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Abstract

Potassium-ion batteries (PIBs) are considered as promising alternatives to lithium-ion batteries due to the
abundant potassium resources in the Earth’s crust. Establishing high-performance anode materials for PIBs is
essential to the development of PIBs. Recently, significant research effort has been devoted to developing novel
anode materials for PIBs. Alloy-based anode materials that undergo alloying reactions and feature combined
conversion and alloying reactions are attractive candidates due to their high theoretical capacities. In this review,
the current understanding of the mechanisms of alloy-based anode materials for PIBs is presented. The
modification strategies and recent research progress of alloy-based anodes and their composites for potassium
storage are summarized and discussed. The corresponding challenges and future perspectives of these materials
are also proposed.

Keywords: Potassium-ion batteries, mechanism, alloy-based anode materials

INTRODUCTION

With the rapidly growing demand for energy globally, unrenewable traditional fossil fuels, such as coal, oil
and gas, are facing depletion\. Clean and renewable energy resources, such as solar, wind and tidal energy,
are among the most abundant and promising available resources to take the place of fossil fuels in the
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future. It is necessary to combine electrical energy storage devices with these renewable energies.
Rechargeable lithium-ion batteries (LIBs) are high-energy electrical energy storage devices that have been
commercialized for around three decades. LIBs cannot only be used with natural clean renewable energies
but are also ubiquitous in our daily lives for powering electronics, including cell phones, electric cars and
laptops. However, their high-cost resources and the uneven distribution of lithium in the Earth’s crust make

it imperative to develop alternatives to LIBs with comparable performance!**?.

Potassium-ion batteries (PIBs) are possible alternatives to LIBs. Compared to lithium resources in the
Earth’s crust, potassium resources are significantly more abundant in the Earth’s crust at ~1.5 wt.%. The
price of potassium salts, such as K,CO,, is far less compared to Li,CO,. In addition to the lower cost of
potassium resources, inexpensive aluminum current collectors can be used together with PIBs to offer a
low-cost method based on economical salts"**?. In addition, potassium ions exhibit much weaker Lewis
acidity, which results in smaller solvated ions compared to lithium and sodium ions. Therefore, the ionic
conductivity of solvated K* is higher than that of lithium and sodium ions"*'"”. In addition, the lower energy
required to dissolve potassium ions also results in their fast diffusion kinetics.

Similar to LIBs and sodium-ion batteries (SIBs), the study of cathode materials for PIBs mainly includes
layered transition metal oxides, Prussian blue analogs (PBAs) and polyanionic compounds. Layered
transition metal oxides based on KMO, (x < 1, M = Co, Cr, Mn, Fe or Ni) deliver high capacity but face the
critical problems of multiple plateaus and large structural changes during potassium-ion
intercalation/deintercalation"*". The chemical formula of PBAs is represented as KM1[M2(CN),], H,O (o0
< x <2), where M1 and M2 represent various metals, such as Fe, Cr, Co and Ni***’. One advantage of PBAs
is their three-dimensional (3D) open frameworks that are available for large K* to diffuse. Another
advantage of PBAs in PIBs is their high average working potential of 3.5 V. Currently, the disadvantages of
PBAs are their low conductivity and bulk density"****. Polyanionic compounds also have 3D open channels
that are available for the fast diffusion of large K ions**””. The study of PIB cathode materials makes the
development of full-cell PIBs possible and promising.

The search for anode materials is also an important part of PIB research and development. Commercialized
graphite has been widely applied in LIBs; however, it is not an ideal anode candidate. Even though graphite
has a theoretical capacity of ~280 mAh g* from the formation of KC,***), the large radius of the potassium
ions results in sluggish diffusion kinetics and the formation of an unstable SEI. Therefore, graphite anodes
deliver limited experimental capacity and cycling life in PIBs. As a result, it is crucial to develop high-
performance anode materials with high specific capacity and long cycling life for practical application. In
the past five years, there has been a large volume of research regarding electrode materials for PIBs,
including metal-organic structure design®*" for electrodes and the modification of electrode surfaces"*.
However, there have been few review papers that focus on anode materials for PIBs, especially on high-
performance alloy-based anode materials, including their modification and mechanisms in PIBs"". In this
review, we comprehensively summarize the current understanding of alloy-based anode materials and their
composites for PIBs, as shown in Figure 1, including their mechanisms, modification strategies and recent
research progress for potassium storage. The challenges and future perspectives corresponding to these
materials are also presented.

Alloy-based elements can deliver high-capacity anode materials via the formation of potassium-rich
materials. For example, Bi has a high theoretical capacity of 385 mAh g PIBs. Sb has a high theoretical
capacity of 687 mAh g'. P has the highest theoretical capacity among alloy-based anodes in PIBs of
865 mAh g"'. Ge has a high theoretical capacity of 369 mAh g"' and Sn has a theoretical capacity of



Yang et al. Microstructures 2023;3:2023013 | https://dx.doi.org/10.20517/microstructures.2022.30 Page 3 of 27

Figure 1. Alloy-based anode materials for PIBs.

226 mAh g in PIBs. We calculated the theoretical volumetric and gravimetric capacities of P, Bi, Sb, Ge and
Sn, as shown in Figure 2. The volumetric capacities are calculated based on the density of the materials and
their theoretical weight capacities. Based on the calculation, the volumetric capacities of P, Bi, Sb, Ge and Sn
are 1574, 2753, 4597, 1964 and 1652 mAh cm”. While the study of alloy-based anode materials in LIBs and
SIBs has been extensive in recent years, the study of PIBs remains at the early stage. Therefore, high-
capacity alloy-based anodes are worthy of further study.

Potassium storage mechanism of alloy-based anode materials for PIBs

Potassium storage in anode materials for PIBs can be classified into three categories: intercalation, alloying
and conversion. The intercalation reaction results in a smaller volume change and higher reversible capacity
than the other potassium storage mechanisms. During the interaction reaction, potassium ions are inserted
into the anode material and form a new phase. This reaction usually takes place in materials with a layered
structure, such as graphite®** and K,Ti,O,. The alloy-based anode material SnS, undergoes an intercalation
reaction in the first step and conversion and alloying reactions in the following steps. The intercalation
reaction can be expressed as M,N, + aK* + ae- - K,M,N,. Typical intercalation reactions deliver high
reversible capacity because of the low volume change of the crystal during the electrochemical reaction. Due
to the large radius of the potassium ion, however, anode materials with an intercalation-type potassiation
process experience a larger volume change and have less reversible capacity in their performance in LIBs
and SIBs.

Compared to the intercalation reaction, alloying-reaction materials undergo a larger volume change and
have higher theoretical capacities. Alloying-type materials react with K to form the binary compound K M.
The reaction process can be expressed as aM + bK' + be” <> K,M,. In this reaction, M represents Sn, Bi, Sb, P
or Ge. These alloying-type materials can form binary metallic materials that undergo conversion-alloying
reactions, in which the compound decomposes and further alloys with potassium. For example, Sn,P,
undergoes the following reaction: $Sn,P, + 11K « 4KSn + 3K,P*. Similarly, Sb,Se, goes through the
following conversion-alloying reaction: Sb,Se, + 12K*+ 12¢" <> 3K,Sb + 2K,Se,"””.
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Figure 2. Theoretical and volumetric capacities of P, Bi, Sb, Ge and Sn.

