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Abstract

Potassium ion batteries (PIBs) have emerged as attractive alternatives to the prevailing lithium
ion batteries (LIBs) for large-scale energy storage. The natural abundance of potassium sources
brings about potential benefits in the cost and sustainability. Several promising cathodes relying
on non-toxic Mn and Fe elements are developed, further reducing the cost and increasing
environmental benignity. Turning to the anodes, the graphite shows a theoretical capacity of
merely 279 mAh g* for K ions storage, which is much lower than that in LIBs. Therefore, this
thesis aims to design high-capacity anodes for PIBs through insertion chemistry exploration

and electrode/electrolyte interface optimization.

Comparison studies between alkali-metal ion storage are firstly conducted to provide insights
into the effects of ionic carriers on the structural evolution of electrodes, which are currently
somewhat lacking due to the absence of appropriate host materials. MoS/carbon nanofiber is
used as a model material to investigate Li/Na/K ions storage behavior via in/ex situ transmission
electron microscopy (TEM). It is found the nanofiber shows a more significant volume
expansion of 140% toward K ion uptake than Li (103%) and Na (123%) ions insertion. However,
the layered MoS; structure is largely preserved after K ion insertion, while tiny particles are
observed in the cases of Li and Na because of structural collapse. The reason roots in the less
electrovalent of K-S bond than Li and Na ones, which is beneficial for maintaining more layered
species upon K ion incorporation. The detailed phase transition mechanisms of MoS; upon K
ion insertion are investigated by in situ X-ray diffraction (XRD) and theoretical simulation,
confirming the intermediate phases of KosMo0S> and K1.0Mo0S». These intercalated compounds
effectively preserve the layered structure and maintain original morphology for the stable

cycling of microsized MoS: particles without carbon coating.

Subsequent efforts are dedicated to stabilizing Sb anodes with a superior theoretical capacity
of 660 mAh g. However, the severe particle pulverizations and solid electrolyte interphases
(SElIs) fracture lead to poor electrochemical stabilities. With the assistance of newly developed
ethylene glycol diethyl ether (EGDEE)-based electrolyte, the commercial Sb microparticles
with a high reversible capacity of 573 mAh g are stabilized over 180 cycles under 0.1 Ag?in
PIBs. The reason lies in the formation of the elastic SEIs on the particle surface, which
effectively wraps the microsized Sb particles to accommodate repeated swelling-contracting
and prevent copious electrolytes decompositions. Similar enhancement is observed in another

ether-based electrolyte based on tetrahydrofuran (THF) solvent. The Sb electrode delivers a
ii



sustainable capacity of 600mAhg? in 1M KFSI/THF over 100 cycles under 0.1Ag™.
Moreover, such ether-based electrolytes can be extended to stabilize microsized Sn anode for
sodium ion batteries (SIBs). Sn microparticles maintain a high capacity of 669 and 786 mAh g
! after 100 cycles under 0.2 Ag™ for EGDEE and THF-based electrolytes, respectively. The
atomic force microscopy (AFM) tests are conducted to unravel the mechanical origin of
improving electrochemical performance. It reveals that robust SEls with superb mechanical
properties are constructed in ether-based electrolytes, significantly boosting the performance of

the alloy anode.

Phosphorus is another high-capacity anode with a theoretical capacity of 1154 mAh g towards
K ion storage. Black phosphorus-graphite (BP/G) composite with a high BP loading of 80 wt.%
is synthesized and stabilized via the utilization of a localized high concentration electrolyte
(LHCE), i.e., KFSI in trimethyl phosphate (TMP) with a fluorinated ether as the diluent. We
reveal the benefits of high concentration electrolytes rely on the formation of inorganic
component rich SEI, which effectively passivates the electrode from copious parasite reactions.
Furthermore, the diluent increases the electrolyte's ionic conductivity for achieving attractive
rate capability and homogenizes the element distribution in the SEI. The latter essentially
improves SEI's maximum elastic deformation energy for accommodating the volume change,
resulting in excellent cyclic performance. This work promotes the application of advanced PIBs
by adopting high-capacity BP anodes, on the one hand. On the other hand, it unravels the
beneficial roles of LHCE in building robust SEI for stabilizing alloy anodes.
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Chapter 1

Introduction

This chapter summarizes the overall advantages of potassium ion batteries (PIBs) and
presents a concise literature review on cathode materials, electrolytes, and anode

materials for PIBs.

1.1 Potassium ion batteries

The rechargeable batteries rely on the intercalation and deintercalation of cations become
indispensable energy storage systems for a wide range of devices from portable electronic
devices to electric vehicles.! The battery mainly consists of a cathode (positive electrode), an
anode (negative electrode), and an electrolyte.> Upon charging, the cations are released from
the cathode and immigrate through the electrolyte to the anode. A reversed process occurs in
the discharging process (Figure 1.1a). The most successful representatives are lithium ion
batteries (L1Bs). They quickly dominant the portable electronic marks after commercialization
in 1991 by Sony due to the high energy density. Nevertheless, the fast-growing demands on
LIBs in recent years raise concerns about the sustainable supply of scarce lithium resources. On
the other hand, the popular cathode of LIBs requires the utilization of toxic Co element,
discouraging the application in large-scale energy storage.* Therefore, batteries using other
cations are developed, including sodium ion batteries (SIBs),® potassium ion batteries (PIBs),
magnesium ion batteries (MIBs),” aluminium ion batteries (AIBs),® zinc ion batteries (ZIBs)°
and calcium ion batteries (CIBs).1° In particular, PIBs have received more and more attention
considering the similarities in the intercalation chemistry with LIBs. As presented in Figure
1.1b, the number of reported papers related to PIBs has been significantly increased since 2015.
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Figure 1.1 (a) The schematic of alkali-metal ion battery under discharging process. (b) Number
of publications related to PIBs (until 2021 August).

