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ABSTRACT

With the growing demand for high-energy-density lithium-ion batteries, layered lithium-rich
cathode materials with high specific capacity and low cost have been widely regarded as one
of the most attractive candidates for next-generation lithium-ion batteries. However, issues such
as voltage decay, capacity loss and sluggish reaction kinetics have hindered their further
commercialization for decades. Herein, we propose a heterostructured LiAlF4 coating strategy
to overcome those obstacles. The as-developed lithium-rich cathode material shows a high
reversible capacity and ultralong cycling stability. The enhanced performances can be attributed
to the introduction of the lithium-ion-conductive nanolayer and the generation of nonbonding
O" species in the active material lattice, which enable rapid and effective lithium ions transport

and diffusion.

Considering the increasing cost and uneven distribution of lithium resources, potassium-ion
batteries are attracting great interest for emerging large-scale energy storage, owing to their
advantages such as low cost and high operational voltage. Herein, the synthesis of hierarchical
Ki39Mn3Os microspheres as cathode materials for potassium-ion batteries is reported.
Additionally, an effective AlF; surface coating strategy is applied to further improve the
electrochemical performance of Ki39Mn3Os microspheres. The as-synthesized AIF3; coated
K .39Mn306 microspheres show a high reversible capacity, excellent rate capability, and cycling
stability. Ex situ X-ray diffraction measurements reveal that the irreversible structure evolution
can be significantly mitigated via surface modification.
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As for anode materials, it is reported on carbon-coated K>Ti>2Os microspheres (S-KTO@C)
synthesized through a facile spray drying method. Taking advantages of both the porous
microstructure and carbon coating, S-KTO@C shows excellent rate capability and cycling
stability as an anode material for PIBs. As a proof of concept, a potassium-ion hybrid capacitor

shows a high energy density, high power density, and excellent capacity retention.

Phosphorus/oxygen dual-doped porous carbon spheres, which possess expanded interlayer
distances, abundant redox active sites and oxygen-rich defects, were also prepared in this thesis.
The as-developed anode material shows superior electrochemical performances. In situ Raman
spectroscopy and density functional theory calculations further confirm that the formation of
P-C and P-O/P-OH bonds not only improves structural stability, but also contributes to a rapid
surface-controlled potassium adsorption process. A potassium-ion hybrid capacitor was
assembled by a dual-doped porous carbon sphere anode and an activated carbon cathode, which

holds great promise as next-generation energy storage devices.
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INTRODUCTION

The strong market incentives and pressing consumption of fossil fuels call for high safety,
high-energy and eco-friendly energy storage systems. Renewable energy storage technology
using lithtum-ion batteries (LIBs) as power sources pushes rapid development of LIBs, owing
to their remarkable advantages such as high energy density, low self-discharge rate and
negligible memory effects. Although the large-scale application of LIBs continues to proliferate,
the main impediment for such a growth is the unsatisfactory energy density and lifetime of next-
generation LIBs that are powering most electric vehicles (EVs) in the market. As cathode
materials primarily determine the Li" storage capability and the overall energy density of LIBs,
the fast expansion of LIBs markets prompts the exploration for higher-energy and lower-cost
cathodes. However, traditional intercalation transition metal oxide cathodes currently face
severe challenges like the low specific capacity (< 250 mAh g™!') and energy density (< 300 Wh
kg™!), which cannot meet the requirement of the EV market to achieve long-distance drive (>

300 miles) for larger and all-electric vehicles with low cost and fast charging rates.

Although LIBs have been developed for stationary energy storage since their first successful
commercialization in 1991, lithium resources are costly and deficient in the earth’s crust. Hence,
due to the flourish of EVs and other electronic devices markets, the growing demand from
modern society poses a potential threat on supply availability of lithium. Given the limited and
uneven distribution of lithium resources, there is an urgent need to find suitable alternatives
with low cost and high safety to fulfil the ever-increasing market demand. Potassium-ion
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batteries (PIBs) are one type of rechargeable alkali-ion batteries that are capable of inheriting
the working mechanism and advantages of LIBs. The natural abundance and nontoxicity of
potassium could have a reduced environmental impact on large-scale production. Furthermore,
the low standard redox potential of K/K" (—2.94 V vs. standard hydrogen electrode, SHE) leads
to a high-output voltage and high energy density for PIBs. These features make PIBs one of the

most attractive candidates for grid-scale energy storage.

Therefore, in this doctoral work, I investigated the synthesis of high-performance electrode
materials for LIBs and PIBs. The research tasks are mainly focusing on surface modification
and the nanostructure design of electrode materials. Meanwhile, I adopted the in situ
characterization techniques to deeply understand the fundamental reaction mechanism and
structural evolution of as-prepared electrode materials. In more detail, this doctoral work
introduces the surface coating strategy as well as porous nanostructure to boost the
electrochemical performance of both LIBs and PIBs. The contents are briefly outlined as

follows:

#¢ Chapter 1 demonstrates the background information and the working principle of LIBs
and PIBs. Recent advance of electrode materials in lithium- and potassium-based energy

storage devices were introduced.

% Chapter 2 provides the methodology and research facilities, including the material

preparation process, material characterization, electrochemical measurements and data analysis.
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#¢ Chapter 3 introduces a heterostructured LiAlFs coating strategy to improve the
electrochemical performance of layered lithium-rich cathode materials. Comparing with those
of pristine and AlF3-coated layered lithium-rich cathode materials, the enhanced performances
can be attributed to the introduction of a lithium-ion-conductive nanolayer and the generation
of nonbonding O™ species. This work provides a new strategy to develop high-performance

lithium-rich cathode materials for high-energy-density LIBs.

¢ In Chapter 4, an effective AlF; surface coating strategy is applied to further improve the
electrochemical performance of Ki39Mn3Os cathode materials. Galvanostatic intermittent
titration technique and ex sifu X-ray diffraction measurements reveal that the irreversible
structure evolution can be significantly mitigated via surface modification. This work sheds

light on rational design of high-performance cathode materials for potassium-ion batteries.

#¢ Chapter 5 presents the fabrication of carbon-coated K>Ti>Os microspheres through a facile
spray drying method. The intimate integration of carbon coating through chemical vapor
deposition technology significantly enhances the K" intercalation pseudocapacitive behavior.
As a proof of concept, a potassium-ion hybrid capacitor was constructed. The assembled device
shows a high energy density, high power density, and excellent capacity retention. This work
can pave the way for the development of high-performance potassium-based energy storage

devices.

% Chapter 6 shows the synthesis of phosphorus/oxygen dual-doped porous carbon spheres,

which possess expanded interlayer distances, abundant redox active sites and oxygen-rich
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defects. The as-developed battery-type anode material shows high discharge capacity,
outstanding rate capability, and ultralong cycling stability. /n situ Raman spectroscopy and
density functional theory calculations further confirm that the formation of P-C and P-O/P-OH
bonds not only improves structural stability, but also contributes to a rapid surface-controlled
potassium adsorption process. As a proof of concept, a potassium-ion hybrid capacitor was
assembled by a dual-doped porous carbon sphere anode and an activated carbon cathode. It
shows superior electrochemical performances, which opens a new avenue for innovative

potassium-based energy storage technology.

¢ Chapter 7 summarizes the key conclusions in this thesis and provides outlooks and

perspectives for the future research.
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CHAPTER 1 LITERATURE REVIEW

1.1 Lithium-ion batteries

With the rapid development of our modern society, the massive consumption of fossil fuels
causes severe climate change and global warming.!? Electrification of road transport can
effectively alleviate carbon dioxide emissions. Electric vehicles (EVs) using lithium-ion
batteries (LIBs) as power sources are being produced with rapidly increased scale annually>->.
A typical LIB comprises a cathode, an anode, a separator and the corresponding electrolyte.
Such kind of “rock chair” battery enables the reversible insertion and extraction of lithium ions
(Li*") in electrode materials during the operation of LIBs.* ¢ Although the worldwide
commercial market for LIBs continues to proliferate, the challenge is the development of LIBs
with a significantly extended life span and much-increased energy density. The Li* storage
capability and operation voltage of electrode materials determine the energy density of LIBs,
which makes the electrode materials to play crucial roles in the entire battery system.” In 1980,
Goodenough and co-workers' accurately predicted the high potential of transition metal oxides
and reported layered LiCoO> as a suitable cathode material for LIBs. After SONY Corp.
commercialized LIBs with LiCoO: as cathode materials and graphite as anode materials in 1991,
research interests in discovering new electrode materials with higher energy densities have been
accelerated. After almost 30 years of development, graphite anode materials still dominate the
market today, whereas a series of cathode materials, including LiMn,O4!!, LiFePO4!? and

LiNigsCo0.1Mng 10", were intensively investigated and applied in large-scale LIBs to replace
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LiCo02."* However, the development of the above-mentioned cathode materials has
encountered a bottleneck for electric vehicles because of the low specific capacity (< 250 mAh
g’!) and energy density, which cannot meet the requirement of the automotive market to achieve

long-distance drive (> 300 miles) and low cost.!*>!®

1.2 Lithium-rich cathode materials

The emergence of LLRM cathode materials (e.g., xLioMnOs¢(1-x)LiMO,, M = transition
metal (TM)) opens up a new possibility for designing high-energy-density LIBs.!”?* Figure
1.1 compares electrochemical performances and physical characteristics of LLRM cathode
materials, commercial LiFePO4 cathode materials, and LiNip8Co00.1Mno.1O2 (NCM 811)
cathode materials.?!*> LLRM cathode materials have high specific energy, low cost, and good
thermal stability. However, some inherent shortcomings inhibit their practical applications.
These include a low initial Coulombic efficiency (CE), poor rate capability, serious voltage
decay and significant capacity loss upon cycling. Due to the structural complexity and the
intricate reaction mechanisms, the development of high-performance LLRM cathode materials
has been impeded in the past two decades. Whereas, the recent strong demand from the
automotive industry for high-energy-density rechargeable batteries propels the rejuvenation of

LLRM cathode materials.
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thermogravimetric analysis (TGA). (f) Cycling stability and (g) rate capability of three

electrode materials based on previous publication.
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development of cutting-edge characterization technologies provides powerful tools to unravel
the structural change of LLRM cathode materials in LIBs. Although previous researchers have
already revisited the development of LLRM cathode materials in detail, few of them focus on
the reaction mechanisms behind the performance degradation.?® 3236 Therefore, we present here
a comprehensive review on the reaction mechanisms of LLRM cathode materials. We aim to
elucidate the rapid development in exploring high-performance LLRM cathode materials and

thus provide inspiration for future research on next-generation high-energy-density LIBs.
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1.3 Structure and chemical composition of LLRM cathode materials

The concept of xLioMnOs3+(1—x)LiMO; (M=transition metal) was first proposed by Rossouw
et al. in 19913, where the single LiMO, phase can be adjusted with different transition metal
contents (M = Ni, Mn, Co, Cr, Fe, Mg, Al, Y, etc.). The diversity of xLioMnO3¢(1—x)LiMO
components ensures various electrochemical features, including specific capacity, rate
capability, and cycling stability.>’° Figure 1.3a and 1.3b exhibit the crystal structure of the
representative LiMO; (rhombohedral phase, space group: R 3m) and LixMnOs (monoclinic
phase, space group: C2/m). Specifically, the LixMnOs structure can be rewritten as
Li[Li13Mn23]O2, where Mn in rhombohedral LiMO is partially substituted by Li atoms. As an
extreme case of LiMO2, monoclinic LixMnOs3 consists of alternating Li;sMny; and Li layers,
respectively.?”> 7> 0964 Fyrthermore, as shown in Figure 1.3c and 1.3d, the close-packed
monoclinic (001) and trigonal (003) layers in Li,MnO3 and LiMO, show the same interlayer
spacing (~4.7 A). Hence LixMnOj3 can be integrated with LiMO> at the atomic level due to the
compatibility of the close-packed layer.%® The similarity of these two phases indicates that
their crystal structures should be indexed to the a-NaFeO,-type rock-salt phase.!” However, the
structural complexity of the xLio-MnOz+(1—x)LiMO> system gives rise to an ongoing debate on

its structural composition.® 6768



Figure 1.4 Crystal structure models of (a) rhombohedral LiMO> and (b) monoclinic Li,MnO3
seen from the [100] crystallographic direction. Unit cell and atomic arrangement of (c) trigonal

LiMO; and (d) monoclinic LixMnOs.

1.4. Reaction mechanisms of LLRM cathode materials

Recently, various reaction mechanisms were proposed and extensively discussed, aiming to
handle the current issues to the sophisticated LLRM cathode material. However, most of them
cannot rationally explain all electrochemical behaviors. Herein, we highlight several proposed

reaction mechanisms in terms of cationic and anionic aspects.



1.4.1 Prevailing reaction mechanisms

The prevailing theory of the multistep reaction mechanism relies on the three-dimensional
compositional phase diagram.!” 3* For a typical LLRM cathode material ((1-x)LiMO,e
xLi2MnO3), Li-ion is continuously extracted from the LiMO> phase under 4.4 V during the first
charge process (Figure 1.4a and 1.4b, from point 1 to point 2). Subsequently, a unique and
distinguishable voltage plateau appears as shown in Figure 1.4a, which stands for the release of
oxygen and the extraction of Li-ions from the Li2MnO3 phase induced by complicated chemical
reactions and structure evolutions (from point 2 to point 3 in Figure 1.4b).>* ® The following
discharge process indicates that the reinsertion of Li-ion is associated with the reduction of TM
species (from point 3 to point 4). The reversible insertion/extraction of Li-ion in the subsequent
cycle shows less voltage hysteresis along with the absence of the voltage plateau at 4.5 V
(Figure 1.4c and 1.4d, from point 3 to point 4). However, this prevailing theory cannot well
interpret all drawbacks of LLRM cathode materials, especially the severe capacity loss and
voltage decay during electrochemical cycling.””! Therefore, we highlight several recently

proposed reaction mechanisms in terms of anionic and cationic aspects.
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1.4.2 Anionic redox reaction mechanism

1.4.2.1 Oxygen loss

The concept of “oxygen loss” was first proposed by Lu et al. in 2002.% Due to the incomplete
oxidation state of Ni (< +4), the Li/Li[NixLi(1/3-2x¢3)Mnp3x3)]O2 cathode material shows a

reversible intercalation process at the beginning of the first charge. However, a long voltage



plateau is observed after the charge voltage increased to around 4.5 V, where Ni has already
reached its maximal contribution to the charge capacity. Through the in situ X-ray Diffraction
(XRD) investigation, the authors inferred the simultaneous release of both Li and oxygen from
the material, especially at the high charge voltage of 4.8 V, corresponding to the irreversible

69,7274 also confirmed that the

capacity loss in the initial charge stage. Bruce and co-workers
removal of Li20O from the Li/Li[NixLi(1/3-2x3)Mn(2/3-x3)]O2 surface accompanied by the creation
of vacancies in the bulk material. To provide direct evidence, Armstrong®® and Manita” et al.

conducted in situ differential electrochemical mass spectrometry (DEMS) and detected the

oxygen evolution phenomenon from LLRM cathode materials during the initial charge process.

The extensive extraction of oxygen and Li-ion at the high charge voltage plateau (ca. 4.4 —
4.6 V) results in the lattice breakdown and irreversible layered-to-spinel phase transformation.”®
Gu et al” demonstrated both LiMO2 R 3m and LixMOs; C2/m phases of the layered
Li1.2Ni0o.2Mno 602 gradually transferred to the spinel structure after 300 charge/discharge cycles.
As shown in Figure 1.5a, the pristine LiIMO2 R 3m phase exhibits a layered structure with open
Li-ion fast-diffusion channels. The transition from the LiMO2 R 3m phase to the spinel phase
occurs from the surface to the bulk upon cycling, due to the gradual migration of TM ions to Li
sites and the movement of Li-ion into the tetrahedral sites. This phenomenon leads to the
formation of mosaic structured spinel grains without breaking down the lattice of the parent
particles (Figure 5c¢). However, the irreversible phase transformation destroys the layered
structure and blocks the Li-ion fast-diffusion channels, which is one of the major factors leading

to the sluggish reaction kinetics of LLRM cathode materials. As for the transition of the LinMO3
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C2/m phase to the spinel phase, it involves the removal of both Li-ion and oxygen from the
lattice, which generates large strain and leads to breakdown of the lattice of the parent particles.
Figure 5b shows the typical HAADF-STEM image as well as atomic structural models of the
pristine C2/m Li2MOs phase in Lii2Nigp2MnocO2 cathode materials. Apparently, the material
possesses different variants within the single particle. After 60 cycles of charge/discharge, some
nanometer-scale spinel domains were observed and dispersed randomly in the bulk particle
(Figure 5c¢). The nucleation and growth of small spinel domains inevitably leads to lattice
distortion/amorphization and the formation of cracks and nanopores within cycled materials.
Hu et al.*’ further confirmed the formation of large pores generated by oxygen loss upon cycling.
The increase in porosity produces more cracks, which leads to capacity loss and voltage
decay.”®” Although reasons for the oxygen evolution have been intensively studied and
discussed, the lack of sufficient evidence to unravel the origination of oxygen loss and

underlying mechanisms requires further investigation.
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Figure 1.6 (a) The atomic resolution image and the structural model of the R 3m phase along
the [010] projection. (b) The Z-contrast image of the C2/m phase. [100], [110], [1-10] zone
projection is labelled with different color lines in the image. (c) Schematic diagrams of the
different formation mechanism of spinel grains in R 3m LiMOz and C2/m LixMOs upon cycling.

The nucleation of spinel crystal domains has been confirmed in different crystal orientation.”’

1.4.2.2 Interplay between cationic/anionic redox activity

According to the conventional (1-x)LiMO,exLi-MnOj3 system, Mn*" is stable in the LixMnO3
phase and, therefore, is unlikely to participate in the redox activity during the charge and
discharge process. However, only a capacity of less than 160 mAh g ! can be achieved

considering the extreme case that all TM species in the LiIMO> phase are fully oxidized to their
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highest valence states (+2 — +4). Previous studies from Tarascon’s group confirmed the
existence of the oxygen-based anionic redox activity in Li-rich materials, such as Li>IrO3*° and
LizRuOs*. Therefore, recently, several research groups reached a consensus that both TM
cations and oxygen-based anions can reversibly participate in redox reactions during the charge
and discharge process of LLRM cathode materials. The bulk oxygen species are responsible for
the reversible anionic redox reaction.’! Sathiya et al.** detected the presence of peroxo-like 02"
(or the “non-bonding” oxygen state) dimers using neutron powder diffraction during cycling.
The combination of both cationic and anionic redox reactions is mainly attributed to the TM(d)
— O(sp) antibonding effect and antisite—vacancy defects, which is different from the hybridized
TM-0 bond formed in conventional layered LiMO> phase. The O 2p configuration in the band
structure of LLRM cathode materials is different from that in the classical layered LiMO- phase,
where all three 2p doublets participate in M-O bond formation in layered LiMO>. By contrast,
in the structure of LLRM cathode materials, one of the O 2p orbitals is weakly bonded due to
small overlap with Li 2s orbitals.?! Therefore, it offers the removal of extra electrons without

1.82

causing phase transformation. Li et al.°” further visualized the formation and extinction of the

1.** demonstrated that

peroxo O-O bond via in situ Raman spectroscopy. In addition, Luo ef a
the extraction of additional Li-ion is compensated by localized electron holes on the oxygen
species coordinated by Li*/Mn*",

The concept of “non-bonding” oxygen species is strongly supported by the investigation
from Assat et al.?" % The reversible oxygen-based redox activity plays a dominant role in the

charge stage at the high voltage. As shown in Figure 1.6a, oxidized O™ (n<2) appears above

13



4.46 V and declines gradually before it reaches the end of discharge (2.0 V), accounting for at
least 109 mAh g'. Further cycling reveals the regrowth and vanishment of the oxidized lattice
oxygen, indicating the sustained and reversible anionic redox reactivity. In addition,
galvanostatic intermittent titration technique (GITT) demonstrates that cationic redox is
kinetically faster than anionic redox. Therefore, the presence of an enormous amount of the
anionic activity explains the sluggish kinetics and voltage decay issues of LLRM cathode
materials. The advantages of the layered structure are summarized in Figure 1.6b. Unlike the
classical LiMO> system where additional electrons are generated from the stabilized TM—O
bond, the layered LioMOs3 crystal structure in LLRM cathode materials makes it possible to
extract extra electrons from the non-bonding oxygen state without causing structural failure.
Therefore, the interplay between cationic/anionic redox provides more specific insights into the

reaction mechanism behind the high specific capacities of LLRM cathode materials.
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Figure 1.7 (a) Hard X-ray photoelectron spectroscopy (HAXPES) results of O1s photoelectron
spectra during the first and second cycles.*® (b) A comparison of LiMO, and LixMOj3 crystal

structures and relevant band structures.?!

1.4.3 Cationic redox reaction mechanisms

1.4.3.1 Cation reorganization and elemental segregation

The early established theories point out that the migration of TM cations during cycling

causes reorganization and segregation of TM cations on the surface of LLRM cathode materials
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(Figure 1.2).%% It is a critical issue that causes severe degradation of the crystal structure and the
electrochemical performance of LLRM cathode materials. Boulineau et al.*' first illustrated
distinct elemental segregation between Mn and Ni using HAADF-STEM equipped with
electron energy-loss spectroscopy (EELS). As shown in Figure 1.7a, an extra defective spinel
phase (around 2 to 3 nm thick) emerged on the surface of particles after the first cycle. In the
first charge process, the intensive extraction of Li-ion accompanies the irreversible loss of O*
from the surface. This reduces the stability of TM ions and induces those TM ions to migrate
to the octahedral sites left by the removal of Li-ion in Li layers. As the diffusion pathway is
perpendicular to the TM layer, this TM ion migration does not cause a chemical gradient. After
50 cycles, there is no obvious increase in the thickness of the spinel phase. However, the
chemical gradient of Mn and Ni elements, which relates to the charge and discharge depths, is
gradually established (Figure 1.7a). The migration of Mn from the surface to the bulk phase via
the Li vacancies within the TM layer causes the chemical gradient and the densification of the
cathode material. After Mn occupies the vacant Li sites of the TM layer, the LLRM cathode
material evolves towards a non-overlithiated layered oxide, which is considered to be the origin
of voltage decay rather than phase transformation from layered to spinel.

Recent investigations discovered the unusual appearance of elemental segregation in the
pristine LLRM cathode material even before electrochemical cycling.3%5 During the synthesis
and processing of cathode materials, TM ions, such as Ni and Co ions, preferentially migrate
and segregate at selective surface facets, terminating with a mix of cations and anions.*¢ For

L 84

instance, Gu et al.®" discovered the existence of Ni segregation in the pristine Li1.2Nip.2Mno.60>

16



material before cycling (Figure 1.7b). The X-ray energy dispersive spectroscopy (XEDS)
mapping results in Figure 1.7c exhibit the distribution of Ni is extremely uneven in particles of
LLRM cathode materials. It is rich in some surface areas and grain boundaries but deficient in
the bulk phase of particles. As the Li-ion diffusion channels within the Ni-rich surface layer are
approximately perpendicular to the fast Li-ion diffusion channels in the bulk phase (Figure
1.7b), this distinguishable Ni elemental segregation results in a high diffusion barrier and,
consequently, slows down the transport rate of Li-ion.

As the continuing TM ion migration and Li-ion depletion on the surface of LLRM cathode
materials during cycling, a surface reconstruction layer (SRL) has been observed and
reported.®’® This SRL is regarded as a dynamic barrier for Li-ion diffusion, which gives rise
to high voltage polarization and induces rapid capacity decay of LLRM cathode materials. Yan

et al®®

reported the SRL of Li; 2Nip2Mng 02 materials went through a phase transition process
in the sequences of C2/m — [41 — spinel (Figure 1.7d). As illustrated in Figure 1.7e, the
pristine material shows a C2/m phase with the pristine Ni segregation (PNS) region on (20 2)
planes. After long-term cycling, a thin SRL is formed on the particle except the PNS area owing
to the TM ion migration. Furthermore, the outside SRL is Ni depleted and Mn-rich, while the
inner SRL is Ni-rich. Given the complicated surface redox chemistry of LLRM cathode

materials during long-term cycling, suppressing the TM ions migration and elemental

segregation is crucial to maintain the structural stability of LLRM cathode materials.®’
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Figure 1.8 (a) HAADF-STEM images, chemical maps, and plots of Mn and Ni atomic
concentration obtained from STEM-EELS results.*! (b) Atomic resolution Z-contrast image of
the surface region and (c¢) X-ray energy dispersive spectroscopy (XEDS) images of a
Li1 2Nio2Mn 602 nanoparticle.®* (d) STEM-HAADF image of cycled Li; 2Nip2Mno 60> with the

spinel structure and the /41 structure in SRL. (e) Schematic illustration of the SRL evolution

after cycling.*

1.4.3.2 Evolution of redox couples

Apart from elemental segregation on the surface, the gradual evolution of cationic redox
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couples is another challenge causing the voltage decay and sluggish kinetics of LLRM cathode
materials.”! Hu et al.*’ conducted multi-length-scale X-ray spectroscopic and provided valuable
insights into the origin of the voltage fading upon cycling using Li;.2Nio.15C00.1Mno.5502 as the
prototype cathode material. As shown in Figure 1.8a, the average valence state of each TM ion
obtained from X-ray absorption spectra (XAS) analysis is continuously reduced upon cycling.
Such a result is refined via a semi-quantitative analysis based on XAS data and concluded in
Figure 1.8b. The contribution to total discharge capacity from oxygen redox couples (O*/O")
and nickel redox couples (Ni**/Ni** and Ni**/Ni*") significantly diminished after 83 cycles,
while the contribution from manganese redox couples (Mn**/Mn*") and cobalt redox couples
(Co?*/Co*") steadily increased after cycling. Although the decrease of the discharge capacity is
compensated by the increased contribution from manganese and cobalt components. Such an
evolution from nickel/oxygen to manganese/cobalt redox couples is responsible for the gradual
voltage decay. In the band structure of insertion cathode materials, the Fermi level (EF) is related
to their electrochemical redox potential with holes above Er and electrons below Er form a
redox couple.” It is well known that the open-circuit voltage (OCV) of Li-based batteries is
determined by the relative Fermi level energy, which is basic requirement to move electrons
from the cathode material to the Li metal anode. Originally, the Fermi level is positioned above
the major Ni>*/Ni** redox couple (Figure 1.8c). The loss of oxygen during cycling leads to the
reduction of transition metals. The reduction of Ni implies the formation of SRL on particles of
LLRM cathode materials, which reduces the capacity contribution from Ni-based redox couples.
Meanwhile, the reduction of Mn and Co activates the Mn**/Mn*" and Co?*/Co** redox couples,
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which increases the Fermi level and reduces the OCV and working voltage. Moreover, the

reduction of TM elements also weakens the covalency nature between oxygen and transition

metals. Consequently, less oxygen is involved in the subsequent redox reaction.
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Figure 1.9 (a) K-edge XAS of various elements in Li;2Nip.15C00.1Mno 5502 recorded at the

discharge stage after cycling. (b) The contribution to the discharge capacity from different redox

couples at different cycles. (¢) An illustration of the relationship between the Fermi level and

electronic structure. The evolution of redox couples shifts the Fermi level higher upon the

original state and lower the open-circuit voltage.*’
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1.4.3.3 Anomalous manganese oxidation

Although the O?/O~ redox reaction explained the high capacity contribution of LLRM
cathode materials, the lack of direct evidence for the oxygen redox hypothesis stimulates the
exploration of alternative reaction mechanisms for LLRM cathode materials and other 4d and
5d transition-metal oxides.’® 38! Therefore, a new Mn*/Mn’" reaction mechanism hypothesis
emerges. The oxidation of Mn beyond +4 could involve in the migration of Mn ions between
octahedral and tetrahedral sites, providing another possible mechanism to interpret this high
specific capacity.” The possible formation mechanism of mixed Mn*/Mn’* phases was
proposed by Radin et al°' The oxidation of Mn*" to Mn’" experiences a series of phase
transitions that containing Mn*" compounds (MnO, and LisMnsO;2) and Mn”" compounds
(Mn207 and LiMnOs). The mixed Mn*"/Mn’" phases, i.e. Li;2MnO3, is theoretically possible
from the LixMnOs3 phase because it only requires the single migration of Mn from octahedral
sites to tetrahedral sites. In this case, Mn*' tends to reside in octahedral coordination while Mn’*
prefers the tetrahedral site (Figure 1.9a). Therefore, as shown in Figure 1.9b and 1.9c, the
hypothesized Li12MnOj structure can be shaped if two-quarter Mn atoms migrate to tetrahedral
sites in the nearby Li layers. The emerging of an irreversible plateau during the first charge
could also be ascribed to the formation of such configuration. As the cycling proceeds, the
absence of such a 4.5 V plateau in the subsequent discharge process is due to the presence of
multiple tetrahedral-octahedral migration pathways. The continuous rearrangement of Mn ions
could further trigger the voltage decay upon cycling. Furthermore, the authors combine the

Mn*/Mn’" oxidation hypothesis with the oxygen-based anionic redox reaction. The migration
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of Mn ions from octahedral sites to tetrahedral sites might cause the generation of oxygen
species, in which the Mn’" is unlikely to be reduced and tends to return to octahedral sites
(Figure 1.9d). This unusual manganese oxidation mechanism suggests the possibility of
utilizing high valence transition metal oxides without inducing cation migration to design high-

capacity cathode materials for LIBs.
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Figure 1.10 (a) The hypothesized Li;2,MnOs crystal structure after activation, where red, green
and purple representing O, Li and Mn, respectively. (b, ¢) Comparison of the hypothesized
Li12MnOs and Li2MnO; structures. The circles and triangles stand for the octahedral (Oct) and
tetrahedral (Tet) sites, respectively. (d) Alternative charge mechanisms in LLRM cathode
materials. The Mn**/Mn’* oxidation followed by the formation of trapped oxygen molecules or

peroxide ions.’!

22



1.5 Strategies for improving electrochemical properties of LRCMs

Despite the compelling features of LRCMSs, currently developed cathode materials are far
behind the requirement for next-generation LIBs with practical high-specific-capacity and long-
service-life. The evolution of oxygen gas naturally leads to volume expansion when fabricating
prototype lithium-ion pouch cells.’**> Furthermore, the side reaction is another issue
considering the complexity of the redox reaction of LRCMs. Additionally, voltage decay is one
of the toughest challenges. The energy density of LRCMs could decrease from 1000 to 500 W
h kg! after 100 cycles due to the uncontrollable voltage decay, which could not be fully
explained by capacity fade alone.’”® Moreover, the poor rate performance and deteriorated
cycling stability make LRCMs more difficult for commercial production. Although the
degradation of LRCMs is unpredictable, efforts to overcome obstacles for practical applications
have never been stopped for years. Inspired by previous research achievements in intercalation-
type cathode materials for LIBs, nowadays, we can tackle these challenges by employing
various improvement strategies for LRCMs. These approaches, from the aspect of cathode
materials to electrolyte, including surface modification and doping, composition optimization,

structure engineering and electrolyte additives etc. (Figure 1.10).
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Figure 1.11 Strategies for improvement of layered LRCMs.

1.5.1 Surface engineering

1.5.1.1 Surface coating

Surface engineering involves surface coating or chemical and physical surface treatment on
LRCMs. Surface coating has been regarded as one of the most promising and reliable methods

to improve the electrochemical performance of LIB cathode materials.” Since Cho and co-
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workers'® first illustrated the contribution of the ZrO» coating layer on LiCoO, cathode
materials, many investigations have been conducted in this area.''"'%2 An ideal coating material
should possess high ionic conductivity while maintain electrochemical inactivity during cycling.
For LRCMs, surface coating is beneficial to suppress the lattice-constant change and undesired
oxygen loss during cycling, thereby restricting the irreversible layered to spinel-like phase
transformation and enhancing the structural stability as well. Moreover, a surface coating layer
prevents the accumulation of by-products on the cathode surface that leads to rapid capacity
degradation.!®® The previously reported coating strategies are summarized in Table 1.1. Zheng

et al.'%*

reported the use of the AIF3 material as a coating layer on LRCMs. The AlF3-coated
LRCM shows negligible capacity loss after 100 cycles. Meanwhile, voltage decay and rapid
capacity degradation have been significantly mitigated after cycling. The AlF3 protective layer
could minimize the occurrence of adverse side reactions between the electrolyte and electrode,
restricting oxidation of the electrolyte and the generation of a thick cathode electrolyte interface
(CEI). This outer shield layer can protect the cathode material against further corrosion and
etching by corrosive species and reduce the generation of the oxygen-deficient surface.
Moreover, the irreversible phase transformation has been suppressed to a certain extent and
therefore maintains the structural integrity (Figure 1.11a). However, the layered to spinel-like
structure evolution cannot be eliminated as indicated by the drop of the average operating

voltage. The authors employed electron energy-loss spectroscopy line scan (EELS) to further

demonstrated that the average Mn valence in the AlFs-coated cathode material is higher than

25



that in the pristine one after cycling, which could alleviate the disproportionation of Mn>* and

increase the structural durability.