These conversion-alloying type reactions can be expressed as M.N, + (xn + ym)K* + (xn + ym)e - xK,M +
yK,,N. Similarly, the metallic compounds that go through conversion-alloying type reactions also deliver
high theoretical capacities. For example, Sn P, delivers a high capacity of 585 mAh g while the experimental
capacity is ~384 mAh g

Challenges

Although alloying-type anode materials deliver high theoretical capacities, their practical reversible
capacities are far below their theoretical capacities. The severe volume change causes capacity decay, poor
cycle life, inferior rate performance, sluggish kinetics and limited cycling lifespans.

The initial capacity is a key factor, especially for the anode material, which contributes to the energy density
of the full cell. The significant volume changes during the discharge-charge processes cause pulverization of
the active materials, which results in discontinuous particles. Due to the large resistance within the particles,
the potassium ions cannot be fully extracted, which results in irreversible capacity and low Coulombic
efficiency. In addition, the stress generated in the electrode during the discharge process damages the SEI,
resulting in its breakdown and the reformation of a new SEI film. In addition, the pulverized particles
inevitably go through crystallization and aggregation, which increase the diffusion length of the potassium
ions and also lead to irreversible capacity loss. The decreasing reversible capacity results in a rapid capacity
drop and short cycling life.

ALLOY-BASED ANODES FOR PIBS

Phosphorus-based anode materials

Among alloying-typed anode materials, phosphorus is very attractive because it has a high theoretical
capacity of 2596 mAh g* in LIBs and SIBs and a low work potential (~0.3 V vs Na/Na"). In PIBs, it has a
high theoretical capacity of 2590 mAh g based on the three-electron alloying mechanism.

Mechanism of phosphorus and metal phosphides in PIBs

There are three main types of phosphorus in nature, namely, white phosphorus (WP), red phosphorus (RP)
and black phosphorus (BP). WP is toxic and has a low ignition point, so it is unsuitable as an electrode. RP
exists in a non-crystalline form and has a low conductivity of 10" S m™. BP is a layered structure
semiconductor material, which has a wide interlayer spacing of 5.2 A and a higher conductivity at 300 Sm".
BP has a high theoretical capacity of 2600 mAh g for LIBs and NIBs and also has a low diffusion barrier of
0.035 eV for Li* and 0.064 eV for Na*, which makes it a promising anode material to explore for PIBs. There
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are two interlayer migration paths: zigzag- and armchair-type migration paths. The zigzag path has a much
lower energy barrier. Based on calculations, K has the lowest energy barriers for both paths compared to Li
and Na, which endow PIBs with fast discharging and charging. The corresponding voltage can be calculated
based on the following equation:

AG
H_ 4))

=it
q eAN

where V, 11, g, G, e and N are the voltage, chemical potential, charge, absolute electron charge, Gibbs free
energy and the number of K ions, respectively.

Thus, the calculated potassium-ion insertion process is BP — K,P, — KP. A previous study of the
potassiation mechanism indicated that the final product was KP"*, which was first revealed by the group
of Glushenkov. Compared to this result, a further study by Jin et al. used X-ray absorption near-edge
structure and ex-situ X-ray diffraction (XRD) methods to analyze the mechanism™. The results
demonstrated that the potassiation process of BP was K* + P + e — KP. An RP-based nanocomposite was
studied by the group of Xu®. The composite was synthesized by anchoring RP nanoparticles on a 3D
nanosheet framework. The reaction mechanism of the composite was explored by transmission electron
microscopy (TEM) and selected area electron diffraction (SAED). Based on the first cycle reaction results,
KP was proposed to be the final product, corresponding to a capacity of 865 mAh g, which is lower than
the theoretical capacity. Yu et al. synthesized an RP/carbon nanocomposite by embedding RP into free-
standing nitrogen-doped porous hollow carbon™. Using in-situ Raman spectroscopy and ex-situ XRD, the
final product in the discharge process was directly proved to be K,P..

One challenge for BP and RP in the potassiation process compared to lithiation is the lower capacity. A BP-
graphite composite had only 42% of the capacity for lithiation. The other issue is their large volume
expansion. BP-graphite showed a 200% volume expansion when discharged to 0.01 V!*'.

The large volume expansion during the potassiation process and low conductivity of RP severely limit the
application of phosphorus-based anode materials in PIBs. To overcome this, active (Sn, Ge and Se) and
inactive metals (Co, Fe and Cu) have been hybridized with P to form phosphides. During the discharge
process, the decomposed nanocrystals form a conductive and elastic matrix to enable faster charge transfer
and hinder volume expansion. In addition, the active metals become alloyed with potassium ions and also
make contributions to the capacity. Metal phosphides can be classified into two categories based on active
and inactive metals. For the inactive metals, the storage mechanism reaction can be summarized as follows:

M, +zK" + ze = xM + K.P, (2)
For the active metal phosphides, the reaction can be summarized as follows:
M.P, + (xn + ym)K* + (xn + ym)e = xK,M + yK,,P (3)

The original phosphide M P, decomposes and the phosphorus is converted into K, P, while inactive metal
M is dispersed as a matrix and active metal M is also alloyed with K to produce K, M.
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Unlike phosphides in LIBs and SIBs, to date, the reported phosphide potassiation mechanisms are
conversion-type mechanisms. For example, the electrochemical reaction of Sn,P, in PIBs is a typical
conversion reaction, as first studied by the group of Guo based on an in-operando synchrotron XRD
investigation. In the initial discharge stage, Sn,P, breaks into Sn particles and the P component precipitates
in an amorphous form to react with potassium. Sn is alloyed with K and the KSn phase is formed. K,P,
further reacts with K, starting from ~0.17 V. The reaction process could be divided into three steps, namely,
Sn,P, + (9-3x)K < 4Sn + 3K, P, 23Sn + 4K & K,Sn,, and K,Sn,, + 19K <> 23KSn, as shown in Figure 3A"**.
The Sn,P,@carbon fiber electrode delivered cycling stability and a high-rate capability of 160.7 mAh g after
1000 cycles at a current density of 500 mA g. Like Sn,P,, GeP, also has a similar conversion reaction. Based
on in-operando synchrotron XRD measurements, a two-step reaction was observed as follows: GeP, + 20/3K
< 5/3K,P, + Ge, Ge + K «» KGe. These two steps can be summarized into one equation as follows: 3GeP, +
23K < 5K,P, + 3KGe!*". This potassiation process is shown in Figure 3B. Similarly, in the first stage of the
reaction, GeP, decomposes into Ge and P particles and the P component reacts with K to form K,P.. In the
following stage of the reaction, Ge alloys with K to form KGe. Se is also an active element that can form
K,Se through a two-electron transfer reaction. Se,P, exhibited a high reversible capacity of 1036 mAh g in
PIBs"““. Based on ex-situ XRD and X-ray photoelectron spectroscopy (XPS) results, Se,P, delivered a
reversible conversion-type reaction as follows: Se,P, + (18-4x)K* + 18¢ < 4K, P + 3K,Se!*”, as shown in
Figure 3C and D. The inactive material, such as Cu,P, undergoes the reaction of 2Cu,P + (3-x)K* + (3-x)e” <
K, .P + 6Cu + P(amorphous) and the final discharge product is also K,P"**.

In summary, until now, the reported phosphide potassiation mechanisms have been conversion-type
mechanisms, which are different from phosphides in SIBs and LIBs. In the first discharge step, the
phosphide decomposes into metal and phosphorus. After the anode has been fully discharged, the active
metal reacts with K and forms K,M compounds, with the phosphorus alloyed with K to form K_P.