PIBs hold several advantages over LIBs for large-scale energy storage (Table 1.1). The main

merits are as follows:

i) The K element is much more abundant than the Li element in the earth crust (2.6 wt.%
vs. 0.02wt.%), largely dissipating the concerns of long-term and sustainable lithium
supply.

ii) The electrolyte salts in PIBs, such as potassium hexafluorophosphate (KPFe,
338 USD kg™), are much cheaper than that in LIBs (for instance, 7113 USD kg* for
lithium hexafluorophosphate (LiPFg)).!2

iii) The standard redox potential of K*/K (-2.93 V vs. standard hydrogen electrode (SHE))
is close to Li*/Li (-3.04V vs. SHE) and lower than the Na counterpart (-2.71V vs.
SHE).™ Particularly, the K*/K presents the lowest standard redox potential of -2.88 V
and the smallest Stokes’ radius of 3.6 A in the non-aqueous electrolyte among alkali
metals, which promises a high operation voltage for improving the energy density and
fast ionic transportation for realizing high-power density.!* The lower desolvation
energies of K ions with organic electrolyte solvent than the Li and Na counterpart further
benefit the rate performance.®®

iv) Al could be used as the current collector in the anode side since K does not alloy with
Al, reducing the manufacturing cost.

Nevertheless, the larger ionic radius of K ion (1.38 A) poses challenges to the electrode design.

Current electrode materials are inherited mainly from the counterparts developed in LIBs.



Table 1.1 Physicochemical properties of Li, Na and K.121°
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Parameter Li Na K
Abundance in the earth crust 0.02 wt.% 2.7wWt.% 2.6 Wwt.%
Price of APFs electrolyte salt? 7113 USD kg™ 200 USD kgt 338USDKkg?
Standard redox potential in water -3.04V -2.71V -2.93V

(vs. SHE)

Standard redox potential in PC -2.79V -2.56V -2.88V

(vs. SHE)

Stokes’ radius in PC 4.8 A 4.6 A 3.6A
Desolvation energy in PC 215.8 ki mol*? 158.2 ki mol*? 119.2 kI mol*
lonic radius 0.76 A 1.06 A 1.38A

& A represents Li, Na and K, respectively.

1.2 Cathodes materials for PIBs

The cathode materials play a critical role in determining the energy density of PIBs. Several
types of cathodes are developed in the past several years, including the Prussian blue analogs,

layered transition-metal oxides, polyanionic compounds, and organic materials.

1.2.1 Prussian blue analogs (PBAS)

PBAs are the most popular cathode candidates. They have the general formula of
KxTM1[TM2(CN)e]1y-zH20, where TM1 and TM2 are transitions metals, which can be same
or different; z is the number of H20. The PBA has a three-dimensional network structure, which
can host K ion in its interspace.'® In the structure of PBAs, TM1 and TM2 are octahedrally
coordinated with six C and N atoms to form TM1-C=N-TM2 sequences (Figure 1.2). The
synthesis methods of PBA have usually utilized coprecipitation procedures in agueous solutions
using potassium ferrocyanide (Ks[Fe(CN)s]-3H20) and transitions metals salts as precursors.

This method is environmentally benign, low-cost, and easy for mass production.
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Figure 1.2 The crystal structure of K«TM1[TM2(CN)g]1.y.

The KxFe[Fe(CN)s] was first used as cathode in PIBs by A. Eftekhari et al. in 2005.1 It shows
an excellent discharge capacity of 74 mAh g under 25 mA g with a moderate average voltage
of 2.7V, based on the Fe?*/Fe**redox couple (Figure 1.3a).To further enhance the capacity,
PBAs with multi-metal redox couples are developed. In 2017, J. B. Goodenough and co-
workers®® synthesized a cyanoperovrskite KxMnFe(CN)s (0<x<2) particles as an advanced
cathode for PIBs. The KxMnFe(CN)s shows a monoclinic structure in which Mn?* and Fe?* ions
occupy the Mn-N and Fe-C octahedra. Two plateaus at 4.23V and 4.26 V are observed in the
charging process, corresponding to K ions extraction to form MnFe(CN)es. Upon discharge,
there are two plateaus at about 3.9 and 3.7 V, which originate from the reverse reactions. It
delivers about 134 mAhg? reversible capacity under 25mAg?, much higher than the
counterparts with single-metal redox couples (Figure 1.3b). Although the specific capacity is
improved from KxFe[Fe(CN)e] to KiMnFe(CN)s, the KxsMnFe(CN)s structure still exists a small
amount of Fe(CN)s vacancies and water due to the fast nucleation in aqueous solution, which
will reduce the specific capacities of PBA. Furthermore, ethylenediaminetetraacetic acid
dipotassium salt is applied to slow down the nucleation growth for obtaining 5-200 nm
K2oMn[Fe(CN)s] cubes with negligible content of defects and water.'® The reversible capacity
can be further enhanced to 154.7 mAhg? for KoMn[Fe(CN)s] under a current density of
15 mA g with an average potential of 3.94 V. The K ion storage mechanism of KaMn[Fe(CN)g]
follows the monoclinic-cubic-tetragonal pathways. The KoMn[Fe(CN)e] successively releases
two K to form KMn?*[Fe3*(CN)g], and Mn®**[Fe3*(CN)e] at the end of charge. The reverse-phase
transition of Mn®*[Fe®*(CN)s] to KoMn[Fe(CN)e] is recovered in discharging process. The

4
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framework structure of KoMn[Fe(CN)e] can be well maintained toward extraction and insertion

of K ions.
a b
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Figure 1.3 The discharge and charge curves of (a) KxFe[Fe(CN)e] and (b) KxMnFe(CN)e for
PIBs under 25 mAg™.