It is worth noting that a good lithium-ion-conductive coating layer contributes to the rapid
Li" diffusion and reduces the electrode polarization upon cycling. As previously reported in the
lithiated Al,Os coating layer,'% once the Al,Os protective layer is lithiated by Li*, a new phase
LisAlO«Fy is formed to promote the Li* diffusion and transport in the surface layer. Zhao et al.*°
further investigated the effect of surface coating by employing the lithium-ion-conductive
LiAlF; as the coating material. The coating of LiAlF4 not only can ensure a high Li* diffusivity
but also bring the increased proportion of non-bonding O™ species in the LRMC, which
contributes to the effective anionic redox reaction and fast lithium-ion transport. As a result,
the LiAlF4-coated cathode material shows a reversible capacity of 246 mAh g ! at 0.1 C and
excellent rate capability (133 mAh g ! at 5 C). Meanwhile, the cycling stability has been
boosted via LiAlF4 surface coating, especially compared with the poor lithium-ion-conductive
AlF3-coated and uncoated LRCMs. Zheng et al.!® demonstrated the heterostructured cathode
material by constructing a spinel LisMnsO12 coating layer onto LRCMs. According to the
transmission electron microscopy (TEM) analysis, the surface of primary particles was coated
by a uniform layer of spinel structure with a thickness of 14 nm. The LisMnsO1> coating layer
effectively inhibits the irreversible lattice oxygen loss from the pristine cathode material and
thus results in high ICE. Meanwhile, the protective layer also avoids the nucleation of spinel-

like domains on the surface and restricts the decomposition of carbonate solvents caused by

reactive oxygen species. These advantages help to improve the structural stability of LRCMs.
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Moreover, the external three-dimensional (3D) spinel framework facilitates the transportation
of Li", which satisfies the requirement of rapid diffusion kinetics. As a consequence, the
LisMnsO12-coated cathode material shows a higher specific capacity of 276 mAh g ! at 0.05 C,
better rate performance (192 mAh g! at 1 C) and capacity retention of 83.1% after 300 cycles
than that of the pristine one. All these findings suggest the feasibility of surface coating to
improve the electrochemical properties of LRCMs. Nevertheless, synthesizing well-coated
cathode materials is not easy to get right. For example, solid-state coating technology is
productive and efficient for large-scale application, but the uniformity of its thickness is poor.
Moreover, the wet-chemistry coating strategy is often limited by its multi-step reactions and

may bring in residual water molecules during the preparation procedure.

Apart from single-component coating materials, multi-component coating materials have
also paly significant roles in improving electrochemical performance of LRCMs. For example,
Bian and co-workers proposed a spinel material, LisMnsOr2, associated with a LiO-
LiBO,—Li3BO;s glass layer as coating materials.!®” The Li»O-LiBO,—Li3;BOs glass surface layer
not only serves as a good ionic conductor for Li* diffusion but also effectively suppresses side
reactions occurring at the high working voltage. Meanwhile, the spine LisMnsO1> can grow
inward from the surface instead of conventional LiMn,Os (Figure 1.11b). The phase
transformation of LisMnsO1: is kinetically slower than the LiMn2O4 transformation in LRCMs,
which puts off voltage decay and results in remarkable capacity retention. As a result, the
heterostructured cathode material exhibits a reversible specific capacity of 259 mAh g ! at 0.2

C and improved cycling stability of 92.2% after 100 cycles. They also found that such a
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“swallowed effect” exists in the LiaMs012@BiOF@LRCM heterostructure, showing a high
discharge capacity (292 mAh g ' at 0.2 C) and excellent capacity retention (92% after 100
cycles).!%® Moreover, Liu ef al.!® reported the role of NH4F and Al,O; surface co-coating on
the electrochemical performance of LRCMs. The ICE of co-coated Lii2Nig2MngosO2 is
improved from 82.7% to 87.5%, while the discharge capacity is enhanced from 253 to 287 mAh
g ' at 0.05 C. This phenomenon is owing to formation of the amorphous Al,O3 nanolayer, which
prevents the cathode material from being attacked by by-products and reduces irreversible
oxygen loss during electrochemical cycling (Figures 1.11c—e). Furthermore, the weak acid
treatment of NH4F during surface coating facilitates the partial reduction of surface Mn**. The
generated nanoislands and pre-activated Mn®* on the surface area ensure the reversibility of the
oxygen-based anionic redox reaction and stabilize the Ni-redox pair.

Although the surface coating strategy has been proven to effectively improve the
electrochemical property of LRCMs, there are still many technical challenges to obtain high-
quality coating layers on LRCMs. Many coating techniques such as solid-state routes, wet-
chemistry routes, and nanoengineering routes have been introduced in preparation of high-
performance LRCMs, as shown in Table 1.2.3% 78 106 H0-12 por example, solid-state coating
technology is productive and efficient for large-scale applications. However, the uniformity of
the coating layer’s thickness is poor. Moreover, the wet-chemistry coating strategy is often
limited by its multi-step reactions and may lead to residual water molecules remained during
the preparation procedure Although nanoengineering routes like chemical vapor deposition
(CVD), molecular layer deposition (MLD) and atomic layer deposition (ALD) achieve
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promising results such as the uniform coating layer and adjustable coating thickness, these
cutting-edge techniques are often expensive and would be not suitable for large-scale

production.
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Figure 1.12 (a) Scheme of the AlF; coating strategy and its working mechanism during
cycling.!® (b) The phase transformation of heterostructured LisMsO12@LBO@LRCM during

cycling.!”” (c—e) TEM images of NH4F and Al,O;3 co-coated LRCM.!%”
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Table 1.1 Different types of surface coating strategies.

Type of surface  Coating  Initial Coulombic  Discharge capacity Capacity retention Ref.
coating materials  efficiency (mAh g'at0.1 C)
ZnO ~85% 267 90.2% (130 cycles, 0.5 C) 13
ALO3 51% 285.5 80% (20 cycles, 0.1 C) i
TiO, 79.65% 287 78% (50 cycles, C/3) i
MnO: 88% 299 93% (50 cycles, 0.5 C) 14
MoO3 99.6% 272.7 88.5% (50 cycles, 0.1 C) 13
Oxides Mg2TiO4 84.6% 271 81% (700 cycles, 2 C) 86
AIPOg4 85.2% 261.9 90.8% (40 cycles, 0.1 C) 78
FePO4 85.1% 271.7 95% (100 cycles, 0.5 C) 116
LiFePO4 - 282.8 98.1% (120 cycles, 0.1 C) 12
LiCoPO4 82.5% 250 98% (40 cycles, 0.08 C) 17
LiAlO; 82.9 % 257.6 96.5% (50 cycles, 1C) 18
LisMnsO12 -~ 79 % 261 83.1% (300 cycles, 0.2 C) 10
AlF; 90.8% 245.6 79.6% (100 cycles, 0.5 C) 110
CaF, 89.6 % 277.3 91.2% (80 cycles, 0.2 C) 119
Fluorides FeFs; 80 % 280 95% (100 cycles, 0.5 C) 120
MgF» 76 % 220 86% (50 cycles, 0.1 C) 121
LiAlF4 81.2% 246 90.9% (3000 cycles, 5C) 3¢
Carbon 96.7 % 263 92% (100 cycles, 0.2 C) 122
Carbon 922 % 334.5 ~90% (50 cycles, 1 C) 123
Carbon MWCNT 87 % 241.5 75.7% (50 cycles, 0.2 C) 124
Graphene 74 % 290 90% (100 cycles, 0.5 C) 2
Polyaniline 89 % 313.5 ~100% at 0.1 C 125
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Table 1.2 Comparison of different surface coating strategies in term of their advantages and

disadvantages.
Methods Advantages Disadvantages
Solid-state routes *Low cost *Non-uniform coating on particles
(Ball-milling, mechanical *Suitable for scale-up production *Easy to collapse and polluted
mixing, efc.) *Facile procedure *Discontinuous coating layer
*Improved mechanical stress
Wet-chemistry routes *Continues coating layer *Non-uniform coating on particles
(Chemical coprecipitation, *Low cost *Complicated preparation procedure
sol-gel, hydrothermal, etc.)  eImproved structural stability *Non-adjustable coating thickness
*Residual water molecules
Nanoengineering routes *Uniform coating on particles *Expensive
(ALD, MLD, CVD, etc.) *Continues coating layer *Complicated preparation process
*Adjustable and precise coating *Limited deposition source
thickness «Difficult for scale-up production

*Ultrathin coating layer

1.5.1.2 Surface treatment

In addition to surface coating, surface treatment has also been found to be effective in many
reports.!?6-128 This strategy is intended to make cathode materials to be more resistant to
chemical corrosion and improve structural stability as well. NaxS>Og aqueous solution has been
identified as an effective surfactant for the surface treatment of LRCMs.!'?? After treated by 40
wt.% Na»S»0s solution, the modified cathode material shows a high initial discharge capacity
(285 mAh g ! at 0.1 C) and enhanced ICE (93.2%). X-ray photoelectron spectroscopy (XPS)
results indicate that the lattice oxygen near the surface of particles is oxidized to form O,*
species with the extraction of Li* from the Li»MO3 region, rather than being oxidized to O at

the pristine particle surface. In most cases, the release of O2 causes the formation of oxygen
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vacancies and triggers the structural evolution from layered to defect-spinel phase on the
surface. Therefore, this surface modification strategy is beneficial to increase the rate
performance and cycling stability of LRCMs. Qiu et al.'*® reported the gas-solid interface
reaction in enhancing the electrochemical property of LRCMs. The control of the cumulative
oxygen activity and the interface reaction was achieved by creating the appropriate number of
oxygen vacancies. Figure 1.12a and 1.12b show the reaction mechanism of the pristine and
activated LRCMs before and after the first full charge process. Before cycling, the pre-activated
cathode material contains numerous oxygen vacancies, which alleviate the partial pressure of
oxygen release and prevents the oxygen evolution at the high working voltage (>4.5 V).
Subsequently, owing to reduced adverse reactions occur at the interface, a thinner CEI layer is
generated on the surface of the cathode material and, therefore, reducing the electrochemical
resistance upon cycling. Furthermore, the increased number of oxygen vacancies enables
intensive reversible oxygen-based anionic redox reactions, which ensures high Li" diffusivity
within the bulk material, together with the minimal structural change. The modified cathode
material delivers a high specific capacity of 301 mAh g! at 0.05 C without obvious capacity

degradation after 100 cycles.

Erickson et al."3! reported the influence of ammonia treatment on LRCMs. Based on their
findings, Mn and Co are partially reduced as a result of NH3 treatment. Additionally, the change
of oxygen species was observed from the NHs-treated cathode material, which indicates the
generation of surface LiOH and peroxo-like species after 2 and 4 h ammonia treatment,

respectively. The increased amount of peroxo-like species and gradual elimination of 02>~ from
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the particle surface of cathode materials give rise to the formation of an oxygen-deficient,
spinel-like surface phase, which is expected to increase the specific capacity and mitigate
voltage decay. Moreover, a urea-treated thermal treatment strategy is also effective in
LRCMs.'* As shown in Figure 1.12c, this surface treatment strategy introduces oxygen
vacancies into the lattice and forms a protective surface layer containing C3N4 and LiNO3. The
presence of oxygen vacancies lowers the valence state of Mn to some extent and weakens TM-
O bond strength as well. Meanwhile, a passivation surface layer prevents the cathode material
from being attacked by harmful products. The urea-treated LRCM shows higher activation
extent (270 mAh g ! over 45 cycles) than the pristine one (255 mAh g ! after 150 cycles).
Meanwhile, the modified cathode material exhibits a good cycling performance (98.49%) and
low voltage decay (15.66%) after 300 cycles. In situ synchrotron X-ray diffraction (XRD)
measurement reveals that oxygen loss is greatly suppressed in the urea-treated LRCM, as the
change of d-spacing is nearly zero at the high potential (>4.5 V). Chen et al.'** investigated the
surface oxygen group and highlighted the importance of surface chemistry on LoMnOs. They
pointed out that the overoxidation and irreversible loss of surface oxygen is due to the
undercoordinated configuration with cationic vacancies that gives rise to high energy orbital
(102p°) on the surface. To solve this problem, they employed a facile sulfur deposition strategy
to induce the formation of polyanionic surface oxygen (SO4>) rather than under-coordinated
one and thereby stabilize the interfacial stability. The inducive effect of the S-O bond is stable
enough to withstand the long-term cycling and shows highly conserved crystal structure. Zhu
and co-workers reported an artificial surface prereconstruction for Li; 2Mno.sNig20> through a
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MoOj3 leaching method, which forms a crystal-dense and anion-redox-free LiMni 5Nio 504 layer
that completely encloses Li 2Mno¢Nio .02 particles.!3* The treated cathode material displays a
stable discharge capacity of 253 mAh g ! at 60 mA g ! with improved capacity retention
(~102%) and average discharge voltage (3.3 V) after 200 cycles. They found that the
irreversible oxygen loss and structural collapse derived from global oxygen migration is
mitigated in cycling, which suppresses Mn>" dissolution and the electrolyte decomposition in
the high working voltage. Moreover, coupled with a commercial graphite anode and lean
electrolyte, the assembled pouch full-cell can deliver a high specific energy density of 280 Wh

kg ! and still maintain 66% of its discharge energy density after 125 cycles.

In summary, surface engineering provides an effective and practical approach to prevent
cathode materials from chemical etching caused by harmful by-products, and thus enhances the
structural stability of LRCMs. Meanwhile, the irreversible structure evolution has also been
suppressed via surface modification. However, there are still some drawbacks that need to be
improved further. The electrically insulating nature of many coating materials adds an inactive
portion into the cathode material and thus lowers the energy density of LRCMs. Furthermore,
the currently available surface coating techniques are unable to achieve a pure and
homogeneous coating layer at a low cost. More importantly, surface engineering merely
postpones the progress of cathode material degradation. As the cycling proceeds, the
mechanical stress and irreversible structural transformation continue to build up and eventually

degrade the electrochemical performance of LRCMs.
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1.5.2 Elemental doping

Heterogeneous ions doping in the crystal structure of cathode materials is a good method to
improve the Li" diffusion kinetics and structural stability of the bulk phase. With the
introduction of stabilizing dopants, the modified local environment can tolerate cationic
disorder and structural change to a certain extent. Meanwhile, the doping ions can expand the
interplanar spacing of LRCMs without damaging their original layered structure, thereby

significantly enhancing the rate performance and reinforcing the structural integrity.!*

1.5.2.1 Cationic doping strategy

Cation-doping has been widely employed to improve the electrochemical property of
LRCMs. A series of metal cations such as Na™3¢ K137 Mg?*138  A13*13 and Cr**1%% have been
employed in term of this strategy (Table 1.3). Wang et al.'** introduced a facile Sn-doping
approach in LizMnOj-LiMno sNio.sO2 cathode material. XRD results confirm that the Sn-doped
structure has a relatively larger interplanar spacing of (003) planes compared with the pristine
material. The expanded (003) spacing does not block the lithium diffusion path among different
lithium layers and dramatically reduces the energy barrier for Li* diffusion and transport.
Consequently, the Sn-doped cathode material delivers a much better rate performance and faster
Li* diffusivity than the pristine material. The feasibility of Nb-doping in
Li; 2Mng 54Nio.13C00.1302 has also been studied.!*! As shown in the annular bright-field (ABF)

image and the energy-dispersive X-ray (EDX) mapping results, the Nb-O bond located near the

36



surface region strongly constraints the O-TM(L1)-O slabs (Figure 1.13a). During charging and
discharging, the surface oxygen species remains inactive while the lattice oxygen composition
is oxidized, which is crucial for suppressing oxygen loss and improving structural stability of
LRCMs. Furthermore, Soft X-ray adsorption structural (SXAS, Figure 1.13b) spectroscopy
demonstrates that Mn*" cations presented in the TM layer are stabilized and keep unchanged
upon cycling, which prevents the unwanted layered-spinel transformation and ensures the
structural stability (Figure 1.13c). Meanwhile, irreversible voltage decay and capacity loss are
significantly suppressed through Nb-doping. He et al'** reported the Zr-doped
Li12Mno 54Nio.13C00.1302 as a cathode material for LIBs. The Zr-doped sample with a 3D hollow
structure provides additional space for Li" transport and diffusion. Moreover, the crystal
structure change of LRCMs is alleviated by Zr-doping. As indicated in Figure 1.13d, despite
the generation of impurities after 100 cycles, the shift of diffraction peaks towards the lower
position has been restricted. This tendency implies that the pristine cathode material is plagued
with more severe capacity degradation than the doped sample. As a result, the Zr-doped

Li1 2Mng 54Nio.13C00.1302 cathode exhibits a reversible discharge capacity of 256 mAh g at

12.5 mA g ! and exceptional capacity retention of 95% after 100 cycles.

1.5.2.2 Polyanionic doping strategy

Apart from the frequently reported cation-doping method, polyanion-doping is also applied

and discussed in many studies. Zhang et al.'*® illustrated the utilization of SiO4*" and SO4>~
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polyanions as dopants in LRCMs. As expected, the polyanion-doped cathode materials show a
lower degree of Li"/Ni*" cation mixing and voltage decay, compared with the pristine sample.
This advantage is ascribed to the local defects caused by polyanion-doping, which can
effectively block the notorious structural degradation and, therefore, maintain the high-energy-
density of LRCMs. More importantly, the ICE and cycle stability are also improved owing to
the effect of polyanion-doping. Moreover, tetrahedral PO4> polyanions were also introduced
into LRCMs.!* The study shows that the optimal amount of PO4** doping can minimize the
local environment evolution and immobilize TM ions in the layered structure. Such a special
synergistic effect between large PO4>~ polyanions and O* anions reduces the possibility of
Li*/Ni** cation mixing during cycling. Although the migration of TM cations is more likely to
trigger undesirable spinel domains within the primary layered phase, PO4*" doping can delay
the subsequent phase transformation and has a positive effect on the electrochemical

performance of LRCMs.
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Figure 1.14 (a) The annular bright-field (ABF) image and the energy-dispersive X-ray (EDX)
mapping of Nb-doped Lii2Mno.54Nio.13C00.1302. The images reflect the elemental distribution
near the surface. (b) The Mn L3 edge spectra of the Nb-doped cathode material in the TEY
and FLY modes at different charge/discharge states upon the first cycle. (c) The high-angle
annular dark-field (HAADF) images of Nb-doped LLCM near the subsurface area after 20
cycles (left) and 100 cycles (right).!*! (d) XRD patterns of uncoated and Zr-doped cathode

materials after 0, 20 and 100 cycles.!*?

1.5.2.3 Cationic/anionic co-doping strategy

In contrast to the mono-doping strategy, the combination of cationic and anionic doping can
take full advantage of heterogeneous ions doping and boost the electrochemical performance

of LRCMs. Liu et al.'*® introduced the synergistic effect of Na and F co-doping to address poor

39



cycling stability and rate capability of LiioNip2MnosO>. As shown in Figure 1.14a, an
appropriate amount of Na and F is located on Li and O sites, respectively, without destroying
its original layered structure. In this case, Na-doping can restrict the irreversible layered to
spinel-like phase transformation, while F-doping obviously enhances both electronic and ionic
conductivity. Therefore, the as-prepared cathode material shows the excellent rate performance
(167 mAh g ! at 5 C) and superior cycle life (~100% after 100 cycles at 0.2 C). The effect of
Cd and S co-doping on Lii2Nig2MnosO> was also investigated by Chen and co-workers.!*¢
Figures 1.14b and 1.14c illustrate high-angle annular dark field-scanning transmission electron
microscopy (HAADF-STEM) images of the pristine and co-doped cathode materials. Unlike
the local environment of the pristine material, the significant contrast peaks in Figure 1.14c
appear along both the H3 and H4 direction, which is an evidence of heavy atoms doping in Li
and TM layers. The presence of Cd** and S* doping species leads to an expansion of the (003)
interlayer spacing and acts as a “support pillar” to improve structural stability. Meanwhile, the
lattice spacing remains nearly unchanged (from 4.83 to 4.81 nm) after 100 cycles, and the co-
doped LRCM exhibits a much higher Li" diffusion coefficient (1.4 x 107" cm?s™") than the
pristine cathode material (4.88 x 1073 cm?s™") during charge and discharge. Liu et al.!*” reported
a new type of Lij 2Nio 13C00.13Mng 540> through Na* and PO4+>~ co-doping. Such a co-doping
strategy not only enlarges the interlayer spacing and alleviates the volume change in the charge
and discharge processes, but also minimizes Li/Ni mixing within the layered structure and,
therefore, improves the cycling stability. As a result, the co-doped cathode material shows an
enhanced rate performance (106 mAh g™ ! at 10 C), good capacity retention (94% at 10 C after
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100 cycles) and negligible voltage decay. Although many progresses have been made towards
the goal of an all-around performance boost through the elemental doping strategy, the effect
of heterogeneous ions doping is hard to predict, and the role of doping ions should be further
investigated. Similar to surface engineering, elemental doping cannot eliminate irreversible

phase transformation.
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Figure 1.15 (a) Phase transformation of the pristine and co-doped LRCMs upon cycling.!*

HAADF-STEM images of the (b) pristine and (c) Cd and S-doped cathode materials.!'*®
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Table 1.3 Different types of elemental doping strategies.

Type of Type of Initial Coulombic ~ Discharge capacity Capacity retention Ref.
doping dopant efficiency (mAh g'at 0.1 C)

Na* 87% 286 87.9% (100 cycles, 0.2 C) 136

K* 77% 315 85% (110 cycles, 0.08 C) 137

K* 87% 299 94% (100 cycles, 0.5 C) 148

Mg 87.9% 248.6 94.2% (200 cycles, 0.5C) 4

AP 82.3% 280 96% (100 cycles, 0.1 C) 139

Fe’t 87.8% 230 90.4% (50 cycle, 0.1 C) 150

Fe’t 77.5% 232 70% (200 cycles, 1 C) 151

Cationic Cr¥* 93.4% ~230 77.6% (133 cycles, 0.2 C) 140
doping Y3 79% 281 95.6% (40 cycles, 1 C) 152
La** 90.4% 286.4 93.2% (100 cycles, 1 C) 153

Sn# 77% 232.2 86% (400 cycles, 0.12 C) 154

Ti%* 73% ~320 71% (300 cycles, 0.2 C) 155

Zr* 70.9% 242 ~95% (100 cycles, 0.1 C) 142

Ru** 87.7% 276.4 92.5% (50 cycles, 2 C) 156

Nbs* 87% 320 94.5% (100 cycles, 0.1 C) 4!

Mo®* 72.87% 245 91.8% (204 cycles, 0.1 C) 157

Wo* 81% 284 ~78% (100 cycles, 1 C) 158

Si04* 83.5% 261.2 ~83% (400 cycles, 0.12 C) 143

Anionic SO4* 83.2% 282.2 ~80% (400 cycles, 0.12 C) 143
doping PO4* 84.2% 252.4 ~95.6% (300 cycles, 0.1 C) %
BOs*> 94% ~240 85% (100 cycles, 0.24 C) 159

Cationic/ Na*/F- ~68% ~260 ~100% (100 cycles, 0.2 C) 145
anionic Cd*/s* 87.2% 268.5 84.4% (200 cycles, 1 C) 146
Co-doping  Na'/POs* 85.7% 255.7 93.8% (100 cycles, 1 C) 147
APY/F- 81.1% 287 88.2% (150 cycles, 0.5C) 160

1.5.4 Composition optimization

1.5.4.1 Synthesis process

According to the previous discussion in the elemental segregation section, a selective surface

area with preferential segregation of cations has been discovered for LRCMs, which serves as
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a dynamic barrier for Li" diffusion. The synthesis process shows a great influence on the
distribution of TM ions. The impact of the synthesis route on Lij 2Nip2MnocO2 was investigated
by Zheng and co-workers.'¢! They found that the electrochemical performances of LRCMs are
affected by synthesis routes, including co-precipitation (CP), hydrothermal assisted (HA) and
so-gel (SG) methods. X-ray energy dispersive spectroscopy (XEDS) mappings in Figure 1.15a
illustrate that the cathode material synthesized via a HA method shows an improved
homogeneous distribution of Ni within the material, thereby increasing Ni-Mn interaction and
improving the structural stability. Scanning transmission electron microscope (STEM)
characterization reveals that the HA method facilitates to generate a solid solution dominated
by the LixMnOs3 type monoclinic C2/m phase (Figure 1.15b). This feature is different from other
LRCMs, which consist of both trigonal LiMO2 R-3m and monoclinic LioMnOs; C2/m
components. Meanwhile, it plays as a positive role in against oxygen loss and unexpected side
reactions during cycling. Consequently, the HA cathode material exhibits the best rate
performance (119 mAh g! at 5 C) and the lowest average voltage decay (0.15 V after 200
cycles) among three samples. In addition, the pH condition during the synthesis process has a
significant influence on the electrochemical performance of LRMCs.'®? The relatively low pH
value (< 7.5) normally results in a high residual Mn and Ni concentrations in precursors, which
could lead to undesired chemical stoichiometry and distribution. However, when pH reaches a
comparatively high value (> 8.5), it gives rise to a continuous increase of the residual Ni
concentration and formation of nickel hydroxide, which is detrimental to the quality of LRCMs.
A moderate pH range between 7.5 and 8.5 effectively minimizes the residual TM concentration
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in solution and provides the optimized condition to synthesize LRCMs, thereby improving the

electrochemical performance.

Furthermore, the synthesis process also determines the primary particle size of LRCMs. It is
well known that the cathode material with smaller particle size shows higher ionic conductivity
and shorter Li" diffusion pathway. Hence, optimizing the synthesis process is beneficial to
control the primary particle size and, therefore, improve the electrochemical performance of
LRCMs. Liu et al.'®® confirmed the primary particle size of LRCMs is correlated with
calcination temperature. The particle size of materials changes to 80 nm, 200 nm, and 500 nm
at the elevated temperature (800 °C, 900 °C and 1000 °C). The sample with the smallest particle
size shows the highest discharge capacity (237 mAh g at 0.1 C) and ICE (75.1%), which is
ascribed to the small dynamic barrier for Li" intercalation owing to the size effect. Apart from
the sintering temperature, other conditions such as the preparation method'®* and the lithiation
process'® also remarkably influence the primary particle size of LRCMs. In this regard, how
to optimize the synthesis process with both the excellent electrochemical performance and the

possibility for potential commercial applications should be given priority.

1.5.4.2 Cationic substitution

Substitution with high-valent cation in the cathode material is another useful way to improve
the electrochemical performance of LRCMs. A key step of this substitution strategy is to reduce,

for example, the Mn valence (Mn*") to a lower state by introducing high oxidation state cation
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species (Nb°" and Ti*") in the lithium-rich manganese-based cathode material.??> Through this
method, oxygen can only participate in the redox reaction when charging to above 4.7 V, as
indicated by a distinguishable voltage plateau in the galvanostatic charge-discharge profile. By
controlling the charge voltage to 5 V, the revisable capacity (>300 mAh g!) is higher than the
theoretical capacity of the cationic Mn?>*/Mn*" double redox reaction (270 mAh g™!). The
involvement of the Mn**/Mn*" reaction minimizes the sluggish anionic redox activity and
enables rapid Li" diffusion. Meanwhile, reducing the contribution from the excessive oxygen-
based anionic redox upon the charge-discharge process also considerably enhances the
structural stability and rate capability. Liu and co-authors reported a new type of Ti%'-
substituted LRCM, Lij2Tio.26Nio.18Mno.18C00.1802, where Ti ions present in both Li and TM
layers.'® As we can see from Figure 1.15c¢, a native Li-Ti cation mixing structure with strong
Ti-O bonding restricts migration of TM ions and, therefore, inhibits the irreversible structural
transformation from layered to spinel. Moreover, both of Mn*" and Ti*" are electrochemically
inert and keep stable during charging and discharging, which contributes to enhanced structural
stability. The voltage decay of the Ti*"-substituted LRCM is only 90 mV after 100 cycles, while
the capacity loss is also inhibited to a large extent (3% after 182 cycles). Additionally, the
presence of Li—Ti cation mixing also lowers oxidation potential and thereby ensures the

reversibility of the oxygen-based redox activity.

Substituting Ru** for Mn*" ions in the Li1.2Mno.sNio2O: system has been discussed by Knight
and co-workers.'” As the percentage of Ru*' is increased, the size of the primary particles

grows accordingly, and monoclinic P/2/m phase peaks obtained by XRD analysis appear in the
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high Ru*" content cathode material, implying the formation of Ru-Ru dimer. Although the

presence of the active Ru*">*

redox couple could improve the electrochemical performance of
the Ru*"-substituted LRCM, its plateau region declines in length with increasing the degree of
Ru*" substituting and the whole LRCM system behaves more like LixRuOs. At the same time,
the oxygen-loss voltage plateau also decreases and becomes more slope-like voltage curve,
illustrating the irreversible anionic redox activity is suppressed. Until now, there are only few
reports about the cationic substitution strategy on LRCMs. Cationic substitution may break up

the structural consistency and change the crystal structure from order to partial disorder.

Meanwhile, the effect requires further evaluation and analysis.
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Figure 1.16 (a) X-ray energy dispersive spectroscopy (XEDS) mappings of cathode materials
synthesized by different methods. (b) STEM images, atomic model and intensity plot of the HA

cathode material.'® (c) The HAADF image and the atomic model of Li-Ti mixed structure.'®

1.5.4.3 Anionic ligands

Although the oxygen-based anionic redox activity gives rise to a high specific capacity of
LRCMs as mentioned above, it also gives rise to significant voltage decay and sluggish reaction
kinetic. Replacing the oxygen with more electronegative fluorine in LRCMs holds great

promise because the working voltage and cycling stability are enhanced via substituting O* for
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F". House et al.'® demonstrated the partial substitution of O* with F~ in Li; 9Mno.9502.05F0.9s.
With the incorporation of the fluoride anion into the cathode material, anionic substitution
increases the electronegativity of the as-prepared cathode material and reduces the valence of
TM ions. The F--substituted cathode material exhibits a high discharge capacity of 283 mAh g
! derived from both the Mn**/Mn*" and anionic redox reactions. Owing to the existence of the
F~ anion in the cathode material, the lithiated oxyfluoride material suppresses the oxygen loss
originated from the oxygen redox. Ex situ XRD reveals the reversible extraction and insertion
of Li* without obvious structural change even after 100 cycles. Unlike the ordered layered
LixMnOs, the disordered LijoMno9502.05F0.95 structure with cation vacancies eliminates the
cooperative Jahn-Teller distortion associated with Mn** in the ordered structure and, therefore,

resulting in improved long-term cycling stability.

Another approach is to substitute less electronegative sulfur for oxygen, which can initiate
the reversible anionic redox reaction. Saha et al.'® introduced a new lithium-rich layered
sulfide, Lii.13Ti0.57Fe0.3S2, which takes advantage of both cationic and anionic redox reactions
and accounts for a high discharge capacity about 245 mAh g~! with an average voltage of 2.5
V. In situ XRD shows that the sulfide cathode first undergoes a solid-solution reaction and then
a biphasic process at the end of the initial charge. While the discharge process is a little different
from its charge counterpart, as indicated by an additional solid solution process before full
discharge. Hence, the charge and discharge paths are not symmetric at the beginning. However,
the cathode material remains its long-range layered crystal structure throughout cycling (Figure

1.16a). Lii.13Tios7Fe03S2 shows negligible initial capacity loss and minimized voltage decay
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(35 mV) compared with the Lii2Nio.13Mno.54C00.1302 cathode materials, which could be
assigned to the efficient and highly reversible sulfur-based anionic redox. The irreversibility
associated with oxygen loss in oxides is unlikely to occur in sulfides because of the presence of
less electronegative sulfur. In addition, the absence of the large irreversible anionic redox also
rules out the possibility of TM migration in the cathode material, therefore restricting the
unwanted layered to spinel-like phase transformation. Galvanostatic intermittent titration
technique (GITT) further reveals a much smaller voltage hysteresis (30 mV) than
Li12Nio.13Mno 54C00.1302 (300 mV), indicating the rapid reaction kinetics. However, it should
be noticed that these attractive features come at the expense of the high energy density (600 Wh
kg ! for sulfides compared with 1000 Wh kg™ for oxides), and some of the reaction mechanisms

are still unclear. More efforts and attentions should be pursued in this research direction.

1.5.4.4 Lithium deficiency engineering

A deep delithiation state always comes along with irreversible loss of oxygen species within
LRCMs. Therefore, the lithium content can determine the electrochemical performance of
LRCMs to a large extent. Recently, lithium-deficient layered LRCMs have shown excellent
electrochemical performances.!’® Lithium vacancies in lithium-deficient layered LRCMs cause
in situ nickel doping and spine phase coating on the surface, which not only restricts the oxygen
loss via forming strong Ni—O bonds but also improves the structural stability. Owing to the

suppressed oxygen activity and reduced energy barrier for Li* diffusion, the lithium-deficient
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layered LRCMs delivers much higher ICE (83.9%) and better rate capability (132.9 mAh g!
at 10 C) than the pristine layered LRCMs. Furthermore, the lithium-deficient layered LRCMs
also maintains its high specific capacity (93.1%) and energy density (84.5%) after 500 cycles
at 1 C, confirming the improved cycling and voltage stability. /n situ XRD measurement
demonstrates that the lithium-deficient layered LRCMs shows smaller shift of diffraction peaks
than the pristine layered LRCMs during the first three cycles, implying the slight change in

lattice parameters upon cycling.