Modification strategies for P and phosphides

Carbon materials, including nanosheets", nanofibers'* and graphite!*’, have been applied in phosphorus
and phosphides. The hybridization of phosphorus and phosphides with carbon materials has been proven
to be an efficient method to improve the electrochemical performance. The introduction of carbon can
enhance the electron conductivity, accommodate the volume change and also shorten the potassium-ion
diffusion length. Furthermore, the induced carbon can form covalent P-C interfaces to prevent edge
reconstruction and ensure ion insertion and diffusion®. In addition, the formation of P-C bonds“"* by
hybridizing BP with carbon materials can afford high capacity and cycling stability in PIBs by connecting
particles. This can also be seen from the work of Verma et al., where the electrochemical performance of
SnP, was efficiently improved by hybridizing with carbon®”. The electrode maintained a reversible capacity
of 225 mAh g after 80 cycles, which was an improvement compared to the previous rapid capacity drop of
the SnP,electrode in cycling performance. Similarly, the group of Zhu®" designed a flexible and
hierarchically porous 3D graphene/FeP composite via a one-step thermal transformation strategy. The
interconnected porous conducting network sufficiently buffered stress due to the nano-hollow spaces and
greatly promoted the charge transfer. Thus, the composite delivered a high-capacity retention of 97.2% over
2000 cycles at a high rate of 2 A g in PIBs.

Synthesizing nanostructured phosphorus and phosphide materials, such as yolk-shell structures™, hollow
structures and nanowires, is another efficient method to improve the electrochemical performance of
phosphide and phosphorus anodes. For example, Yu et al. designed a one-dimensional electrode by
embedding RP into free-standing nitrogen-doped porous carbon nanofibers“’. This design was favorable
for reducing the absolute strain and preventing pulverization and agglomeration. As can be seen from their
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Figure 3. (A) Potassiation/depotassiation process in Sn4P3/C[42].Copyright 2017, American Chemical Society. (B)
Potassiation/depotassiation process in GePq electrodes™®. Copyright 2018, Elsevier. (C) Discharge/charge curves of Se;P,@C and
XRD patterns of Se;P,@C anode in the first cycle at different cut-off voltages. (D) XPS spectra of Se,P,@C electrode at different cut-off
voltage states™*’. Copyright 2020, Wiley VCH.

images, during potassiation, the thickness changed from 74 to 93 nm with a volume expansion of only 26%.
Because of its nanowire structure, the composite exhibited a high reversible capacity of 465 mAh g after
800 cycles at a high current density of 2 A g. The yolk-shell and hollow structures have void space that can
accommodate the significant volume change, so that particles can expand without deforming the carbon
shell during potassiation™”. The potassium-ion transport in BP is mostly in the armchair direction, as
shown in Figure 4A and B. The potassiation process includes several steps with the formation of binary
phosphide, as displayed in Figure 4C. Figure 4D shows that the composite delivered stable cycling
performance with a reversible capacity of 205 mAh g™ after 300 cycles. A comparison of the electrochemical
performance of phosphides and their composites is shown in Table 1.

The theoretical capacity of phosphorus in PIBs is 2596 mAh g" based on the three-electron alloying
mechanism; however, the experimental capacity varies with different final products. There are currently
three known types of final potassiation products of phosphides, namely, KP, K,P, and K,P. In addition, the
final and intermediate products of phosphides in PIBs are different even though the reactions are typically
conversion-alloying mechanisms. Due to the significant volume change during the potassiation processes of
phosphorus and phosphides and the low conductivity of phosphorus, various modification methods have
been applied. Synthesizing nanostructures, such as yolk-shell, nanowire and hollow structures, and
hybridization with graphite, graphene, nanotubes and porous carbon have significantly improved the
electrochemical performance.

Bi-based electrodes for PIBs

Bi is an attractive low-cost and non-toxic anode material. Due to its large interlayer spacing (d) along the
c-axis, d (003) = 3.95 A, Bi is a promising anode material for PIBs. The theoretical weight capacity of Bi is
385 mAh g"'. Furthermore, Bi has a high theoretical volumetric capacity of 3800 mAh cm?, which also
makes it a novel potential anode.
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Table 1. Summary of electrochemical performance of P-based anodes for PIBs
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Redox  cyppept IMitial
Anode Synthesis Modification methods Potential 4o, capacity ~ Initial .. . Reversible Best rate Electrolyte Ref.
materials  method (vs. K/K) 7, (potassiation) depotassiation capacity capability
(mAg)) )
(mAhg")
BP BP/graphite  Vaporization- Hybridized with graphite ~0.5V 250 1430 600 42% 340 mAh g'1 after 340 mAh g'w at 1M KPFg [38]
condensation 100 cycles at 750mA g in EC:.DEC
current density of
075Ag"
RP RP/carbon Heat treatment Hybridized with carbon 0.16-1.0V 100 1212 715 59% 427.4 mAh g'1 after 323.7 mAh g'] 0.8 M KPF,  [39]
nanosheet nanosheets/design of 2D 40 cycles at at 2000 mA g'l in EC:DEC
nanostructure current density of
100mAg’
Yolk-shell Hybridized with 0.05-1.2V 100 561 264 47% 205 mAh g'1 after 37 mAh g’1 at 0.8 M KPF,  [52]
FeP/C carbon/design of 3D 300 cycles 2000 mA g'1 in EC:DEC
nanostructure
Phosphide ~ CuP,/Carbon Wet chemical and Hybridized with 100 ~700 ~490 ~70% 400 mAh g'1 over 170 mAh g4 at2 4 MKFSI [53]
(inactive nanosphere  heat treatment carbon/design of 2D 300 cycles A g'1 in DME
metal) nanostructure
CoP/C Heat treatment Hybridized with carbon 0.01-1.26 V 50 706 301 42.7% 40 mAh g'1 at 1000 106 mAh g'1 at 1M KPFg [54]
mA g’ after 400  1000mAg'  ECPC
cycles
Phosphide ~ SnP,/C Mechanical milling Hybridized with carbon ~ 0.01-0.8 V50 697 410 58.8% 408 mAh g4 after 225 mAh g4 at  0.75MKPF, [50]
(active 50 cycles 500mAg’ EC:DEC
metal) Se;P,/C Mechanical milling Hybridized with carbon ~ 1.3-19V 50 1505 1036 68.9% 783.4 mAh g'1 after 388 mAh g'1 at 0.8 MKPF, [44]
and heat 037V 100 cycles at 100 1000 mA g'1 EC:DEC:FEC
treatment mAg'
Sn,Py/C Mechanical milling Hybridized with carbon ~ 0.01-1.15V 50 588.7 384.8 65% 307.2 mAh g'T at 221.9 mAh %—1 at 1M KPF, [51]
50mAg  after 50 1000 mAg EC:DEC
cycles
Sn,Ps/carbon  Mechanical milling Hybridized with 0.01-0.5V 50 803 514 64% 403 mA g'1 at50  160.7 mA g'1 1M KFSI [55]
fiber and carbon/design of mA g'1 after 200 after 1000 EC.DEC
electrospinning nanostructure cycles cycles at 500
mA g'1
Sn,Py/C Wet chemical and Hybridized with porous ~ 0.01-0.4V 100 845 431 51%  315mAg at1000 186 mAhg'at 0.8 MKPF, [56]
heat treatment carbon/design of 1116V mA g'1 after 100 2000 mA g'1 EC.DEC
nanostructure cycles
GePy Mechanical milling Nanostructural design 0.10-0.45 50 2038 934 45.81% 495.1mA g’1 at50 213 mA g'] at TMKEFSI [43]
v mA g after 50 500mAg’ EC:DEC
cycles after 2000
cycles