1.2.2 Layered transition metal oxides

The layered transition metal oxides (TMOSs) have the general formula of K TMO., where the
TM is the transition metals and can be a mixture of more than one element. The TMOs structure
consists of TMOe layers and K ion layers. It has three kinds of stack orders, i.e., P2-type, P3-
type, and O3-type (Figure 1.4), where P represents the prismatic sites occupied by K ion and O
is for octahedral sites, and the value followed P and O represents the K layers in the unit cell.
Encouraged by the LiCoO- cathode in LIBs, the TMOs based on the redox couple of Co**/Co**
are also studied for PIBs. The P2-type Ko.6C0O: is investigated for highly reversible potassium
ion intercalation by Kim et al.°. It delivers a capacity of about 80 mAh g with the K varies
from 0.33 to 0.68, which shows a redox potential of about 2.7 V vs. K*/K. The TMOs based on
Mn redox couples of Mn*/Mn*" are represented as the KxMnO2 (0.3<x<0.6). In 2016, S.
Passerini and co-workers?! first studied the cathode Ko3sMnO,, a layered birnessite material
with a P2-type structure. It possesses a capacity of 136 mAh g™ between 4.0V and 1.5V but
shows a fast capacity degradation after 50 cycles. Kim et al. proposed P3-type KosMnO; as a
potential cathode material for PIBs. It exhibits a higher capacity of 100 mAhg* than the P2-
type KosMnO; and shows a good cycling performance over 100 cycles.?? In 2018, Kim et al.
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successfully synthesized O3-type KCrO> material, demonstrating a reversible capacity of
92 mAh g with an average voltage of about 2.73 V.
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Figure 1.4 The structures of P2-type, P3-type and O3-type KxTMO2.24

1.2.3 Polyanionic compounds
The polyanionic compounds (KMPs) have a large family, including fluorophosphates,
pyrophosphates, phosphates, and sulfates. The KMPs have a general formula of KxTMy(XO4),
where the TM is transition metals that can be more than one elements, and X is usually P or S
elements. The anion unit XO4 possesses the tetrahedron sits, TM-O is octahedral, and K ions
are hosted in interstitial sites (Figure 1.5a). Among these KMPs, the vanadium (V)-based
polyanionic compounds are the most popular due to their high voltage and capacities in PIBs,
corresponding to the high redox couples of V¥*/V** and V**/V3". KxVy(POs), composites have
been extensively investigated as cathode materials in PIBs. Han et al. prepared KzV2(PO4)3/C
nanocomposites via solid-state reaction under a high temperature. The K3V2(PO4)3/C shows a
discharge capacity of 54 mAh g with an average voltage of about 3.0 V. Furthermore, the F
anion with the highest electronegativity is introduced into the polyanionic to forming a
KxTMy(XO4)nFm structure (Figure 1.5b), which can highly improve the operating voltages and
energy densities. This is because the inductive effect decreases the strength of TM-O covalent
bond, resulting in higher redox potentials.?® Lin et al.?” used NasV2(POa4)2F3 as a precursor to
prepare KsV2(POs4)2F3 by in situ exchanging Na with K during the discharging/charging
processes. Such a new fluorophosphate cathode K3V2(POs)2F3 shows a high reversible capacity
of about 100 mAh g with two obvious plateaus at 4.0 and 3.2 V (Figure 1.5¢). The K insertion
6
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process is highly reversible, maintaining excellent cyclic performance. Moreover, Chihara et
al. successfully synthesized KVPOsF material, which shows a relatively high discharging

potential of 4.0 V and decent reversible capacity of 92 mAh g™ in PIBs.?8

K
™ TM
<a.
£
13
1]
£3.
2,
%30' —— Charge
3 —— Discharge
Ou® >25
4 "0 20 40 60 80 100 120
ce—mob O ° ° o Capacity (mAh g-T)

Figure 1.5 The crystal structures of (a) KxTMy(XOs); and (b) KxTMy(XOas)nFm; (c) The
discharge and charge curves of K3V2(POs)2Fs for PIBs under 20 mA g

1.2.4 Organic materials and others

Compared to the inorganic cathode materials, the studies of organic cathode materials are still
in infancy. More importantly, the organic cathodes need to be potassiated to incorporate K ions
in their hosts due to the absence of K source in the original structure. According to the insertion
and extraction mechanisms, the organic cathode can be divided into cation-type and anion-type.
The cation-type organic materials mainly use C=0 bonds to capture K ions, as presented in
Figure 1.6a. This kind of material is represented by 3,4,9,10-perylene-tetracarboxylic acid
dianhydride (PTCDA), which can deliver a high reversible capacity of 131 mAhg* with an
average operating voltage of about 2.5V.?° The anion-type cathodes use the N atoms with a
positive charge to attract the FSI" or PF¢ anions (Figure 1.6b). For instance, the Poly(N-
vinylcarbazole) (PVK) is a good candidate for the anion-type organic cathode. It can deliver a
decent specific capacity of 138 mAh g* with a high average potential of 4.05 V in PIBs, ascribed

to the unique redox pair and the low molecular weight.®
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Figure 1.6 The chemical structure of (a) cation-type cathode of PTCDA and (b) anion-type
cathode of PVK.

Some other cathodes based on graphitic carbon are also researched these years. For example,
Tan et al. investigated free standing graphite cathode for PIBs by the venture of dual-anion
intercalation of FSI" and PFe. It shows a high average potential of 4.65V and an attractive

capacity of 94 mAh g, which can be stabilized for more than 100 cycles.®!

The cathodes mentioned above materials are compared in Figure 1.7. It can be found that:

i) The Prussian blue analogs have the highest specific capacities and decent operating
voltages among all the cathodes, presenting great potentials for application in PIBs.

i) The layered transition metal oxides exhibit low capacities and moderate voltages
because of the heavy transition metal and low K content.

iii) The vanadium-based polyanionic compounds possess high operating voltages
corresponding to the redox couples of V>*/V4* and V#*/V3,

iv) Cation-type organic materials have much higher capacities and voltages than anion-

type, comparable to the Prussian blue analogs.
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Figure 1.7 A summary of promising cathode materials for PIBs,!8-19 25 28-30, 32-49

1.3 Electrolytes for PIBs

Electrolytes are made of salts and solvents with/without additives, playing pivotal roles in

electrochemical performances. Two main parameters need to be considered for the electrolyte

design, i.e., ionic conductivity and electrochemical stability.>° The electrolyte ion conductivity
determines the reaction kinetics, which is affected by the dissociation and viscosity of the

electrolyte. °! The electrochemical stability, on the one hand, dictates the operation voltage. On

the other hand, it controls the electrode/electrolyte interfaces on both the cathode and anode
sides. Functional additives are developed to help build robust interfaces. Other parameters, like

flashing point and flammability, should also be taken into account for electrolyte design.