Zhu et al.'™" proposed the concept of lithium-gradient from ‘lithium-richness’ to ‘lithium-
poorness’ in LRCMs. As shown in Figure 1.16b, creating a lithium-poor region on the surface
of the particle (X(Tsurface) = Xpoor < 0) reduces the TM oxidation state in the surface region, which
promotes the cationic redox activity and in turn limits the oxygen-based redox activity. In
addition, the lithium-rich area in the bulk of the particle (X(tcore)= Xrich > 0) ensures the
reversible and abundant anionic redox reaction regarding the lattice oxygen species. The
lithium-gradient cathode material exhibits very high ICE (90.8%) and discharge capacity (293.1
mAh g ! at 0.1 C). Moreover, both of Mn*"*" and oxygen redox peaks in cyclic voltammetry
(CV) curves maintain unchanged after 50 cycles, further demonstrating excellent structural
integrity. The design of such a lithium-poor surface can eliminate oxygen release and gaseous
escape into the electrolyte according to the DEMS test results, improving the cycle life and
safety under the long-term working condition. In addition, the lithium-rich core is capable of
trapping axial Li—O2p—Li configurations and achieving a high specific capacity. Consequently,

both capacity loss and voltage decay are effectively suppressed.

50



1 (a) I
| I
| I
| i
I 1.13 = 1 1 1 1 al 1 ? I 1 .I
] Solid solution | |
l - 4 Q I
: 0.80 3 PR
] 2 P!
I & 0 2 : 0o | ]
¥ a Solid
& ] °| . |
e =} solution
- R El 1
i
I = ] e i
5 0.40 T g g | |
| £ 1 5 § |1
. o .
! 0.80 |
1 ] Solid I
| 1.13 3 { foThQn : I
| 3 2 200 185 1701
| Vvs Li*/Li vV (A%) |
L e e e P e e et e i e e SR e e e ey a

vt t 2 A RL
[601]

aoepns Jood-

8100 You-I

Figure 1.17 (a) In situ XRD patterns and the corresponding charge-discharge profile of the
Li1.13Tio.57Fe03S2 cathode during the first cycle.!® (b) Schematic and STEM-HAADF lattice
images of the Li-gradient region from the lithium-rich (lithium substitution in M layer) bulk to

the lithium-poor (M substitution in lithium layer) surface.!”!
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1.5.5 Structure engineering

Rational adjusting the structural composition with 3D open framework is expected to
effectively improve the electrochemical performance of LRCMs. Unlike the afore-mentioned
surface engineering and elemental doping methods, such structural optimization strategies
include both the bulk phase and the surface of cathode materials. In light of this, Wu et al.!”
emphasized the importance of the spinel structure with a 3D Li" diffusion path on the
electrochemical property of LRCMs. Owing to the high voltage and Li" ionic conductivity of
the lithium-rich spinel phase, the spinel/layered heterostructure cathode material exhibits
excellent rate capability and remarkable cycling stability. The microstructure of the
heterostructure cathode material was further investigated using high-resolution transmission
electron microscopy (HRTEM). By contrast to the single-layered structure, the heterostructure
presents a clear and distinct interface near the edge (Figure 1.17a and 1.17b). Figure 1.17¢
reveals that the outer shell is indexed to the cubic-spinel structure, while the inner core
maintains its original layered structure. The structural compatibility of the spinel/layered
heterostructure takes advantage of both the merits of the layered structure and the 3D diffusion
channel of the nano spinel layer (Figure 1.17d), thereby yielding a discharge capacity above

270 mAh g ! with excellent cycling stability.

A high percentage of exposed (010) facets could significantly contribute to overcoming the

Li* transport barrier for LRCMs.!”® As shown in Figure 1.17e and 1.17f, the cathode material
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displays the typical hexagonal nanobricks under TEM characterization. Two sets of the lattice
distance with an angle of 120 degree correspond to the (010) exposed facet (Figure 1.17g and
1.17h). These (010) planes are parallel to the ¢ axis, which have large diffusion channels along
the [001] direction and provide facile pathways for the migration and exchange of Li" during
charge and discharge process. Therefore, the obtained cathode material has good capacity
retention (93.5% at 10 C) and superior rate capability (130 mAh g ! at 15 C) as well.

Liu et al.'™ synthesized a 3D cube-maze-like LRCM. As shown in Figure 1.17i, this cube-
maze-like microstructure is composed of two-dimensional (2D) nanosheets with high surface
area, rapid Li" diffusion channels, enhanced structural stability, and many exposed (010) crystal
facets. Such a unique 3D self-assembled architecture shows a high discharge capacity of 285.3
mAh g ! at 0.1 C and the remarkable rate performance (133.4 mAh g ! at 20 C). When cycling
at a very high current density (20 C), the cathode material exhibits minimized capacity loss of
25% even after 1000 cycles. Coupling with the graphite anode material, the lithium-rich full
cell shows a reversible specific capacity (275.2 mAh g ! at 0.1 C) and superior cycling stability
(84.8% after 100 cycles). All these findings demonstrate that the structure optimization strategy

is beneficial to the development and practical application of LRCMs.
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Figure 1.18 (a-c) HRTEM images of the pristine and spinel/layered heterostructured cathode

materials. (d) Schematic diagram of the spinel/layered heterostructure.!”? (c) TEM images of
LRCM nanobricks from the (e, g) frontal view and (£, h) lateral view, respectively.!” (e) The

difference of lithium diffusion kinetics in 3D cube-maze-like and microsphere-like LRCMs.!”
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1.5.6 Electrolyte additives

The formation of a stable and conductive passivation layer on the surface of cathode materials
by adding additives into the electrolyte has been proved as a promising strategy to resolve tough
problems such as voltage decay and structural instability. Indeed, the high cut-off voltage (>4.6
V) usually causes drastic decomposition of carbonate-based electrolytes, which deteriorates the
electrochemical performance of LRCMs. A stable passivation can layer prevent direct contact
between electrode materials and electrolytes, which efficiently inhibits the decomposition of
electrolyte at the high working voltage and thus ensures structural integrity. Therefore, using
electrolyte additives is expected to enable carbonate-based electrolytes thermodynamically
stable under the high voltage operating condition. Based on this point, Abouimrane et al.'”
studied the role of 3-hexylthiophene (3HT) as an additive in the electrolyte of 1.2 M LiPF¢ in
ethylene carbonate/ethyl methylcarbonate (EC/EMC = 3/7). The cell with 5 wt% 3HT in the
electrolyte exhibits distinguishable redox peaks in the CV measurement, which is ascribed to
the generation of poly (3HT) on the surface of the LRCM. Furthermore, the lithium-ion cell
with 0.1 wt% 3HT in the electrolyte shows the best cyclability and the highest CE among other
cells with different 3HT contents in the electrolytes at both room temperature and 55 °C. The
addition of 3HT in the electrolyte reduces the interfacial resistance and assists the formation of

a protective layer against corrosive acid species such as HF and H2COs.

Zhu and co-workers'’® investigated the contribution of LiF,BC204 (LiDFOB) as the
electrolyte additive on the electrochemical performance of Lii.2Nio.15sMno.55C00.10x.

Specifically, the LIDFOB additive endows a passivation surface layer on the cathode material,
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which restricts the dissolution of TM species accompanied by drastic electrolyte decomposition.
This buffer effect remarkably decreases the cell impedance, and the irreversible capacity loss
is reduced from 73% to 35% after 200 cycles (Figure 1.18a and 1.18b). Tan et al.'”” reported
tri(hexafluoro-iso-propyl)phosphate ((C3HFsO);PO or HFiP) as an electrolyte additive to
increase the cycling stability of Lii 2Nio.16Mno.56C00.0802 cathode materials. Their study reveals
that HFiP preferentially decomposes on the electrode surface at a relatively low voltage. The
HFiP additive promotes the formation of a stable CEI layer on the cathode material, which
results in the decrease of polarization. Thus, more LixMnQO3 phase participates in the activation
process and delivers higher discharge capacity (250 mAh g™ at 18 mA g!) than the electrolyte
without additives. Moreover, the rate performance (124.7 mAh g' at 5 C) of the

Li; 2Nio.16Mno.56C00.0802 cathode has been boosted with the HFiP additive in the electrolyte.

Furthermore, selected electrolyte additives can trap active oxygen species and minimize the

1'% introduced

negative impact of oxygen loss from the crystal lattice. Zheng et a
tris(pentafluorophenyl)borane ((Ce¢Fs);B, TPFPB) as an electrolyte additive for the
Li; 2Nip2Mno 602 cathode material. The highly active oxygen species (02/02%) released from
the LiuMnO3; component are detrimental to the stability of the crystal structure and induce the
decomposition of the electrolyte (Figure 1.18c). Under such a circumstance, TPFPB is expected
to capture these oxygen species and avoid their further reaction with the electrolyte. In addition,

other parasitic products are also soluble in TPFPB. Therefore, the interfacial stability is

enhanced. Benefit from these advantages, carbonate-based electrolytes with 0.2 M TPFPB can
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significantly contribute to the improvement of discharge capacity and cycling stability of

LRCMs (Figure 1.18d).

The presence of electrolyte additives can enhance the cycling performance of LRCMs and
stabilize the electrode/electrolyte interface, as shown in Table 1.4. However, most of the
electrolyte additives are expensive and generally not suitable for large-scale commercialization.
In addition, some electrolyte additives are highly corrosive to current collectors. These

problems need to be further addressed for practical application.
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Figure 1.19 Galvanostatic charge-discharge curves for cells containing (a) Gen 2 electrolyte
and (b) Gen 2 electrolyte with 2wt% LiDFOB additive.!”® (c) Scheme of the functioning
mechanism of TPFPB. The addition of TPFPB in electrolyte significantly reduces formation of
a thick passivation layer. (d) long-term cycling performances of LRCMs with and without
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58



Table 1.4 Different types of electrolyte additives species.

Type of electrolyte additives Initial Coulombic ~ Discharge capacity =~ Capacity retention Ref.
efficiency (mAh g)

Trimethyl phosphite (TMP) 92.2% ~270 (0.1 C) 81.3% (100 cycles, 7
0.5C)

Triphenyl phosphite (TPPi) - 204.3 (0.5C) 90.8% (100 cycles, 130
0.5C)

Tri(hexafluoro-iso-propyl)phosphate 78.9% 250 (0.07 C) 72.3% (130 cycles, 77

(HFiP) 0.72 C)

Trimethylsilyl (trimethylsiloxy) acetate 70.2% 237.56 (0.1 C) 80.1% (374 cycles, '8

(bi-TMSA) 10)

Tris(2,2,2-trifluoroethyl) phosphite 81.4% 280 (0.2 C) 82.1% (110 cycles, '8

(TTFP) 020

Tris(trimethylsilyl)borate (TMSB) 80.3% 213 (0.5C) 73.6% (220 cycles, '8
0.5C)

Tris(pentafluorophenyl)borane (TPFPB)  ~79.5% 245 (0.1 C) 76.8% (500 cycles, '8
C/3)

Tris(trimethylsilyl)phosphate (TMSP) 76.2% 225(0.08 C) 91.1% (50 cycles, 184
0.08 C)

3-hexylthiophene (3HT) ~85% ~280 (0.1 C) 90% (70 cycles, 0.1 175
0

LiF2BC204 (LiDFOB) ~91.2% 251 (0.06 C) 65% (200 cycles, 176
0.06 C)

Lithium bis(oxalato)borate (LiBOB) 88.4% 284 (0.1 C) 98.1% (120 cycles, 185
0.5C)

Lithium difluoro(bisoxalato)phosphate ~82.5% ~246 (0.1 C) 90% (100 cycles, 186

(LiDFBP) 0.5 C)

Ethylene glycol bis (propionitrile) ether - 203.5(0.1 C) 89% (150 cycles, 187

(EGBE) 05C)

Methy! diphenylphosphinite (MDP) 88.5% 230 (0.1 C) 93.9% (80 cycles, 18
0.1C)

Phenyl vinyl sulfone (PVS) 74% ~260 (0.1 C) 80% (240 cycles, 189
0.5C)

Fluoroethylene carbonate (FEC) 70% ~280 (0.1 C) 92.5% (100 cycles,  '%°

0.5C)
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1.5.7 Other strategies

Apart from the afore-mentioned improvement strategies, there are still other approaches to
overcome the current and forthcoming challenges of LRCMs. Binders are very important and

1. chose

determine the overall electrochemical performance of LRCMs in LIBs. Yang ef a
polyacrylic acid (PAA) as a binder for LRCMs. Unlike the commonly used polyvinylidene
difluoride (PVDF) binder, PAA can form a tight and uniform protection film based on its
carboxyl groups and, therefore, prevent the cathode material from being attacked by corrosive
products from side reactions. Meanwhile, it also introduces H' into the crystal lattice via H'/Li"
exchange to suppress TM ions migration. Benefiting from this surface/interface modification
method, the dissolution of TM species, especially for Ni, is greatly restricted compared with
the traditional PVDF binder (1.65% for PAA and 5.93% for PVDF, respectively). Moreover,
the presence of carboxylate groups in PAA inclines to bond with both the cathode material and
the current collector, thereby enhancing the structural integrity and stability, exhibiting good
retention rate of 88% over 500 cycles. Liu et al.'®? prepared a binder-free heterostructured
spinel/layered LRMC through the electrospinning technique. The obtained one-dimensional
(ID) nanofibers consist of many uniform LRCM nanoparticles, which ensures high Li*
diffusivity and good structural stability. The synthesized cathode material was directly used as
an electrode for LIBs without any additives, showing very high ICE (=100%), excellent rate
performance (150 mAh g ! at 5 C), and outstanding cycling stability (> 80% after 70 cycles).

Moreover, in situ XRD and Raman investigations demonstrate that the introduction of the spinel

phase in the primary layered structure can effectively utilize oxygen vacancies without causing
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obvious structure evolution. Meanwhile, the spinel structure on the surface promotes the
diffusion and transport of Li". The absence of conductive agents and binders also lowers the

charge transfer resistance and reduces the weight of electrodes.

Annealing is also an effective and facile method to overcome disadvantages such as voltage
decay and structural defects for LRCMs. Singer and co-workers!®® demonstrated voltage decay
that occurs in LRCMs could be recovered by high-temperature calcination. The superstructure
in LRCMs gradually disappears upon cycling, further triggering the phase transformation and
the severe voltage decay. Nonetheless, the high-temperature heat treatment allows for the
recovery of the superstructure and the oxygen stacking sequence, which facilitates to restore
the voltage decay. Electrochemical pre-cycling treatment, which is different from traditional
methods, is also promising to improve the electrochemical performance of LRCMs.!*
Generally, LRCMs experience significant capacity loss when cycling at high voltage (> 4.6 V).
However, this problem can be greatly mitigated if the cell is pre-cycled at the relatively low
voltage (4 ~ 4.5 V) for several times. Moreover, such effects could be further improved if the

cell 1s treated with a stepwise pre-cycling strategy, i.e., cycles at the various potential windows

for several times.

1.6 Potassium-ion batteries

Although the intensive research of LIBs has attracted people’s interest and attention in recent

years, the limited and uneven distribution of lithium resources leads to a high cost and make
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them less promising for grid-scale energy storage.!*>1*° This economic concern has driven the
industrial community to explore other alternatives to LIBs. Recently, potassium-ion batteries
(PIBs) emerge as a potential candidate for next-generation rechargeable alkaline batteries.?%"-
202 Ppotassium shares similar chemical properties as lithium while shows other distinct
advantages such as their abundant resources in the crust and low standard redox potential (—2.94
V for K/K* vs standard hydrogen electrode, SHE, compared to —3.04 V for Li/Li* vs SHE).?%*
204 The representative “rocking-chair” working mechanism in LIBs perfectly fits in the
potassium-based energy storage system, which renders PIBs a good alternative to LIBs.
Moreover, K* has a smaller Stokes radius and the higher ionic conductivity than Li* owing to
its weaker Lewis acidity and smaller desolvation energy.??>-2® Another advantage is using low-
cost Al foils rather than Cu foils as current collectors and thereby lowers costs for mass
production. Despite the appealing potential of PIBs, the intercalation of large-sized K into

electrode materials is kinetically unfavorable and causes severe volume expansion, resulting in

their relatively low capacity, unsatisfactory rate capability and poor cycling performance.

1.7 Electrode materials for potassium-ion batteries

Considering the much higher mass-to-charge ratio of K™ (39.1) than Na™ (23) and Li" (6.94),
the bulk K" normaly results in larger volume expansion and sluggish reaction kinetics during
charge and discharge.?’> 27 This phenomenon requires stable crystal structures and large
diffusion channels for K migration, which put much pressure on the development of suitable

electrode materials.
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1.7.1 Cathode materials for potassium-ion batteries

Generally, PIBs cathode materials can be classified into three types: layered transition metal

oxides,?%-2!! Prussian blue analogs (PBAs),?!>2!* polyanionic compounds

materials. (Figure 1.19a-c).2!82%
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Figure 1.20 (a) Specific capacity versus working voltage of different cathode materials for non-

aqueous PIBs.2!0: 212 215216, 221230 (PTCDA: perylenetetracarboxylic dianhydride. PAQS:

poly(anthraquinonyl sulfide)). All of the data is based upon the mass of the cathode material

only. (b) The number of publications on cathode materials for PIBs according to Web of Science

database (June 22, 2020). (c) Radar plot comparing electrochemical performances of PBAs in

LIBs, SIBs and PIBs according to six key characteristics.
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1.7.1.1 Prussian blue analogs cathode materials

The general formula for potassium-based PBAs can be defined as K.M™[M’(CN)s]i-
y0,:zH20 (0 <x < 2,0 <y < 1), wherein M and M’ stand for TM ions, 0 designates M’(CN)e
vacancies, and H>O represents the interstitial/coordination water. As shown in Figure 1.20a
and 1.20b, if trivalent M is fully reduced to divalent M after the intercalation of K*, the
resulted compound with maximal potassium content (KoMY[M’(CN)s]:nH20) is called
Prussian white (PW). On the other hand, a K-poor and even K-free compound
(MUM (CN)6]-nH,0) generated after the extraction of K' is described as Berlin green
(BG).?*!"232 Due to the influence of the crystal field, M and M’ in PBAs exhibit different spin
states as a result of 3d orbitals splitting (Figure 1.20¢). The N-coordinated site presents a weaker
crystal filed than the C-coordinated site. Therefore, the splitting of the M 3d orbitals is much
less than that in M’ 3d, which gives rise to a low-spin (LS) M’ state accompanied by a high-
spin (HS) M state. For the case of KoFe?'[Fe?"(CN)s], in the ideal condition (x=2, y=z=0), the
oxidation of TM firstly starts from the decline of spin-up orbitals (Fe'S), and is then followed
by a change in the Fe'™ electronic structure. This process is symmetric and entirely reversible
upon potassiation (Figure 1.20b). The redox reactions of Fe!' and Fel® determine the reversible

capacity and the working voltage of PBA cathode materials.

The difference of Berlin green, Prussian blue and Prussian white is mainly reflected by the

molar ratio of K/TM. Particularly, K" content (x) and water species (z) affect the stability and
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symmetry of the crystal structure. Three influence factors that need to be taken into account,
including Pauli repulsion, d—n orbital overlap and Coulomb attraction. Among them, the first
two are responsible for the volume shrinkage, while the latter decreases the lattice volume. The
introduction of K* brings about an enhancement in Coulomb attraction, while a high water
content increases the Pauli repulsion. When potassiation (x increasing) or dehydration (z
decreasing) occurs, the Coulomb attraction grows stronger and becomes more significant than
the other two indicators, which eventually results in a twisted structure. In contrast,
depotassiation (x decreasing) or hydration (z increasing) promotes Pauli repulsion and leads to
a regular structure.?** Therefore, similar to the reports on Na-poor counterparts, K-poor PBAs
usually present cubic structures. However, unlike the previous findings of Na-rich PBAs with

34

rhombohedral structures?**, most of K-rich PBAs display typical monoclinic structures

regardless of crystal water content. This result can be interpreted by the large ionic radius of K*

that enhances the Pauli repulsion and suppresses lattice shrinkage.*3>->3

The crystal parameters of x, y and z are adjustable and highly dependent on the ratio of K/TM
and synthesis conditions. Normally, a high ratio of K (large x) and a low percentage of Fe(CN)e
vacancies (small y) result in a low degree of crystal water content. For example, a typical Berlin
green, Fes[Fe(CN)g]3-nH20, presents a double-perovskite stacking with a cubic face-centered
structure. As indicated by the stoichiometries (Fe**: Fe(CN)e¢*~ =4:3), there are at least a quarter
of Fe(CN)s vacancies within the structure according to charge conservation.??” It should be
noted that these vacancies are very difficult to be fully activated and thereby cause low

electrochemical performances, respectively. Figure 1.20d illustrates the potential occupation
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sites of K in the cubic structure can be designated with Wyckoff notations as 8¢ (body-center),
24d (face-center), 32f (displaced from 8c sites toward N-coordinated corner), 32f” (displaced
from 8c sites toward C-coordinated corner) and 48g (displaced between 8c and 24d). Density
functional theory (DFT) calculations reveal that K" preferentially occupies the body-centered
8c site with large interstitial voids, whereas occupation of the face-centered 24d site is

energetically favorable for Na* 207 231,237

PBAs-based cathode materials have some unparalleled advantages when used in PIBs: (1)
Prussian blue cathode materials have much higher ion-selection priority for potassium than
sodium and lithium in the non-aqueous system (K > Na > Li). Goodenough’s group has
confirmed that K* has a stronger preference than Na* to access the PBAs framework, enabling
low lattice strain and rapid ion-diffusion kinetics.?!%23-23% Meanwhile, in the aqueous system,
Prussian blue cathode materials also show a strong tendency for accommodating K™ in the same
order of K > Na > Li, and the crystal water in PBAs could facilitate the transport of K* while
stabilizing the 3D open structure.?*® (2) Prussian blue cathode materials demonstrate high
reversibility and cycle life, following the order of K > Na > Li. Due to the mismatch between
the Prussian blue crystal lattice and Li", the reversible Li* de/intercalation and cycling stability
are deteriorated.?*!">*> However, this phenomenon is different for Na* and K. The better
compatibility between K" and Prussian blue crystal structure contributes to the exceptional
cycle lifespan as cathode materials for PIBs.?%> 2** (3) Good mutual compatibility between
Prussian blue and K™ leads to a lower Gibbs free energy and, therefore, a higher redox potential

as a result.?”” Taking MnFe-based PBAs as an example, KMnFe-PBA, NaMnFe-PBA and
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LiMnFe-PBA show average discharge voltages of 3.7, 3.4 and 3.5 V in K, Na and Li half cells,
corresponding to specific energy densities of 521,476, and 479 W h kg™!, respectively.??® These
attractive advantages make PBAs promising cathode materials for high-energy-density and

long-working-life PIBs.

Meanwhile, there are many challenges to use PBAs as cathode materials for PIBs. Firstly,
most PBAs have a large amount of interstitial water, which is almost inevitable during their
wet-chemistry synthesis process. The high working voltage for PIBs normally causes
irreversible decomposition of carbonate-based electrolytes, which can further react with
interstitial water and lead to drastic side reactions and other safety issues. On the other hand,
some critical structural parameters, such as the lattice integrity and symmetry, are highly
dependent on the portion of interstitial water and of great significance to the structural
stability.?07-243-244 Secondly, due to the fast reaction kinetics of chemical coprecipitation routes,
the nucleation and growth of PBAs crystal grains happen immediately and produce low-
crystallinity and small grains containing numerous coordinated water and Fe(CN)s vacancies.
The presence of certain levels of interstitial/coordinated water, as well as vacancies, shows
adverse impacts on their electrochemical performance.?*!2*> Moreover, PBAs suffer from low

bulk density and poor electrical conductivity, which further degrades their power density.??! 24
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Nano Lett. Nat. Comm. Adv. Mater.
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Figure 1.21 (a) The recent research process of PBA cathode materials in PIBs. (b) Schematic
illustration of structural transformation among BG, PB and PW. (c) Spin states of N-
coordinated (left) and C-coordinated (right) TMs in PBAs. (d) Crystal structure of a defect and

water-free Fes[Fe(CN)e]3s model and possible intercalation sites for K.
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1.7.1.2 Layered oxides cathode materials

Layered KxMO; (M = 3d transition metals, 0<x<1) oxides have been extensively studied as
cathode materials for PIBs.2%-24¢ Generally, a-NaFeO; is one of the most representative layered
structures proposed in the research field of cathode materials. This material demonstrates a
layered rock-salt type structure withan R 3m space group (SG) built from MO; slabs containing
alkali metals and edge-sharing MOs octahedra.??® Theoretically, K* has two major coordination
environments in the layered KxMO2, which can be described as edge-shared octahedral “O”
sites and face shared prismatic “P” sites, respectively. In the “O”-type structure, MO slabs with
cubic close-packed (ccp) oxygen are stacked along the c-axis, while alkali-metal ions occupy
the octahedral sites between TM layers. The “O” stands for the octahedral sites where K* are
located and the number “2” or “3” indicates the MO slabs stack sequence in the hexagonal unit
cell.?!! (For example, O3-type crystal structure comprises three MO> slabs as the AB-CA-BC
stacking order in the each hexagonal unit cell). In the “P”-type layered structure, K" is located
at the prismatic sites between the MO slabs with the oxygen packing such as AB-BA (P2-type)
and AB-BC-CA (P3-type), respectively.?%

Chromium (Cr) is the only 3d transition metal that crystallizes into the O3-type structure with
K. In a potassium-based half-cell, O3-type layered KCrO; shows a discharge capacity of 90
mAh g ! with various and complex phase transitions (03—0'3—P'3—P3—P'3—P3—03) within the
potential range of 4.0-1.5 V when K" is inserted and extracted (Figure 1.21a).?*’ These
intricated structural evolutions can be ascribed to the strong K'—K" repulsion. The K'—K*

interaction stabilizes the K*/vacancy ordering in the interslabs upon K* deintercalation and
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thereby results in stepwise voltage profiles as observed in Figure 1.21b, which leads to sluggish
reaction kinetics and poor cycling stability.2!°

“P”-type layered KxMnO> and KxCoO» (0<x<1) are two of most frequently reported layered
cathode materials for PIBs.2% 248-249 Specially, nonstoichiometric KxMnO> and KxCoO: oxides
are more easily to crystallize into P3- and P2-type phases, and the K content x directly affects
the structural type of final products. Most of them deliver a high specific capacity from 70 to
110 mAh g ! at the given potential range (1.5<x<4.2 V). However, they are suffering from the
severe structure change during potassiation and depotassiation. One of the solutions is to

synthesize binary, ternary, and quaternary transition oxides cathode materials where fewer and

reversible voltage steps are expected to be realized.?!!> 2>
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Figure 1.22 (a) Schematic illustrations of layered oxides crystal structures of P2- P3- and O3-,

KxMO2.2% (b) Galvanostatic charge and discharge profiles of KCrOz in a potassium half-cell.>*’
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1.7.1.3 Polyanionic compounds cathode materials

As discussed above, layered oxides cathode materials exhibit low working voltage (< 3.5 V)
and complex structure transitions when cycling. The relative low energy density and poor
lifespan switch people’s attention to other cathode materials with 3D open frameworks and fast
diffusion channels for K'.2%% 2% Apart from aforementioned PBAs cathode materials,
polyanionic compounds stand out as one of the potential candidates to meet the demand for
high-energy-density cathode materials. This class of cathode materials comprises TMOx and
(XO4)" (X =P, Si, S and Mo) polyhedra. Due to the presence of the polyanionic group, the
highly covalent X—O bond decreases the covalency of the TM—O bond. Such an inductive effect
enhances the redox potential of TM and, therefore, increases the working voltage.?!> 27
Owing to the rapid ionic diffusion and the inductive effect, polyanionic compounds have been
extensively studied as cathode materials for PIBs. Vanadium-based fluorophosphates, such as

K3V2(PO4)2F3 and KVPOUF, are one of the representatives among them. Lin et al.?!”

synthesized
the orthorhombic K3V2(POs):F; through the electrochemical exchange from Na3;V2(POs)2F;3
and studied its electrochemical performances. Such a polyanionic compound displays a specific
capacity ~100 mAh g~! with reversible phase transformations (Figure 1.22) and a high working
potential of 3.7 V vs. K/K*. Furthermore, it also shows excellent capacity retention (95%) after
180 cycles. The synthesis of KVPO4F as a cathode material for PIBs was proposed by Kim et

al.>!® According to their report, the prepared KVPO4F exhibits a high discharge capacity of 105

mAh g ! with a high average voltage (~4.33 V).

71



K,V,(PO,),F;, 14/mmm

Figure 1.23 Phase transformations of Ks3V2(POs4)F3 during K' intercalation and

deintercalation.?!”

1.7.1.4 Organic cathode materials

Owing to advantages such as environmental friendliness, low cost, high electrochemical
activity and recyclability, a large amount of organic materials, including conducting polymers,
small organic molecules and nonconjugated polymers, have been explored as cathode
electrodes for PIBs.?!322° The most frequently reported inorganic cathode materials usually
require the high-temperature calcination process or high energy ball milling. However, these
tedious preparation processes are unnecessary for organic materials and thereby lowering the
production cost and reducing the carbon dioxide emission.?’® Furthermore, many organic
cathode materials have large voids and active sites, which are favorable for storage and
transport of the large radius K*.2%? Poly(anthraquinonyl sulfide) (PAQS) holds great promise as
the cathode material for PIBs.??* It undergoes a reversible redox reaction with two obvious

voltage plateaus at 2.1 and 1.5 V in the charge and discharge profiles, corresponding to the
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redox reaction of two carbonyl groups of the quinone moieties (Figure 1.23a and 1.23b). PAQS
shows a very high ICE that close to 90% and good capacity retention of 75% after 50 cycles in
the potassium half-cell. However, it also manifests poor rate capability at the high current
density, which is originated from sluggish reaction kinetics in the crystal structure. Another
type of the organic cathode material, perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA),
has also been studied among researchers.?'” Interestingly, PTCDA can store up to eleven K* at
the fully discharged state (Figure 1.23¢, 0.01 V vs. K/K"), which implies the possibility as a
high specific capacity cathode material for PIBs. However, like most of organic cathode
materials, PTCDA experiences severe capacity fade caused by low electronic conductivity and
dissolution in the electrolyte. In addition, its relatively low redox potential (2-2.5 V) reduces

the overall energy density of the full cell.
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Figure 1.24 (a) Illustration of potassium storage mechanism in poly(anthraquinonyl sulfide)
(PAQS). (b) Charge and discharge profiles of PAQS for initial three cycles.?** (c) Illustration

of potassium storage mechanism in perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA).?"

1.7.2 Anode materials for potassium-ion batteries

1.7.2.1 Carbon anode materials

Carbon materials are one of the most promising anodes for PIBs owing to their low cost and
superior long-term cycling stability.?*!?3® For example, graphite, which is the most successful
anode materials in commercial LIBs, shows a discharge specific capacity of 279 mAh g
through reversibly forming “stage X (1-3)” potassium graphite intercalation compounds (GICs,
Figure 1.24).2>*2% The graphite anode material has a large interlayer distance of 3.35 A, small

surface area (20 m* g ') and large crystalline domains. Hence, they are expected to achieve high
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ICE and good structural stability. However, the intercalation and deintercalation of K" within
graphite anodes would inevitably cause drastic volume expansion about 61% and lead to
structural collapse. Moreover, the sluggish diffusion kinetics is responsible for unsatisfactory
rate capability of graphite materials in the potassium half-cell. Hard carbons with small domains
of sp? carbon layers and a large interlayer distance (~3.6 A) have also been investigated as
anodes for PIBs.2% 233 27 Most of hard carbon materials possess a wide range of
micro/macropores with abundant defects and active sites, which promotes the efficient surface-
controlled capacitive process to achieve rapid potassium storage but relatively low ICE.?%-2%

For example, Chen et al.?®

prepared porous hard carbon microspheres and studied their
electrochemical performances. The microspheres deliver a reversible potassiation capacity of
230 mAh g ! at 50 mA g ! and a high potassiation capacity of 158 mAh g 'at 1 A g''. In
addition, owing to highly structural flexibility and large lattice spacing, soft carbons also
demonstrate attractive electrochemical properties when using as anode materials for PIBs.
Increasing the crystallization degree contributes to more discharge capacity below 1 V, which
1s a critical factor to ensure high energy density and avoids the risk of potassium metal dendrites
compared to the low potassiation voltage of graphite anodes (~0.1 V). Liu and co-workers also

confirmed the feasibility of soft carbons as high-performance anode materials in the potassium

half-cell, but the cycling stability of soft carbons is still needed to be improved.>¢!
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Figure 1.25 Structure diagrams of different potassium graphite intercalation compounds (stage

3_1).255

1.7.2.2 Transition metal oxides/sulfides/selenides

Transition metal chalcogenides (TMCs) are most commonly reported anode materials in
lithium/sodium/potassium-ion batteries.??” 262264 This class of materials can reversibly
participate in conversion reactions (TM,Cp, + (b -n)K <> aTM + bK,C). Sultana et al.?®®
firstly introduced a mixed transition metal oxide of Co0304—Fe2O3-C and studied its
electrochemical performances in the potassium half-cell. The Co0304—Fe203-C anode
demonstrates a high initial discharge capacity about 400 mAh g ! but gradually fades to ~220
mAh after 50 cycles, indicating the dramatic and irreversible structure change during charge

1 266

and discharge. Liu et a reported the phase transition of Sb,S; for PIBs during charge and
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discharge. As shown in Figure 1.25, in situ synchrotron XRD points out that the Sb,S3 anode
experiences conversion reactions from KxSb2S3 to K3Sb and K»S3, which results in a discharge
capacity about 500 mAh g! and excellent capacity retention of 76% at a high current density
(500 mA g ). Ge et al.?®? synthesized the carbon coated MoSe; as an anode material for PIBs.
It follows the similar steps as Sb2S3 (KxMoSe> — KsSbs + Mo) and thereby demonstrates a
high potassiation capacity of 260 mAh g ! after 300 cycles. These complicated intermediate
reactions that occur in TMCs contribute to the high specific capacity while cause the loss of

active materials during cycling.
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Figure 1.26 In situ synchrotron XRD results and ex situ SAED patterns of Sb,Ss at different

charge and discharge states.?*®

1.7.2.3 Alloying anode materials

Alloying materials show the extremely high theoretical specific capacity and low redox

potential as anodes in LIBs, SIBs and PIBs (Figure 1.26a).2°> 27 However, the quest for ideal
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anode materials has always been a game of compromise. This type of anode materials suffers
from serious volume change and poor electronic conductivity during the charge and discharge
process. Thus, the reversible K* intercalation/deintercalation into/from anodes leads to large
diffusion barrier and deteriorated cycling stability.?” For example, metallic antimony (Sb) has
a high theoretical capacity of 660 mAh g! with three-electron alloy compounds of K3Sb (Figure
1.26b). However, the huge volume expansion caused by potassium alloying reactions has
become a tough question for Sb anodes in PIBs.?®® Bismuth (Bi) is another potential anode
material owing to the high electrochemical stability of K3Bi and displays a reversible capacity
of 400 mAh g ! with a low voltage plateau. Through forming binary alloying materials with Sb,
the optimal Bi-Sb alloying buffers the volume change to a large extent and exhibits outstanding
potassium storage capability and long cycle life.?%%-?’° Phosphorus (P), such as red P and black
P, is one of the most promising alloying anode materials because of its ultrahigh theoretical
discharge capacity of 2500 mAh g!' among the current available alloying anode materials for
PIBs.?’! Unfortunately, like most alloying anode materials, the dramatic volume expansion and

sluggish reaction kinetics of phosphorus pose a threat to its further applications.?’
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Figure 1.27 (a) Theoretical specific and volumetric capacities of various anode materials for

LIBs, SIBs and PIBs. (b) Volume expansion upon alloying reactions with different alkaline

metals (Li, Na and K) as a function of x.2%
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CHAPTER 2 EXPERIMENT AND METHODOLOGY

2.1 Overview

The preparation methods, material characterization and electrochemical measurements are

systematically summarized in Figure 2.1. Four parts, including the synthetic strategy, material

characterization, electrochemical tests and data analysis, construct the basic framework in each

experimental section of this thesis. Some in-depth investigations associated with theoretical

calculation are also employed to fully understand the reaction mechanism behind experimental

findings.
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Chemical vapor deposition
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Figure 2.1 The framework of the experiment and methodology.