CE: Coulombic efficiency.
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K-ion storage mechanism of Bi-based anodes

Based on the K-Bi equilibrium diagram with the KBi,, K,Bi,, K,Bi(a), K,Bi(B) and K,Bi, phases, Huang et al.
first studied the potassium-ion storage mechanism in Bi microparticles””. They revealed stepwise Bi — KBi,
— K,Bi, —» K Bi dealloying-alloying electrochemical processes after the initial surface potassiation. Similarly,
a bulk Bi anode delivered a reversible three-step reaction during cycling, with K,Bi as the fully discharged
product®. Bi microparticles have the same mechanism as shown in Figure 5A and B, with K,Bi as the final
discharged product. As shown in Figure 5C, the observation of K Bi, during the potassiation process was
first reported by the group of Guo"™. They found a different transition process, in which the potassiation of
Bi nanoparticles proceeds through a solid-solution reaction, followed by a two-step reaction, corresponding
to Bi — Bi(K) and Bi(K) — K,Bi, — K,Bi. Xie et al. constructed dual-shell-structured Bi box particles and
microsized Bi, which had different appearances during the transformation from K,Bi, to K,Bi under a low
current density®’. In the case of nanostructured Bi, the K,Bi, phase went through a transformation to K,Bi,
as shown in Figure 5D. In comparison, the microstructure of Bi retained the K,Bi, phase and no significant
K,Bi phase was formed. Interestingly, when the current was increased, no significant K,Bi, or K,Bi phase was
observed, indicating that the main mechanism was a surface-driven adsorption reaction under a high
current.

The study of the potassiation mechanism in Bi-based alloys has also attracted significant attention. The
reaction process includes two stages. The first step was an intercalation reaction: Bi,S, + xK* + xe — K, Bi,S..
The second step was a conversing-alloying reaction: K.Bi,S, + (6-x)K* + (6-x)xe” — 3K,S + 2Bi and Bi +3K" +
3¢ —K,Bi"". Chen et al. also studied the reaction mechanism of Bi,Se, using in-situ operando XRD'"?\. The
results indicated that the potassiation process also undergoes an intercalation reaction in the first steps, with
a conversion-alloying reaction in the following step. The electrochemical process was summarized as
follows: 2Bi,Se, + 4xK* + 4xe” — 4K BiSe,, K BiSe, + (6-x)K* + (6-x)e’ — 3K,Se + Bi and i + 3K*+ 3¢ — K,Bi'*?.

The above results illustrate the diverse potassiation mechanisms. The differences in the potassiation and
depotassiation processes were mainly because of the following reasons: (1) the mechanisms are strongly
dependent on the sizes of the materials; (2) the unique structure of the Bi-based anodes; and (3) the current
density of the electrochemical reaction. The small particle sizes, well-constructed nanostructure and low
current density resulted in full potassiation and transformation that involved several transition phases.

Modification strategies for Bi-based anodes
The main challenge for Bi-based anode materials is the pulverization and fracturing of the electrode during
the cycling process that are driven by the significant volume changes, resulting in capacity fading.

To improve the electrochemical performance of Bi, various methods have been applied. One method is to
combine Bi with carbon materials. Various porous carbon materials have been applied, such as porous
graphene!® and carbon nanosheets®”. Both of these porous carbons were synthesized using freeze drying
assisted by a pyrolysis method. The Bi/macroporous graphene composite delivered an excellent rate
performance of 185 mAh g at a high current density of 10 A g. This was because the 3D interconnected
macroporous graphene framework could provide robustness to maintain the structural stability.

N-doped carbons were demonstrated to simultaneously improve the conductivity and electrochemical
activity of carbon materials and were applied in combination with Bi**, as shown in Figure 6A-F.
Similarly, Shi et al. designed a multicore-shell Bi-N nanocomposite using a facile self-template method. The
anode delivered a stable performance of 266 mAh g™ after 1000 cycles at 20 A g”, as shown in Figure 6G-1""\.

Li et al. used hollow N-doped carbon to coat bismuth nanorods, which showed the best long-cycling
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electrode™®. Copyright 2018, Wiley-VCH. (D) Operando XRD pattern with superimposed voltage profiles of C@DSBC and microsized
Bi'*”. Copyright 2019, Elsevier.

performance among the Bi/C composite anodes and had a high capacity of 297 mAh g over 1000 cycles at
20 C'*l,

Another important method to improve the electrochemical performance of Bi is nanoengineering. In
addition to the multicore-shell structures mentioned above, which are typical designs for Bi-based anodes,
Xie et al. designed a dual-shell bismuth box (DSBC) anode'™, which delivered a high-rate capacity of
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222 mAh g* at a current density of 0.8 A g". The as-prepared anode had a potassium storage potential of
~0.7 V. The anode material had a large surface area, which could offer more sites for electrochemical
reactions, resulting in a lower average oxidation stage and indicating a higher energy density. Designing
two-dimensional (2D)-layered structures is another efficient nanoengineering method. The layered
structure and weak van der Waals forces of Bi offer the possibility of exfoliating Bi into 2D-layered
structures. Recently, bismuthene was prepared using an ultrasonication-assisted electrochemical exfoliation
method . The as-prepared anode delivered highly stable capacities of 423, 356, 275 and 227 mAh g at
current densities of 2.5, 5, 10 and 15 A g, respectively. It delivered a stable cycling performance with a
capacity of over 200 mA h g" at 20 A g™ after 2500 cycles.

As reported, K* ions have lower Lewis acidity than Li* and Na" ions, indicating a lower ability to accept
electrons from anions and solvents. Thus, potassium salts have a lower degree of dissociation. The salt
solubility is based on the Born-Haber cycle:

0 =l 0 0
AGdissolution - AGsolvation'AGlattice (4)
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where AGgissomeion represents the Gibbs free energy of dissolution and AGf,;., and AGguacion represent the
Gibbs energies of the salt lattice and the solvation of salts, respectively””.

To date, the reported potassium salts used in Bi-based anodes are KPF,and potassium
bis(fluorosulfonyl)imide (KFSI). KPF, has a high calculated Kapustinskii lattice energy of 564.9 k] mol™,
while KFSI has a lower lattice energy"”, indicating that KFSI has higher solubility compared to KFP,. KFSI
also has higher ionic conductivity than KPF,and KFSI-based electrolytes can form more stable SEI layers.
This is because the FSI' anion has weak S-F bonds that make it easier to form KF, which is a main
component in the SEI layer™.

Zhang et al. first used KFSI as the electrolyte salt in Bi-based anode materials with ethylene carbonate (EC)
and diethyl carbonate (DEC) as solvents"™. The results indicated that the KFSI-based electrolyte had better
cycling performance compared to the KPF,-based electrolyte. The morphological and mechanical properties
of the KFSI and KPF, electrolytes were investigated using atomic force microscopy, Kelvin probe
microscopy and TEM. The results demonstrated that the KPF,-based electrolyte formed a thicker and more
heterogeneous SEI layer, while the SEI layer in the KFSI-based electrolyte was more uniform.