Chapter 1

1.3.1 Salts

The commonly used electrolyte salts in the PIBs include potassium hexafluorophosphate
(KPFe), potassium bis(fluorosulfonyl)imide (KFSI) and potassium
bis(trifluoromethanesulfonyl)imide (KTFSI) (Figure 1.8) due to their high solubilities in both
ester and ether solvents. In 2017, Xiao et al. firstly used KFSI as an electrolyte salt in PIBs. It
is found that the KFSI salt leads to high reversibility in the K plating and stripping owing to the
formation of uniform solid electrolyte interphase (SEI) on the K metal anode. Later, Zheng et
al. in 2018 investigated the electrochemical cyclic performances of Bi anode can be remarkably
improved when replacing KPFg with KFSI salt.>? After that, the KFSI and KTFSI become the
popular choices, in which KTFSI has a similar structure with KFSI (Figure 1.8)
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Figure 1.8 The chemical structures of the KPFs, KFSI and KTFSI salts.

1.3.2 Ester solvents

The ester solvents can divide into cyclic carbonates and linear carbonates. As presented in
Figure 1.9, ethylene carbonate (EC) and propylene carbonate (PC) belong to cyclic carbonates.
The linear carbonates include dimethyl carbonate (DMC), ethyl methyl carbonate (EMC) and
diethyl carbonate (DEC). It has been reported the cyclic carbonates are much more stable than
linear ones at low potentials.®® In contrast, linear carbonate has a low viscosity, the reason why
a mixture of cyclic and linear carbonate is adopted in most studies. The physical and chemical
properties of these solvents are compared in Table 1.2. The cyclic esters, EC and PC, have a
larger dielectric constant than the linear esters, suggesting the high capabilities of EC and PC
to dissolve salts. More importantly, EC and PC have a high flash point over 100 °C, which is
much safer than DMC, EMC and DEC with a flashpoint below 25 °C. However, the high
melting point of EC (36.4°C) makes it a solid state at room temperature. Therefore, EC is
usually mixed with other linear carbonates, forming the EC/DMC (1:1vol.%), EC/EMC

10
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(1:1vol.% or 3:7vol.%) or EC/DEC (1:1vol.%) electrolyte solvents. Moreover, the
fluoroethylene carbonate (FEC), a fluoride cyclic carbonate, is usually added to the electrolyte
as an additive (2-5vol.%) to boost the electrochemical performance on account of its ring-

opening polymerization.>

o o) 0
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CHs F
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H3C\O)J\O/ 3 e o o e HsC o) ) CH,
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Figure 1.9 The chemical structures of the ester solvents and FEC additive.

Table 1.2 The physical and chemical properties of the commonly used ester solvents (The data
are collected from the safety data sheets of Sigma-Aldrich and previous publications®: %),

Solvent CAS No. Melting Boiling Flash Dielectric Viscosity fj/cp
point point point constant
Tm/°C Tu/°C T#/°C £(25°C)
EC 96-49-1 36.4 243 143 89.78 1.9 (40°C)
PC 108-32-7 -55 240 116 64.92 2.53(25°C)
DMC  616-38-6 4.6 90 16 3.107 0.59 (20°C)
DEC 105-58-8 -43 126 25 2.805 0.75(25°C)
EMC 623-53-0 -55 101 23.9 2.958 0.89 (25°C)
FEC 114435-02-8 20 212 102.2 110 4.1(40°C)
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1.3.3 Ether solvents

Ether-based electrolytes in batteries were first used in 1972 by Whittingham at a low operation
voltage of 3 V. However, it was abandoned later due to the unstable reactions beyond 4 V, which
is required for most intercalation cathode such as LiC00,.%" Similar to ester solvents, the ether
solvents also consist of linear and cyclic ethers. The linear ethers used in PIBs are usually glycol
diethers, i.e. glymes, which are saturated polyethers containing only C, H and O elements. As
presented in Figure 1.10, glymes with different chain lengths can be divide into ethylene glycol
dimethyl ether (G1 or DME), diethylene glycol dimethyl ether (G2 or DGME), triethylene
glycol dimethyl ether (G3), tetraethylene glycol dimethyl ether (G4), and their derivatives with
different terminal groups. When the terminal methyl groups are replaced by ethyl, they will turn
to ethylene glycol diethyl ether (G1-Et or EGDEE) and diethylene glycol diethyl ether (G2-Et).
Similarly, they will become ethylene glycol dibutyl ether (G1-Bu) and diethylene glycol dibutyl
ether (G2-Bu) when the terminal group is butyl. From Table 1.3, it can be seen that the melting,
boiling and flash points of glymes increase with the chain length, and they have a dielectric
constant of 5-7. Up to now, the development of ether-based electrolytes is still in infancy; only

several kinds of ether solvents (G, G2) are adopted.%8>°

He O\/\o/ o ne N N O
’ G1-Et
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o) CH,
HHC/\/\O/\/ \/\/
G1-Bu

H:,C/D\/\o/\/o\/\o/CHs
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H,C 0 0 CH;
RN N e g N
G4

Figure 1.10 The chemical structures of the glyme-based solvents.
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The cyclic ethers include mainly tetrahydrofuran (THF) and 2-methyltetrahydrofuran (2Me-
THF) (Figure 1.11). The THF and 2Me-THF solvents are rare explored in PIBs but have been
systematically explored in LIBs. In 2019, a LiF-rich SEI was constructed by Chen et al. via the
utilization of 2.0 M LiPF¢/THF+2Me-THF (1:1 vol.%) electrolyte,® realizing stable cycling of
microsized Si, Bi, and Al anodes in LIBs. However, the low flash point of THF and 2Me-THF
makes it hard to be applied in real cells due to safety issues (Table 1.3). Besides, 1,1,2,2-
tetrafluoroethyl-2,2,2-trifluoroethyl ether (HFE) can be used as F-containing additive and
diluent in the electrolyte (Figure 1.11).

F
O Q | |
Q >(\o>;
F F
CH; i F
THF 2Me-THF HFE

Figure 1.11 The chemical structures of the cyclic ether solvents and HFE additive.