2.2 Chemical reagents

Chemical Formula Purity Supplier
Carbon black C 99% SCI Materials Hub
Ethanol C:HsOH 99.8% Sigma-Aldrich
Poly(vinylidene fluoride) (PVDF) (CH2CF2)n - Sigma-Aldrich
Nickel sulfate hexahydrate NiSO4*6H20 99% Sigma-Aldrich
Manganese sulfate monohydrate MnSO4H>0 99% Sigma-Aldrich
Sodium bicarbonate NaHCO:3 99% Sigma-Aldrich
lithium carbonate Li,CO; 99% Sigma-Aldrich
Lithium hexafluorophosphate LiPFs 98% Sigma-Aldrich
Aluminum nitrate AI(NO3)3 99% Sigma-Aldrich
Ammonium fluoride NH4F 99% Sigma-Aldrich
lithium nitrate LiNOs3 99% Sigma-Aldrich
Ethylene carbonate (CH20).CO 98% Sigma-Aldrich
Diethyl carbonate OC(OCH2CH3)2 98% Sigma-Aldrich
Potassium hexafluorophosphate KPFs 98% Sigma-Aldrich
Potassium bis(fluorosulfonyl)imide KFSI 98% DoDoChem
Anatase titanium dioxide TiO2 99% Sigma-Aldrich
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Potassium carbonate
Glucose
Hypophosphite monohydrate
Hydrochloric Acid
Activated carbon
Copper foil
Lithium metal

Potassium metal

K>CO3
CsH1206
NaH>PO,*H>O
HCl
C
Cu
Li
K

99%
99%
99%
36%
99%
99%

99.9%
99.9%

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
MTI Kejing Co.
Hohsen Co.
Sigma-Aldrich
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2.3 Preparation methods

2.3.1 Solid state calcination

The high temperature solid state calcination reaction is a representative strategy to synthesize
electrode materials, which simply mixes various raw materials in solid state and followed by
calcination under different atmosphere (air or inert condition). The as-obtained materials show
high crystallinity and extremely low water content. For the practical implementation of this
process, some parameters, for example, the ratio of reactants, humidity, heating rate and time,
paly crucial roles in determining the physicochemical property of as-prepared materials. In this
thesis, cathode materials (Li12Nio2MnosO2 and Ki39Mn3Og) were synthesized through the

solid-state calcination method.

2.3.2 Chemical co-deposition

The chemical co-deposition reaction provides opportunities to synthesize various materials
in the liquid condition. Owing to the rapid diffusion rate of TM 1ons in solvents, such a liquid
phase reaction is beneficial to prepare high-quality materials with the wide range of chemical
compositions. Therefore, the chemical co-deposition method is suitable for designing electrode
materials with good quality uniformity and high efficiency. In this thesis, the chemical co-
deposition method was employed to synthesize precursors such as Nip.25sMng 75CO3; and MnCO3

for lithium-ion and potassium-ion batteries.
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2.3.3 Chemical vapor deposition

Chemical vapor deposition (CVD) is a unique vacuum deposition method to fabricate high
quality materials, especially to produce thin films on substrate surfaces. In a typical CVD
experiment, volatile precursors would react or decompose on the substrate surface to endow the
uniform and desired deposit. In this thesis, a very thin and uniform carbon layer was grown on

the surface of electrode materials through CVD treatment.

2.3.4 Spray drying

Spray drying is a traditional way to produce solid powders from a slurry via rapidly drying
with the hot air or N» (if the product is oxygen-sensitive) gas. Electrode materials with a
consistent particle size distribution is a reason for spray drying in some industrial activities.
Spray dryers often employ a spray nozzle to disperse the slurry into a controlled drop size spray.
According to the requirement of the fabrication process, secondary particles range from 10 to
500 pm can be obtained through the appropriate choice. With the help of hot gas drying medium,
the fine powders are generated from the first stage drying and then recycle in continuous flow
at the bottom of the chamber. In this thesis, KoTi20s microspheres were synthesized through a

spray drying process.
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2.4 Material characterization

2.4.1 Scanning electron microscopy

Scanning electron microscopy (SEM) reveals the microstructure and morphology of samples
via scanning the surface with the electron beam. The electron beam firstly interacts with the
material, generating various signals including secondary electrons, backscattered and reflected
electrons. Hence, the morphology can be obtained by collecting these signals to produce images.
In this thesis, a Zeiss Supra 55VP field emission scanning electron microscopy (FESEM)
coupled with Oxford energy dispersive spectroscopy (EDX) was chosen to study the
microstructure information of samples. The aperture is 10-30 mm associated with the

accelerating voltage range from 5 to 20 kV.

2.4.2 Transmission electron microscope

Transmission electron microscopy (TEM) is an advanced technique in which an electron
beam is transmitted through a specimen to form images. In comparison to SEM, TEM can
produce high resolution images (even at atomic scale) that contain morphology information
owing to smaller de Broglie wavelength of electrons. Furthermore, TEM measurements consist
of many operating modes such as conventional imaging, cryogenic TEM imaging (Cryo-TEM),
scanning TEM imaging (STEM) and high-angle annular dark-field scanning transmission
electron microscope (HAADF-STEM) imaging. Furthermore, selected area electron diffraction

(SAED) device auxiliary equipment is used to analyze the crystal structure of samples. In this
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thesis, a transmission electron microscopy (field emission CM200, Fei) equipped with an

energy-dispersive X-ray spectrometer was employed.

2.4.3 X-ray diffraction

X-ray powder diffraction (XRD) is a widely used technique to primarily identify
crystallographic information of unknown materials based upon unit cell dimensions. In addition,
X-rays are particularly used to obtain the diffraction pattern because their interplanar spacing d
is nearly the same order of magnitude as wavelength A in the crystal. The crystal structure of
samples can be further determined by Bragg's law:

nA=2d sin 0

wherein 4 is the wavelength of the X-rays beam, d represents the spacing between planes. 6
stands for the incident angle, and » is any integer. In this thesis, XRD measurements were
carried out using a Bruker D8 Discover X-ray diffractometer with Cu Ka radiation (A =1.5418
A). As for the in situ XRD test, a Swagelok cell associated with a Be window (positive part)

was used for real-time analysis.

2.4.4 Raman spectroscopy

Raman Spectroscopy is a non-destructive chemical spectroscopic analysis technique which
provides useful information about phase, molecular interactions and chemical structures. Such
a chemical analysis is based on the inelastic scattering of photons, which are also known as
Raman scattering. A source of the high intensity laser light (from the visible to near the

ultraviolet range is used) is used. The laser light interacts with phonons, molecular vibrations
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or other excitations in the system, leading to the energy of the laser photons being moved up or
down. The change in energy provides information about the vibrational modes in the system.
In this thesis, Raman spectra was performed on a Renishaw inVia Raman spectrometer system
(Gloucestershire, UK) in conjunction with a 17 mW Renishaw He-Ne laser source at 633 nm.
In addition, the transparent cell used for in situ Raman was fabricated via a glass slide based

two-electrode configuration.

2.4.5 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is often used for thermal analysis in which the total mass
variation of a sample is calculated over time as the temperature goes up. This method gives
valuable information about thermal decomposition, phase transitions and solid-gas reactions.
The temperature is normally increased at a fixed rate to induce a thermal reaction. This thermal
reaction may occur under vacuum, ambient air or inert gas (N2). In this thesis, the carbon
content of KoTi205@C microspheres was determined by a thermogravimetric analyzer (2960

SDT system) with a heating rate of 10 °C min ™! in air atmosphere.

2.4.6 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), which belongs to the family of photoemission
spectroscopies, is the most widely used surface-sensitive quantitative technique which provides
quantitative information of the chemical state and composition from the surface of materials.
The average depth for an XPS analysis is approximately 5 nm in terms of the surface condition.

It not only reveals what elements are present in materials, but also what other elements they are
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bonded to. Therefore, XPS measurements show quantification of different elements within the
local environment. In this thesis, X-ray photoelectron spectroscopy (XPS) was conducted on an
ESCALAB250Xi (Thermo Scientific, UK) associated with mono-chromated Al K alpha

(energy: 1486.68 eV).

2.4.7 N, adsorption/desorption

N> adsorption/desorption (Brunauer-Emmett-Teller, BET) reflects physical characteristics
such as specific surface area, pore volume and pore size distribution. On the basis of nitrogen
adsorption/desorption isotherms at 77 K, data from the low-pressure part to high-pressure range
is collected. Due to the adsorbed nitrogen gas is a function of the relative pressure P/Po, pores
including micropores, mesopores and macropores can be easily identified from
adsorption/desorption isotherms. In this thesis, The Brunauer-Emmett-Teller surface area

analysis was performed based on a Micromeritics 3Flex analyzer.

2.5 Electrochemical measurements

2.5.1 Electrode preparation

The electrodes were prepared by mixing active materials, carbon black and polyvinylidene
difluoride (PVDF) with a weight ratio of 8:1:1 in N-Methyl-2-pyrrolidone (NMP).
Subsequently, the formed slurry was directly coated onto current collectors (Al foils for
cathodes and Cu foils for anodes.) and dried at 100 °C under vacuum overnight. 2032-type coin

cells (CR2032) were assembled in an Ar-filled glove box. For lithium-ion batteries, lithium
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metal foils were used as both counter and reference electrodes. Celgard 2400™ membranes
were used as separators. The electrolyte was 1M LiPFs dissolved in a mixture of diethyl
carbonate (DEC), ethylene carbonate (EC) and dimethyl carbonate (DMC, 1:1:1 in volume).
As for potassium-ion batteries, potassium metal foils were used as both counter and reference
electrodes. Glass microfiber filters (Whatman, Grade GF/D) were used as separators.
Meanwhile, 0.8 M potassium hexafluorophosphate (KPFs) and 1 M potassium

bis(fluoroslufonyl)imide (KFSI) in EC and DEC with a volume ratio of 1:1 were electrolytes.

2.5.2 Cyclic voltammetry

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique which records the
applied current within the pre-set potential window. A typical CV measurement is carried out
in an electrochemical cell fitted with three electrodes: working electrode, counter electrode and
reference electrode. The working electrode’s potential firstly starts from an open-circuit voltage
(OCV) and then is ramped linearly versus time. After the set potential is reached, the potential
runs the opposite direction to go back to its initial sate. This process may repeat as multiple
cycles as needed. In this thesis, cyclic voltammetry was used to investigate the electrochemical

behavior of electrode materials under different conditions (electrolytes and scan rates).

2.5.3 Galvanostatic charge/discharge

Galvanostatic charge/discharge (GCD) is a typical technique which measures the voltage
change versus time within a fixed potential window. A constant charge/discharge current is

applied on the working electrode. When charging, an external electrical power enables alkaline
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metal ions (Li" or K") to migrate from the cathode to the anode, which is known as intercalation
or conversion. During discharge, alkaline metal ions (Li" or K") carry the constant current from
the anode to the cathode through the separator and electrolyte. In this thesis, galvanostatic
charge/discharge measurements were performed on a computer-controlled Neware battery
testing system to study electrochemical properties such as rate capability and cycle life of

electrode materials.

2.5.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a highly sensitive technique to record the
electrochemical impedance of a battery system in reliance on AC potential frequencies. The
potentiostat in the impedance spectra can be adjusted over a wide frequency range from 0.001
Hz to 100,000 Hz. A typical Nyquist plot of a rechargeable battery mainly consists of three
parts: (1) an ohmic resistance Rq (the intercept on the real axis) at the high frequency. (2)
Charge transfer resistance Rct (the diameter of the semi-circle) in the middle range. (3)
Diffusion related WARBURG impedance (the slope of the straight line) at the low frequency.
In this thesis, Electrochemical impedance spectroscopy measurements were characterized to

discuss the interfacial reaction and the kinetic process of electrodes.

2.5.5 Galvanostatic intermittent titration technique

Galvanostatic intermittent titration technique (GITT) is an electrochemical process to study
both thermodynamics and kinetics parameters of a battery system. Galvanostatic intermittent

titration technique adopts time-domain voltage data resulting from a low pulse current with a
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long-lasting rest period. Taking the positive current pulse as an example, the cell potential
rapidly rises to a value proportional to the IR drop. Subsequently, due to the galvanostatic
charge pulse, the potential gradually increases in order to remain a constant concentration
gradient. When the charge current is interrupted upon the relaxation period, the electrode is
more likely to become homogeneous diffusion and, therefore, the potential slowly declines until
the electrode is in an equilibrium stage. Afterwards, the pulse current is applied again, followed
by the same current interruption process until the cell is fully charged. In this thesis,
galvanostatic intermittent titration technique was used to investigate reaction kinetics and the

interfacial resistance of electrode materials.

2.6 Density functional theory calculation

Density functional theory (DFT) calculation is a very popular and versatile computational
calculation method in solid-state physics, materials science and chemistry to study the
electronic structure of different material systems through specific atoms and molecules. With
the help of this theory, many physicochemical properties can be accurately predicted by using
functional models. In the case of DFT, these are functionals of the spatially dependent electron
density. In this thesis, density functional theory (DFT) calculation was employed to investigate
the adsorption energy and the diffusion barrier of K* in different theoretical models. All
calculations were performed using Perdew-Burke-Ernzerhof (PBE) generalized gradient
exchange approximation correlational functional and the projected augmented wave (PAW)

pseudopotentials as implemented Vienna ab initio Package (VASP).
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CHAPTER 3 AEGIS OF LITHIUM-RICH CATHODE MATERIALS

VIA HETEROSTRUCTURED LiAlF4 COATING FOR HIGH-

PERFORMANCE LITHIUM-ION BATTERIES

3.1 Introduction

The ubiquitous use of fossil fuels has caused serious environmental and economic issues such
as global warming and energy crisis.?’>>’* In order to widely adopt renewable energy resources,
lithium-ion batteries (LIBs) have been intensively developed as the most promising and reliable
candidates for renewable energy storage devices.!*>2°*7® Driven by the stringent requirement
for high energy density energy storage devices for electric vehicles, significant progresses have
been achieved for high performance LIBs in the past few decades. However, there are still many
shortcomings when compared with other types of high energy density power sources such as
commercial fuel cells.?”’*” In particular, the specific capacities of LIBs are mainly restricted
by their cathode materials. For instance, the specific capacities of well-developed commercial
cathode materials vary from 140 mAh g' (layered LiCo0>*’) to 190 mAh g
(LiNi8C00.1Mno.1022%"), which lags far behind their anode counterparts (~330 mAh g for
graphite).?#*283  Recently, layered lithium-rich oxides (e.g. xLixMnOs-(1-x) LiMO,
M=Transition metal) have been regarded as one of the most promising cathode materials for
next generation high-energy density LIBs due to their super high theoretical specific capacity

of over 350 mAh g! and relatively high discharge voltage.?**%5 However, the rate capability

and cycling stability of lithium-rich cathode materials are poor due to their low electronic
92



conductivity and the irreversible phase transformation from layered structure to spinel structure
induced by the migration of transition metal (TM) ions during charge and discharge process.?*
Meanwhile, the reaction kinetics of lithium-rich materials is not only limited by traditional
cationic redox reaction mechanisms, but also by anodic redox processes.?” Although the
reversible anodic oxygen redox reaction boosts output capacity, it simultaneously promotes
more metal ions to reside in the Li" insertion sites which has been observed to lead to
unavoidable voltage decay.?®®2* Moreover, the high operating voltage is more likely to
generate byproducts such as HF at the surfaces of cathode materials, which raises safety

concerns.?”® Therefore, how to overcome these drawbacks without hindering the existing merits

of lithium-rich cathode materials remains a big challenge.

Considering surface side reactions and poor Li" diffusion kinetics, surface modification has
been demonstrated to be an effective and convenient approach to remarkably enhance the

electrochemical performance of lithium-rich cathode materials.?!

Many coating materials,
including ALO3,%? AlF3,2® AIPO4,%* LisP04,%”> LiFePO4**° and LisMs012>°"2%% have been
incorporated into lithium-rich bulk materials without hampering their inherent advantages.
Among them, AlF3; shows potential to suppress the decomposition of electrolytes at high
voltage to stabilize the electrode/electrolyte interfaces, which could significantly extend the
cycle life of LIBs. However, it still suffers from poor Li* conductivity, which restricts the high-
rate performance of LIBs. Recently, Xie et al. firstly reported the use of a unique LiAlF4 thin

film fabricated by atomic layer deposition (ALD) as a protective layer on commercial

LiNiosMno.1Coo.102 cathode materials.?®® The thermodynamically stable and high lithium-ion
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conductive LiAlF4 coating layer significantly improved the electrochemical performance of
LiNiosMno.1Co0.102 cathode materials. Nerveless, it remains a tough challenge to apply this

concept on large scale to state-of-the-art lithium-rich cathode materials.

In this paper, we describe our successful fabrication of a lithium-ion conductive LiAlF4 nano-
layer coated onto Lii2Nio2MnosO> (LNMO) via an intricate yet facile co-precipitation method
followed by post-calcination treatment. In the first step, the preparation of pristine LNMO
samples was optimized. Thereafter, both AlF3; and LiAlF4 coated LNMO cathode materials
show significantly increased discharge specific capacities as well as rate capabilities.
Furthermore, as a lithium-ion conductor, LiAlF4 proved to be most beneficial to facilitate Li"
transport and achieved faster redox kinetics compared with AlF3. Our findings suggest that
surface modification strategy is an essential way to improve the electrochemical performances

of lithium-rich cathode materials in general.

3.2 Experimental section

3.2.1 Synthesis of Li1.2Nio.2Mno.cO2 (LNMO) microspheres

Experimental details for the synthesis of LNMO microspheres are as follows: 3.942 g of
nickel sulfate hexahydrate (NiSO4.6H20) and 7.605 g of manganese sulfate monohydrate
(MnSO4-H>0) were dissolved in 300 mL deionized water and stirred for 30 min. Subsequently,
25.203 g sodium bicarbonate (NH4HCO3) was added into the mixed aqueous solution and

stirred for another 30 min. Then, the obtained precipitation was washed with deionized water
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and ethanol several times and dried at room temperature overnight. Finally, the powder was
mixed with 0.28 g lithium carbonate (Li2CO3, 3% excess of lithium) followed by calcination at

different temperature for 10 h to obtain the final products.

3.2.2. Synthesis of AlF; and LiAlF4-Coated Lii2Nip2MnocO2 (LNMO)

microspheres

To prepare the LiAlF4 coated LNMO microspheres, a certain amount of aluminum nitrate
(AI(NO3)3), ammonium fluoride (NH4F) and lithium nitrate (LiNO3) were dissolved in 20 ml
of deionized water with a stoichiometric molar ratio of Li : Al : F to be 1:1:4
(LiNO3+4NH4F+AI(NOs); — LiAlF4+4NH4NO3). Then, 8.4 g LNMO were added in the
solution under continues stirring at 80 °C for 6 h. After that, the mixture was dried at 70 °C in
a vacuum oven overnight. Subsequently, the obtained powder was calcined at 400 °C for 6 h
under Ar atmosphere to get LiAlF4-coated LNMO (LNMO@LiAIF4) with 1 wt % LiAlF4. For
comparison, AlFs3-coated LNMO (LNMO@AIF3) was also synthesized under the same

condition without lithium nitrate.

3.2.3. Materials characterization

The crystallographic structure of the as-synthesized materials was identified via a Bruker D8
Discovery X-ray diffractometer (Cu Ka radiation, collected from 5° to 80° 2-Theta). The
morphology characterization and relevant elemental distribution analysis were conducted using
field-emission scanning electron microscopy (Zeiss Supra 55VP) and transmission electron

microscopy (JEOL JEM-2011). X-Ray photoelectron spectroscopy (Thermo Scientific, UK)
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with mono-chromated Al K alpha (energy: 1486.68 eV) was carried out to confirm the chemical

composition of as-prepared samples.

3.2.4. Electrochemical measurements

All the electrodes were prepared by mixing active materials, carbon black and PVDF binder
(weight ratio of 8:1:1) onto aluminum foils as cathodes and lithium metal foils as anodes,
respectively. 1M LiPFs was dissolved in a mixture of diethyl carbonate (DEC), ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1:1 in volume) as electrolyte. CR2032-type
coin cells were employed to assemble half-cells in an Ar-filled glove box with considerably
low moisture and oxygen concentrations (<0.1 ppm), using a Celgard 2400™ membrane as the
separator. The tap density of the as-synthesized pristine LNMO obtained at 1000 °C is 1.58 g
cm>. The mass loading of the active material for electrode preparation is ~ 1.6 mg cm™. For
the electrochemical tests, galvanostatic charge and discharge (GCD) measurements were
conducted in the voltage range of 2.0 - 4.8 V on a NEWARE™ battery tester. Cyclic
voltammogram (CV) tests were recorded by a Biologic VMP3 electrochemical workstation at
a scan rate of 0.1 mV s in the voltage range between 2.0 V and 4.8 V. Meanwhile,
electrochemical impedance spectra (EIS) was acquired in the frequency range from 100 kHz to

10 mHz.
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3.3 Results and discussion

The prerequisite for high performance lithium-rich cathodes is derived from the rational
design of shape-controlled precursors. As shown in Figure 3.1, highly regular and
homogeneous manganese-nickel carbonate microspheres (the cation ratio is Ni:Mn=1:3) are
initially prepared by a facile precipitation method. Subsequently, the as-synthesized carbonate
precursors are mixed with Li2CO; followed by a calcination process to produce LNMOs at
different temperature. Surface modification process of AlF3 or LiAlF4 coating was then
conducted on LNMOs to further enhance the electrochemical performance of lithium-rich
cathode materials.

The calcination temperature plays an important role in determining the electrochemical
performances of lithium-rich cathode materials as noted in a previous report.*?® To identify the
optimal calcination temperature for the synthesis of LNMO cathode materials, we tried a broad
range of temperatures at 50 °C intervals since we expected this would have measurable impacts
on the morphology and electrochemical performances of the final products. Figure 3.2 reveals
the morphology of carbonate precursors with a diameter of 1.2~1.5 um. Obviously, the surface
of the as-prepared samples is quite smooth without obvious irregularities, and these uniform
and regular carbonate samples are capable of preparing high-performance cathode materials
afterwards. Figure 3.3 illustrates the morphological evolution of LNMO materials at 800 °C,
850 °C and 900 °C denoted as LNMO-800, LNMO-850 and LNMO-900, respectively. The
morphologies and diameters of LNMO microspheres remained unchanged except for the

gradual aggregation and the growth of primary particles in the microspheres. With the
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calcination temperatures increased to 950 °C, 1000 °C and 1050 °C (denoted as LNMO-950,
LNMO-1000 and LNMO-1050, respectively), these primary particles of microspheres grown
into rod-like structures, forming both open and compact flower-like microspheres (Figure 3.4).
Although the variation of calcination temperature can obviously affect the morphologies of the
as-prepared LNMO microspheres, XRD patterns were almost constant. The diffraction peaks,
especially the distinct separation of (0 1 2)/(0 0 6) and (0 1 8)/(1 1 0) peaks, can be indexed to
the layered o-NaFeO,-type structure (Figure 3.5, JCPDS No. 04-020-5134).3°! Moreover, the
sharp and well-defined diffractions demonstrate that these materials are highly crystalline.
However, it should be noted that there are some weak peaks around 26 = 20~26°, which can be

ascribed to rotation caused by cation ordering along the c-axis in the TM layer.>
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Figure 3.1 Schematic illustration of the synthesis process for pristine LNMO, LNMO@AIF3

and LNMO@LiAIFg.
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Figure 3.2 (a) Low-magnification and (b) high-magnification SEM images of nickel and

manganese carbonate precursors.
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Figure 3.4 (a-c) Low-magnification and (d-f) high-magnification SEM images of LNMO

obtained after calcinated at (a, d) 950 °C, (b, ¢) 1000 °C and (c, f) 1050 °C.
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Figure 3.5 XRD patterns of LNMO obtained from different calcination temperatures.

Since the morphology of lithium-rich cathode materials can greatly influence their
electrochemical performances, galvanostatic charge and discharge tests were conducted to
investigate their electrochemical behaviors. Figure 3.6a demonstrates the capacity retention for
the layered LNMO cycled with a charge/discharge rate of 0.1 C. As we can see from the picture,
all samples experience temporary activation process followed by continuous capacity decay,
and their electrochemical performances are improved with the calcination temperature
elevation as well. The LNMO-1000 exhibits the highest specific capacity of 220 mAh g and
excellent cyclic stability after 100 cycles, corresponding to a capacity retention of 85 %. This
improved electrochemical performance should be ascribed to the unique flower-like
microstructure, which can increase the contact area between electrode and electrolyte and,

therefore, facilitate the Li" diffusion. However, when the calcination temperature is further
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increased to 1050 °C, the cathode shows not only a fast capacity decay but also serious
deteriorated cycling stability, which may be ascribed to the overgrowth of nano-particles on the
surface of LMNO. Meanwhile, the rate performance of LNMO is concluded in Figure 3.6b.
The characters of low electronic conductivity and polarization are confirmed by their poor rate
retention capability. Although the LNMO-1000 shows the best retention rate and recovers
substantially on returning to the original value at low rate, its rate performance retention (24%
at 5 C) is still far behind practical applications. Therefore, we adopted LNMO microspheres

obtained at 1000 °C as the pristine material for further surface modification study.
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Figure 3.6 (a) Cycling performance at 0.1 C and (b) rate performance of LNMO obtained from

different calcination temperatures.

To further enhance the electrochemical performances of LNMO cathode materials, a surface
modification strategy was explored through AlF; and LiAlF4 coating. Figure 3.7a shows the
XRD diffraction patterns of pristine and surface-modified LNMO materials. No additional
peaks are observed after surface modification, suggesting the AlF; and LiAlF4 coating materials
do not affect the bulk crystal structure of the pristine LNMO.?*> The SEM images of pristine
LNMO samples in Figure 3.7b and e show clean and smooth surfaces. After modified by AlF;
(Figure 3.7c and 3.7f) and LiAlF4 (Figure 3.7d and 3.7g) nano-layers, the surface became much
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rougher. HRTEM observation was performed to further investigate the morphology and
structure in details. Figure 3.8a-c clearly indicates the formation of regular and stable protective
layers with a thickness of about 5.2 nm on the surface of pristine materials (Figure 3.8b-c,
highlighted in dotted red lines). Additionally, the lattice distance of 0.203 nm corresponds to
the (1 0 4) plane of layered LNMO crystal structure. These results are consistent with the XRD
and SEM findings. As a supplement, EDS mapping was employed to provide evidence of
elemental distribution. It is obvious in Figure 3.9a-f and Figure 3.10a-f that all the selected
elements (i.e., F, Mn, Ni, Al and O) are uniformly distributed in all the viewed regions. This
confirms that both AIF3 and LiAlF4 have been homogeneously coated on the LNMO

microspheres.
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Figure 3.7 (a) XRD patterns of LNMO, LNMO@AIF; and LNMO@LiAIlF4. SEM images of

(b, ) LNMO, (c, f) LNMO@AIF3 and (d, g) LNMO@LiAIF, at different magnifications.
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Figure 3.8 HRTEM images of the as-synthesized (a) LNMO, (b) LNMO@AIF3 and (c)

LNMO@LiAIF,.
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Figure 3.9 (a) TEM image of LNMO@ALIF3. (b-f) The corresponding EDS element mappings

of LNMO@AIFs. (b) F, (c) Mn, (d) Ni, (¢) Al and () O.

Figure 3.10 (a) TEM images of LNMO@LIiAlF4. (b-f) The corresponding EDS element

mappings of LNMO@LiAlF4. (b) F, (c) Mn, (d) Ni, (e) Al and (f) O.
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To further determine the chemical composition and the oxidation states on the surface of the
as-synthesized samples, XPS analysis was carried out. As shown in Figure 3.11a, the strong
and distinct F and Al signals at 685.2 eV and 73.8 eV are detected in the XPS spectrum of the
surface modified LNMO materials, which is in consistent with the EDS mapping results. There
are two main peaks in the Ni XPS spectra: one is the Ni 2p1/2 spectral peak around 872.6 eV
with a corresponding satellite peak at 880.3 eV. The other peak can be assigned to Ni 2p3»
located at 856.9 eV and 855.4 eV with a small satellite peak at 867.7 eV. Figure 3.11b indicates
the coexistence of Ni>* and Ni*" valence states in LNMO.?*%3% Figure 3.11c presents two broad
peaks at 654.2 eV and 542.5¢V, which can be assigned to the Mn 2ps3» and Mn 2pip
photoelectron peaks, respectively. This result reveals that manganese is in the highest valence
state (+4) despite the presence of the fine structure with high binding energy. Many high-purity
Mn*" materials like MnO, and LiMn,Os are well recognized to show similar subtle fine
structure around the Mn 2ps» main peak.?®> 288 Although the bare and AlFs-coated LNMOs
show clear Li 1s peaks at 54.3 eV in Figure 3.12a, this value shifts to a higher binding energy
position after coating with LiAlF4. The introduction of more Li* could significantly increase
electronegativity of the material surface, which was also reported by previous research.?”
Meanwhile, the main peaks of Al and F in the LiAlF4-modified material experience the same
shift to higher binding energies compared with the AlFs-coated one, as expected (Figure 3.12b
and Figure 3.12¢). Concerning O, as illustrated in Figure 3.11d, the pristine LNMO shows a
remarkable O1s; spectral peak about 529.3 eV but a weak Olsy peak at a higher binding energy

of 533.3 eV, corresponding to the lattice O*" and oxygen species deposited on the surface,
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respectively. Furthermore, there is an Olsy peak in the middle range of 531.6 eV, which is in
good agreement with the early reports on oxidized lattices O™ (n < 2) in lithium-rich
materials.>®*3% This oxygen species is closely related to the surface species and TM ions as
well 3% With the introduction of the AIF3 protective layer, the intensities of Olsyand Olsm
peaks have been greatly increased, while a slight decline of the lattice O* proportion is owing
to the effect of surface modification. The peak intensity of lattice oxygen species (O") increases
when the coating material is replaced by LiAlF4. Consequently, the LiAlF4 surface coating is
likely to generate more oxidized lattice O™, which is expected to achieve rapid and efficient

anionic redox reactions during both charge and discharge processes.