Ether solvents are the most used solvents for Bi-based anode materials. As discussed above, the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy levels of
solvents or anions are lower when solvents or anions modify a cation through coordination. This is because
an electron pair is donated to the cation. Thus, an anode with chemical potential 1 > E,,, can spontaneously
transfer electrons to the LUMO of the electrolyte and trigger reduction. In ether solvents, the HOMO values
of the ion-solvent complexes are of the order of Li* > Na* > K*, while the LUMO values follow the order of
Na® > K* > Li'". Therefore, the reduction and oxidation products in ether-based PIBs are complicated.
Huang et al. first used dimethoxyethane (DME) as their ether-based solvent in Bi-based PIBs"”. Using XPS
and in-situ Raman spectroscopy to probe the SEI components, it was revealed that C-C(H), C-O, C=0 and
K-O bonds were formed and the SEI consisted of organic and inorganic compounds, such as
(CH,CH,-O-),K, (CH,CH,-OCH,-0-),K, (RCO,K) and K,O,. In addition, the oligomers were from the
reduction of DME. This ether-derived SEI possessed better mechanical flexibility because of the strong
binding in alkoxy (O-K) edge groups and the elastic properties of the as-formed SEI. This SEI could
effectively restrain the volume change of the particles. Density functional theory (DFT) calculations were
performed to analyze the interaction between Bi and DME. Three adsorption models of a DME molecule on
the (012) crystal plane of Bi were applied. Based on the models, the adsorption energies were 1.76, 0.65 and
0.60 eV. These adsorption energies were higher than for ester-based propylene carbonate (PC) molecules on
Bi, which favored the formation of a 3D porous structure in potassiation and depotassiation'*”.

Generally, electrolytes for Bi-based PIBs contain 1 M K salts. Based on recent reports, ~70% of the
electrolytes applied in Bi-based PIBs are 1 M K dissolved in DME. Increasing the salt content results in
enhanced interactions between cations and anions. Increasing the salt concentration also decreases the
content of free-state solvent molecules. When the concentration is increased (>3 M), however, the free
molecules decrease, leading to a change in the solution structure, which usually gives rise to extraordinary
electrochemical properties and shifts the location of the LUMO from the solvent molecules to the salt. Thus,
the reductive decomposition of salts takes place before the decomposition of the solvent, which results in
the formation of a stable SEI**”?. Zhang et al. first used a concentrated electrolyte in Bi-based PIBs"". The
Bi@C anode delivered the highest capacity of 202 mAh g in a 5 M KFSI-diethylene glycol dimethyl ether
electrolyte, which was higher than those in 1 M (163 mAh g*), 3 M (153 mAh g') and 7 M (93 mAh g*)
electrolytes. Based on this study, the differences in the electrochemical performance were due to the
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different reduction resistances. The decreased reduction resistance in the 5 M electrolyte depressed the
irreversible electrochemical reaction and formed less SEI compared to the less concentrated electrolytes™'.
A comparison of the electrochemical performance of Bi-based anode materials in PIBs is shown in Table 2.

Based on the current study of Bi-based PIBs, KFSI-based electrolytes have better electrochemical
performance compared to KPF,-based electrolytes because of the higher ionic conductivity and the
formation of a more stable and uniform SEI. Some ether-based electrolytes have extraordinary performance
in half cells because their ether-derived SEI possesses better mechanical flexibility. The concentrated
electrolyte can improve the electrochemical performance to a certain extent due to the lower resistance of
the electrolyte.

Sb-based electrodes for PIBs

Antimony is a layered structure hexagonal element with a high electrical conductivity of 2.5 x 10° S-m™.
Studies of Sb as anode applied in batteries can be traced back to the 1970s"”” when Weppner first studied its
kinetic parameters and thermodynamic properties in mixing conducting electrodes to be applied in a Li,Sb
system. Theoretically, one mole of Sb can alloy with three moles of lithium, sodium or potassium. The first
study of Sb in PIBs was in 2015, Sb is a promising anode material with a high theoretical capacity of
687 mAh g in PIBs, which makes it a novel potential anode material.

K-ion storage mechanism of Sb

Based on the Sb-K phase diagram, there are four K-Sb binary phases going through K,Sb, K,Sb,, KSb and
KSb, with decreasing K content™. The corresponding equilibrium potentials of KSb,, KSb, K.Sb, and K,Sb
are 0.890, 0.849, 0.439 and 0.398 V, respectively, based on DFT computations”™, which are shown in
Figure 7A-C. In-situ XRD experiments and cyclic voltammetry (CV) were carried out to analyze the phase
changes'™'. In the discharge process, the first step was the transformation of hexagonal Sb to amorphous Sb.
As reported, the peak at 28.6° corresponding to the (012) phase of Sb gradually became weaker®, as shown
in Figure 7D. In the amorphous region, KSb,and KSb phases can form at the potential of 0.78 V and at the
potential of 0.23 V, K,Sb, phase can form based on the CV results. When fully discharged to ~0.2 V, the
cubic K,Sb phase with Fm3m symmetry forms as the final potassiation product. Upon charging, the K,Sb
phase gradually decreases by the formation of the intermediate phase K,Sb. When further charging, the Sb
phase forms with the decomposition of intermediate K Sb. In addition, the cubic K,Sb phase can be

82]

observed in the second cycle, while no crystalline Sb can be observed!

One interesting observation is the formation of the cubic K,Sb phase as the fully discharged product. There
are two polymorphs of K,Sb, hexagonal K,Sb (h-K,Sb) and cubic K,Sb (c-K,Sb). Based on the DFT
calculations, h-K,Sb is more stable than c-K,Sb, as shown in Figure 7E**. If we consider the crystalline
energy and the reaction activation energy, however, the results are different. The following equation
represents the activation barrier AE*(x):

AE*(x) = 16m7/3(AE(x)/p(x) V). (5)

where y represents the surface energy, AE, represents the energy gain on passing from the crystalline to
amorphous phase and V, is the molar volume of the crystalline phase, as shown in Figure 7E and F. Even
the molar energy gain of h-K,Sb is higher than that of ¢-K,Sb by ~0.12 eV and h-K,Sb also has a higher
surface energy and lower density. As a result, h-K,Sb has a higher activation barrier, which results in the
final formation of ¢-K.,Sb instead of h-K,Sb"*. Thus, based on current reports, the reaction can be
concluded as Sb,,., — Sb Sb + xK* + xe” <~ K. Sb and K, Sb + (3-x)K' + (3-x)e”
c-K,Sb

amorphous’ amorphous amorphous amorphous

crystalline®
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Table 2. Summary of electrochemical performance of Bi-based anodes for PIBs

Redox iti i iti
Anode Modification Synthesis tential Curre.nt Initial c?pa.aty Initial ... 1Ist  Cycling Best rate
materials methods method potential Density (potassiation) depotassiation CE erformance capabilit Electrolyte Ref.
(vs.K/K) (mAg") (mAhg™) (mAhg") P . Y
Bi/rGO Bi/rGO Hybridized with Simple room- 129V 50 700 441 63%  Reversible capacity 290 mAh g’1 1M KEFSlin [59]
graphene temperature 0.72-0.23 of 290 mAh g'] after after 50 cycles EC/DEC (111,
solution synthesis \ 50 cycles at current  at current v/v)
method density of 50 mA g'T densit%/ of 50
mAg