Table 1.3 The physical and chemical properties of the commonly used ether solvents (The data
are collected from the safety data sheets of Sigma-Aldrich and previous publications® %),

Solvent CAS No. Melting Boiling  Flash  Dielectric Viscosity fj/cp
point point point  constant
Tm/°C To/°C Ti#/°C  £(25°C)
Gl 110-71-4  -58 85 5 7.2 0.46 (25°C)
G1-Et 629-14-1 -74 121 22 0.7 (20°C)
G1-Bu 112-48-1  -69 202 85
G2 111-96-6  -64 162 57 7.3 2(20°C)
G2-Et 112-36-7 -44 188 67 5.7 1.4 (20°C)
G2-Bu 112-73-2  -60 256 118 2.39(20°C)
G3 112-49-2  -45 216 113 7.5 2.5(20°C)
G4 143-24-8  -30 275 136 7.8 4.1(20°C)
THF 109-99-9  -108.4 65 -21.2 7.52 0.46 (25°C)
2Me-THF 96-47-9 -20 78 -10 6.2 0.47 (25°C)
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HFE 406-78-0  -94 56.7 - - -

1.3.4 Other solvents

Some other P- and S-based solvents are also investigated in PIBs due to their merit of non-
flammability, as represented by trimethyl phosphate (TMP), triethyl phosphate (TEP) and
tetramethylene sulfone (TMS) (Figure 1.12). In PIBs, TMP has been widely researched due to
its low melting point, high boiling point, and non-flammable property (Table 1.4).%°
Furthermore, a higher dielectric constant of TMP compared to TEP (21.6 vs. 13), allows the
preparation of highly concentrated electrolytes.®® It also possesses excellent oxidative stability
to be compatible with high-voltage cathodes for practical applications. TMS has large viscosity,

which is detrimental for the fast K ion diffusions.
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Figure 1.12 The chemical structures of the TMP, TEP and TMS solvents.

Table 1.4 The physical and chemical properties of the TMP, TEP and TMS solvents (The data
are collected from the safety data sheets of Sigma-Aldrich and previous publications®2%3),

Solvent CAS No.  Melting Boiling Flash Dielectric Viscosity f/cp
point point point constant
Tm/°C To/°C T#°C £ (25°C)
TMP 512-56-1 -46 197 150 21.6 1.3(25°C)
TEP 78-40-0 -56.5 215 130 13 1.6 (20°C)
TMS  126-33-0 27 285 177 60 (20°C) 10.34 (20°C)
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1.4 Anodes materials for PIBs

From the material aspects, the anode materials in PIBs can be divided into four catalogs,
including carbonaceous materials, alloys, metal oxides/sulfides/selenides, and phosphorus-
based materials. There are three main types of K ion storage mechanisms, i.e., intercalation,
conversion and alloying reaction. Some anodes may have more than one K ion storage
mechanism, such as the hybrid of intercalation and conversion reactions or conversion plus

alloying reactions, as presented in Figure 1.13.

Carbonaceous materials

—— Kion storage

Metal oxides/sulfides/ mechanisms
selenides

Anode materials —

Conversion

materials

Figure 1.13 The correlation between different kinds of anodes and K ion storage mechanisms.

1.4.1 Carbonaceous materials

Graphite has a well-defined layered structure with a d-spacing of about 3.3 A, which has a
theoretical capacity of 279 mAh g™* for forming KCs in PIBs (Figure 1.14a). In 2015, Jian et al.
first reported the graphite anode in PIBs,®* which exhibits a reversible capacity of 273 mAhg?
in an ester-based electrolyte. However, the capacity fast fades to 100 mAh g after 50 cycles
due to the large volume expansions for forming intercalation compounds: KC3s—KC2s—KCs.
Later, Fan et al. reported that the graphite anode could be stabilized over 2000 cycles by using
high concentration electrolytes.®® Another two disordered carbon materials, soft carbon and
hard carbon, are also applied in PIBs. The soft carbon has a turbostratic structure with
considerable defects, and hard carbon has a “house of cards” structure with more nanopores
and O-containing functional groups. The soft and hard carbon has a larger interlayer distance
than graphite, corresponding to 3.4-3.6 and 3.7-4.0 A, respectively. They can storage K ions via
adsorption and insertion mechanisms (Figure 1.14b and ¢).%® Lin et al. investigated the various
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carbons with different disorder degree in PIBs, which show the similar reversible capacity of
around 280 mAhg? but distinct voltage profiles.®® Apart from those, many novel carbon
materials, like heteroatom doped carbon and porous carbon, are also explored for the

application in P1Bs.%’
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Figure 1.14 The illustration of graphite, soft carbon and hard carbon toward K ion storage.

1.4.2 Alloys

Alloy anodes such as Si, Sb, Bi, Ge and Sn have long been considered promising alternatives
to carbonaceous materials for high-energy P1Bs.6%7° These anodes could uptake several K ions
per atom through alloying reactions (M + nK <> KnM, M represents the Si, Sb, Bi, Ge, Sn, etc.),
delivering exceptional specific capacities at appropriate potentials (Figure 1.15a). Specifically,
the Sb anode shows a high theoretical capacity of about 660 mAh g* by forming the K3Sh phase.
Except for the Si anode, which has a negligible activity toward K ion storage,’* the other alloy
anodes are extensively investigated in PIBs.”? However, accompanying the high specific

capacity, these anodes suffer from a significant volume expansion higher than 200% (Figure
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1.15b). Such severe structural change leads to particle fracture and fast capacity degradation
during cycling.
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Figure 1.15 (a) Theoretical capacities and corresponding average voltages and (b) the volume
expansions of various anode materials for PIBs.”®

Many works have been devoted to fabricating nanostructures and optimizing electrolytes to
improve the cyclic performances of alloy anodes. Ge et al. prepared ultra-small Sb nanocrystals
within nanochannel-containing carbon nanofibers (USb@CNF) via electrospinning method,
which presents unprecedented cyclic stabilities with a reversible capacity of 225 mAh g over
2000 cycles under 1 Ag.”> Moreover, the Sb nanoparticles with an average size of 14.0 nm
embedded carbon nanosheet (Sb/CNS) were prepared by Han et al. It can maintain a
considerable capacity of 247 mAh g* after 600 cycles under 0.2 Ag*.” Turn to the electrolyte
modification, Lei et al. in 2018 reported that microsized Bi particles could be stabilized in 1.0 M
KPFs/G1 electrolytes due to the construction of polyether-like SEI and the formation of three-
dimensional porous networks.” Huang et al. also found the excellent cyclic stabilities of Bi
microparticles with a high capacity of 394 mAh g over 100 cycles under 0.4 A g™ in PIBs when
employing 1M KPFe/G2 as the electrolyte.>® Recently, Lin et al. reported the micro-sized Sbh
can be stabilized readily by using high concentration electrolytes (4 M KFSI/G1), showing
628 mAh g capacities over 100 cycles under 0.1 Ag™.”® In addition, some binary alloys such

as SbBi and SnSb are fabricated to improve K ion storage performances by stepwise alloying.’”
78
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1.4.3 Metal oxides/sulfides/selenides