(a) 3 Z —— LNMO (b)
z —— LNMO@AIF,
g —LNMO@LiA]F‘
F

- 2 -
3 3
£ B 4 £
~— = &5 -
= b T 2= >
i 3 s
= Pt ARG =
-] <
@ 51
2 - A hi 2
= =

L L 1 1 Il L |: Il L Il i1 : I L'} 1

1000 300 600 400 200 0 890 885 880 875 870 865 860 855 850 84S

Binding energy (eV) Binding energy (eV)
(C) (d) LNMO
H s LNMO@AIF,
= =
- -
s =
Z Z
= ‘®
= =
= @
& 2
] =
= = LNMO@LiAIF,
" " . 1 1 1 [ 1l 1 ;i 1 1 Il
660 655 650 645 640 635 540 538 536 534 532 530 528 526 524 S22
Binding energy (eV) Binding energy (eV)

Figure 3.11 (a) XPS survey and (b-d) high-resolution spectra of (b) Ni2p, (c) Mn2p, and (d)
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The electrochemical performances of pristine and surface-modified LNMO cathode
materials were evaluated through galvanostatic charge/discharge measurements. Figure 3.13a-
¢ show galvanostatic charge/discharge profiles of as-prepared cathodes at the current density of
35 mA g! (0.1 C) in a wide electrochemical window (2.0 V — 4.8 V). The LixMnO; phase
usually undergoes an activation process in the initial few cycles, which is in agreement with
previous work.*” The corresponding initial Coulombic efficiencies are 71.3%, 75% and 81.2%
for LNMO, LNMO@AIF; and LNMO@LIiAIlF4 electrodes, respectively. The boost of initial
charge/discharge efficiency by LiAlF4 coating is mainly due to the presence of an appropriate
amount of non-bonding O™ species in the crystal lattice. Generally, most lithium-rich cathodes
are suffering from poor initial Coulombic efficiency due to the irreversible lithium loss and the
evolution of oxygen species (O* — O™) during the first deintercalation. This transformation
cannot be fully recovered in the first discharge, thereby maintains some oxidized oxygen when
discharging to 2 V.22 Consequently, a higher proportion of oxidized O™ will undoubtedly
lead to better initial charge—discharge efficiency since only a small part of O in the lattice is
able to participate in the redox reaction. This effectively preventing irreversible capacity loss
during the first cycle. Furthermore, the lithium conductive LiAlF4 layer also facilitates the
transportation of lithium ions, forming a stable and conductive interface between electrolyte
and electrode. On contrary, as a poor lithium-ion conductor, AIF3 causes an increase of the
overpotential, which could impede performance improvement.?*” Both aforementioned factors
contribute to improve Coulombic efficiency in the first cycle. Moreover, voltage decay which
often causes serious safety issues, has been effectively suppressed by employing the surface
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protective layer. As demonstrated in Figure 3.13a, the uncoated LNMO cathode shows an
irreversible structure transformation from the original layered phase to a spinel-like phase due
to the migration of TM ions into the lithium vacancies after 100 cycles.>® However, this
tendency has been mitigated to a large extent in the surface modified LNMO, especially for
LNMO@LiAIF4, whose primary layered structure can be well preserved throughout cycling, as
shown in Figure 3.13c. The first discharge capacity of LNMO@AIF3; and LNMO@LiAIF4 are
244 mAh g and 246 mAh g’!, respectively, which is much higher than that of the pristine
LNMO microspheres. For LNMO electrode, we should note that the charge capacity of only
126 mAh g can be achieved if all nickel ions are completely oxidized to Ni*', representing
only 0.4 Li" extraction. However, after charging to 4.8 V, there is about 0.99 Li" totally
extracted from the lattice structure, and only 0.7 Li" is reinserted into the lattice structure at the
end of first discharge, indicating that more than half of the capacity is compensated by the
anionic redox reaction because Mn*" is electrochemically inactive during charge and discharge
processes.?8® 304 Therefore, the high capacity is contributed by both cationic oxidation of
transition metal ions and anionic redox derived from the layered lithium rich microstructure.
Classical xLiMO2*(1-x)Li2MnO3 (M = NixMnix, 0 <<x<1) electrode materials can be described
as Li[NixLii3-2¢3Mn23x3]02, which has alternating NixLii/3-2x3Mn2s3.x3 and Li layers. When x
= 0.2 in the lithium-rich materials, the mentioned average chemical composition, i.e.,
0.5LiNio.sMno502-0.5LixMnQs, is obtained.* However, the activation of superstructure in the

Li;MnOs phase is more favorable to form oxygen-oxygen dimers compared with traditional
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layered structure of LiCo0.?!° The capacity contribution starts with a rapid nickel oxidation
reaction in the initial stage of charge as shown in Equation 3.1.
LiNiy sMngy sO, — NigsMng 5O, + Li'+ e Equation 3.1
Subsequently, anionic oxidation becomes a dominant trend after the cathode has been charged
to a higher potential, indicated as an obvious plateau at 4.5 V in Figure 3.13a.
Li;MnO; — Li; MnO;_, +xLi '+ yO™ + xe’ Equation 3.2
Such a reversible oxygen-based reaction can be regenerated in the following cycle.*!! Based on
Equation 3.2, we have also recorded the variation of lithium content as a function of
corresponding charge/discharge profiles in Figure 3.13d and 3.13e to further study the
fundamental reaction kinetics of LNMO cathodes. In contrast to the pristine LNMO cathode,
more lithium ions can be removed and recovered from the AlF3-coated sample in the initial
stage. Although there is only 0.96 Li" released from the LNMO@LiAIF4 during the first charge,
the subsequent discharge demonstrates 0.78 Li" is able to reinsert into the structure, leading to
high Coulombic efficiency. All the S-shaped hysteresis loops are stabilized from the second
cycle onward and, noticeably, the LiAlFs-modified electrode still has the smallest voltage
hysteresis among all the electrodes. This further proves that a large percentage of non-bonding
O™ species and a lithium-ion conductive coating layer are both beneficial to fast kinetics

compared with AlF3 coated and non-coated lithium-rich cathode materials.
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Figure 3.14a illustrates the capacity retention after 100 cycles at 0.1 C. The capacity of bare
LNMO cathodes declines to 187 mAh g at the 100th cycle, showing a capacity decay of 14.9 %.
However, the decay in capacity of surface-modified samples has been largely restricted after
cycling (10.4% for LNMO@AIF; and 7.2% for LNMO@LIiAIF4, respectively). Fluoride-
contained materials can effectively protect the LNMO from being attacked by byproducts such
as HF, generated from the oxidization of electrolyte at high voltage.?*> *° Furthermore, the
coating layer can significantly suppress the irreversible structure transformation and improve
the interfacial stability of LNMO. We have further analyzed the morphologies of the as-

synthesized electrodes before and after 100 charge/discharge cycles. As shown in Figure 3.15a-
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d, the surface of the LNMO electrode has been ruined due to the harsh operation conditions
during cycling. However, the modified cathodes, especially LNMO@LiAlF4, are able to
maintain their original morphology without obvious deterioration after 100 cycles (Figure
3.16a-d and Figure 3.17a-d). This confirms that surface coating can efficiently prevent the
LNMO electrode cracking or collapsing. Voltage decay is one of the most serious issue to
develop high-performance lithium-rich cathode materials for practical application. In view of
this, we concluded the average operating voltage profiles in Figure 3.18. Apparently, compared
with the LNMO and LNMO@ALIF3, this shortcoming has been greatly mitigated after LiAlF4
coating. Furthermore, the rate performances of the cathode materials are shown in Figure 3.14b.
It is worth mentioning that lithium-rich cathodes normally show a poor rate performance and
ineluctable capacity fading, which hampers their practical applications in the commercial
market. However, the LNMO@LiAIF4 demonstrates a superior capacity retention rate of 52.4%
at 5 C (133 mAh g!), which is higher than LNMO@ALIF5 (40.8% at 5 C) and almost treble that
of pristine LNMO (23.9% at 5 C). To evaluate voltage profiles at different current densities, we
have shown the relevant charge/discharge curves in Figure 3.19a-c. As expected, the presence
of lithium-ion conductive coating layers minimizes the voltage polarization at high current
densities. In order to evaluate cyclability of the as-prepared electrodes, long-term cycling test
was performed to evaluate the practical application of as-synthesized cathodes. There is no
doubt that the LNMO@LiAIlF4 sample is stable enough to tolerate forceful operation conditions
without suffering degradation, showing a minimal capacity loss of 6.4 % after 3000 cycles
(Figure 3.14c, 14.4% for LNMO and 9.1% for LNMO@AIF3, respectively). This result is better
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than the previous reported ZnO,*!? LiTi2(PO4);*!* and Sn02*'* coated lithium-rich cathode
materials. The coating of the lithium-ion conductive nanolayer reduces the risk of parasitic
reactions and permit fast Li" diffusion as well. On the other hand, limiting oxygen loss helps to
suppress the irreversible phase transformation and, consequently, the structure stability is
enhanced, accordingly.’®® These conclusions are consistent with the electrochemical testing

results.
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Figure 3.14 (a) Cycling performances of LNMO, LNMO@AIF; and LNMO@LiAlIF4
electrodes at 0.1 C in the voltage range of 2.0-4.8 V. (b) Rate performance of LNMO,
LNMO@AIF; and LNMO@LiAIF, electrodes at various current densities from 0.1 C to 5 C.
(c) The long-term stability test of LNMO, LNMO@AIF; and LNMO@LiAIF4 electrodes at 5

C for 3000 cycles.
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Figure 3.15 SEM images of LNMO electrodes (a, b) before and (¢, d) after 100 cycles.
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3.16 SEM images of LNMO@AIF3 electrodes (a
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Figure 3.17 SEM images of LNMO@LiAlF4 electrodes (a
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The advantages of LiAlF4 surface coating were further elucidated via cyclic voltammograms
(CV) tested with a scan rate of 0.1 mV s (Figure 3.20a-c). There is a distinct anionic peak
around 4.5 V in the first charge cycle, corresponding to the oxidation of oxygen species. The
regular CV curves after the second cycle display two pairs of redox peaks at approximately 3.2
V/3.9Vand3.7 V /4.4 V showing the cationic/anionic redox of nickel/oxygen, which is in
good agreement with the voltage plateau exhibited in Figure 3.13a-c. It is obvious in Figure
3.20c that the voltage gap of LNMO@LiAIF4 between cathodic and anionic peaks is smaller

than the other two samples, implying improved reversibility.>!>
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Figure 3.20 CV curves of (a) LNMO, (b) LNMO@AIF3 and (c) LNMO@LiAlF; at the scan

rate of 0.1 mV s'. (d) The corresponding CV curves at the 3™ cycle.

122



In order to fully explore the mechanism for the noticeable performance improvement of the
surface-modified LMNOs, electrochemical impedance spectra (EIS) of the three cathodes were
tested in the frequency range from 10 mHz to 100 kHz after the first charge and discharge
(Figure 3.21a). All EIS spectra exhibit a semicircle in the high frequency area and a sloping
line in the low frequency region, respectively. The intercept on the real axis represents internal
resistance (Rs), while the numerical value of the diameter of semicircle gives an approximate
indication of the charge transfer resistance (Rct) at the interface, and the straight line shows the
ion diffusion in the bulk material. The relevant fitting results are listed in Table 3.1. The three
cathode samples have almost the same internal resistance value in the fresh cells (Figure 3.22a),
but the LNMO@LiAIF4 shows the smallest Rct and W compared with the other two electrode
materials. Moreover, these two parameters involved in the LNMO@LI1AIF4 cathode are nearly
unchanging although we can observe a dramatic increase of transfer and diffusion resistances
after the Ist cycle, suggesting the LiAlF4 coating does not sacrifice the inherent advantages of
LNMOs but effectively reduces the interfacial resistance, inhibits the secondary reactions
between the cathode and electrolyte and enhances the lithium-ion conductivity of LNMOs.
Accordingly, we can calculate the Li" diffusion coefficient Dy after first cycle through the
following equation:

Dyi=3 (%ZGWC)Z Equation 3.3
Wherein T is the absolute temperature, R is the gas constant, C indicates the molar
concentration of lithium ions in the solid (0.0228 mol cm™), 6y corresponds to the Warburg
coefficient, which is depicted as the slope of the fitting lines in the Figure 3.21b. F and n
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represents the Faraday constant and the number of electrons participating in the oxidation per
mole, respectively. A is the working area of the prepared cathode. Based on the Equation 3.3,
the diffusion coefficients Dri are 3.36 x 1077 cm? s (LNMO), 5.61 x 10'® cm? s
(LNMO@AIF3) and 1.05 x 1015 cm? s (LNMO@LIiAIF4), respectively. Such a high Dy
achieved by LNMO@LiAIF4 is able to minimize the kinetic barrier for Li" transportation and
thereby enable efficient ions diffusion as a result.>'® We also note that the in-cell temperature
is expected to play a crucial role in determining the kinetic processes of LNMOs. Taking this
into consideration, a series of Nyquist plots were carefully recorded under different temperature
conditions, as shown in Figure 3.22b-d. All the samples were increasingly activated by an
increase in the EIS testing temperature. By comparing the various temperature dependent Dy ;
measurements summarized in Table 3.2, we can see that the LNMO@Li1AIF4 exhibits the best
activation results among three electrode materials, which is consistent with the rapid reaction

kinetics originating from non-bonding O™ species.**
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Figure 3.22 (a) Nyquist plots of fresh electrodes. (b-d) Nyquist plots of (b) LNMO, (c)

LNMO@AIF; and (d) LNMO@LI1AIF4 electrodes at different measured temperatures.
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Table 3.1 Electrochemical impedance spectra fitting values of three cathodes before and after

the first cycle.

Fresh Rs Rct Zw
LNMO 3.826 375 437.5
LNMO@ALIF; 5.656 204.1 364
LNMO@LiAIF4 4.679 194.3 295.1
First cycle Rs Rct 7w
LNMO 5.677 843.9 2488
LNMO@ALIF; 4.273 250.9 685.1
LNMO@LiAIF4 6.231 205.1 378

Table 3.2 Diffusion coefficients Driof LNMO, LNMO@AIF; and LNMO@Li1AlF4 at different

measured temperatures.

Temperature Dr.LmNo Dr.AlLF-3 Dr.Li-AlF-4
298.15K 3.36x107"7 5.61x1071° 1.05x10°1
308.65 K 3.05%x1071° 7.12x10716 1.51x10%°
318.25 K 4.49x107'° 7.61x1071° 2.29x101
327.95K 7.76x10°16 8.15x1071° 3.67x107"3
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3.4 Summary

In summary, we have developed a facile and effective LiAlF4-coating strategy to improve
the electrochemical performance of lithium-rich cathode materials. A LiAlF4 nanolayer coating
has been successfully incorporated onto bulk materials with a thickness of ~ 5.2 nm.
Electrochemical tests illustrate that the LNMO@LIiAIF4 cathodes display an excellent rate
capability and superior cycling stability compared with uncoated LNMO and non-ionic
conductive LNMO@AIF3. This is mainly because the introduction of a lithium conductive
coating layer facilitates Li" diffusion and prevents the cathode being affected by unwanted side
reactions. Meanwhile, the presence of a large portion of non-bonding O™ species significantly
improves the anionic redox kinetics and suppresses irreversible phase transformation. This
study provides a new approach to address the existing drawbacks that hinder the practical

applications of lithium rich cathode materials.
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CHAPTER 4 CONSTRUCTION OF HIERARCHICAL K1.39Mn30¢

SPHERES VIA AlF; COATING FOR HIGH-PERFORMANCE

POTASSIUM-ION BATTERIES

4.1 Introduction

Rechargeable lithium-ion batteries (LIBs) have dominated the commercial market as power
sources for portable electronic devices.?’” 317 Large-scale energy storage requires new
generation rechargeable battery systems with low cost and environmental friendliness.
Potassium, which shares some chemical similarity with lithium in the alkali metal group, is the
7" earth-abundant element and potassium-ion batteries (KIBs) are expected to follow similar
operating principles to LIBs. It also has a relatively low standard redox potential (—2.94 V vs.
K/K"), and KIBs are expected to achieve high energy densities. Moreover, as the most popular
commercial anode material, graphite shows a reversible specific capacity of 273 mAh g in
K/graphite half-cells with aprotic electrolytes, providing a practical approach for large-scale
application.*'8-*1? Although potassium ions are larger (1.38 A) than sodium ions (1.02 A) and
lithium ions (0.76 A), the weak Lewis acidity and low desolvation energy of potassium ions
contribute to their higher ionic conductivity as well as better diffusion kinetics than that of
sodium ions and lithium ions.?20-32!

Until now, most studies on KIBs focused on anode materials including carbon-based
materials,3!831% 322-323 Prygsian blue analogs,*** transitional-metal dichalcogenides,*?® organic

219,326 phosphorus-based alloy materials et al.**” Meanwhile, the development of
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cathode materials for KIBs is still in its infancy, which is urgently needed for the development
of potassium-ion full batteries.>*® With tremendous success in LIBs, layered transition metal
oxides (TMOs) are currently attracting considerable interest as cathode materials for KIBs
owing to their high theoretical specific capacity, closed-packed structure and high volumetric
energy density.?***? Vaalma et al, reported the electrochemical performances of the layered
Ko3MnO; material, which initially motivated the research on layered cathode materials for
KIBs.>* Later, Wang et al. reported the synthesis and application of earth abundant element-
based Ko.7FeosMnosO2 nanowires as high-performance cathode materials for KIBs, which
deliver a high specific capacity (114 mAh g ' at 100 mA g') and excellent cycling stability
(87% capacity retention after 450 cycles).** Very recently, several layered TMOs such as
Ko.sMn0O2,** Ko ¢sFeo.sMno 502,%¢ Ko 6C00,,2** 37 and Ko.¢0Cr02,**® have been systematically
investigated as cathode materials for KIBs. These pioneer studies undoubtedly paved the way
for studying innovative layered TMO cathode materials for KIBs. Among all the layered TMOs
candidates, potassium manganese oxides (KMOs) are highly attractive, owing to their low
cost, earth abundance, environmentally friendliness and high operating voltage. Motivated by
these outstanding features, it is promising to employ KMOs as cathode materials for KIBs.
Although many achievements have been made, significant structural change during
potassium-ion insertion and the side reactions occurring on the surface of electrode materials
are obstacles to their practical application.*% 3° Considering the tremendous investigations
devoted to rechargeable LIBs, appropriate strategies to enhance the electrochemical properties
of LIBs are more likely to apply well in KIBs due to the chemical similarity of K to Li. Among
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various techniques, surface modification has been recognized as one of the most effective and
facile approaches to improving the electrochemical behaviors of layered TMO cathode
materials for LIBs.>** Numerous coating materials such as ZrO,**! Ti02,**? AIPO4,*** AlF3,>*
and LiAIF4**-6 have been introduced to improve electrochemical performances of layered
TMO cathode materials for LIBs. Among them, AlF3 coating can effectively prevent the
cathode materials from being attacked by the byproducts generated from the oxidation of
electrolyte at high voltage such as HF and COa, thereby stabilizing the interface between the
electrode and electrolyte and preventing the formation of a thick cathode-electrolyte interphase
(CEI) layer layer on the surface of cathode materials.*” 23 344 347 Meanwhile, reducing the
particle size is also a widely-recognized strategy to improve the alkali metal ion diffusion
kinetics within the solid state lattice.>*® The characteristic time constant, t, for alkali metal ion
diffusion is given by t = L?/D, where L is the diffusion length in the solid state and D is the
diffusion constant. Reducing the particle size can significantly shorten the metal ion diffusion
length within the solid state lattice, resulting in a much-enhanced high-rate performance.’*
Although the surface modification technique combined with a down-sizing strategy is efficient
to enhance the electrochemical performance of cathode materials, it also significantly reduces
the tap density of the cathode material. Since microspheres can easily form close-packed arrays,
a three-dimensional micro/nano hierarchical sphere structure is considered as the ideal structure
for high-energy density cathode materials.**® Nanosized primary particles with surface coating
can ensure high rate capability and excellent surface stability. Meanwhile, a micro-sized
secondary sphere structure can maintain a high volumetric energy density.
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Herein, we demonstrate the advantages of employing AlF3 coated hierarchical Ki39Mn3Os
microspheres (AlF3@S-KMO) as a cathode material for KIBs. A precipitation approach
combined with calcination was developed to synthesize Ki39Mn3Og microspheres (S-KMO)
consisting of nanoparticles with a three-dimensional (3D) porous structure. The as-synthesized
S-KMO has a relatively high tap density and shows excellent rate capability. Furthermore, the
AlF3 surface coating strategy has been proven to be a facile and effective way to further improve
the electrochemical performances of S-KMO for KIBs. Electrochemical measurements confirm
that surface modification is beneficial to boost the rate performance as well as cycling stability.
The relevant structural evolution and reaction mechanisms were elucidated via ex situ XRD
characterization. The hierarchical structure design combined with surface modification
provides a new guideline for designing high-performance cathode materials for potassium-ion

batteries.

4.2 Experimental section

4.2.1 Synthesis of AlF; coated K1.39Mn30s (AlIF3;@KMO) microspheres

To fabricate Ki39Mn3Og microspheres, Mn,O3 precursors were synthesized via a facile
chemical precipitation method followed by calcination. Firstly, 1.69 g of manganese sulfate
monohydrate (MnSO4*H>O, 99.9%, Sigma—Aldrich) and 0.84 g of sodium bicarbonate
(NaHCO3, 99.9%, Sigma—Aldrich) were dissolved in 100 mL distilled water, respectively. Then,

the two solutions were mixed under stirring for 30 min. The resulting precipitations (MnCO3)
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were washed with deionized water and ethanol for several times and dried under vacuum at 80
°C overnight. Then, the as-synthesized MnCOj3 microspheres were calcined at 600 °C for 2 h in
air to obtain the Mn2O3 microspheres. Subsequently, 115 mg of obtained Mn»O3; powders
together with 97 mg potassium carbonate (K2COs3, 99.9%, Sigma—Aldrich) were dispersed into
10 ml deionized water under stirring for 30 min. After drying at 80 °C under vacuum, the
obtained mixture was annealed at 600 °C for 2 h in air to obtain K; 30Mn3Os microspheres. For
comparison, bulk K;3Mn3Os (B-KMO) materials were prepared by simply mixing the
commercial MnCO3 and K>CO3 powders together followed by the same calcination process.
For the synthesis of AIF3@KMO, 4 mg of ammonium fluoride (NH4F, 99.9%, Sigma—Aldrich)
and 7.66 mg of aluminum nitrate (Al(NO3)3°9H>0, 99.9%, Sigma—Aldrich) were dissolved in
20 ml of deionized water separately. Then, 172 mg Ki39Mn3Os powders were added in the
aluminum nitrate aqueous solution, followed by slowly dripping the ammonium fluoride
solution under constant stirring at 80 °C for 5 h. The designed stoichiometric molar ratio of Al
and F is 1:3, and the amount of AlF; coating material is 1 wt% in the final product. After the
evaporation of water under vacuum at 80 °C, the obtained powders were calcined at 400 °C for

5 hin Ar.

4.2.2. Materials characterization

The morphological analyses were characterized by Field-emission scanning electron
microscopy (FE-SEM, Zeiss Supra 55VP) and transmission electron microscopy (TEM, model

field emission CM200, Fei) equipped with an energy-dispersive X-ray spectrometer. The
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structure information of the as-prepared materials was recorded via a Bruker D8 Discovery X-
ray diffractometer using Cu Ka radiation (5° ~ 80° 2-Theta, scanning step of 0.02° per second).
X-Ray photoelectron spectroscopy was collected from an ESCALAB250Xi (Thermo Scientific,
UK) associated with mono-chromated Al K alpha (energy: 1486.68 eV). Raman spectra were
carried on a Renishaw inVia Raman spectrometer system (Gloucestershire, UK) equipped with
a Leica DMLB microscope (Wetzlar, Germany) and a 17 mW Renishaw He-Ne laser source at
633 nm. Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements
were performed on a Perkin Elmer OPTIMA 7300. To study the structural changes of as-
synthesized electrode materials during cycling, coin cells were dissembled at various
charge/discharge stages inside an Ar-filled glove box with water and oxygen levels less than
0.1 ppm. Then the working electrodes were washed with diethyl carbonate (DEC) for several
times and dried under vacuum in the antechamber connected with the glove box. The cycled

electrodes were directly conveyed to the ex situ XRD characterizations.

4.2.3. Electrochemical measurements

A slurry was prepared by mixing the as-synthesized cathode materials, carbon black and
polyvinylidene difluoride (PVDF) with a weight ratio of 8:1:1 in N-Methyl-2-pyrrolidone
(NMP). The electrodes were fabricated by casting the slurry onto aluminum foils and dried at
80 °C under vacuum overnight. Coin cells (CR2032) were assembled in an Ar-filled glove box
with water and oxygen levels less than 0.1 ppm using the as-prepared electrodes as cathodes

and potassium metal foils as anodes. Glass microfiber filters (Whatman, Grade GF/D) were
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used as the separators. A solution of 0.8 M KPFg dissolved in a mixture of ethylene carbonate
(EC) and diethyl carbonate (DEC) with a volume ratio of 1:1 was used as electrolyte. The
calculated mass loading of the active materials in each electrode is ~ 1.5 mg cm™. For the
electrochemical measurements, galvanostatic charge and discharge measurements were

E™ battery tester. Cyclic voltammogram (CV)

conducted on a computer-controlled NEWAR
experiments were carried out on a Biologic VMP3 electrochemical workstation with a scan rate
of 0.1 mV s in the voltage range of 1.5 V ~ 4 V. In addition, electrochemical impedance
spectra (EIS) were acquired in the frequency range from 100 kHz to 10 mHz at room
temperature. For galvanostatic intermittent titration technique (GITT) measurements, all the
tested cells were initially activated at a current density of 10 mA g™! for 5 cycles before GITT

tests. Subsequently, the electrodes were charged/discharged for 10 min at a pulse current of 10

mA g !, followed by a duration of 2 h relaxation to achieve potassium equilibrium potential.

4.3 Results and discussion

Layered AlF3@S-KMO materials were synthesized via a typical precipitation method
followed by several calcination steps in different atmospheres as shown in Figure 4.1a. The
synthetic route includes the preparation of MnCO3 microspheres followed by a calcination
process to transform the carbonate precursors into oxides. Figure 4.2 and Figure 4.3 show the
morphology and XRD pattern of the uniform MnCOj; microspheres with a diameter about 1.5

um. Subsequently, the precursors were converted into Mn,O3 (Figure 4.4) that still maintains
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the microsphere morphology (Figure 4.5 and 4.6). After stoichiometrically mixing with KoCO3
and further calcining in air, porous spherical KMO was obtained as shown in Figure 4.1b, 4.1c¢
and Figure 4.7. Obviously, S-KMO inherits the unique microstructure of the MnyOs
microspheres despite a slight growth in the primary particle size. In addition, the high-resolution
transmission electron microscope (HRTEM) image (Figure 4.1d) reveals a lattice spacing of S-
KMO with a distance of 0.241 nm, corresponding to the (-112) crystal plane of the reported
K1 30Mn306 (monoclinic, C2/m).*>! The hierarchical porous microsphere structure can facilitate
the impregnation of electrolyte inside the microspheres and shorten the transportation pathway
of K' in the solid state lattice. Meanwhile, the closed packed microspheres can maintain a
relatively high tap density compared with the bulk counterpart (1.12 g/cm? for S-KMO and 1.16
g/cm? for bulk materials, respectively). An additional surface coating strategy was applied on
S-KMO to further improve its electrochemical performances. Figure 4.1e and 4.1f illustrate
AlF3@S-KMO materials maintain the hierarchical microsphere morphology after AlF3 coating.
The HRTEM image of AlF3@S-KMO in Figure 4.1g demonstrates the formation of an
amorphous AlF3 coating layer with a thickness of 3.1 nm on the surface of the S-KMO material.
Apart from that, the lattice distance of 0.241 nm is consistent with the (-112) plane observed in
Figure 4.1d. The TEM-EDS element maps in Figure 4.1h confirms the homogeneous
distribution of Al, F, K and Mn elements in the as-prepared AlF3@S-KMO material. Bulk
Ki39Mn306 (B-KMO) was also prepared for comparison. Figure 4.8 shows that the plate-like
particles of B-KMO tend to agglomerate together, forming an aggregated rather than a
hierarchical structure.
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Figure 4.1 (a) Schematic illustration of the synthesis process of AIF3;@S-KMO. (b, ¢) SEM
images and (d) HRTEM image of S-KMO. (e, f) SEM images and (g) HRTEM image of

AlF3@S-KMO. (h) TEM-EDS elemental maps for Al, F, K, and Mn in AlF3@S-KMO.
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Figure 4.2 (a, b) SEM images of the MnCOj3 microspheres.
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Figure 4.3 XRD pattern of the MnCO3 microspheres.
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Figure 4.4 XRD pattern of the Mn2O3 microspheres.
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Figure 4.6 TEM image of the Mn,O3 microsphere.

500 nm

Figure 4.7 TEM image of S-KMO.
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Figure 4.8 (a, b) SEM images of B-KMO.

The crystal structures of the as-synthesized materials were analyzed by X-ray diffraction
(XRD). Figure 4.9a illustrates the XRD patterns of the as-synthesized KMO materials. All the
characteristic peaks can be indexed to monoclinic Ki.30Mn3O¢ (JCPDS No. 01-080-7317, a =
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14.259 A, b=2.8438 A, ¢ =9.526 A) with the space group C2/m. No impurity is observed from
the XRD results, indicating surface coating of AlF3 on S-KMO does not affect the crystal
structure of KMO microspheres. Furthermore, inductively coupled plasma optical emission
spectroscopy (ICP-OES) analysis determines a K: Mn molar ratio of 0.472 in S-KMO, which
is very close to the target value of 0.463, confirming the presence of the K-deficient phase.
Raman spectra were obtained and analyzed, and the results are shown in Figure 4.9b. There are
six bands located at 280, 402, 472, 509, 575 and 633 cm™'. The higher bands range from 550 to
650 cm™! and represent the symmetric vibration of the MnOg group with A1, symmetry, while
the lower ranges indicate the Mn-O stretching vibration with F2, symmetry, suggesting the
existence of Mn** and Mn*" ions. All the findings are consistent with the previous reports on
birnessite-type manganese oxides.**!*>* XPS analysis results and the corresponding fitting data
of the as-synthesized materials are displayed in Figure 4.9c-1. Despite a series of shoulder peaks
derived from adventitious carbon species, there are two pairs of XPS peaks in the K region
(Figure 4.9d). One peak can be assigned to the K2ps/, spectral peak located at 292.7 eV with an
additional satellite peak at 293.8 eV. The other peak reflects the K2p3» peak at 295.7 eV
associated with a weak satellite at 296.3 eV. As for the binding energy of Mn, Figure 4.9¢ shows
two strong peaks at 642.5 and 653.9 eV related to the Mn2p3,» and Mn2pi . spectra, implying
the coexistence of Mn** and Mn*" valences.*>**>* This conclusion is consistent with the Raman
analysis. As regards to oxygen, we can identify four characteristic peaks of the O 1s spectrum
in Figure 4.91. It should be noted that there is a slight increase in the O 1sC peak intensity after
AlF; coating, which is ascribed to the change in the proportion of oxygen species. Previous
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reports have demonstrated that surface modification normally induced the growth of the
oxidized lattice oxygen in lithium-rich materials.**® The signals of F and Al are also detected

from AlF;@S-KMO (Figure 4.9g-1), confirming the existence of AlF3 surface coating.
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Figure 4.9 (a) XRD patterns of B-KMO, S-KMO and AlF;@S-KMO. (b) Raman spectra of S-
KMO and AIF;@S-KMO. (c-f) XPS survey and high-resolution spectra of (d) K 2p, (¢) Mn 2p
and (f) Ols of S-KMO and AlF3@S-KMO. (g-i) High-resolution XPS spectra of Al 2p, Al 2s

and F Is in AlF;@S-KMO.
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The electrochemical properties of as-synthesized materials were examined by cyclic
voltammetry (CV) in the voltage range 1.5 — 4 V at a scan rate of 0.1 mV s’'. In Figure 4.10a,
there is a strong and distinct cathodic peak at 2.14 V during the first discharge process, which
is less obvious in the following cycles. The evolution of such a cathodic peak in the initial
discharge process reveals the excessive insertion of K into the K-deficient phase. Moreover,
during cycling, the intensities of the redox peaks in the high operating voltage range
continuously increase, which is ascribed to the instability of the K-extracted phase and rapid
decomposition of electrolyte. By contrast, in Figure 4.10b, the overlapped and well-kept CV
curves of the AIF3;@S-KMO celectrode suggest enhanced structural stability through AlF3
coating. After the first scan, four pairs of redox peaks can be identified at 2.14/2.51 'V, 2.53/2.95
V, 2.78/3.18 V and 3.5/3.83 V, indicating complex intermediate reactions occurring during the
charge and discharge processes. Accordingly, Figure 4.11 illustrates the CV curves of the B-
KMO electrode. The intensities of the redox peaks are much smaller than the S-KMO electrode,

indicating the low electrochemical activity of B-KMO materials.
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Figure 4.10 Cyclic voltammetry of cells with (a) S-KMO electrode and (b) AlF3@S-KMO
electrode between 1.5 and 4 V (vs. K'/K) at a scan rate of 0.1 mV s~ !. Galvanostatic charge and
discharge voltage profiles of cells with (¢) S-KMO electrode and (d) AlF3@S-KMO electrode
under a current density of 10 mA g!. (e) Rate performances of cells with B-KMO, S-KMO and
AlF;@S-KMO electrodes at different current densities. (f) Cycling performance of cells with
B-KMO, S-KMO and AIF;@S-KMO electrodes at 50 mA g! before and after refreshing the
potassium metal anodes and electrolyte.
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Figure 4.11 Cyclic voltammetry of B-KMO between 1.5 and 4 V vs. K'/K at a scan rate of 0.1

mVs L.

