustration of the synthesized SnS,@C@rGO as the anode in
a KIB. Reproduced with permission.’** Copyright 2019, Wiley. (j) SEM
and (k) schematic diagram of the crystal structure of the BiOCl anode
material. Reproduced with permission.*** Copyright 2019, The Royal
Society of Chemistry.
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SnO, active NPs (Fig. 14a), the as-obtained SnO,@CF with
uniform elemental distribution provided an excellent potas-
sium storage capacity, impressive cycling durability
(231.7 mA h g " after 400 cycles at 1 A g ') and reliable rate
properties (371.4, 307.6, 247.3, and 143.5 mA h g’1 at 0.5, 1, 2,
and 5 A g, respectively).'® To further promote the conductivity
and stability of SnO,-based active materials, Luo et al. encap-
sulated SnO, ultrafine NPs that were obtained by the selective
etching of the copper from CueSns by citric acid-based 3D
porous carbon (SnO,@C) (Fig. 14b).** With the assistance of
a NaCl template, the obtained SnO,@C composite possessed an
abundant buffer space, and the volume change during the
conversion-alloying reaction could be sufficiently accommo-
dated, leading to a high reversible capacity (270.3 mA h g~ " after
200 cycles) and excellent rate performance (144.6 mA h g™" at
2 A g~ ") (Fig. 14c). The SnO electrode material also possesses
a high reaction activity.® The electrode disintegration induced
by the significant volume change rapidly deteriorated the
comparative Sn electrode, while the SnO electrode exhibited
a durable performance (80% retention after 30 cycles) without
cracking nor peeling off (Fig. 14d). In this work, the SnO-based
electrode exhibited beneficial self-suppressed properties and
improved potential for potassium storage. The addition of
graphene could effectively improve the conductivity of Sn-based
anodes, according to Zhang's report.”* Specifically, GO in
dimethylformamide (DMF) was mixed with a solution contain-
ing SnCl,, polyacrylonitrile, and polymethyl methacrylate. After
electrospinning and calcination in a furnace, the graphene-
promoted SnO,-G-C composite was obtained (Fig. 14e) and
was established to exhibit enhanced electrical conductivity
(Fig. 14f). With the assistance of thioacetamide, a structurally
engineered novel SnS,/graphene composite was developed by
Wan's group.” The obtained SnS,/graphene with a sheet-
stacking porous architecture (Fig. 14g) could effectively buffer
the mechanical stress of small SnS, NPs with sizes less than
5 nm, which induced a high reversible capacity (610 mAh g™ )
and excellent rate capability (approximately 290 mA h g™ * at
2 A g ") (Fig. 14h). In this work, the rational size-confinement
strategy was systematically investigated to provide sufficient
reactive sites and facilitate ion and electron transfer during the
cycling process. Another SnS,-graphene composite with a self-
generated carbon network inside and a GO layer outside was
also synthesized via the sulfuration of Sn@C particles
(Fig. 14i)."* Owing to the synergistic effect of the inner carbon
as a fast electronic conductor and the graphene shell as an
effective inhibitor of the growth of SnS,, a high reversible
capacity of 499.4 mA h g~* (0.05 A g~ ") and good cycling dura-
bility (298.1 mA h g after 500 cycles at 0.5 A g ') could be
achieved. This work further strengthened the understanding of
SnS,-based anodes in KIBs. With desirable potassium storage
potential, bismuth oxyhalides consisting of square-shaped
nanoflakes with apparent corners, smooth surfaces, and thick-
nesses of 35-40 nm were investigated by Lei and his coworkers
(Fig. 14j)."** In the visualization of the atomic arrangement in
Fig. 14k, the minimum unit in the (001) plane was square-
shaped (white lines). When tested in a KIB, the BiOCl nano-
flake assemblies demonstrated a desirable reversible capacity
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(367 mA h g "). This work could significantly expand the
exploration of bismuth-based compounds for KIBs.

Subtle structural engineering with a SnS,-based anode was
speculated to be an effective way to enhance electrode kinetics
and integrity. To validate this hypothesis, Xia et al. successfully
prepared few-layered SnS, NSs supported on rGO, and investi-
gated their electrochemical performance in KIBs (Fig. 15a),
wherein SnS, underwent sequential conversion (SnS, to Sn) and
alloying (Sn to K,Sn,3, KSn) reactions during K-ion storage.® As
rational hybridization enabled fast electron/ionic trans-
portation and effective accommodation for volume variation,
this anode possessed an excellent potassium storage reversible
capacity (448 mA h g™ '), and further verified the significant
effectiveness of structural modification. Additionally, nano-
crystalline SnS, was fabricated on the surface of graphene to
minimize the effects related to possible volume changes during
cycling (Fig. 15b). Apparently, the reversible capacities recorded
at various current densities were highly desirable, exhibiting
a high retention of 120 mA h g~ ' at 2 A g~'. Heteroatom-
modified carbon-supported SnS, NSs were also synthesized
using tetraphenyltin as the Sn source, as well as C and thiourea
as the N and S sources.*® The S-Sn-S layers in SnS, with a CdI,-
type structure were formed by strong Sn—S bonds and connected
by van der Waals forces (Fig. 15c). The detailed potassium
storage properties were also elucidated, exhibiting a high
reversible capacity (614.8 mA h g~') and long cycling stability
(70.9% over 200 cycles). In order to further promote the reli-
ability of Sb-based KIB anodes, Chen's group demonstrated
a robust self-supported anode by integrating Sb,S; NPs with S,
N-codoped graphene (Fig. 15d).”® As shown in Fig. 15e, there
were evident plateaus at 4.1-4.6 V for the cathode (KVPO,F-C)
and 0.3-0.8 V for the anode (Sb,S;-SNG), indicating that the
output voltage of the assembled full cell could be higher than
2 V. Besides, the potassium storage capacity was 548 mAh g™ ' at
20 mA g ', which originated from the suppressed volume
swelling and electrode affinity derived from the rational struc-
tural design.” Through peroxide-containing precursors
(SbOOH-GO), Lakshmi's group probed and investigated the
electrochemical reactivity of Sb,S;-rGO electrodes (Fig. 15f).”
When tested in a KIB cell, there was a high depotassiation
capacity (633 mA h g™ ') (Fig. 15g), and the reaction mechanism
of the Sb,S; with potassium was also analyzed via post-cycling
XRD and in situ transmission electron microscopy (TEM),
thereby unveiling the presence of antimony alloys, potassium
polysulphides, and a conversion-alloying reaction me