The metal oxides/sulfides/selenides (MX,, M is metal, like Co, Ni, Cu, Fe, Sh, Bi, Sn, etc.; X
represents O, S or Se element) anodes have been widely studied in PIBs. Such material can
storage K ions through multiple intercalations, conversion or alloying reactions and deliver
remarkable capacities. More importantly, these materials do not have significant volume
expansion as much as alloys. The drawback is they have a large voltage hysteresis between

discharging and charging (Figure 1.16), leading to low energy efficiency.’®

a b
3.0 3.0-
251 25
X
£ 2.0 MoS, <20
L £ Sb,S,
15 =151
8 >
S 1.0 £1.0-
>
0.5 0.5-
0.0

T T T T T 0.0 T T T T
0 100 200 300 400 500 600 0 200 400 600 800
Capacity (mAh g-1) Capacity (mAh g-1)

Figure 1.16 The first discharge and charge curves of (a) MoS> and (b) Sb.Ss anodes for PIBs
under 100 mA g*.

i)Metal oxides

Metal oxides receive particular interest due to their excellent K ion storage performance.
Adekoya et al. designed CoszO4+@N-doped carbon composite as an advanced anode for PIBs,
which shows a superior capacity of 448.7mAhg™ at 50 mAg* after 40 cycles. The K ion
storage mechanism within the Coz04 electrode is based on the conversion reaction (Coz04 +
8K —3Co + 4K20).2 Li et al. prepared Sh.0s-based anode (Sh203-RGO) by anchoring Sb203
onto reduced graphene oxide. The Sh203-RGO composite exhibits a reversible specific capacity
of 309mAhg™? after 100 cycles at 100mAg™! using an ether-based electrolyte. The
electrochemical reaction process of Sb>O3-RGO in PIBs is firstly to form KxSb2O3 via

intercalation reaction (Sh203 + xK —KxSh203) and then the K«Sh2O3 transfers to KO and Sb
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through conversion reaction (KxSh20s — KxO + Sb). Lastly, the generated Sb turns to KzSb by
alloying reactions (Sb + 3K— K3Sh).8!

ii)Metal sulfides

Metal sulfides have layered crystal structures with large interlayer distances. MoSz, SnS; and
Sh,S; are the typical representatives with a d-spacing of 6.3 A, 5.9 A and 5.7 A, respectively.
Such a large layer distance is readily for the intercalation reaction of large K ions. For instance,
Yao et al. synthesized densified metallic MoS. on graphene (1T-Mo0S,/G) as a high-rate anode
for PIBs. It shows a high capacity of 511 and 327 mAh g under 0.1 and 1.0 A g through
intercalation (MoS; + xK —KxMoS>) and following conversion reactions (KxMoSz — Mo +
KxS).82 Moreover, few-layered Sh,S; can deliver stable capacity of 404 mAh g after 200 cycles
under 0.5 A g™.8 The reaction pathways of Sh,Ss and K include intercalation reaction (Sb2Ss +
xK —KxSh2S3), conversion reaction (KxSh2Sz — KxS + Sb) and alloying reaction (Sb + 3K—
K3Sh).84

iii)Metal selenides

Compared to metal sulfides, the metal selenides have a weaker M-Se bond than M-S bond,
which is favorable for fast conversion reactions. Due to the good electrical conductivity and
high specific capacity, CoSe had been reported by Liu et al. in PIBs. The CoSe nanoparticles
are embedded in an N-doped carbon nanotube (CoSe@NCNTS), exhibiting a high capacity of
435 mAh gt under 0.1 Ag?. The K ion storage mechanism of CoSe is involved with interaction
(CoSe + xK —KxCoSe) and conversion reactions (KxCoSe — KxSe + Co). 3 Moreover,
replacing nonactive Co with Sb can further improve the capacity of metal selenides. For
example, Wang et al. prepared Sh,Ses with N-doped carbon and RGO sheet
(Sh2Ses@NC@rGO), which presents a high charge capacity of about 590 mAhg? under
50 mA g and excellent cyclic stability in P1Bs.%

1.4.4 Phosphorus based materials
i) P anode
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Phosphorus (P) shows a high capacity of 1154 mAh g* with a large volume change (301%) for
forming K4Ps through alloying reaction (3P + 4K— K4P3). P has three types of allotropes in
nature, which are red phosphorus (RP), white phosphorus (WP), and black phosphorus (BP).
RP is amorphous and non-toxic, while WP with P4 structure is highly flammable and
pyrophoric, and BP is a stable two-dimensional layered structure material (Figure 1.17). BP and
RP are widely adopted for anodes in PIBs. However, the poor electronic conductivity of P leads
to sluggish kinetics toward K ion storage. Therefore, the P is usually incorporated into the
conductive carbon to improve its electronic conductivity and enhance electrochemical

performances.

BP

Figure 1.17 The chemical structure of WP, RP and BP.