Porous Bi Nanostructural Commercial 0.93-0.30 2C 3714 322 87.2% After 300 cycles, At 3C, the 1M KPFgin [58]
design \ the capacity capacity is still  DME.

remained at 282 high at up to
mAh g’ 3219 mAhg’

Bi@3DGFs  Hybridized with 3D Solid-state reaction 0.4-0.5V 100 671 241 36% 185.2 mAh g'1 at10 Rate capability 1M KPF,in [63]
porous 0.6-0.7 V Ag'after2000  of 180 mAhg' DME
graphene/design of cycles at50 A g4
2D nanostructure

Bi-doped Hybridized with Wet / 200 656 382 58.2% High capacity 0.8 M KPF,in [64]

porous porous chemistry/thermal of 107 mAh g'1 EC/DEC

carbon carbon/design of treatment at20 A g’1
nanostructure

Binanorod/ Hybridized with Wet 0.2-0.5V 1000 723 470 65%  91% capacity 289 mA h g'1 1M KPFg in [74]

carbon carbon chemistry/thermal retention at 5 A g'1 at current DME

treatment after 1000 cycles d_ei*nsity of 6 A
g

Binanorod/ Hybridized with Thermal method 0.3-05V 385 450 316 70% 266 mAh g'1 over 297mAh g'T at TMKPF,in [66]

N-doped carbon/design of 1000 cycles at 10C  20C DME

carbon nanostructure

Bi@N-doped Hybridized with N-  Wet 0.3-0.5V 1000 721 346 48% 180 mAhg'at30A 175mAhg’at 1M KPFgin  [65]

carbon doped chemistry/thermal g'1 after 1000 cycles 30 A g4 DME

nanosheets carbon/design of treatment
nanostructure

Bi@N-doped Hybridized with N-  Evaporation method 0.25-0.81 50 624 373 59.7% 179.1 mAh g'1 at50 162mAh g'1 at TMKFSI in  [75]

carbon doped \ mA g’1 after 300 15A g4 DME
carbon/design of cycles
nanostructure

Multicore-  Hybridized with Solvothermal 0.77-0.32 1000 972 355 36.5% 235mAhg after  152mAhg’at 1M KPFgin  [76]

shell Bi@N-  Carbon/design of method/ Thermal \ 2000 cyclesat 10 A 100 A g’1 DME

C nanostructure treatment g'1
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The study of the potassiation mechanisms of Sb-based alloy compounds has also attracted significant
attention. Liu et al. were the first to report the potassiation/depotassiation process of Sb,S,"™. The process
includes three steps. The first step is an intercalation reaction: Sb.S, + xK* + xe — K,Sb,S,. The following two
steps are the conversion-alloying reaction of Sb,S, + xK* + xe” < yK,Sb + zK.,S,. Their results showed no
interaction process but only an alloying-conversion process with extra electron transfer. Sb,Se,-based
microtubes were prepared and analyzed by Yi et al.™. Based on their study, the potassium insertion
reaction in the composite delivered a conversion-alloying reaction. The reaction process can be concluded
to be Sb,Se, + 12K + 12¢" < 3K,Sb + 2K,Se,. The Sb,Se, compound first reacted with potassium to form the
K.Se and Sb phases, which were further alloyed with potassium. In the reduction process, K,Se can be
observed as an intermediate phase, which is reconverted to form Sb,Se,. The whole process is reversible.

As discussed above, Sb will alloy with K to form the K,Sb phase as the final alloying product, while Sb-based
compounds will first undergo a conversion reaction with a subsequent alloying reaction.

Modification strategies for Sb-based anode materials

As discussed above, Sb will form K,Sb as the final product. Sb has a high theoretical capacity of 660 mAh g
It also has a safe operation voltage and high conductivity, which makes it a promising anode material for
PIBs. Sb suffers, however, from large volume changes during the K* insertion and extraction processes. To
relieve the large volume changes of Sb and improve its electrochemical performance, various methods have
been applied, such as the utilization of nanostructures and combination with carbon materials®*”,

Nanostructural engineering combined with carbon materials has been a widely practiced method to
improve the electrochemical performance of Sb. Huang et al. designed a hybrid structure with Sb
nanoparticles as yolk confined in a carbon box shell, which was prepared using metal-organic frameworks
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as precursors”®. As observed by in-situ TEM, this hybrid material, which consists of carbon fibers with
yolk-shell Sb@C, has structural advantages in the potassiation and depotassiation processes, as shown in
Figure 8A-D. The inner Sb nanoparticles suffer from significant volume expansion during the potassiation
process, while the void space effectively relieves the volume changes and the carbon fiber shell maintains the
integrity of the structure and improves the conductivity. As a result, it delivered a capacity of 227 mAh g*
after 1000 cycles and had a high Coulombic efficiency of ~100%. Liu et al. designed and constructed Sb
nanoparticles confined by carbon, which exhibited long cycling stability over 800 cycles with a capacity
retention as high as 72.3%'*"), as shown in Figure 8E.

A variety of porous structures have been applied to hinder the volume change during cycling™". A
microsized nanoporous antimony potassium anode was designed with tunable porosity"®. The nanoporous
structure can accommodate volume expansion and accelerate ion transport. Similarly, Zhao also
encapsulated Sb nanoparticles within a porous architecture™. The composite delivered a high capacity of
392.2 mAh g' at 0.1 A g" after 450 cycles. Carbon nanofibers have also been applied as nanochannels to
solve the issues of poor potassium-ion diffusion and significant volume variation. The Sb@CNFs delivered a
reversible capacity of 225 mAh g after 2000 cycles™. Cheng et al. utilized a single-crystal nanowire
structure to improve the electrochemical performance of a Sb,S, anode material®’. After full potassiation, no
obviously pulverization was observed, although the diameter of the as-prepared Sb,S,@C nanowires
increased from 83 to 120 nm with a 45% expansion. The overall expansion of Sb,S,@C is ~111%, which is
lower than the Sn-K alloying reaction (= 197%), indicating that the nanowire structure can effectively hinder
the volume change during the potassiation/depotassiation process. Similarly, Jiao and Yu"*** also utilized a
one-dimensional structure. A 2D structure was also applied to improve the electrochemical performance of
Sb-based anode materials. Wang et al. designed a Sb,S, nanoflower/MXene composite that exhibited a high
reversible capacity of 461 mAh g at a current density of 100 mA g*®*. Its structural stability was enhanced
by the strong interfacial connection between Sb,S, and the matrix. A 3D structure was also applied in Sb-
based anode materials. A core-shell Sb@Sb,0, heterostructure was fabricated, which delivered an excellent
capacity of 239 mAh g' at 5 A g" in PIBs®”. These methods efficiently improved the electrochemical
performance of Sb-based anode materials.

Another important method is improving the binder for the electrodes. He et al. used a polyvinylidene
fluoride (PVDF) binder, which has a high capacity of 226 mAh g over 400 cycles”. Compared to PVDF,
sodium carboxymethyl cellulose (CMC) can improve the initial columbic efficiency due to the pre-formed
SEIL In addition to these traditional binders applied in PIBs, the group of Guo developed a CMC-polyacrylic
acid (PAA) binder for a Sb-based composite!””. The cycling performance of the CMC-PAA binder was
improved due to the condensation reaction between the hydroxyl groups of CMC and the carboxylic acid
moieties of PAA, which effectively increased the viscoelastic properties of the binder and increased the
mechanism properties of the electrodes.