To evaluate potassium storage capability of the as-synthesized materials, galvanostatic
charge and discharge measurements were performed at a current density of 10 mA g '. Figure
4.10c and 4.10d show the voltage profiles of S-KMO and AlF;@S-KMO electrodes. The sloped
features of the voltage curves upon K extraction and insertion match well with the redox peaks
in the corresponding CV curves, suggesting the presence of multistep reactions. The first charge
and discharge capacities of the S-KMO electrode are 64 mAh g! and 115 mAh g/,
corresponding to the extraction of 0.75 K* and reinsertion of 1.35 K*. The AIF3;@S-KMO
electrode delivers capacities of 73 mAh g ' and 112 mAh g ! for the first charge and discharge
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processes, representing the extraction of 0.86 K and reinsertion of 1.32 K. It should be noted
that the K-deficient phase is responsible for the lower initial charge capacity, which is consistent
with the previous reports on Ko.sMnO; and Ko.5V20s.%3> 3% Additionally, we can see a unique
voltage slope in the first discharge of the S-KMO electrode at 2.14 V (Figure 4.10c)
corresponding to the strong cationic peak in Figure 4.10a, while this feature is less obvious after
the surface coating (Figure 4.10d). As the cycle proceeds, this voltage plateau almost disappears,
which implies that the initial K" insertion process leads to a drastic and irreversible structural
change in S-KMO materials, whereas this impact is less pronounced for AlF3@S-KMO
materials. For the B-KMO electrode, the most striking difference is the disappearance of the
sloped characteristics of the voltage curves after the initial few cycles (Figure 4.12). This
phenomenon reveals the low electrochemical activity of the bulk structure which hinders the
diffusion of K" into the solid interior. Figure 4.10e compares the rate capability of as-prepared
electrodes when cycling between 1.5 and 4.0 V. The AIF;@S-KMO electrode shows much
higher discharge capacities and Coulombic efficiencies (CEs) than that of B-KMO and S-KMO
electrodes when the current density is increased from 10 mA g™ to 1000 mA g '. Furthermore,
the discharge capacities of the AIF3@S-KMO electrode can be fully recovered when the current
density is returned to 10 mA g !, indicating excellent electrochemical reversibility. These
results manifest the poor and sluggish kinetics of K ions have been notably improved via surface

modification.
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Figure 4.12 Galvanostatic charge/discharge voltage profiles of the B-KMO electrode at a

current density of 10 mA g .

As the cycle life is a very important criterion for practical application, all three types of
electrodes were tested under a current density of 50 mA g ! for 50 cycles. In Figure 4.10f, as
expected, an AIF;@S-KMO electrode exhibits better cycling stability than a S-KMO electrode
or the B-KMO electrode after 50 cycles. However, they all suffer from a certain degree of
capacity fading. According to previous reports, the major reasons for the significant capacity
loss and structural change are from: i) the dramatic structural change during cycling, ii) the
unremitting side reactions among cathodes, electrolytes and byproducts generated from
electrolyte decomposition such as CO, and HF.?>* Based on this point, we observed the
morphologies of the S-KMO and AlF3@S-KMO electrodes before and after 50 cycles. The
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SEM images in Figure 4.13 illustrate the microsphere morphology of S-KMO was destroyed
after 50 cycles. By contrast, the AIF3;@S-KMO electrodes maintained their primary
microstructures after 50 cycles (Figure 4.14). Furthermore, the variation of the XRD patterns
of the S-KMO and AlF3@S-KMO electrodes were compared before and after different cycles
as shown in Figure 4.15. Impurities observed through the presence of 20 peaks between 30°
and 40° are observed after the 10™ cycle for S-KMO electrodes, revealing the generation of by-
products. In contrast, the AIF3@S-KMO electrodes are able to maintain their primary XRD
pattern even at the end of the 50" cycle. To eliminate by-products from cycling, we refreshed
the potassium metal anodes and electrolytes after 50 cycles. In this case, as shown in Figure
4.10f, the AIF3;@S-KMO electrode exhibits a high specific capacity of 73.44 mA g ! and an
excellent cycling stability after refreshing. At the same time, although part of the capacity is
restored, the S-KMO electrode experiences much faster capacity degradation. Therefore,
surface modification is an effective and facile method to minimize the influence of harmful
reactions on cathodes and stabilize the electrode-electrolyte interface. The excellent rate
capability and good cycling stability of AlF3;@S-KMO materials also showed better
electrochemical performances than previous reported cathode materials for KIBs as shown in
Table 4.1. Furthermore, such a benefit was also obtained at the elevated temperature. It is well
known that the high working temperature normally accelerates side reactions in aprotic
rechargeable batteries.*’”> >3 As we can see from Figure 4.16, when testing the cells at 45 °C,
the impact of high temperature on capacity loss for the AlF3@S-KMO electrode is less
significant than that in the S-KMO electrode. Three characteristic peaks located at 28.9°, 32.3°
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and 36.1° after the 50" discharge are observed for the S-KMO electrode, which correspond to
the Mn3O4 phase (PDF 00-024-0734). The appearance of additional peaks implies the partial

dissolution of the cathode material during the harsh operating environment.

Table 4.1 The comparison of different layered TMOs for KIBs cathodes.

KIBs cathodes Electrolyte Specific Cycling life Coulombic  Reference
capacity efficiency

P’2-Ko3MnO, 1.5mKFSI 70 mAh g! at 57% (685 93% 333
in EC: DMC 0.1C cycles)

P3-K sMnO> 0.7mKPFs 97mAhg!at 70% (50 95% 335
in EC: DEC 10 mA g! cycles)

Ko.7Feo.sMng 502 0.8 m KPF¢ 114 mAh g! 87% (450 98% 334
in EC:DMC  at 100 mA g-! cycles)

Ko.67Ni0.17C00.17Mnp 6602 0.8 m KPF¢ 76.5 mAh g! 87% (100 97.6% 332
inEC: DEC  at20 mA g'! cycles)

P2-K.6Co0O3 0.7mKPFs 78 mAhg!at 60% (120 99% 249
in EC: DEC 2mA g'! cycles)

P2-K.6Co0O2 0.9 m KPF¢ 82 mAh g ! at 87% (300 99% 337
in EC: DEC 10 mA g'! cycles)

P3-K.60CrO2 0.5 m KPF¢ 100 mAh g! 65% (1000 97% 338
in EC: DEC at0.1 C cycles)

Ko.5V20s 1.5mKFSI 90 mAh g ! at 81% (250 99% 355
in EC: DEC 10 mA g'! cycles)

Ki.39Mn3Og 0.8 m KPF¢ 110 mAh g! 94.9% (100 99% This work

in EC: DEC at 10 mA g! cycles)
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Figure 4.13 SEM images of S-KMO electrodes at different magnifications. (a, b) before and

(c, d) after 50 cycles.

Figure 4.14 SEM images of AlF3@ S-KMO electrodes at different magnifications. (a, b) before

and (c, d) after 50 cycles.
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Figure 4.15 Ex situ XRD results of (a) S-KMO electrodes and (b) AIF;@S-KMO electrodes

before and after 1%, 2™, 5™ 10 20™ and 50" cycles. The cells were cycled at 50 mA g™ .
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Figure 4.16 Cycling performances of S-KMO and AlF;@S-KMO electrodes at 45 °C.

To determine whether the microstructure as well as the surface coating can affect the reaction
kinetics of KMO cathode materials, galvanostatic intermittent titration technique (GITT) was
employed to investigate the diffusion kinetics of K*. Figure 4.17a, 4.17b and Figure 4.18
clearly show the transient voltage responses versus specific capacity profiles after activation
for 5 cycles. Obviously, the multiple sloped features of the voltage profiles are well maintained
for S-KMO and AIF;@S-KMO electrodes, whereas these features disappear in the B-KMO
electrode. Meanwhile, the B-KMO electrode exhibits the largest overpotential among all the
cells tested, especially noticeable at the very end of each charge or discharge process. The
reaction resistances upon K insertion and extraction were calculated and summarized in Figure
4.17c and 4.17d, respectively. At the beginning of the charging process, the reaction resistance
of B-KMO electrode rises sharply to 92 Q g, which is nearly triple the value obtained from the
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S-KMO (36 Q g) and AlF3@S-KMO electrodes (28 Q g). Despite the erratic fluctuation of
resistances in B-KMO and S-KMO, the resistance values of AlIF3@S-KMO remain almost
constant to the end of charge and discharge processes. To further determine the reaction kinetics
of as-prepared cathodes, we evaluated the diffusion coefficient of K" (D) with respect to

Equation 1.3

4 ( IV |2 (d—E) i
D, = —( m) [( gg )] Equation 4.1

T \ZpFS 1705

Wherein, I, Vi, T and Za are the applied current, molar volume of materials, duration of current
pulse and the charge amount of K*, respectively. F represents the Faraday constant, and S is the
contact surface area between electrode and electrolyte. dE/dS indicates the slope of the
Coulometric titration profiles, and dE/dt"> can be calculated from relation curves between
voltage and response time. If the cell voltage is linearly proportional to t*° (Figure 4.19), the
diffusion coefficient D is obtained by simplifying the Equation 4.2 according to the Fick’s

second law.>’

2 2

4 V AE

D, =— (nm—m) (—S) Equation 4.2
T S AE;

Wherein, AEs is the difference in equilibrium potential before and after the current pulse, AEt
is the variation of cell voltage caused by the impulse current. nm represents the number of moles.
The decrease of Dk in both B-KMO and S-KMO electrodes during the K™ extraction and
reinsertion is observed in Figure 4.17e and 4.17f. In contrast, the AIF3@S-KMO electrode is
able to maintain a considerable high diffusion coefficient. The calculated Dk of the AIF3@S-

KMO electrode is 0.84 x 10713 cm? s™! for charging at the end of the charge process and 1.1 x
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1072 cm? s7! for discharging at the end of the discharge process, respectively, which is much
higher than that of the S-KMO electrode (0.36 x107'* cm? s™! for charging and 0.77 x 10713 cm?
s~! for discharging) and the B-KMO electrode (0.55 x 10"'* cm? s™! for charging and 0.19 x 10-
13 ¢cm? s7! for discharging). Therefore, the diffusion of K* into solid state AIF;@S-KMO is
kinetically more rapid compared with the cathode without surface modification. This is mainly
because the complex side reactions on the surface of electrode materials have been minimized

after surface coating with AlFs.*

The electrochemical impedance spectra (EIS) of as-prepared electrodes were analyzed in the
frequency range from 100 kHz to 0.01 Hz after the first and fifth cycles (Figure 4.20). The S-
KMO electrode shows much lower charge transfer resistance (Rc) than that of the B-KMO
electrode, demonstrating the advantages of the hierarchical porous sphere structure. Reducing
the primary nanoparticles of KMO materials can significantly enhance the K" transportation
kinetics. However, both B-KMO and S-KMO electrodes show significantly increased R at the
fifth cycle. By contrast, although the R¢t of AIF3@S-KMO electrode is similar to that of the S-
KMO electrode after the first cycle, there is no obvious increase after the fifth cycle, indicating
the good stability of the interface between the cathode materials and electrolyte. These results
are consistent with the large reaction resistance found in the above GITT measurements,
reflecting the large kinetic barrier caused by the unwanted side reactions on the surface of the
cathode materials. Such a circumstance manifests the impact of adverse reactions occurring in

the early stage has been effectively suppressed through AIF; coating.>>® Considering the
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extremely poor electrochemical performance of the B-KMO electrode, we therefore chose S-

KMO and AlF;@S-KMO electrodes as research subjects in the following investigations.
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Figure 4.17 Galvanostatic intermittent titration technique (GITT) results for the (a) S-KMO
electrode and (b) AIF3@S-KMO electrode measured at a constant current density of 10 mA g™ .
(c) Charge reaction resistances and (d) discharge reaction resistances of B-KMO, S-KMO and
AlF3@S-KMO electrodes. The corresponding calculated diffusion coefficients of K* (e)

insertion and (f) extraction vs. specific capacity.
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Figure 4.20 Electrochemical impedance spectra (EIS) of the cells with (a) B-KMO, (b) S-KMO

and (c) AlIF;@S-KMO electrodes after the first and fifth cycles.
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Ex situ XRD measurement was performed to further study the structure evolution and K-
storage mechanisms of S-KMO and AlF3@S-KMO electrodes. Before cycling, we can observe
two characteristic peaks of (4 0 1) and (-3 1 3) located at 26 = 39.9 and 42.7°, respectively
(Figure 4.21). However, these two peaks disappear during the first charge process. This
phenomenon is ascribed to an irreversible structural change during K™ release in the initial
charge stage. After the electrodes were fully charged to 4.0 V, the strong (-4 0 2) peaks
disappear and the (-2 0 1) peaks become broad and weak. During the first discharge process,
the intensities of (-4 0 2) and (-2 0 1) peaks recover and shift to higher angles without producing
any observable new diffraction peaks. This trend could be originated from the decrease of
repulsion power between the alternative oxygen atoms and the shrinkage of the MnO> slab
distance after K" extraction.’*> 3% Additionally, an obvious shift towards a higher position is
detected for the (-1 1 2) peak of S-KMO when discharging to 2.14 V (Figure 4.22a). This
evolution is consistent with the strong cathodic peak of the CV curves in Figure 4.10a,
indicating the irreversible structural change due to K* reinsertion. By contrast, there is no
obvious change in the corresponding characteristic peak of AlF3;@S-KMO under the same
situation (Figure 4.22b). Furthermore, at the end of the first discharge, both the (-4 0 2) and (-
2 0 1) peaks shift to higher angles compared to their original positions, revealing the excessive
insertion of K* (~1.55 mol). In the second charge and discharge process, both S-KMO and
AlF3@S-KMO electrodes exhibit slow shifts of (-4 0 2) and (-2 0 1) peaks toward lower angles
and then gradually return to their previous positions, indicating the highly reversible K*
extraction and insertion processes representing by the regular change of the interlayer distance.

160



Figure 4.23 compares the variation of the lattice spacing versus the corresponding 26 degree at
different charge and discharge stages. The changes of the lattice spacing of S-KMO are more
significant than that in AIF3@S-KMO, especially the huge increase of the crystal plane distance
of (-1 1 2) peak at 2.14 V. This trend indicates that surface coating of a AIF3; nanolayer on S-
KMO effectively buffers the dramatic structure change upon K* extraction and insertion, which

enhances the structural stability of layered KMO cathode materials.
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Figure 4.22 Enlarged images of ex situ XRD patterns of the a) S-KMO and b) AlF3@S-KMO
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4.4 Summary

In summary, AlF3-coated Ki39oMn3O¢ microspheres were successfully synthesized and
investigated as cathode materials for potassium-ion batteries. The as-synthesized AlFs-coated
K139Mn30¢ cathode materials show a highly reversible capacity of about 110 mAh g! at 10
mA g ! in the voltage range of 1.5 — 4.0 V and excellent cycling stability over 100 cycles with
a capacity retention of 94.9 %, which is much better than uncoated microspheres or the bulk
counterpart. Systematic electrochemical measurements demonstrate that the diffusion kinetics

of potassium-ion insertion and extraction during discharge and charge processes have been

163



significantly increased. The improved electrochemical performances could be ascribed to both
the hierarchical sphere structure design and surface modification. Furthermore, ex situ XRD
analysis demonstrates that the surface coating strategy effectively mitigates the dramatic
structure change during potassium-ion insertion and extraction, which enhances the structure
stability of layered Ki39Mn3Os cathode materials. This work not only provides a simple and
reliable method to construct cathode materials but also explores new technology which offers

huge potential for the development of high-performance potassium-ion batteries.
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CHAPTER 5 K;Ti:05@C MICROSPHERES WITH ENHANCED K"
INTERCALATION PSEUDOCAPACITANCE ENSURING FAST
POTASSIUM STORAGE AND LONG-TERM CYCLING

STABILITY

5.1 Introduction

Currently, lithium-ion batteries (LIBs) dominated the commercial market as the power
source for modern consumer electronics, portable medical facilities and electric vehicles.* 3%
Given the sparse geographic distribution of lithium resources, there is an urgent requirement to
find suitable alternatives with low cost and high safety to satisfy the growing market
demands.*®1-36% Potassium-ion batteries (PIBs) are one type of rechargeable alkali-ion batteries
that are capable of inheriting the working mechanism and advantages of LIBs. The natural
abundance and non-toxicity of potassium could have a reduced environmental impact on large-
scale production. Furthermore, the low standard redox potential of K/K* (=2.94 V vs. standard
hydrogen electrode, SHE) leads to a high output voltage and high energy density for PIBs.
These features make PIBs one of the most attractive candidates for grid-scale energy storage.?*"
255-256, 364

Research on anode materials has accelerated the development of PIBs in the past decade. A

series of anode materials such as carbonaceous materials,”® 6% 365 transitional metal

dichalcogenides,?* 3¢ NASICON-structured compounds*®’-®® and Prussian blue analogues®®
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have been developed and studied. However, the large volume expansion of PIB anode materials
is the Achilles’ heel of these anode materials.?’>*7° For example, graphite, which is the most
successful anode material in commercial LIBs, manifests a dramatic volume expansion of about
61% during K-ion intercalation/extraction.?>>2%® This phenomenon will, without doubt, lead to
structural degradation and a poor cycling stability. In addition, most of PIB anode materials are
also suffering from unsatisfactory rate performances due to poor electrical conductivity.?6% 364
Therefore, the quest for suitable anode materials with superior rate capability and long-lasting
duration is a challenge for researchers worldwide. Amongst the candidates, Ti-based anode

371 and sodium-ion batteries

materials have aroused extensive interest, especially in LIBs
(SIBs)*’?. For example, LisTisO12 (LTO), one of the most attractive anode materials, shows a
negligible volume change and excellent rate performance during cycling in LIBs.>”® As for PIBs,
Ti-based intercalation compounds such as K>Tis0¢*’* and KoTisO13°7>"6 are of great potential
as anode materials, benefiting from their low costs and the large interlayer spacings to
accommodate K*. However, their relatively low specific capacity, poor cycling stability and
unsatisfactory rate capability still cannot meet the requirements for practical applications.

It is well known that the sluggish diffusion kinetics of metal ions within the intercalation host
and poor electron transfer between active particles restrict the rate performance of electrode
materials.?® Electrode materials with porous structures can significantly reduce the diffusion
length of alkali metal ions within the solid-state lattice.>”” Normally, the diffusion kinetics is
determined by 1= L?/D, where 7 is the characteristic time constant, L represents the diffusion

path in the solid-state, and D is the diffusion constant.’”® Herein, a shorter diffusion length can
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lead to enhanced diffusion kinetics. Meanwhile, electrodes with spherical microparticles are
expected to achieve a high volumetric capacity towards practical applications in the large-scale
production.’” To improve the electronic conductivity of electrode materials, coating the surface
of materials with a thin layer of carbon or metallic material has proven to be an effective
method.?”” Therefore, combining the surface modification strategy with rational structural
design has emerged as an effective approach to improve the electrochemical performance of
electrode materials. A series of carbon-coated electrode materials with microsphere
morphology have been synthesized and exhibit high volumetric energy density and good rate
capability in LIBs*%3% and SIBs*®***%. Undoubtedly, these improvement methods are
attractive to be also employed in potassium-based energy storage devices.

Herein, we propose a spray drying method followed by chemical vapor deposition (CVD)
treatment to prepare carbon-coated KoTi2Os microspheres (S-KTO@C). The as-prepared S-
KTO@C consists of carbon-coated nanorods and exhibits an open three-dimensional (3D)
microstructure. When used as an anode material in PIBs, this S-KTO@C showed enhanced K-
ion intercalation pseudocapacitive behavior, which is beneficial for both high rate capability
and long-term cycling stability. Furthermore, a fabricated potassium-ion hybrid capacitor
(PIHC) with the S-KTO@C (battery-type anode material) and of the activated carbon (AC,
capacitor-type cathode material) also showed a high energy density, high power density, and

excellent capacity retention.
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5.2 Experimental section

5.2.1 Synthesis of K;Ti2Os microspheres (S-KTO)

Anatase titanium dioxide (TiO», Sigma—Aldrich, 32 g), potassium carbonate (K>CO3, Sigma—
Aldrich, 30.4 g) and glucose (CsH120¢, Sigma—Aldrich, 3.84 g) were mixed in 100 ml distilled
water under continuous stirring for 5 h. The formed slurry was directly added into the spray
dryer machine (BUCHI) by a peristaltic pump. In this case, KoCO3 and glucose serve as
potassium source and binder, respectively. The S-KTO precursor was generated through a spray
dry process with the inlet and outlet temperature controlled at 130 °C and 90 °C, respectively.

Then, the obtained precursor was calcined at 700 °C for 4 h in Ar to obtain S-KTO.

5.2.2 Synthesis of carbon-coated K> Ti:Os@C microspheres (S-KTO@C)

S-KTO microspheres were placed in a CVD quartz tube furnace and preheated to 600 °C
under 50 sccm Ar flow. Subsequently, acetylene (10 vol.% in Ar) was introduced with a flow
rate of 50 sccm for 2 mins. After cooling to room temperature, the S-KTO@C microspheres

were obtained and kept in the argon-filled glovebox.

5.2.3 Synthesis of bulk K;Ti>Os materials (B-KTO)

B-KTO materials were prepared by mixing commercial TiO2 powders with K2COs in the

same weight ratio and calcined at 700 °C for 4 h under Ar.
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5.2.4 Materials characterization

The morphology was investigated by field-emission scanning electron microscopy (FE-SEM,
Zeiss Supra 55VP) and transmission electron microscopy (TEM, field emission CM200, Fei)
in conjunction with an energy-dispersive X-ray spectrometer. The microstructure of the as-
synthesized sample was characterized through a Bruker D8 Discovery X-ray diffractometer
with Cu Ko radiation (2-Theta = 5° - 80°), and Raman spectra with a Renishaw inVia Raman
spectrometer system (Gloucestershire, UK), using a Leica DMLB microscope (Wetzlar,
Germany) and a 17 mW Renishaw He-Ne laser source at 633 nm. As for chemical composition,
the carbon content was examined by a thermogravimetric analyzer (TGA, 2960 SDT system)
with a heating rate of 10 °C min! in air atmosphere. X-ray photoelectron spectroscopy (XPS)
was carried out on an ESCALAB250Xi (Thermo Scientific, UK) equipped with mono-
chromated Al K alpha (energy: 1486.68 eV). N, adsorption-desorption isotherms were recorded

via a Micromeritics 3Flex analyzer based on the Brunauer-Emmett-Teller method.

5.2.5 Electrochemical measurements

The electrode slurry was prepared by mixing the active materials, carbon black and
polyvinylidene difluoride (PVDF) with a weight ratio of 8:1:1 in N-Methyl-2-pyrrolidone
(NMP). The B-KTO, S-KTO and S-KTO@C electrodes were fabricated by coating the mixed
slurry onto copper foils and then dried at 100 °C under vacuum for 12 h. For potassium half-
cell testing, 2032-type coin cells (CR2032) were assembled in an Ar-filled glove box, using the

prepared electrodes and potassium metal foils separated by glass microfiber filters (Whatman,
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Grade GF/D). An electrolyte of 1 M potassium bis(fluoroslufonyl)imide (KFSI) in 1:1 (volume
ratio) ethylene carbonate (EC) and diethyl carbonate (DEC) was used for electrochemical
measurements. Galvanostatic charge and discharge (GCD) tests were conducted on a computer-
controlled NEWARE™ battery tester. Cyclic voltammogram (CV) measurements were
performed on a Biologic VMP3 electrochemical workstation at different scan rates in the
voltage range from 0.01 V to 3.0 V. As for galvanostatic intermittent titration technique (GITT)
experiments, the cells were initially activated at 0.1 C for 5 cycles and then were
charged/discharged for 10 min at a pulse current density of 10 mA g !, followed by a relaxation
for 3 h to reach the equilibrium potential state. This process was repeated multiple times until
the cut-off potential was reached. Electrochemical impedance spectra (EIS) were obtained in
the frequency range from 100 kHz to 10 mHz with a potential amplitude of 5 mV. For ex situ
material characterizations, coin cells were dissembled in the glove box and washed with DEC
for three times to remove residual potassium salts. These electrodes were directly used for ex

situ XRD and XPS characterizations.

A potassium-ion hybrid capacitor (PIHC) was fabricated, using S-KTO@C as an anode and
activated carbon (AC, specific surface area: 1904 m?g’, produced by Nanjing XFNANO
Materials Tech Co., Ltd.; model: XFP06) as a cathode. Before the assembly of PIHCs, the S-
KTO@C anode and AC cathode were pre-activated for 5 cycles at a current density of 20 mA
gl in potassium half-cells. The mass ratio of the anode versus cathode was designed to be 1.5:1.
The electrolyte and the separator used in the PIHC device were 1 M KFSI in EC and DEC (1:1

in volume) and glass microfiber membranes, respectively. The energy (E) and power (P)
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densities of the PIHC device were acquired via galvanostatic charge-discharge profiles,

according to the following equations:

E = fttf Ul /mdt Equation 5.1
P=E/(t, — t;1) Equation 5.2
Wherein U and [ are the working voltage (V) and applied current (A), respectively. m stands
for the total mass of the two electrodes, and #; and #2 represent the begin and end time (s) of the

discharge process.
5.2.6 In situ XRD measurements

The Swagelok cell for the in situ XRD measurement consists of the S-KTO@C electrode,
associated with a Be window (positive part), and a K metal foil (negative part) was used for in
situ XRD measurements. The charge/discharge current density was 0.1 C within the potential
range from 0.01 V to 3.0 V. In addition, based on the Bruker D8 Discovery X-ray diffractometer
with Cu Ko radiation, the scan step was 0.02° (2-theta = 10° - 50°), and the step time was 0.5 s.
The first XRD pattern was from the fresh cell, and then XRD measurements were proceeded

continuously along with the charge/discharge process.

5.3 Results and discussion

The synthesis route for the S-KTO@C sample is schematically illustrated in Figure S.1a. A

mixture of TiO», K»CO3 and glucose is used to prepare spherical precursors through a spray
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drying process, followed by calcination at 700 °C under Ar atmosphere. Scanning electron
microscopy (SEM) images of the as-prepared precursors show a spherical shape with an
average diameter of ~12 pum. Each microsphere is an accumulation of many primary
nanoparticles, as shown in Figure 5.2. Figure 5.1b, 5.1c¢ and Figure 5.3a reveal the morphology
of the obtained K> Ti,05 microsphere (S-KTO) after high-temperature calcination. As shown in
the SEM images, the primary nanoparticles are transformed into nanorods. After CVD
treatment, the surface of S-KTO@C microspheres remains smooth and clear without obvious
carbon aggregations (Figure 5.1e, 5.1f and 5.3b). Moreover, the morphological features of S-
KTO and S-KTO@C were further investigated via transmission electron microscopy (TEM).
Figure 5.1d and Figure 5.4a show the TEM images of KTO nanorods with an interplanar
spacing of 0.258 nm, which corresponds to the (-3 1 1) plane of K>Ti,0Os (JCPDS No. 04-012-
6258). In addition, TEM images in Figure 5.1g and 5.4b reveal that a homogeneous carbon-
coating layer with a thickness of about 10 nm has been grown on the surface of the KTO
nanorods after CVD treatment. Such a core-shell structure is expected to guarantee fast electron
transport and also improve structural stability. Furthermore, the selected area electron
diffraction (SAED) patterns of S-KTO and S-KTO@C indicate the incorporation of amorphous
carbon after CVD process (Figure 5.5).3% Energy-dispersive X-ray spectroscopy (EDS, Figure
5.6) elemental maps also illustrate the homogeneous distribution of K, Ti, O and C elements in

the S-KTO@C material.
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cylinder

Figure 5.1 (a) Schematic illustration of the preparation process for S-KTO@C. (b, ¢) SEM
images and (d) TEM images of S-KTO. The inset shows the lattice spacing of the S-KTO

material. (e, f) SEM images and (g) TEM image of S-KTO@C.
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Figure 5.2 (a-c) SEM images of S-KTO precursors.
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Figure 5.3 Low-magnification SEM images of (a) S-KTO and (b) S-KTO@C microspheres.
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Figure 5.4 Low-magnification TEM images of (a) S-KTO and (b) S-KTO@C microspheres.
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Figure 5.5 SAED patterns of (a) S-KTO and (b) S-KTO@C materials.
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Figure 5.6 (a) TEM-EDS elemental maps for (b) C, (¢) K, (d) O, and (e) Ti in the S-KTO@C

material.

Figure 5.7a shows X-ray diffraction (XRD) results of the as-synthesized S-KTO and S-
KTO@C samples. All the diffraction peaks can be well indexed to monoclinic K2Ti20s (JCPDS
No. 04-012-6258) with space group of C2/m, demonstrating the good crystallinity of the initial
K>T1,05 phase. The carbon content in the S-KTO@C determined by thermogravimetric
analysis (TGA) is estimated to be 5.35% (Figure 5.7b). Raman spectroscopy presented in Figure
5.7c shows two representative D and G bands located at 1350 and 1584 cm™, respectively,
indicating the typical carbon signal within S-KTO@C. The relative intensity ratio (In/Ig) is 1.00,
which confirms the amorphous character of the carbon component.*®” X-ray photoelectron
spectroscopy (XPS) analysis results for S-KTO and S-KTO@C are summarized in Figure 5.7d-
fand Figure 5.8. In Figure 5.7d, two strong peaks located at 464.3 and 458.5 eV can be assigned

to low-resolution Ti 2p12 and high-resolution Ti 2p35, respectively, confirming the existence
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of Ti*" in the material.*®® The Ols spectrum displays three characteristic peaks at 532.7, 531
and 529.3 eV as shown in Figure 5.7e. The slight increase of the Ols B peak intensity is
attributed to the change of surface oxygen species induced by the surface coating.>® Furthermore,
two peaks at 295.8 and 293.1 eV correspond to the K2pi» and K2ps» characteristic peaks,
respectively (Figure 5.7f). In addition, several shoulder peaks generated by adventitious carbon
species are also observed in Figure 5.7f. Compared with the pure S-KTO sample, the peak
intensity of Cls significantly increases after the carbon coating.?> Figure 5.9 shows the
nitrogen adsorption-desorption isotherms of the two materials. The S-KTO@C material has a
larger specific surface area (43.6 m? g'!) than the uncoated S-KTO material (15.2 m? g'!). For
comparison, bulk K;Ti2Os (B-KTO) materials were prepared via a solid-state calcination

process (Figure 5.10).
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Figure 5.7 (a) XRD patterns, (b) TGA curves and (c) Raman spectra of S-KTO and S-KTO@C.
(d-f) High-resolution XPS spectra of Ti 2p, Ols, K 2p and C 1s of S-KTO (lower) and S-

KTO@C (upper).
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Figure 5.10 (a) XRD pattern and (b) SEM image of B-KTO.

The electrochemical performance of the as-synthesized materials was evaluated by
galvanostatic charge and discharge (GCD) in the voltage range of 0.01-3.0 V. The theoretical
capacity at 1 C (160 mAh g™!) is calculated based on a two-electron transfer process of K2Ti,0s
according to:

K,Ti, 05 + 2K* + 2¢~ «— K, Ti,0s Equation 5.3
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As can be seen from Figure S.11a, 5.11b and Figure 5.12, the first discharge capacity for S-
KTO, S-KTO@C and B-KTO electrodes are 348.7, 317.4 and 262.1 mAh g with relatively
low Coulombic efficiencies (CE) of 42.4, 48.9 and 21%, respectively. It is considered that the
formation of solid electrolyte interphase (SEI) mainly accounts for the irreversible capacities.?>
375-376 Subsequently, these three electrodes deliver reversible discharge capacities of 147, 155.1
and 74.8 mAh g'! in the second cycle, corresponding to the insertion of 1.68, 1.88 and 0.91 K*
per formula unit upon discharge (Ti**—Ti*"), respectively. Moreover, the average discharge
voltage plateau of the S-KTO@C electrode is at 0.38 V, which is much lower than their
counterparts in lithium (LisTisO12, 1.55 V) and sodium (NaxTiO2, 0.8 V)** cells. The relatively
lower operation voltage in PIBs than in LIBs and SIBs contributes to a higher energy density
when designing full cells. Meanwhile, the higher potassiation voltage of the S-KTO@C
electrode than graphite electrodes (~ 0.1 V)**° and hard carbon electrodes (~ 0.25 V)*? avoids
the formation of K metal dendrites during cycling, effectively improving safety and prolonging
service life. As the cycle continues, all three electrodes experience pronounced capacity losses
in the initial 10 cycles. This is mainly ascribed to undesired side reactions and continuous
growth of the SEI layer.3%¢36% 377 The S-KTO@C electrode shows the best capacity retention

among all three electrodes after 100 cycles (Figure 5.11c).

184



3

—_

1000

< X
g 300 - 8KT0 10 X
= . < 250 -a-SKTO@C 2
= < z B-KTO 7
P by g 200 e 80 3
(=)
L) g g 150 e 40 T
— — T COGCCEen (U ICEOEenca (kAN f
2 3 é ool b e _:é
8 50 My 20 s
%, o
0.0 \ Se. ' N N 0.0 L Sy L L K] 0 T L N N 0 8
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 35080 0 20 40 60 80 100
d Specific Capacity (mAh g") e Specific Capacity (mMAh g™ Cycle number
T 200 w
o (=]
= -1-S-KTO 2
<« -~ S-KTO@C <
E 150M0.1¢C -A-BKTO 0.1 £
.‘? ‘ 2 0.2 =
S 100 f 0.5 0.5 )
T 1 1 g
@ 2 2 [v]
o 50 : 10 b
Q
=) ! )
© (]
-
a) 0 25 50 75 100 125 150 QO 200 400 600 800
Cycle number Cycle number
o g,\ 0.67
o 5 E (01
5 (001) 1B
£ e
[ Hlzs 0.66} -
a ia - %‘m —
z z 2 0sd 93009°
& 8 9 065f
[ 2 E
2 8
P 064
© h Time (h)
P =021 (003)
S £
£ =
S g 0.218} "%, a0
] o .29 s, 2®
(] o o° L
?_ . . . . 20217
3210 12 13 14 1540 41 42 43 E
Voltage (V) 2-Theta (degree) 2-Theta (degree) = 0216
Time (h)

Figure 5.11 Galvanostatic charge and discharge voltage profiles of cells with (a) S-KTO and
(b) S-KTO@C electrodes between 0.01 and 3 V (vs. K'/K) at a current density of 0.1 C. (¢)
Cycling performance of S-KTO, S-KTO@C and B-KTO electrodes at a current density of 0.1
C for 100 cycles. (d) Rate performances of cells with S-KTO, S-KTO@C and B-KTO
electrodes at various current densities. (¢) Long-term cycling performance of cells with S-KTO,
S-KTO@C and B-KTO electrodes at a current density of 1 C for 1000 cycles. (f) In situ XRD

contour plots of a S-KTO@C electrode at a current density of 0.1 C. (g, h) The change of lattice

spacings, corresponding to the (001) and (003) peaks vs. time.
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Figure 5.12 Electrochemical performances of the B-KTO sample: (a) CV curves and (b) GCD

profiles under a current density of 0.1 C between 0.01 and 3 V (vs. K/K).