In 2017, Sultana et al. synthesized BP-carbon (7:3 wt.%) nanocomposite via the ball milling
method. It exhibits a first charge capacity of 617 mAh g* upon K ion insertion at 50 mA g* but
shows fast decay in 50 cycles.®” To improve the stability, Wu et al. used the vaporization
condensation conversion method to fabricate RP nanoparticles enclosed in a free-standing
carbon nanofiber with P loading of 66 wt.% (RP@N-PHCNFs). It can be maintained for 800
cycles with a capacity of 465 mAhg™ under 2 Aglowing to sturdy contact between P and
carbon matrix. However, it suffers from a low initial Coulombic efficiency of about 35%
because of the severe electrolyte decomposition on the carbon host with large specific area.
Recently, Jin et al. designed a layered BP-Graphite (BP-G) composite through liquid-phase
exfoliation and high-energy mechanical ball milling method. The BP-G can reach 1300 mAh g
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! forming the undesired KsP under 250 mAh g but having fast capacity decay within 50 cycles.
The reason lies in that KsP hinders the potassiation of BP and slows down the ion diffusion

rate.88

i) Metal phosphides

Some metal phosphides, including SnsP3, FeP and CuP. are also synthesized for the
investigations in PIBs. Zhang et al. first reported the SnsP3/C anode toward K ion storage in
2017, which shows a first reversible capacity of 358.2 mAh g* with retention of 85.7% after 50
cycles under 50mA g™, The K ion storage processes of SnsP3 involve conversion reaction
(Sn4P3 + (9-3x)K — 4Sn + 3K34P) and alloying reaction (Sn + K — KSn).2® A york-shell
structured FeP with carbon nanoboxs (FeP@CNBSs) were synthesized by Yang et al., delivering
a stable capacity of 205 mAh g™ over 300 cycles under 200 mA g*. Moreover, the CuP, on
carbon nanosphere (CuP.@CNSs) was also reported by the same group.®® CuP,@CNSs
harvests a high reversible capacity of 400 mAhg? under 200 mA g by utilization of high
concentration electrolyte (4 M KFS1/G1).%

1.4.5 Others

Some other novel anodes are also explored for PIBs. Tan et al. reported an insertion-type anode
KVPO4F that can deliver a capacity of 100 mAhg? between 0-3V and excellent stability.
Although polyanionic compounds are commonly used as the cathode, KVPO4F can be
employed as an anode to accept more K ion insertion because the K ion sites are not fully
occupied in the original structure.®> Moreover, Wang et al. synthesized Bi and Sb-based
oxychloride (Bio.51Sho49OCI/rGO) on reduced graphene oxide substrate and explored it as an
anode in PIBs. It shows a discharge capacity of 319 mAhg? under 1Ag?. The reaction
mechanism of Bios1Sbo.4sOCI/rGO in the first cycle is different from the subsequent cycles. In
the first discharge, the Bios51Sbo.490OCI/rGO is converted to (Bi,Sb) alloy by the electrochemical
reduction, and then the (Bi,Sb) alloy reacts with K through alloying reaction ((Bi,Sb) + xK —
Kx(Bi,Sh)). In the subsequent cycles, the K ion storage mechanism turns to reversible alloying
and dealloying reactions of (Bi,Sb) alloy.%

The anodes mentioned above materials are summarized in Figure 1.18. We can conclude that:
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1) Graphite shows excellent stability for K ion storage but suffers from low capacity. The
capacity could be increased by introducing the defects and decreasing the crystallinity,

albeit at the cost of high average potential
ii) Alloys have high capacities of around 400-600 mAhg™ and appropriate operation

potentials. They are among the most promising anodes to realize high energy density
PIBs, but the long-term cyclic performances remain a grand challenge.
iii) The metal oxides/sulfides/selenides present considerable capacities in PIBs. The large

voltage hysteresis restricts the practical application
iv) P based anodes deliver the highest theoretical capacity among all the candidates. The

practical application is still afflicted by the poor electronic conductivity and fast

capacity fading.
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Figure 1.18 A summary of promising anode materials for P1Bs,52 58-59. 76,80-81, 83, 85, 89, 92-111
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1.5 Objective and outline

Advanced anodes are essential to realizing high-energy-density PIBs for potential application
in large-scale energy storage. The development of high-capacity and long lifespan anodes
remains a grand challenge due to the unclear insertion chemistry and large structural
deformation upon K ion uptake. Currently, most of the anodes are directly inherited from the
Li and Na ion technologies, and a similar mechanism is adopted for explaining the
electrochemical behavior without detailed evidence. The reaction pathway and phase
transformation process are critical to the fundamental understanding of K ion storage and the
design of appropriate approaches to address stability issues. After disclosing the insertion
chemistry, subsequent efforts are devoted to improving the cyclic stability through
microstructure design and electrode/electrolyte interface optimization. The main objectives of

this thesis are as follows:

(1) To explore the K ion insertion chemistry for understanding structural evolution and

compare it with Li and Na ion storage.

(2) To design high-capacity Sb and P anodes with long-term cyclic stability through
building robust SEIs.

Accordingly, the thesis is organized as follows. The progress of previous work on PIBs is
summarized in Chapter 1. Chapter 2 gives the experimental details of this work. The insertion
chemistry comparison between Li, Na, and K ions is explored in Chapter 3, based on which
microsized MoS, anode is developed in Chapter 4. Chapter 5 focuses on the phase
transformation of Sbh anodes and the stabilization through building elastic SEIs in two new
ether-based electrolytes. The concept is readily extended to Sn anodes in SIBs to generalize the
approaches. Chapter 6 centers on P anode, which is stabilized by synthesizing BP/graphite
composite and building a mechanically stable SEI. The major outputs are summarized in

Chapter 7, and the remaining issues for future studies are also presented.
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Chapter 2

Experimental

This chapter gives detailed experimental about material syntheses, electrode and electrolyte
preparations, electrochemical measurements, sample characterizations and density

functional theory (DFT) calculations.

2.1 Material syntheses

2.1.1 MoS,/C nanofibers, carbon nanofibers and petal-like neat MoS>

MoS>/C nanofibers were prepared by electrospinning. Typically, polyacrylonitrile (PAN, 0.5 g)
was dissolved in dimethylformamide (DMF, 10mL). Ammonium tetra-thiomolybdate
((NH4)2Mo0Ss, 0.8g) was added under continuous stirring to get a uniform solution.
Electrospinning was conducted under a high voltage of 18 kV with a feed rate of 30 uL min to
obtain a film on Al foils. The film precursor was first stabilized at 250 °C for 4 hours in a Muffle
furnace before annealing at 900°C for 2 hours under Ar atmosphere. After the annealing,
(NH4)2Mo0S4 decomposed to MoS;, and PAN turns into carbon. The pure carbon nanofibers
were prepared by the same method without adding (NH4)2MoS4. In comparison, petal-like neat
MoS; was synthesized by a hydrothermal method.**? Ammonium heptamolybdate tetrahydrate
((NH4)sM07024 4H20, 0.5 mmol) and thiourea (NH2CSNH2, 7 mmol) were dissolved in 35 mL
deionized (DI) water. The solution was kept in a 50 mL Teflon-lined stainless steel autoclave
at 220°C for 18 hours. The final product was washed by DI water and ethanol before drying at
80°C overnight.