In summary, the modification methods for Sb-based anode materials are mainly nanostructural engineering
by designing nanofibers, nanoflowers, box shell structures and nanoporous structures in combination with
carbon fibers, MXenes, carbon shells, and so on. Multistructural design efficiently hinders the significant
volume change and efficiently alleviates the structural degradation.

Ge-based anode materials

Ge has a diamond cubic crystal structure, which is the same as silicon, and it is in the IVA group.
Germanium is an attractive non-toxic alloy-based anode material. The original study of Ge-based anode
materials can be dated back to the 1980s when the formation of the Ge-Li binary was first discovered.
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Mechanism of Ge-based anodes in PIBs

Ge has a high capacity of 1623 or 1384 mAh g™ by the formation of the lithium-rich compounds Li..Ge, and
Li,.Ge,, respectively”***), which makes it a promising anode material in LIBs. In SIBs, germanium delivers a
high capacity of 389 mAh g' by forming the binary compound NaGe"” " at a voltage plateau of
0.15-0.60 V vs. Na/Na'. Based on the formation of KGe as the final product, germanium has a theoretical
capacity of 369 mAh g in PIBs. To date, the study of the potassium-ion storage mechanism for Ge in PIBs
has been limited. Based on the previous studies of the performance of Ge in SIBs and LIBs, the mechanism
of potassium-ion insertion obeys the following equation: Ge + K' + " < KGe. This mechanism was proved
using SAED"”". For Ge-based compounds, the mechanism can be simplified to Ge M, + (x + zy)K* +
(x + zy)e = xKGe + yK,M"™. In this process, the compound first decomposes, the Ge reacts with K to form
KGe and the active material reacts with K to form a compound. When the Ge-based compounds are 2D
materials, such as GeSe, the reaction can be considered as GeSe + xK* + xe” < K GeSe based on

S[IOS,IOQ].

calculation

Modification strategies for Ge-based anode materials
Compared to other alloy-based anode materials, germanium has a relatively lower theoretical capacity. It
experiences a limited volume change during ion insertion and extraction processes; however, compared to
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other alloy-based anodes, which amount to ~272% in LIBs and 120% in SIBs. Similarly, Ge undergoes a
significant volume change in the discharge/charge process in PIBs. Although the volume changes of
germanium are less compared to other alloy-based materials, they can cause pulverization and result in a
capacity decrease in the same manner.

In order to improve the electrochemical performance of germanium-based anode materials, the ordinary
methods include constructing nanostructures combining Ge with carbon materials"***' in LIBs and SIBs.
Li et al. designed hollow carbon spheres with germanium encapsulated inside by introducing a germanium
precursor into the hollow carbon particles and then followed this with a thermal reduction"'*. The hollow
carbon spheres served as a physical matrix that could effectively protect the germanium core from
coalescing or pulverization. Similarly, Mo et al. designed a 3D-interconnected porous graphene foam with
germanium quantum dots doped into it by a facile approach*?. This structure provided close contact
between the electrode materials and the current collector, and the yolk-shell structure effectively alleviated
the significant volume changes and provided a stable SEIL. Designing nanostructures in combination with
carbon materials are also an efficient method to improve the electrochemical performance of Ge-based
materials in PIBs. Liu et al. synthesized a dual carbon structure with germanium encapsulated inside*. The
as-prepared dual carbon matrix was composed of mesoporous carbon and an amorphous carbon layer, as
shown in Figure 9. Using this structure, the dual carbon effectively alleviated the expansion of germanium.
Yang et al. designed a nanoporous structure Ge with small ligaments and interconnected porous prepared
by a chemical-dealloying method"””. The nanoporous germanium delivered a high initial capacity of
290 mAh g* and a stable capacity of 120 mAh g over 400 cycles"”".

Using active or inactive elements to form Ge-based binaries or composites is another effective method to
improve the electrochemical performance. The inactive metals alloyed with Ge include Co""*' and Cu™'?),
which can improve the conductivity. The active materials have been applied in the formation of Ge-based
compounds are Si""”, Sn*¥, Sb!"*?), Tel"! and Se!**), which have high theoretical capacities. As discussed
above, phosphorus has the highest theoretical capacity in PIBs and can increase the capacity of the total
capacity by the formation of GeP,. Zhang et al. prepared GeP,, which delivered a stable capacity of
213.7 mAh g in PIBs for 2000 cycles at a current density of 500 mA g'*'. The active Se metal can form
layered metal selenides with Ge, which has a large interlayer distance of 5.41 A. The GeSe/CNT composite
synthesized by a simple ball-milling method delivered a stable cycling performance with 311 mAh g*
retention after 400 cycles. Furthermore, the electrode delivered a capacity of ~200 mAh g at a high current
density of 5 A g'"?. Ge-based anode materials exhibit larger volume changes in PIBs compared to the
volume changes in LIBs and SIBs because of the larger size of potassium ions. The construction of 3D
porous and yolk-shell structures in combination with carbon materials, such as carbon spheres, graphene or
amorphous carbon, can efficiently ameliorate the volume changes and improve the electrochemical
performance.

Sn-based anode materials for PIBs

Sn has been an attractive anode material for LIBs and SIBs for a long time and has high theoretical
capacities of 991 and 845 mAh g via the formation of Li, Sn and Na,,Sn,, respectively. The study of Sn in
PIBs started in 2016""*”), with the formation of KSn. Sn has a theoretical capacity of 226 mAh g in PIBs.

Mechanism of Sn-based anode materials

Based on the K-Sn phase diagram, K,Sn, KSn, K,Sn,, KSn,and K,Sn,, can form at different temperatures.
Wang et al. were the first to study the reaction mechanism of Sn in PIBs using in-situ TEM and XRD
methods"*. They revealed a two-step process corresponding to Sn — amorphous K,Sn, — KSn. A similar
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Figure 9. Schematic illustration of preparation of Ge-CMK and Ge@C-CMK composites'®. Copyright 2021, Elsevier.

potassiation process was evaluate, as shown in Figure 10A-C. The results revealed that the tetragonal K,Sn,
phase was formed at a voltage of ~0.01 V. Their study indicated that K,Sn, and KSn are overall identical
phases in terms of their crystal structure. In the de-alloying process, K,Sn, decomposed at 0.98 V">,

The study of the mechanism of Sn-based alloys has also attracted significant attention. The teams of Ma and
Ci have both studied the potassium-ion storage mechanism in SnS,"**"”” and their results are similar. In the
discharge process, SnS,— SnS + K,S, — Sn + K,S, + K,Sn,, —» K,S, + KSn, as shown in Figure 10D. Like the
alloying process of crystalline Sn in PIBs, the final product, KSn phase, is formed within the voltage range of
0.20-0.01 V. For SnSe, based on the study of Verma et al., the potassiation process is SnSe — Sn + K,Se, —
K,Sn,, + K,Se., which is reversible*. The KSn phase was not detected, as shown in Figure 10E.