Electrochemical impedance spectra (EIS) obtained after the 1% and the 100" cycle show the
S-KTO@C electrode has the smallest charge transfer resistance (Rct) without any significantly
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increasing after cycling (Figure 5.13). This result indicates that carbon-coating contributes to
the enhanced reaction kinetics and improved interface stability. Furthermore, the S-KTO@C
electrode also exhibits the best rate capability among the three electrodes as the current density
is changed from 0.1 to 20 C (Figure 5.11d). When the discharge current is returned to the
original value, the cell with the S-KTO@C electrode recovers to its initial capacity and remains
stable, indicating outstanding electrochemical reversibility and stability. To further evaluate the
long-term cycling stability, S-KTO, S-KTO@C and B-KTO anodes were cycled at 1 C for 1000
cycles (Figure 5.11¢). Both S-KTO and S-KTO@C cells show good cycling stability with
capacity retentions of 65.3% and 77.1%, respectively. In contrast, the B-KTO cell shows an
extremely poor capacity retention of 26.5% after long-term cycling. These results demonstrate
good cycling stability and excellent rate capability for the S-KTO@C electrode benefiting from
both the structure design and carbon-coating. Specifically, the nanorod-assembled
microstructure shortens the diffusion pathway for K in the solid-state lattice and also facilitates
the penetration of electrolyte inside the material. Meanwhile, the presence of an ultra-thin
conductive carbon layer is beneficial for fast electron transport and establishes a stable interface
between electrode and electrolyte.**’-*%® Furthermore, the carbon-coating layer of S-KTO@C
also reduces the risk of structural degradation and prevents the electrode from being jeopardized

by side-products during cycling.262 264377
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Figure 5.13 Electrochemical impedance spectra (EIS) of the cells with (a) B-KTO, (b) S-KTO

and (c) S-KTO@C electrodes after the first (yellow) and 100th (green) cycle.
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To fully understand the relationship between the structural evolution and the K-storage
mechanism of S-KTO@C, ex situ XRD was performed to investigate the structural integrity of
S-KTO@C materials after repeated cycles. As can be seen from Figure 5.14, three
characteristic peaks representing (001), (-202) and (003) of monoclinic K>Ti,Os appear in the
XRD patterns of both fresh S-KTO and S-KTO@C electrodes. After 100 cycles, these
diffraction peaks almost disappear for S-KTO while remaining unchanged for S-KTO@C. In
addition, SEM images demonstrate that the S-KTO electrode has been severely corroded, while
S-KTO@C 1is able to withstand the harsh operating environment and maintain its original
microstructure after repeatedly cycling (Figure 5.15). Furthermore, ex situ XPS was employed
to investigate the change of the chemical states during (dis)charge. Figure 5.16 shows the XPS
spectra of Ti 2p and C 1s for S-KTO@C anode materials at different charge and discharge
stages. Both Ti 2p12 and Ti 2p3/2 spectra are deconvoluted into two shoulder peaks in the first
fully discharged state, corresponding to Ti*" and Ti*', respectively, indicating the gradual
reduction of Ti at the end of first discharge. However, the relative peak intensities of the Ti
2p12B and Ti 2p3»B spectra decline after the electrode was subsequently charged to 3 V,
implying oxidation of Ti. It can be speculated that Ti experiences a reversible transition between
Ti*" and Ti*" %! Meanwhile, the chemical state of C 1s changes slightly before and after
(dis)charge. This result confirms that the carbon species are stable during the K*

(de)intercalation process.

Figure 5.11f and Figure 5.17 show the in situ XRD patterns of the S-KTO@C electrode in a

Swagelok cell cycled at 0.1 C. The characteristic diffraction peaks of (001) and (003) planes
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located at 13.81° and 41.44°, respectively, shift continuously to a lower value during the 1st
discharge process, demonstrating a gradual expansion of the lattice distances during the K*
intercalation process (Figure 5.11g and 5.11h). The enlarged interlayer distances are attributed
to the addition of the average charge on oxygen anions during K" intercalation.>’® 32 After the
cell was then charged to 3.0 V, these peaks return to their original positions, implying the
recovery of the corresponding lattice distances. Upon the second discharge process, the (001)
and (003) peaks experience a similar trend with K* intercalation. The reversible evolution of
diffraction peak positions with the regular change of lattice distances suggests a good
reversibility of K" intercalation and deintercalation in S-KTO@C materials. Consequently, the

S-KTO@C electrode demonstrates excellent long-term cycling stability.
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Figure 5.14 Ex situ XRD results of (a) S-KTO and (b) S-KTO@C electrodes before (green)

and after (yellow) 100 cycles. The cells were cycled at 0.1 C.
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Figure 5.15 SEM images of (a) S-KTO and (b) S-KTO@C electrodes after 100 (dis)charge

cycles.
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Figure 5.17 In situ XRD patterns of a S-KTO@C Swagelok cell cycled at 0.1 C.

To further identify the impact of carbon-coating and structure design on KTO anode
materials, galvanostatic intermittent titration technique (GITT) was applied to evaluate the
reaction kinetics of K" (de)intercalation into the KTO host. The voltage response vs. specific
capacity (mAh g'!) profiles after initial activation are displayed in Figure 5.18a, 5.18b and 5.19.
The S-KTO@C electrode (Figure 5.18a) exhibits the smallest overpotential compared with the
S-KTO (Figure 5.18b) and the B-KTO (Figure 5.19) electrodes during the (de)potassiation

process. Additionally, their reaction resistances were obtained with respect to different
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(dis)charge states. The resistances of the three electrodes rise dramatically to the maximum
value at the end of the charging process (Figure 5.18c), whereas the discharge resistances drop
to the lowest value when the cells are fully discharged (Figure 5.18d). In comparison to the S-
KTO@C and S-KTO electrodes, the B-KTO electrode shows the largest resistance throughout
the (dis)charge region, which is consistent with the large overpotential in Figure 5.19. Given
the poor electrochemical performance of the B-KTO electrode, we therefore mainly study S-

KTO and S-KTO@C electrodes in the following research.

Q
(op

30 30
X x
i 2.5 i 25
X X
w 2.0 w 2.0
> >
215 = 15f
% 1.0+ 5 —%harge % 1.0k 4 —CDharEe
Ischarge o Ischarge
L o5l ({ﬂ(f‘ﬁ L o5l {mﬂ(
o o B
0.0F 0.0}

6 2IO 4.0 BIO 8IO 160 12I0 140 160
Specific capacity (mA h g'1)

6 2I0 4IO 6.0 8I0 160 12IO 1&0
Specific capacity (mA h g'ﬂ)

0 1 1 1 1 1 1 L n 1 1 1 1 1 1
0 20 40 60 80 100 120 140 Oo 20 40 60 80 100 120 140
Charge specific capacity (mAhg™) Disharge specific capacity (mA hg”)

c d
S 80 S 80
pe S-KTO £ S-KTO
s -SKTO@C| § —»- S-KTO@C
< 6op -4 B-KTO = 60} -A-B-KTO
§ e
5 40t 2 40
8 2
§ 5 20|
6 -—
3
o v

Figure 5.18 Galvanostatic intermittent titration technique (GITT) results for (a) S-KTO and (b)
S-KTO@C electrodes measured at 0.1 C. (c¢) Charge reaction resistances and (d) discharge

reaction resistances of S-KTO, S-KTO@C and B-KTO electrodes.
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Figure 5.19 GITT profiles of the cell with a B-KTO electrode at a current density of 0.1 C.

In order to elucidate fast potassium storage behavior, it is necessary to understand the
capacitive contribution of electrode materials during the (dis)charge/discharge process. Figure
5.20a and 5.20b show the cyclic voltammetry (CV) curves of the S-KTO and S-KTO@C
electrodes recorded at 0.1 mV s™!. Two strong and irreversible redox peaks appear at 1.13 and
0.70 V upon the first cathodic scan, corresponding to the formation of the SEI layer and
irreversible electrolyte consumption. In the subsequent CV cycles, one pair of redox peaks
located at 0.71 and 1.05 V indicates intercalation and deintercalation of K", respectively.

However, these two peaks are inconspicuous in S-KTO@C due to the presence of amorphous

196



carbon. In view of this, we further analyze the relationship between the scan rate (v) and the
measured current (i) according to the power-law relationship (Figure 5.21),33-3%

I =av Equation 5.4
where a and b are variable parameters. If the b value equals 1, the potassium storage is
dominated by the surface-controlled process, and if the b value equals 0.5, the potassium storage
is determined by the diffusion-controlled process. The b value can be calculated by drawing
log(i)-log(v) linear plots:**6-37

logi =blogv+loga Equation 5.5
The as-obtained b values for the cathodic peaks (0.89 and 0.92) and anionic peaks (0.82 and
0.88) of S-KTO and S-KTO@C reveal that the material capacity can mainly be attributed to the
surface-controlled process (Figure 5.22). In consideration of the percentage of different charge
storage contributions, we quantitatively separate the total current response (i) into two parts:
surface-controlled contribution (k1v) and diffusion-controlled contribution (k2v'?) through
rewriting Equation 5.5.3%% 398399

i(V) = icapacitive + laiffusion = k1v + kpv?/? Equation 5.6

By plotting i(V)/v!? versus v’

, we can confirm both &; and &, values and obtain the current per
unit area. As shown in Figure 5.20c and 5.20d, the proportions of magenta areas (k;v)
contributed by the capacitive current are 32.4% and 48.6% for S-KTO and S-KTO@C,
respectively, at a scan rate of 0.1 mV s™'. These capacitive contributions grow with the scan rate
and reach maximum values of 91.6% (S-KTO) and 95.2% (S-KTO@(C) at a high scan rate of 5

mV s (Figure 5.20e and 5.20f). These results indicate that the K" storage mechanisms of S-
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KTO and S-KTO@C electrodes are dominated by the intercalation pseudocapacitive behavior
at a high scan rate.?>> *7 Meanwhile, carbon-coating significantly increases the capacitive

contribution to the total capacity of the S-KTO@C electrode.
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Figure 5.20 CV curves of K-half cells with (a) S-KTO and (b) S-KTO@C electrodes between
0.01 and 3 V (vs. K'/K) at a scan rate of 0.1 mV s™!. Quantitative analysis of the CV curves
between the total current (black lines) and the surface capacitive current (pink regions) at a scan
rate of 0.1 mV s™! of (c) S-KTO and (d) S-KTO@C electrodes. The capacitive contribution

histograms of the (¢) S-KTO and (f) S-KTO@C electrodes at different scan rates.
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Figure 5.21 CV curves of (a) S-KTO and (b) S-KTO@C electrodes at different scan rates.

199



az
2 02}
() L
S o0}
% L
% -0.2.- bS-KTO
(]
< -0.4_-
L -06} “ b 0092
Q
5 -08F
3 . m SKTO@C
% 10t S-KTO
% -1.0-0.8-0.6-0.4-0.20.0 0.2 0.4 0.6 0.8
o )
- log (scan rate (mV s 1))
b=
% 0.05¢
C 0.00f
C
© -005f
S bS-KTO
© -010f
©
8 _0'15 i m bS-KTO@C=O'88
L -0.20f
S m S-KTO@C
< -0.25} S-KTO
(1] U T R SN RN R SRR R B
> -1.0-0.8-0.6-0.4-0.20.0 02 04 06 0.8
o

log (scan rate (mV s™))

Figure 5.22 b-value analysis using the relationship between the (a) cathodic and (b) anodic

peak currents versus scan rates.

As a proof of concept, potassium-ion hybrid capacitors (PIHCs) were fabricated, using the
S-KTO@C (battery-type anode material) electrode and the commercial activated carbon (AC,
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capacitor-type cathode material) electrode (Figure 5.23a). The electrolyte is 1 M potassium
bis(fluoroslufonyl)imide (KFSI) in ethylene carbonate (EC) and diethyl carbonate (DEC) (1:1,
volume ratio). AC has a very high specific surface area and abundant micropores and mesopores,
which shows remarkable rate capability and good cycling stability as a cathode material for
PIHCs.** These features make them suitable for rapid K™ (de)absorbing (Figures 5.24 and
5.25). In order to optimize the electrochemical performance of the PIHCs, three mass ratios of
anode to cathode were investigated. Figure 5.26 reveals the electrochemical performance of
the assembled PIHCs with different mass ratios of 1:1, 1.5:1 and 2:1. Obviously, the PIHC with
the mass ratio of 1.5:1 shows the best electrochemical performances among all three devices.
Therefore, we selected this ratio in the following study. Figure 5.23b reveals the CV profiles of
fabricated PIHC in the voltage range from 0.01 to 3.5 V. Notably, the PIHC does not show
noticeable voltage polarization even at a high working voltage of 3.5 V, indicating excellent
electrochemical stability in such a wide voltage window. The fabricated device delivers an
energy density of 57.4 Wh kg ! and a maximum power output of 1.74 kW kg ! (Figure 5.23¢
and 5.23d). Ragone plots of recently reported PIHCs, sodium-ion hybrid capacitors (SIHCs),
lithium-ion hybrid capacitors (LIHCs) and zinc-ion hybrid capacitors (ZIHCs) were
summarized in Figure 5.23e. The results clearly show that the S-KTO@C//AC PIHC is
competitive to AC//AC symmetric supercapacitors (Figure 5.27) and other reported hybrid
capacitors, such as soft carbon (SC)/AC PIHCs,*”! Prussian blue (PB)//AC PIHCs,*
LisTisO12//AC LIHCs,*” sodium titanate nanotubes (Na-TNTs)//AC SIHCs,** V,0s/CNT//AC
SIHCs** and MnO»//AC ZIHCs**. Moreover, the S-KTO@C//AC PIHC shows exceptional
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cycling stability with a retention of 80.3% over 3000 cycles at a current density of 5 A g!

(Figure 5.231).
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Figure 5.23 (a) Schematic illustration of a S-KTO@C//AC PIHC. (b) CV curves of the
fabricated PIHC device at different scan rates. (¢) GCD curves and (d) rate capability of the
PIHC at different current densities. (¢) Ragone plots in comparison with other works, including
lithium-ion hybrid capacitors, sodium-ion hybrid capacitors, potassium-ion hybrid capacitors
and zinc-ion hybrid capacitors. (f) Long-term cycling stability of the PIHC device at 5 A g!

for 3000 cycles.
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discharge voltage profiles of cells with the AC electrode at various current densities. (d) Cycling

performance of cells with the AC electrode at a current density of 0.1 A g™! for 100 cycles.
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Figure 5.26 (a) CV curves and (b) galvanostatic charge and discharge voltage profiles of PIHCs

with different mass ratios of anode to cathode.
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Figure 5.27 GCD curves of an AC//AC symmetric supercapacitor at different current densities.
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5.4 Summary

In summary, S-KTO@C microspheres were synthesized via a spray drying method followed
by a controlled CVD treatment. Material characterizations confirm that an ultrathin carbon layer
with a thickness of 10 nm was successfully grown on the surface of KTO nanorods in S-
KTO@C microspheres. When used as the anode material for PIBs, the as-synthesized S-
KTO@C delivers a reversible discharge capacity of about 155.1 mAh g ! at 0.1 C and
outstanding capacity retention of 77.1% at 1 C after 1000 cycles, which is better than the pristine
S-KTO and its bulk counterpart. /n situ XRD characterization demonstrates that the S-KTO@C
material undergoes reversible structural evolution during K* (de)intercalation. Quantitative
analysis elucidates that potassium storage is dominated by a surface-controlled capacitive
process at high current densities, which is attributed to both the porous microstructure and
carbon-coating. By coupling with an activated carbon cathode, a well-designed potassium-ion
hybrid capacitor was assembled. Such a device can operate at a cell voltage up to 3.5 V and
deliver remarkable energy and power density with exceptional cycling stability. We believe that
our work could provide valuable suggestions for the rational design of electrode materials and

pave the way for the future development of potassium-ion batteries.
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CHAPTER 6 PHOSPHORUS AND OXYGEN DUAL-DOPED

POROUS CARBON SPHERES WITH ENHANCED REACTION

KINETICS AS ANODE MATERIALS FOR HIGH-PERFORMANCE

POTASSIUM-ION HYBRID CAPACITORS

6.1 Introduction

Rechargeable batteries, such as lithium-ion batteries (LIBs), have been widely utilized as the
main power sources for portable electronic devices for decades.* 3% 496 Nevertheless, their poor
rate capability and inferior cycle life struggle to meet the rapidly growing commercial market
of electric vehicles (EVs) and grid-scale energy storage.” **’ Hence, there is an imperative
demand for exploring complementary alternatives that are durable under long-term high-power
operating conditions. Supercapacitors with ultrafast charge/discharge rates and exceptional
durability have been demonstrated to be reliable to power high-speed trams but are significantly
limited by their relatively low energy density for long-distance driving.*”> 4*®® Therefore,
innovative energy storage devices are strongly desired to integrate high energy density with
high power density. To this end, potassium-ion hybrid capacitors (PIHCs) have emerged as a
promising choice for renewable energy storage. They employ both battery-type anodes and
supercapacitor-type cathodes to bridge the gaps in lifespan, energy density and power density.
Moreover, potassium is an abundant element in the earth’s crust and shows a low standard redox

potential (—2.94 V for K/K™ vs. the standard hydrogen electrode, SHE). In addition, K* has a
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smaller Stokes radius than that of Li" and Na“, owing to its weaker Lewis acidity and smaller
desolvation energy. This characteristic results in higher ionic conductivity of the electrolyte.?%:
267, 409410 However, it remains a great challenge to discover suitable anode materials that support
potassiation/depotassiation redox reactions. The size of K* (1.38 A) is much larger than that of
Li* (0.76 A) and Na* (1.02 A), which inevitably causes severe volume expansion of anode
materials after repeated cycles, therefore, leading to performance degradation during
electrochemical cycling. Furthermore, the sluggish diffusion kinetics of K™ in the solid state of
the anode materials also lowers its rate capability, which is vital in determining the power
density of PIHCs.20% 411

Given the afore-mentioned problems, tremendous efforts have been made towards the
development of high-performance anode materials.?%® 412414 In comparison to other candidates
such as transitional metal dichalcogenides, NASICON-structured compounds and alloying
anodes, hard carbons stand out as one of the most promising anodes for potassium-based energy
storage owing to their excellent rate capability, low cost and good chemical stability.*!>4!7
Despite some progresses in this field, they still suffer from many problems, such as an
unsatisfactory depotassiation capacity (~250 mAh g') and volume expansion.*®> 417-418
Moreover, the decomposition of carbonate-based electrolyte results in the formation of an
organic-rich solid electrolyte interphase (SEI) on the surface of hard carbon anodes, which is
unfavorable for the diffusion and transport of K* 267419
In order to improve electrochemical performances of hard carbon anodes in PIHCs,
417, 420422 The

nanostructural engineering has attracted great attention as an effective strategy.
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porous structure of hard carbons can buffer the large volume change upon potassiation and
depotassiation, increase the contact area between the electrode and liquid electrolyte, and
shorten the diffusion length for K™ migration within the solid state.*?***** Furthermore, the
heteroatom (e.g., N, O, S and P) doping strategy has also been identified to be effective in
enlarging the interlayer distance and improving the electronic conductivity of hard carbons.*”
425-426 The introduction of heteroatoms induces a large number of defects, which can contribute
to fast and efficient potassium adsorption storage in addition to the intercalation process. Such
integration of adsorption-intercalation potassium storage mechanisms is beneficial to boost the
rate performance through improved reaction kinetics.**> 4*742® It has been reported that
phosphorus-doping can enhance the electrochemical performances of carbonous anode
materials in rechargeable alkaline-metal-ion batteries.******° The strong affinity of P to alkaline
metal ions provides additional capacitive contribution. Meanwhile, P-doping brings abundant
defects and thereby promotes the improvement of electrochemical activity. Although P-doped
carbon materials have been intensively investigated for LIBs and sodium-ion batteries (SIBs),
there are few reports about P-doping in potassium-based energy storage devices and their
specific functional mechanisms are unclear as well. #7430

Considering the advantages of both rational structure design and heteroatom doping, we
synthesized phosphorus/oxygen dual-doped porous carbon spheres (P/O-PCSs) via a chemical
vapor deposition (CVD) method, followed by a heteroatom doping process. The resultant three-
dimensional (3D) porous structure serves as an open framework to alleviate the large volume
expansion. Meanwhile, the introduction of heteroatoms gives rise to enlarged interlayer
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distances and abundant active sites for K" storage, as evidenced by both experimental
investigation and density functional theory (DFT) calculations. As battery-type anode materials,
the as-synthesized P/O-PCS anode materials show a reversible discharge capacity of 401 mAh
glat0.1 A g, exceptional rate capability, and superior long-term cycling stability (89.8% after
10000 cycles). In situ Raman spectroscopy and ex situ XPS measurements reveal that the
formation of P-C and P-O/P-OH bonds not only improves the structural stability, but also boosts
the reaction kinetics of the hard carbon material during cycling. By coupling the P/O-PCS anode
with a commercial activated carbon (AC) cathode, the fabricated potassium-ion hybrid
capacitor exhibits remarkable electrochemical performances as a state-of-the-art energy storage

device for long-term and large-scale energy storage.

6.2 Experimental section

6.2.1 Synthesis of MnCO3 microspheres

The MnCOs precursors were obtained via a chemical precipitation method. Firstly, 1 mmol
manganese sulfate monohydrate (MnSO4*H>0, 99.9%, Sigma—Aldrich) was dissolved in 100
mL distilled water and stirred for 1 h. Subsequently, 1 mmol sodium bicarbonate (NaHCO3,
99.9%, Sigma—Aldrich) was dissolved in 100 mL distilled water and mixed with the MnSO4
solution under vigorous stirring for 30 min. The formed precipitate was washed with ethanol

and distilled water for several times and dried at 80 °C under vacuum overnight.
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6.2.2 Synthesis of porous carbon sphere (PCS)

The MnCO3 microspheres were placed in a quartz tube furnace and preheated to 650 °C
under 50 scem Ar gas flow (MnCO3; — MnO + CO»). Then, acetylene (10 vol.% in Ar) was
introduced for chemical vapor deposition (CVD) with a flow rate of 50 sccm for 1 h. After the
furnace was naturally cooled down to room temperature, the as-synthesized MnO/C composite
was etched by 2 M HCIl to completely remove the MnO template and washed by ethanol and

dried at 80 °C under vacuum for 20 h to obtain the PCS.

6.2.3 Synthesis of oxygen/phosphorus dual-doped porous carbon sphere (P/O-PCS)

The as-synthesized PCS and sodium hypophosphite monohydrate (NaH2PO2°H>0, 99.9%,
Sigma—Aldrich) were mixed with a mass ratio of 1:5 and then placed in a tube furnace and
heated to 350 °C for 2 h in Ar atmosphere. The obtained sample was purified with 0.1 M HC1

solution and ethanol, followed by drying at 80 °C under vacuum overnight.

6.2.4 Materials characterization

The structure of the as-prepared sample was measured via a Bruker D8 Discovery X-ray
diffractometer with Cu Ka radiation (2-Theta = 5° - 80°), and Raman spectra was carried out
with a Renishaw inVia Raman spectrometer system (Gloucestershire, UK) in conjunction with
a 17mW Renishaw He-Ne laser source at 633 nm. The morphology was revealed by field-
emission scanning electron microscopy (FE-SEM, Zeiss Supra 55VP) and transmission electron

microscopy (TEM, field emission CM200, Fei) equipped with an energy-dispersive X-ray
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spectrometer. The Brunauer-Emmett-Teller surface area analysis was performed based on a
Micromeritics 3Flex analyzer. X-ray photoelectron spectroscopy (XPS) was conducted on an
ESCALAB250Xi (Thermo Scientific, UK) associated with mono-chromated Al K alpha

(energy: 1486.68 eV).

6.2.5 Electrochemical measurements

The anode was prepared by mixing the active materials, carbon black and polyvinylidene
difluoride (PVDF) with a weight ratio of 8:1:1 in N-Methyl-2-pyrrolidone (NMP).
Subsequently, the formed slurry was directly coated onto copper foils and dried at 100 °C under
vacuum overnight. 2032-type coin cells (CR2032) were assembled in an Ar-filled glove box,
using the prepared anodes and potassium metal foils. Glass microfiber filters (Whatman, Grade
GF/D) and 1 M potassium bis(fluoroslufonyl)imide (KFSI) in ethylene carbonate (EC) and
diethyl carbonate (DEC) with a volume ration of 1:1 were used as separators and electrolyte,
respectively. Galvanostatic charge and discharge tests were conducted on a computer controlled
NEWARE™ battery tester. Cyclic voltammogram (CV) and electrochemical impedance
spectra (EIS) measurements were obtained on a Biologic VMP3 electrochemical workstation.
As for ex situ material characterizations, coin cells were cycled and dissembled in a glove box.
These electrodes were used for ex sifu measurements after washing with DEC solvent to remove

impurities.

The relationship between the applied current (i) and the scan rate (v) in the CV analysis was

calculated based on the power-law relationship:
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i =av Equation 6.1

Wherein a and b are variable parameters. If b equals 1, the potassium storage is mainly
determined by the surface-dominated capacitive contribution process, while if b equals 0.5, the
potassium storage is dominated by the diffusion-controlled process. The fitted b value can be

obtained from the slope of log(i) —log(v) plots:
logi = blogv + loga Equation 6.2

Moreover, the current response from the different potassium storage behavior can be

quantitatively defined through:

i(V) = icapacitive + Laif fusion = kav + kyv'/? Equation 6.3

1/2

In this case, k;v represents surface-driven contribution while k2v”“ indicates diffusion-

controlled contribution.

Galvanostatic intermittent titration technique (GITT) was performed with a pulse current of
20 mA g for 30 min, followed by a rest interval for 6 h. This process was repeated several
times until the pre-set potential was reached. Before testing, all the cells were cycled at 50 mA
g for 5 cycles for activation. The ionic diffusion coefficient (Dx) is calculated by the following

Equation (4):

D —i(Wm)z (%) 2 Equation 6.4
k=7 ZAFS (dE) quatio .

dTl/z

where I and Vi correspond to the impulse current and molar volume of anode materials,

respectively. Za is the charge transfer amount of K'. F represents the Faraday constant and t
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stands for the duration time of the applied current. S is the active surface area between electrode
and electrolyte. The slope of Coulometric titration profiles suggests dE/d3, while dE/dz'? is
derived from relation curves between response time and voltage. If the cell voltage is linearly

12

proportional to 7%, Dy can be acquired by simplifying the Equation (4) based on Fick’s second

law:

Dy = % (@)2 (2—2)2 Equation 6.5

wherein, AEs, AEt and n, are the change of equilibrium potential, difference of cell voltage

and the number of moles, respectively, at each current pulse step.

The temperature-dependent electrochemical impedance spectroscopy (EIS) is employed to

calculate the K activation energy according to the Arrhenius equation:

T E .

k=—=Aexp (— “—Ct) Equation 6.6
R RT

Where k, T, Rs are the rate constant, the absolute temperature, and the transfer resistance,

respectively. A represents the pre-exponential constant, R stands for the standard gas constant

and E. 1s the activation energy.

A potassium-ion hybrid capacitor (PIHC) was assembled using as-synthesized P/O-PCS as
an anode and the activated carbon (AC, produced by Nanjing XFNANO Materials Tech Co.,
Ltd.; model: XFP06) as a cathode. The designed weight ratio of the cathode versus anode was
1:2. 1 MKFSIin EC and DEC (1:1 in volume) and glass microfiber membranes were employed
as electrolytes and separators, respectively. Before fabricating a PIHC, both the P/O-PCS anode
and the AC cathode were cycled 3 times in potassium half-cells for activation. The energy (E)

and power (P) densities of the PIHC device were calculated based on the following equations:
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E= fttlz Ul/mdt Equation 6.7
P=E/t Equation 6.8
Where I and U are the charge/discharge current (A) and potential window (V), respectively. m

represents the mass of the two electrodes, and 7 (s) is the discharge time.
6.2.6 In situ Raman measurements

The in situ Raman cell was fabricated according to a typical two-electrode configuration. In
this case, a K metal foil (negative part) was placed on the glass slide as the counter and reference
electrode, covered by a glass microfiber filter as the separator. Then, 50 uL of 1 M KFSI in EC
and DEC (1:1 in volume) was slowly dropped on the separator. The electrode (positive part)
was fabricated by coating the mixed slurry (active materials, carbon black, and PVDF with a
mass ratio of 9:0.5:0.5) onto the stainless-steel mesh and placed on the top of separator. A piece
of transparent quartz window (0.5 mm in thickness) was fixed on the top of the cell as an optical
window to ensure internal tightness. The whole assembly process was done in an argon-filled
glovebox, and the applied current was 50 mA g™ with a working voltage ranging from 0.01 V

to 3.0 V.
6.2.7 DFT calculations

All density functional theory (DFT) calculations were performed using Perdew-Burke-
Ernzerhof (PBE) generalized gradient exchange approximation correlational functional and the
projected augmented wave (PAW) pseudopotentials as implemented Vienna ab initio Package

(VASP). The planewave cutoff energy was set at 500 eV. All structures were built by using a
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supercell of 5x5x1 of the graphene unit cell. The Brillouin-zones were sampled with a k-point
mesh of 3x3x1 in most calculations while 9x9x1 for the calculations of density of states. A
vacuum layer of at least 20 A in the non-periodic direction (z-axis) was used to avoid
interactions between neighboring layers. Structures were relaxed when the energy difference
was less than 10 eV. The adsorption energy of K in adsorption sites was calculated using the
equation of Eags = Etotal-Esub-Ek, where Eqo 1s the total energy of compounds obtained from DFT
calculations, Ex is the energy of K atoms and Esw is the energy of each substrate. Spin-
polarizations were included in all calculations and the dispersion correction was included by
DFT-D3. The nudged elastic band (NEB) method was used to estimate the diffusion barrier of

K atoms, and the convergence criterion of forces were set as 0.02 eVA™,

6.3 Results and discussion

The synthesis process of P/O-PCS is illustrated in Figure 6.1a. Manganese carbonate
(MnCO3) microspheres with a diameter of about 1.5 um (Figure 6.2a-c) were first prepared as
precursors through a chemical co-precipitation method. After a CVD process, these precursors
were transformed into carbon-coated manganese (1) monoxide (MnQO) microspheres. As shown
in Figure 6.3a-c, the transformation of MnCO3 into MnO generates porous structures, and the
decomposition of acetylene (C2H>) results in the formation of an ultrathin and uniform carbon
coating layer on the surface of the porous MnO microspheres. Furthermore, porous carbon

spheres (PCSs) were obtained by the removal of the MnO template via acid etching. Figure

215



6.4a-c indicates a typical 3D porous architecture of the as-prepared PCSs, which consists of
many interconnected channels. The highly porous and open feature of PCS was further
confirmed by high-resolution transmission electron microscopy (HRTEM). Figure 6.5a and
6.5b verifies that all the pores inside PCS are interconnected with each other to construct an
open 3D framework, which is beneficial for the impregnation of electrolytes and shortens the
diffusion pathway for K'. The thickness of the carbon wall is approximately 5 nm, with an
interlayer distance of 0.36 nm, corresponding to the (002) plane of the hard carbon structure.
(Figure 6.5¢ and 6.5d). Finally, P/O-PCS was obtained by mixing PCS with sodium
hypophosphite (NaH2PO>) through further calcination under an Ar atmosphere. Figure 6.1b and
6.1c reveals that the primary nanostructural characteristics of PCS were clearly preserved after
heteroatom doping. Figure 6.1d shows that the interlayer distance of P/O-PCS (0.38 nm) is
slightly larger than that of PCS (0.36 nm). This enlarged interplanar spacing is mainly ascribed
to the heteroatom doping effect.*** From the selected area electron diffraction (SAED) results
(Figure 6.6a and 6.6b), it is evident that both PCS and P/O-PCS have a disordered carbon
structure with low graphitization. Energy-dispersive X-ray spectroscopy (EDS) mapping
images (Figure 6.7a—d) confirm the homogenous distribution of P and O over the entire

material.
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Figure 6.1 (a) The synthesis process of the P/O-PCS material. (b-d) SEM and TEM images of

as-prepared P/O-PCS. (e) XRD patterns, (f) Raman spectra and (g) XPS spectra of PCS and

P/O-PCS.
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Figure 6.2 (a-c) SEM images of MnCO3 precursors.

218



Figure 6.3 (a-c) SEM images of MnO@carbon composites.
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Figure 6.4 (a-c) SEM images of PCS materials.
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Figure 6.5 (a, b) Low-magnification and (c, d) high-magnification TEM images of PCS.