Modification strategies for Sn-based anode materials

Sn-based alloys suffer from significant volume expansion in PIBs, which results in pulverization and
capacity drop. Various methods have been applied to ameliorate the volume change and improve the
electrochemical performance. To solve these drawbacks, hierarchical nanostructural design is an effective
strategy. 2D nanosheet structures have been applied to improve the electrochemical performance of Sn-
based anode materials. Lakshimi et al. studied an SnS,/graphene composite in PIBs, which delivered a high
capacity of 350 mAh g'"*. Qin et al. designed hierarchical polyaspartic acid-modified SnS,nanosheets
embedded into carbon"*". The as-prepared electrode enlarged the interlamellar space of 6.8 A and delivered
a high-rate performance of 273 mAh g" at a current density of 2 A g""*\. Cao et al. also designed a 2D SnS
nanosheet composite that exhibited an ultralong lifespan"*". Sun et al. used a nanosheet structure with
strong interactions between the layers, which can efficiently accelerate electron and ion transfer and hinder
the volume change'™". The as-prepared composite delivered a stable long-term cycling performance of
165 mAh g at a current density of 10 A g after 5000 cycles"".

The group of Yang also designed a nanosheet structure, which delivered a high capacity of 206.1 mAh g
after 800 cycles'™”. Zhou et al. designed a sheet-like tin sulfide composite, as shown in Figure 11A, which
delivered a rapid rate capacity of 460 mAh g at a current density of 2A g' and an excellent cycling stability
of over 500 cycles at a current density of 1 A g\ The utilization of the 2D structure efficiently hinders the
volume change and improves the electronic and ionic conductivity. Combining Sb-based alloys with 3D
structures has been an effective method to improve the electrochemical performance of PIBs. Yolk-shell 3D
carbon boxes were designed as a matrix to accommodate SnS,, as shown in Figure 11B. Introducing interior
void space has been an effective strategy to accommodate the volume changes. The composite delivered a
stable cycling performance of 352 mAh g at 1 A g, as shown in Figure 11C"*",



Page 20 of 27 Yang et al. Microstructures 2023;3:2023013 | https://dx.doi.org/10.20517/microstructures.2022.30

8

g

&

§
H w
i 3
3 H g w08
£ § 2
He=— — - = " 1 G
: : i
2
3
>
2
n.

0
3 2 1 0
VoltagelV (vs. KIK")

RN

(3 l".‘?;!:) J

-0.0006
-0.0008

0.8
1l
3het

¢
g
5

Intensity (a.u.)

KaSes e out
P

Phs |
13
£ )

-lg
tf

4
I
I3

0
K;Ses KiSnay
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Copyright 2021, Elsevier Ltd.
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Another alternative method to enhance electrochemical performance is using the proper salt to form a
robust SEI. Compared KFSI and KPF,with the same solvent. The results indicated that the Sn-based
composite in the KFSI-based electrolyte exhibited a highly stable cycling performance of 450 mAh g* over
400 cycles. The KFSI salt in an ethylene carbonate/diethyl carbonate solvent more easily forms a K-F-rich
inorganic SEI due to the critical role of FSI" anions, which can inhibit the decomposition of the
electrolyte"*”, as shown in Figure 12A. Similarly, the group of Chen also studied the different salts in
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Figure 12. (A) Schematic illustration of chemical composition and ionic transport of electrode/electrolyte interfacemS].Copyright 2021,
Springer Nature. (B) Capacity retention of SnS,/N-rGO composite electrodes in EC/DEC electrolytes with various K” salts at a current
density of 200 mA g.(C) Rate capability of cells with various K salts at current densities from 0.05 to 1 A g"'™®. Copyright 2021,
American Chemical Society.

electrolytes resulting in the differences in SEI formations. Their results indicated that batteries with KFSI
featured better performance than those with KTFSI and KPF,. The composition of the SEI formed in the
KFSI-based electrolyte is mainly K-F, which can effectively enhance the mechanical properties of the SEI.
The SEI from the KFSI-based electrolyte also stops growing after 20 cycles, while the SEIs of the KTFSI and
KPF,-based electrolytes continue to grow thicker, thereby hindering the potassium-ion transportation, as
shown in Figure 12B and C"*. Sn has a high theoretical capacity of 226 mAh g" in PIBs, with the formation
of KSn as the final product. The challenge facing Sn-based alloy anode materials in PIBs is their significant
volume change and pulverization. In order to hinder the volume change of Sn-based alloys, modification
methods have been applied. The design of 2D nanosheets, 3D nanoboxes and SEIs has been applied in the
modification and has efficiently improved the electrochemical performance.

SUMMARY AND OUTLOOK

Their low cost and the natural abundance of their raw materials make PIBs promising next-generation
energy storage devices. The large radius of the potassium ion results, however, in slower ion transport and
limited cycling life. Recently, significant research has been completed on PIBs, but one of the major
challenges is to develop high-performing anodes.

This review summarizes the recent research progress on alloy-type anodes for PIBs, including P-, Bi-, Sb-,
Ge- and Sn-based compounds and composites. Alloy-based anode materials undergo alloy conversion
reactions in which the material finally reacts with K to form KM. Therefore, alloy-based materials have
high theoretical capacities of 2596, 385, 687, 369 and 226 mAh g”, respectively, and volumetric capacities of
4750, 3752, 4596, 1964 and 1653 mAh cm” make them high potential anode materials for PIBs. The
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mechanisms of the potassiation and depotassiation processes have been deeply discussed and analyzed. For
an elementary substance, the mechanism is a simple alloying reaction. For compound materials, the
reaction process is mainly a conversion-alloying reaction. The various formations of the intermediate
product in the potassium ion for the same material are mainly due to the various nanostructures and grain
sizes of the materials. Modifications of the materials have also been explored and investigated. The
approaches can be classified as the hybridization of active materials with high conductivity and architectural
engineering. Highly conductive materials, including graphene, carbon nanotubes, graphite, N-doped carbon
and carbon nanosheets. The architectural engineering methods, including the design of one-dimensional
nanotubes, 2D nanosheets and 3D structural materials, such as core-shell structures and their combinations.
By using these modification methods, the significant volume change and sluggish reaction kinetics can be
effectively solved.

The electrochemical performance of alloy-based electrodes has now been greatly improved and the reaction
processes have also been deeply analyzed. Further research can be carried out on the following aspects:

(1) Low initial Coulombic efficiency is the main problem that remains for anode materials, which might be
ascribed to the irreversible insertion of potassium ions and the decomposition of the electrolyte. In the full
cell, the maximum cell energy is obtained when the anode irreversible capacity exactly matches that of the
cathode material. The low initial Coulombic efficiency (ICE) indicates the large consumption of K*
provided from cathode, which results in lower energy density in the full cell and faster capacity drop.
Improving electrolytes with higher ion conductivity will increase the ICE.

(2) Although fabricated nanostructures and hybrids with carbon will significantly hinder the volume
changes, alloy-based anode materials still face the problem of volume expansion and pulverization during
cycling. Furthermore, this problem may bring the severe side effect of the reaction between the electrolyte
and the new surface of the electrode, leading to the formation of the SEI on the new surface, which results in
a capacity decrease and instability of the cycling performance. This side effect may also result in the
maldistribution of electrons, leading to dendrite growth and the polarization of electrodes. This will limit
the application and manufacturing of PIBs. Electrolyte and electrode interface engineering or controlling
the content and structure of the SEI layer or designing an artificial SEI layer can make up for the shortage.

(3) Safety problems are still an issue for future development. Alloy-based anode materials are currently
limited in their application at high and low temperatures. Aqueous electrolyte and flame-retardant
electrolyte systems could be promising designs for future applications. In addition, non-flammable
carbonate electrolytes can also be used to address battery safety issues.

In light of the abundance of potassium resources and the significant progress that has been made in the
research on alloy-based anodes for PIBs, these anodes will be promising for commercialization in the near
future.
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