221



Figure 6.6 SAED patterns of (a) PCS and (b) P/O-PCS materials.
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Figure 6.7 (a) TEM-EDS elemental maps for (b) C, (¢) O and (d) P in the P/O-PCS material.

The structure of the as-synthesized materials was further characterized by X-ray diffraction
(XRD). As shown in Figure 6.1e, two broad and weak diffraction peaks can be well indexed to
disordered (002) and (101) carbon planes. In contrast to the pristine PCS, the (002) diffraction
peak of P/O-PCS shifts slightly to a lower position, indicating the expanded interlayer distance
after elemental doping, which agrees well with the TEM results. Raman spectra (Figure 6.1f)
display two characteristic peaks located at 1340 cm™' and 1580 cm ™!, representing the disorder-
induced D-band and in-plane stretched G-band, respectively. The intensity ratio (Ip/Ig) of P/O-
PCS increases from 0.86 to 0.98 after P/O dual doping, implying more defects and active sites
have been introduced into the carbon matrix. Moreover, nitrogen adsorption—desorption

isotherms were obtained to calculate the surface area, as shown in Figure 6.8. All profiles
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clearly exhibit IV type isotherms with H3 type hysteresis loops, confirming the
meso/macroporous structure.>*” In addition, P/O-PCS has a slightly larger specific surface area
(246 m? g!) than that of PCS (221 m? g™!). This further indicates the introduction of defects in
P/O-PCS, which could contribute to fast-ionic diffusion channels and the reduced transport
distance of K'. The chemical compositions of PCS and P/O-PCS were examined by X-ray
photoelectron spectroscopy (XPS) analysis. Compared to the pristine PCS, the overall survey
spectra in Figure 6.1g depict the strong O and additional P signals in P/O-PCS. Moreover, the
high-resolution C 1s and O 1s spectra in Figure 6.9a and 6.9b indicate the existence of P-C and
P-O/P-OH bands. This result is further verified by the high-resolution P 2p spectra presented in
Figure 6.9¢, where two fitting peaks located at 134.6 eV and 130.5 eV can be assigned to P-
O/P-OH and P-C bands, respectively. The presence of P species, with an atomic percentage of
1.1%, confirms the success of the heteroatom doping strategy (Table 6.1). Meanwhile, a surge
in O peak intensity of P/O-PCS also unravels the incorporation of a large number of oxygen-

rich defects into the structure,**® which is consistent with both the TEM and Raman findings.
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Table 6.1 Atomic percentage of different chemical compositions in PCS and P/O-PCS based

on the EDS analysis.

Elements PCS P/O-PCS
C 89.8% 80.7%
o 10.2% 18.2%
P 1.1%

The potassium storage performance of the as-prepared PCS and P/O-PCS was evaluated by
cyclic voltammetry (CV) measurements within the voltage range of 0.01-3.0 V (Figure 6.11).
During the first cycle, both electrodes show a broad and irreversible cathodic peak at about 0.5
V, which is derived from the formation of the SEI layer accompanied by the decomposition of
the carbonate electrolyte.*1>*?! Furthermore, a pair of redox peaks around 0.65 V and 0.6 V is
also observed in the low potential region, corresponding to intercalation and deintercalation of
K" into carbon layers (Figure 6.11a and 6.11b). Notably, P/O-PCS shows an extra pair of redox
peaks located at 0.45 V and 1.25 V (Figure 6.11c and 6.11d), representing unique P-based redox
reactions involved in the potassium storage process.*? In the subsequent cycle, all CV curves
overlap with each other, demonstrating excellent electrochemical reversibility. Figure 6.10a
and 6.10b displays galvanostatic charge and discharge profiles of two electrodes at a current
density of 0.1 A g!. The initial Coulombic efficiencies (ICE) of PCS and P/O-PCS are 42%
and 40%, respectively. The irreversible capacity loss that occurs in the first cycle is ascribed to
the formation of the SEI layer and irreversible trapping of K inside the carbon structure.**!

Apart from that, P/O-PCS delivers a higher depotassiation capacity of 401 mAh g™! compared
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to the pristine PCS (346 mAh g™!). Moreover, as shown in Figure 6.10c, both electrodes exhibit
outstanding capacity retention (83% for PCS and 85% for P/O-PCS after 300 cycles).
Postmodern SEM analysis (Figure 6.12) show that both electrodes are able to maintain their
original microstructure after repeated cycles. The enhanced electrochemical performance and
structural stability of P/O-PCS could be ascribed to the synergistic effect of structural
engineering and the P/O heteroatom doping approach, which is beneficial to buffer the large
volume expansion, shorten diffusion paths of K™ and promote rapid potassium adsorption
storage. Electrochemical impedance spectra (EIS) were carried out to measure the interfacial
resistance of two electrodes after 300 cycles. As shown in Figure 6.13, P/O-PCS shows a
smaller charge transfer resistance (Rer) value than that of PCS at the end of the 300" cycle.*3!-

432 This phenomenon is originated from the improved interfacial stability between the electrode

and electrolyte after heteroatom doping.
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Figure 6.10 Galvanostatic charge and discharge voltage profiles of (a) PCS and (b) P/O-PCS
electrodes between 0.01 and 3 V (vs. K'/K) at a current density of 0.1 A g™!. (c) Cycle life of
PCS and P/O-PCS electrodes at 0.1 A g'! for 100 cycles. (d) Rate capability of PCS and P/O-
PCS electrodes at various current densities (0.1 A g! —20 A g'!). (e) Long-term cycling stability

of PCS and P/O-PCS electrodes at 20 A g™ for 10000 cycles.
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Figure 6.12 SEM images of (a, b) PCS and (c, d) P/O-PCS electrodes at different

magnifications before and after 300 cycles.
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Figure 6.13 Electrochemical impedance spectra (EIS) of the cells with PCS and P/O-PCS

electrodes after the 300" cycle.
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We further increase the current density to investigate the rate performance of PCS and P/O-
PCS electrodes (Figure 6.10d and Figure 6.14). As expected, P/O-PCS delivers high specific
capacities of 403, 326, 281, 258, 239, 220 and 195 mAh g™! at current densities of 0.1, 0.2, 0.5,
1,2,5and 10 A g'!, respectively. Even at a very high current rate of 20 A g !, P/O-PCS still
shows a discharge capacity of 168 mAh g, which is much higher than previously reported
anode materials in the half cell (Figure 6.15).3°7- 42 433-437 When the discharge current density
is reduced back to 0.1 A g™, the discharge capacity of P/O-PCS restores to almost its original
level, illustrating good electrochemical reversibility. Figure 6.10e manifests the long-term
cycling stability of the as-prepared electrodes. P/O-PCS shows superior capacity retention of
89.8% even after 10000 cycles, which is one of the best results among state-of-the-art anode
materials (Figure 6.16).3%7- 412 416,422, 425, 433, 436, 438-441 T fyyrther understand the influence of
heteroatom doping on potassium storage behavior, CV analysis was performed to study the
reaction mechanism of two electrodes at different scan rates (Figure 6.17). As indicated in
Figure 6.18, b values of carbon-based redox peaks are very close to 0.5, implying a diffusion-
dominated process. Whereas the CV peaks derived from the phosphorus-based redox reaction
in P/O-PCS show b values of 0.91 and 1.02 for cathodic and anodic peaks, respectively,
manifesting a surface-dominated capacitive contribution. The mixed potassium storage
mechanism of both diffusive and capacitive reactions significantly enhances the reaction
kinetics of the P/O-PCS anode material. Figure 6.19a and 6.19b illustrates the representative

CV profiles separated by different potassium storage behaviors at a scan rate of 0.1 mV s™.
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Although the two electrodes show typical intercalation-type charge storage at the low scan rate,
the portion of the capacitive contribution, especially at the low (0.01-0.5 V) and high (2.5-3 V)
voltage range, is largely increased in P/O-PCS. This phenomenon demonstrates the enhanced
surface absorption process caused by P/O heteroatom doping. Meanwhile, the percentage of
capacitive charges surges to 82.4% for PCS and 85.1% for P/O-PCS (Figure 6.19¢ and 6.19d)
at a scan rate of 5 mV s!, revealing an overwhelming surface-controlled capacitive reaction at

higher rate.
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Figure 6.14 GCD profiles of (a) PCS and (b) P/O-PCS electrodes under different current

densities between 0.01 and 3 V (vs. K/K).
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To gain more insight into the effect of heteroatom doping on reaction kinetics, the
galvanostatic intermittent titration technique (GITT) was employed for further electrochemical
testing. The overpotential and reaction resistances of P/O-PCS for potassiation and
depotassiation are lower than those of PCS (Figure 6.20 and Figure 6.21a-d). Moreover, the
calculated diffusion coefficients (Dy, Figure 6.21e and 6.21f) of P/O-PCS are between 10°'° and

10 cm? s~!, which are much higher than the corresponding values for PCS (10'% and 10"!'! cm?
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s ). The lower resistances and increased Dy confirm that the introduction of P/O heteroatoms

reduces the diffusion barrier for K and thereby enhances the reaction kinetics. The high Dy are

competitive to many other anode materials for potassium-based energy storage devices.**” #1%
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Figure 6.20 Current step diagram of (a) PCS and (b) P/O-PCS at 0.6 V versus K'/K in the first

depotassiation process.
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The structural evolution of PCS and P/O-PCS during potassiation and depotassiation was

carefully studied by in situ Raman spectroscopy. From Figure 6.22a, in the first discharge
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(potassiation) process, the peak intensities of both D band and G band gradually reduce at the
end of discharge, indicating the formation of potassiation compounds (KCx).**>***° Then, the
intensities of D band and G band gradually restore in the following charge process. Compared
to PCS, the intensities of the characteristic Raman peaks in P/O-PCS show better recovery
ability, suggesting remarkable structural reversibility. Apart from that, the intensity ratio (In/Ic)
of P/O-PCS remains nearly unchanged after the first full cycle (from 0.79 to 0.8), while this
value significantly increases for PCS under the same condition (from 0.82 to 1.02, Figure 6.23a
and 6.23b). The Ip/Ig values obtained from in situ Raman spectroscopy are lower than that from
Raman results in Figure 6.1f, which is due to the presence of carbon black in the electrodes.
These results indicate that heteroatom doping is essential to promote the stabilization of the
hard carbon structure and therefore improves its reversibility for potassium storage. One reason
for this is the enhanced surface or near-surface potassium absorption contribution. The previous
work mentioned that K" intercalation in the hard carbon induces irreversible rearrangement of
carbon layers and results in a partial short-range graphitic stacking (Figure 6.22b).**> However,
after modification, some potassium ions are preferentially absorbed on the introduced P/O
functional groups, serving as a “buffer zone”. Hence, the amount of potassium ions intercalated
into carbon layers is reduced, which avoids further structural collapse and mitigates the
irreversible transformation to a large extent. Therefore, the reversible potassium absorption
mechanism appears to be kinetically faster and less destructive than the traditional intercalation

behavior.
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Figure 6.22 In situ Raman spectra of (a) PCS and (b) P/O-PCS electrodes in the first
electrochemical cycle from bottom to top. (c) Scheme of the P/O dual doping strategy with

respect to the potassium storage mechanism.
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Figure 6.23 In situ Raman patterns and relevant GCD profiles of (a) PCS and (b) P/O-PCS

electrodes cycled at 0.2 A g

The decomposition of electrolyte components usually forms a SEI on the surface of anode
materials in alkali metal-ion batteries.**! As heteroatom doping may trigger compositional
variation of SEI layers upon cycling, SEI compositions on the electrode surface were further
investigated through ex situ XPS. Figure 6.24a and 6.24b presents a summary of the XPS

analysis results of PCS and P/O-PCS electrodes before and after the first full cycle. The strong
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K signals are mainly derived from the potassiation process, while S signals are the evidence of
the decomposition of potassium bis(fluoroslufonyl)imide (KFSI). Figure 6.25a and 6.25b
further reveals the evolution of S chemical states. Four characteristic peaks appear after cycling,
which can be assigned to the formation of inorganic sulfide-based compounds. Moreover, the
formation of obvious S-F and K-F bonds is also observed in Figure 6.25¢ and 6.25d. These
species are derived from decomposition of KFSI-based electrolyte on the interface, which is
related to the stability of the SEI layers. High-resolution Cis spectra show that less organic
species, such as RO-COOK, were generated on the surface of the P/O-PCS electrode compared
with the PCS electrode (Figure 6.25¢ and 6.25f). The presence of heteroatom doping species
can trigger the decomposition of KFSI anions rather than carbonate solvents, leading to the
formation of more sulfide species during the initial potassiation process. According to previous
reports, an inorganic-rich SEI layer is beneficial to the interfacial stability of carbon materials,
which contributes to the enhanced cycling stability.”" #1341 In addition, the P-C bond in P/O-
PCS becomes stronger and shifts to a lower position at the end of the first cycle, implying that
the P-C bond tends to react with K* to form a more stable structure (Figure 6.24c). This result
1s consistent with the in situ Raman findings. In order to further understand the merits of
inorganic dominated SEI components, the temperature-dependent EIS measurement was
performed from 298 to 333 K to evaluate the activation energy (Eac) of the two electrodes. As
shown in Figure 6.26a-c, the P/O-PCS electrode shows a decreased energy barrier (60.2 kJ
mol ") compared to the PCS electrode (83.2 kJ mol '), indicating the improved K" transport
kinetics of the as-formed SEI. Therefore, an integrated inorganic rich SEI layer via heteroatom
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doping not only favors enhanced mechanical strength to accommodate volume expansion, but

also boosts the transport and diffusion of K*.4!°
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Figure 6.24 Ex situ XPS analysis of (a) PCS and (b) P/O-PCS electrodes before and after the

first full cycle. (c) High-resolution spectra of P2, characteristic peaks after cycling. The cells

were cycled at 0.1 A g
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Figure 6.26 (a) The activation energies of PCS and P/O-PCS electrodes obtained from the
temperature-dependent EIS test. The temperature-dependent EIS measurements of (b) PCS and

(c) P/O-PCS electrodes.
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DFT calculations were carried out to understand the impact of P/O heteroatom doping on K*
storage. On the basis of experimental observations, five structures were constructed in our
calculations: (1) pure-graphene (Pure-G), (2) graphene with a single carbon vacancy (SV-G),
(3) graphene with a double carbon vacancy (DV-QG), (4) graphene with one C atom replaced by
a P-OH group (P(OH)-G), (5) graphene with two neighboring C atoms replaced by a P-(OH),
group (P(OH)2-G). Figure 6.27a-j shows the calculated adsorption energy (Eags) of K atoms on
different structures. For each structure, two different adsorption sites were considered and
discussed. One is the K atom adsorption on defective sites (Figure 6.27b-e), while the other is
on non-defective sites (Figure 6.27g-j). It should be noted that there are no defective sites in
Pure-G, and the adsorption energies of K atoms on Pure-G, defective sites of SV-G, DV-G,
P(OH)-G and P(OH),-G are -0.12, -1.21, -1.19, -0.32 and -1.94 eV, respectively (Figure 6.27a-
e). Considering the defect concentration in experiments is limited, the K atom adsorption on
those non-defective sites of the defective structures is also of great importance. Figure 6.27g-j
shows K atom adsorption on non-defective sites of SV-G, DV-G, P(OH)-G and P(OH)-G, with
adsorption energies of -0.82, -0.82, -0.14 and -1.15 eV, respectively. The calculation
demonstrates that the presence of P/OH doping species and oxygen-rich defects in PCS can
significantly increase the binding strength of K atoms, which is similar to those of previous
reports on P-doped carbon materials and favors the capacitance performance.*?**% 44 The
stronger binding of K atoms on SV-G, DV-G and P(OH),-G configurations can be attributed to
the enhancement of density of states (DOS) near the Fermi level. As shown in Figure 6.27k,
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P(OH),-G shows the strongest binding to K atoms than that of other four theoretical models.
The strong binding energy on the P(OH)»-G surface can also be proven from the charge density
difference (CDD) analysis. Figure 6.28 reveals that charge transfer from a K atom to P(OH)»-
G is the easiest among the other above-mentioned structures.

Another factor affecting the electrochemical performance of P/O-PCS is the diffusion rate of
K" on the electrode surface. Figure 6.271 shows the calculated diffusion barriers for K atoms on
Pure-G, SV-G, DV-G, P(OH)-G and P(OH),-G. Obviously, Pure-G has a low diffusion barrier
of 0.08 eV, demonstrating its fast diffusion kinetics. As for SV-G, DV-G, P(OH)-G and
P(OH),-G structures, two diffusion barriers were considered for each configuration: (1) K
atoms diffuse from a defective site to a non-defective site; (2) K atoms diffuse between two
neighboring non-defective sites. Specifically, the diffusion barrier of K atoms along a defective
site to a non-defective site is much higher than that between non-defective sites. For example,
based on the P(OH),-G structure, a K atom that diffuses from a defective site to a non-defective
site (1—2, Figure 6.27e and 6.27j) shows a barrier energy of 0.83 eV, while a much lower
barrier energy (0.11 eV) is achieved when K atoms diffuse between two non-defective sites
(2—3, Figure 6.27¢ and 6.27j). Similar diffusion behavior has also been observed in other
defective structures, and the calculated diffusion barriers between two non-defective sites are
~0.08 eV (Figure 6.271). This means the diffusion of K atoms on non-defective sites of these
structures can be very fast. Considering the ratio of defects on these structures is very low, the
diffusion of K atoms on the non-defective sites should dominate the diffusion kinetics.
Although the diffusion of K atoms on all the five structures has a quite similar diffusion barrier,
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the binding of K atoms on the non-defective sites of P(OH)>-G is much stronger than that on
the other structures, indicating the P(OH),-G structure has high K* storage capability as well as
the fast diffusion of K atoms. Therefore, P/O heteroatom doping can promote adsorption of K*

and tune the electronic structure of the carbon configuration to ensure fast and efficient electron

transfer.
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Figure 6.27 Theoretical calculations of K atom adsorption and diffusion in different
configurations. The optimized geometry of K atom adsorption on (a) Pure-G, and defective
sites of (b) SV-G, (c) DV-G, (d) POH-G, (e) P(OH)-G as well as the corresponding adsorption
energy (Eads). The optimized geometry of K atom adsorption on (f) Pure-G, and non-defective
sites of (g) SV-G, (h) DV-G, (i) POH-G, (j) P(OH)-G as well as the corresponding adsorption
energy (Eads-far). The light blue numbers (1—3) represent migration path of K atom in different
configurations. (k) The density of states (DOS) of different configurations. (1) the adsorption

energies and diffusion barriers of K atom in different configurations.
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Figure 6.28 (a-¢) The charge density difference (CDD) analysis of different configurations.

Considering the exceptionally high reaction kinetics and potassium storage capability of the
as-synthesized P/O-PCS anode material, a green and high-power potassium-ion hybrid
capacitor (PIHC) device was fabricated, using P/O-PCS as the anode material and the
commercial activated carbon (AC) as the cathode material (Figure 6.29a). Before assembling
the PIHC, the electrochemical properties of AC, including charge and discharge curves, cycling
and rate performances, were systematically investigated (Figure 6.30a-c), which shows
excellent electrochemical performances as a cathode for PIHCs. The optimal mass ration of 1:2
(anode to cathode) was selected to achieve maximum output power (Figure 6.30d). CV profiles
shown in Figure 6.31 demonstrate that the assembled PIHC is electrochemically stable at the
given voltage range (0.01 V to 4 V). Figure 6.29b exhibits typical CV curves of PIHC at
different scan rates in the potential range from 0.01 V to 4 V. All CV profiles present quasi-
rectangular shapes, indicating the combination of both battery-type and capacitor-type
potassium storage mechanisms in PIHC. Furthermore, charge and discharge curves are also
present in Figure 6.32. The P/O-PCS//AC device exhibits a high energy density of 158 Wh
kg ! at a power density of 223 W kg !, and still maintains an energy density of 11 Whkg ! even

at an ultrahigh power density of 1.38 kW kg ! (Figure 6.29¢). Such excellent rate capability and
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energy output are superior to many reported state-of-the-art hybrid capacitors, as summarized
in Figure 6.29d.375 400, 404-405, 408, 433, 439, 443436 11y addition, the constructed device also shows an
exceedingly high-capacity retention of 94.5% after 30000 cycles at 5 A g™! with a Coulombic
efficiency above 99% (Figure 6.29¢). Meanwhile, light-emitting diode (LED) arrays can be
successfully illuminated by two lab-assembled PIHCs connected in series (see the inset in

Figure 6.29¢).
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Figure 6.29 (a) Schematic illustration of the as-prepared P/O-PCS//AC device. Electrochemical
performances of the P/O-PCS//AC device. (b) CV curves of the P/O-PCS//AC at different scan
rates. (c) Rate performance of the as-prepared P/O-PCS//AC (0.05 to 10 A g!). (d) Ragone
plots of different hybrid capacitors according to previous works, 37> 400, 404-405, 408, 433, 439, 444-446
(e) Long-term cycle performance of the P/O-PCS//AC device at 5 A g™ up to 30000 cycles. The

inset displays the illuminated LED arrays powered by our fabricated P/O-PCS//AC device.

252



a 4.5

4.0t

V)

pld

Voltage

2.0
0

©
(=]

—_

Discharge capacity (mA h g™
o

Figure 6.30 Electrochemical performances of the AC cathode in K-half cells. (a) Galvanostatic
charge and discharge voltage profiles of the AC cathode within the potential range from 1.8 to
4.2 V (vs. K'/K) at a current density of 0.1 A g!. (b) Cycling performance of the AC cathode
at a current density of 0.1 A g! for 100 cycles. (c) Rate performance of the AC cathode at

various current densities. (d) Ragone plots of P/O-PCS//AC with different mass ratios of anode

to cathode.

3.5
3.0t
2.5

W A~ O N
o o O O,

—01Ag"

20 40 60
Specific capacity (mA h g™')

—a—AC
=]
S

Q\Q
\0
\0
~~a
o

010205 1 2 5 10

Current density (A g™")

80

d

253

Discharge capacity (mA h g™

Energy density (W h kg™')

40}
20t
-a-AC
% 20 40 80 80 100
Cycle number
- 2:1
1:2
100}
- 1:1
10t
1 " " "
100 1000 10000

Power density (Wkg™)



0.10
~ 0.05}
@ 0.00} .
< -0.05} A
> -0.10}
5 0.15| P/O-PCS
3 02
£ 0.1
00
3 01
0.2} —— ACIIPIO-PCS

0 1 2 3 4
Potential (V vs. K*/K)

Figure 6.31 CV curves of the P/O-PCS anode and the AC cathode in half cells (top) and PIHCs

(bottom) at 0.5 mV s

Potential (V vs. K'/K)

0 1000 2000 3000 4000 5000
Time (s)

Figure 6.32 GCD curves of a P/O-PCS//AC PIHC at different current densities.

254



6.4 Summary

In summary, phosphorus/oxygen dual-doped porous carbon spheres show excellent
potassium storage capability when used as anode materials for PIHCs. Benefiting from the 3D
interconnected porous structure and P/O heteroatom doping, the P/O-PCS anode displays a high
specific capacity of 401 mAh g at 0.1 A g'!, exceptional rate capability and ultralong cycling
lifespan (89.8% after 10000 cycles). In particular, an enhanced surface-dominated potassium
adsorption process is achieved through heteroatom doping. Moreover, in situ Raman
investigation and DFT calculations reveal that the formation of P-C and P-O/P-OH bonds
improves the structural stability and reaction kinetics of the hard carbon anode during
potassiation and depotassiation. Meanwhile, P/O-PCS with enlarged interlayer distances
provides abundant active sites and oxygen-rich defects for redox reactions. When couple the
battery-type P/O-PCS anode with a capacitor-type AC cathode, the as-developed potassium-
ion hybrid capacitor device demonstrates impressive electrochemical performances, which

inspires the future development of novel potassium-based energy storage devices.
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CHAPTER 7 CONCLUSIONS

7.1 General conclusion

This doctoral thesis reported on the synthesis of advanced electrode materials for lithium-ion
and potassium-ion batteries. For lithium-ion batteries, lithium-rich manganese-based layered
oxides hold great promise for next-generation cathode materials owing to their high specific
energy density, but still face severe issues such as capacity loss and voltage decay. Surface
coating has been confirmed as a reliable method to handle these problems to a large extent and,
therefore, promotes industrial applications of lithium-rich cathode materials. For potassium-ion
batteries, the surface coating strategy can be well applied to potassium cathode materials and
overcome drawbacks including serious side reactions and sluggish kinetics behavior.
Meanwhile, the presence of a uniform and robust coating layer can prevent anode materials
from being attacked by parasitic products and thereby enhancing the interfacial stability. Apart
from surface modification, heteroatom doping also plays a significant role in improving rate
capability and cycling stability of anode materials such as hard carbons. All of these findings
provide valuable and meaningful guidelines for designing next-generation electrode materials

for state of art renewable energy storage devices.
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7.2 Aegis of lithium-rich cathode materials via heterostructured LiAlF;

coating for high-performance lithium-ion batteries

In this work, an effective LiAlF4 coating strategy was proposed to overcome obstacles such
as structural instability and voltage decay. The as-developed lithium-rich cathode material
shows outstanding performance including a high reversible capacity (246 mAh g ! at 0.1C),
excellent rate capability (133 mAh g ! at 5C), and ultralong cycling stability (3000 cycles). In
comparison to those of pristine and AlF3 coated lithium-rich cathode materials, the improved
performances can be ascribed to the introduction of the lithium-ion-conductive nanolayer and
the presence of nonbonding O™ species in the active material lattice, which enable rapid and
effective Li" transport and diffusion. This work provides a new strategy to develop high-

performance lithium-rich cathode materials for high-energy-density lithium-ion batteries.

7.3 Construction of hierarchical Ki3Mn3Os spheres via AlF; coating for

high-performance potassium-ion batteries

In this work, the preparation process of hierarchical Ki39Mn3Os microspheres cathode
materials is reported for potassium-ion batteries. In addition, a facile AlF; surface coating
strategy was employed to further improve the electrochemical performance of Ki39Mn3Og
microspheres. The as-synthesized AlF; coated K139Mn3Os cathode materials deliver a
reversible discharge capacity (~110 mAh g ' at 10 mA g '), excellent rate capability and long-
term cycling stability. Galvanostatic intermittent titration technique results demonstrate that the

increased diffusion kinetics of potassium-ion insertion and extraction during discharge and
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charge processes benefit from both the hierarchical sphere structure and surface modification.
Furthermore, ex situ X-ray diffraction measurements reveal that the irreversible structure
evolution can be significantly mitigated via AlF; surface coating. This work sheds light on

rational design of high-performance cathode materials for potassium-ion batteries.

74 KoTi2Os@C microspheres with enhanced K" intercalation
pseudocapacitance ensuring fast potassium storage and long-term cycling

stability

This work reported on carbon-coated K, Ti20s microspheres (S-KTO@C) synthesized via an
economic spray drying method. Taking advantage of both the porous microstructure and carbon
coating, S-KTO@C shows superior rate capability and cycling stability as an anode material
for PIBs. Furthermore, the intimate integration of carbon coating through chemical vapor
deposition technology significantly enhances the K" intercalation pseudocapacitive behavior.
As a proof of concept, a potassium-ion hybrid capacitor is constructed with the S-KTO@C
(battery-type anode material) and the activated carbon (capacitor-type cathode material). The
assembled device shows a high energy density, high power density, and excellent capacity
retention. This work can pave the way for the development of high-performance potassium-

based energy storage devices.
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7.5 Phosphorus and oxygen dual-doped porous carbon spheres with
enhanced reaction Kkinetics as anode materials for high-performance

potassium-ion hybrid capacitors

This work reported the synthesis of phosphorus/oxygen dual-doped porous carbon spheres,
which possess expanded interlayer distances, abundant redox active sites and oxygen-rich
defects. The as-developed battery-type anode material shows high discharge capacity (401 mAh
glat 0.1 A g'!), outstanding rate capability, and ultralong cycling stability (89.8% after 10000
cycles). In situ Raman spectroscopy and density functional theory calculations further confirm
that the formation of P-C and P-O/P-OH bonds not only improves structural stability, but also
contributes to a rapid surface-controlled potassium adsorption process. As a proof of concept,
a potassium-ion hybrid capacitor was assembled by a dual-doped porous carbon sphere anode
and an activated carbon cathode. It shows superior electrochemical performances, which opens

a new avenue for innovative potassium-based energy storage technology.

7.6 Outlooks and perspectives

The pursuit for high-performance electrode materials has long been one of the hottest issues
in the field of rechargeable batteries. Nevertheless, the journey of discovery is always a game
of compromise, which cannot balance all the concerns involving in electrode material design.
Therefore, how to fulfill the demand of practical applications without sacrificing too many its

inherent advantages should be given the priority.
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The request for high-energy-density lithium-ion batteries stimulates people’s interest on
layered lithium-rich cathode materials. Despite their appealing advantages such as high specific
capacity, the obvious drawbacks of lithium-rich cathode materials still cannot be ignored.
Hence, future research should focus on the development of innovative improvement strategies
such as surface coating and elemental doping, which suppresses irreversible anionic redox
reactions and unwanted voltage decay during cycling. Although these strategies may be suitable
for large-scale productions, their negative aspects are equally notable. For example, both of
these two techniques only decelerate performance degradation. As the cycling goes on, the
irreversible structural transformation and microstructural defects still exist and eventually
worsen the electrochemical performance of lithium-rich cathode materials. Therefore, the goal
will not be achieved through improving lithium-rich cathode materials alone. Other factors,
such as the electrode manufacturing process, suitable electrolyte and the battery assembly
process, also ultimately determine electrochemical performances of lithium-ion batteries. When
it comes to practical applications, critical issues to obtain high-density lithium-rich oxide
electrodes should be addressed. These include: (1) an increase of reactive surface areas and
corresponding side reactions due to the particle-fracture under high pressure calendaring. (2)
The formation of a thick CEI layer onto the cathode resulting rapid energy degradation upon
cycling. These issues are easily to be ignored in lab research conducted commonly using low-
density lithium-rich oxide electrodes and set higher demands for the electrodes manufacturing

process.
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The rise and development of potassium-ion batteries not only brings about a plethora of
opportunities but also faces unprecedented challenges for design electrode materials. Unlike
the traditional lithium-ion battery system, the fundamental reaction mechanism of potassium-
based energy storage devices is still unclear and the research on potassium-ion batteries is in its
infancy. As for cathode materials, most of layered structure cathode materials experience
continuous phase transitions that lead to inferior structural stability and rate performance.
Although surface coating can significantly improve the electrochemical properties of
manganese-based layered cathode materials, its functional mechanism cannot be well
interpreted by previous experience derived from the lithium-ion battery system. To this end, the
future work is expected to disclose the relationship between the electrochemical behavior and
reaction mechanism upon cycling and focus on the following aspects: (1) Rational design of
cathode materials, including composition optimization, microstructure design, surface
functionalization and nanoengineering. (2) Employing advanced characterization techniques
such as in situ synchrotron XRD, electron paramagnetic resonance (EPR) and the resonant
inelastic X-ray scattering (RIXS). (3) Taking into account good compatibility between cathode
materials and electrolytes.

For the future development of anode materials for potassium-ion batteries, there is plenty of
room for discussion and investigation in terms of their crystal structure and reaction
mechanisms. Most of them have achieved exceptional electrochemical performances such as
high discharge capacity and ultralong cycling stability. Nevertheless, it is important to note that
the low ICE (less than 50%) and volumetric densities are rarely discussed, which negatively
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affects the overall energy density of the battery. Improvement strategies such as surface
modification and heteroatom doping have positive effects on anode materials and seem to be
helpful to handle these issues. However, similar to the situation described in cathode materials,
the lack of a fundamental understanding of reaction mechanism hinders their further
development. Given the complicated and uncertain reaction process of electrode materials
during electrochemical cycling, the recent development of cutting-edge characterization
technologies such as operando synchrotron XRD, in situ TEM, and in situ Raman would be a
great help for understanding the de/intercalation behavior of K™ along with the corresponding
structural evolution during successive cycling periods. It suggests that an anode material with
more capacitive contribution can offer a better rate capacity and good cycling performance.
Hence, the preparation of anode materials including abundant surface-active sites and shortened
diffusion path is of significant importance. More attention should be paid to the commercialized

practical application of anode materials for PIBs in the future.
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Appendix A: Abbreviations/Symbols

Abbreviations/Symbols Full name
a.u. Arbitrary unit
Ar Argon
M Molar concentration
pm Micrometer
nm Nanometer
I Arbitrary unit
g Gram
h Hour
\Y Voltage
A Ampere
°C Degree Celsius
Q Ohm
Li Lithium
K Potassium
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Appendix B: Scholarship & Awards

-2017 UTS International Research Scholarship (IRS).

-2017 Rail Manufacturing Cooperative Research Centre (RMCRC) Project Scholarship.
-2016 National Scholarship for Postgraduate students, Ministry of Education (top 100).

-2016 Innovation personal Scholarship, Huang Shanglian Academy Youth Innovation Award,
Chongqing University (Only 12 individuals each year).

-2015 Haotian Scholarship for Postgraduate students, Chongqing University (top 1%).
-2015-2016 University Scholarship in Chongqing University (top 10%).

-2014 Outstanding Graduate, Xihua University (20%).

-2012-2014 University Scholarship in Xihua University.

264



Appendix C: Conferences

1. Preliminary program of 2019 International Symposium on Frontier Materials, Australia,

Sydney, 17-18 November 2019.
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