2.1.2 Sb nanoparticles
The Sb particles were synthesized by the chemical reduction method.*® The citric acid (CsHsO»,
2.59) was first dissolved into 50 mL DI water and antimony trichloride (SbCls, 570 mg) was
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added under ultrasonic. The solution was diluted to 300 mL by adding DI water. The diluted
solution was further put in the ultrasonic bath for 20 minutes to get a clear solution A. Sodium
borohydride (NaBH4, 600 mg) was dissolved in 60 mL DI water under ultrasonic to get solution
B. Solution B was dropwise added into solution A under magnetic stirring. The mixture solution
was further put in the ultrasonic bath for 3 hours for complete reaction. The black powder was
collected by centrifugation and dried at 60 °C under vacuum.

2.1.3 Prussian blue KyMnFe(CN)s

The K«MnFe(CN)s cathode was prepared by precipitation method in an aqueous solution.8
50 wt.% manganese(ll) nitrate solution (Mn(NOs3)2 solution, 2.3 g) was added into 50 mL DI
water to get solution A. Potassium ferrocyanide (Ks[Fe(CN)s]-3H20, 1.27 g) and potassium
chloride (KCI, 17.8 g) were dissolved into 100 mL DI water to form solution B. Solution A were
dropwise added into solution B under magnetic stirring. After 2 hours of aging, the precipitates
were collected by centrifugation and dried at 60 °C under vacuum.

2.1.4 Neat Sb and Sn on Cu foil

Neat Sb electrodes were prepared by the electrodeposition based on the previously reported
method.** The solution consists of 0.02 M antimony trichloride, 0.1 M citric acid and 0.05 M
trisodium citrate. The pH was adjusted to 2 by adding 5M sulfuric acid. Pulsed
electrodeposition was performed on Biologic SP150 electrochemical workstation using a three-
electrode electrochemical cell, where Ag/AgCl was used as the reference electrode, Pt as the
counter electrode and a Cu foil was pinched on the working electrode. A potential of -980 mV
was applied. The pulse was 400 us and the time between the pulse was 800 us. The deposited
Sb on Cu foil was washed by deionized water and dried under 60 °C. The neat Sn electrodes
were prepared by magnetron sputtering on Cu foil. The distance between the Sn target and Cu

foil was 10 cm, and the time for sputtering was 5 minutes at 50 W.

2.1.5 RP, BP, BP/G, K4P3

The amorphous red phosphorus (RP) powder (Alfa Aeser, 98%) was purified before use. RP
(2 g) was washed by 200 mL boiling deionized water under the string and rinsed several times
until the pH value turned neutral.!'® The purified RP powder was collected by centrifugation
and dried at 70 °C under vacuum. RP (1 g) was sealed in the 100 mL jar under Ar atmosphere
and high-energy ball milled (HEBM, SPEX 8000) for 1 hour to synthesize black phosphorus
(BP). Afterward, BP (400 mg, 80 wt.%) and graphite (100 mg, 20 wt.%, KS6, MTI) were mixed
by mechanical ball milling (QM-3SP2 planetary ball mill) for 48 hours under 360 rpm to
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prepare BP/G composite. The ball-milled BP, RP/G or graphite preparation were similar to
BP/G composite, except without adding graphite or BP. All samples were sealed under Ar
atmosphere before ball milling, and the jar was open in the glovebox after the treatment. The
K4P3 was synthesized by high-energy ball milling K metal (47 mg) and BP (28 mg) powder for
30 minutes under Ar atmosphere. To avoid oxidation, all the samples were stocked in the
glovebox (02<0.1 ppm, H.0<0.1 ppm).

2.2 Electrodes and electrolytes preparation

2.2.1 Electrodes

The MoS,/C nanofibers were directly used as freestanding electrodes. Microsized MoS:
(powder, <2um, 99%, Sigma Aldrich) were prepared by ball milling MoS> powder, vapor
grown carbon fibers (VGCF), super P and carboxymethyl cellulose (CMC) with a mass ratio of
7:1: 1: 1 for 2 hours. The microsized Sb and Sn were prepared as the same weight ration but
ball milling for 4 hours for Sb and 2 hours for Sn. After obtaining the powders by ball milling,
a uniform slurry was prepared by dispersed the mixture in deionized water. Then the as-
prepared slurry was coated on Cu foil to make a tape. After being dried 80 °C for 12 hours, the
electrodes with a diameter of 12 mm were used to assemble coin cell and Swagelok type cells.
The KxMnFe(CN)s cathode was mixed with 30 wt.% super P and 10 wt.% CMC to make a tap
on Al foil. The tapes were dried at 80 °C under vacuum and punched into 12 mm electrodes for
assembling coin cells. The BP/G electrode was prepared in the glovebox, a slurry was first
prepared by hand grinding BP/G (75 wt.%), super P (15 wt.%), polyacrylic acid (PAA, 10 wt.%)
with N-methyl-2-pyrrolidone (NMP) in the glovebox. The slurry was cast on Cu foil and dried
at 100 °C for 12 hours under vacuum in Buchi glass oven (B-585 Drying). All the electrodes
were directly transferred into the glovebox in the Buchi glass after drying. The BP/G tapes were
chopped into ¥ inch diameter electrodes with active mass loading of about 1 mgcm2. The
cathode for matching BP/G anode was prepared by mixing 70 wt.% KxMnFe(CN)es and 30 wt.%

super P, which is directly used in powder form electrode.

2.2.2 Electrolytes

Ethylene carbonate (EC), propylene carbonate (PC), dimethoxyethane (G1, DME), diglyme
electrolyte (G2, DGME), dimethyl carbonate (DMC), lithium bis(trifluoromethane)sulfonimide
(LiFSI), sodium bis(trifluoromethane)sulfonimide (NaFSl), lithium hexafluorophosphate
(LiPFg) and trimethyl phosphate (TMP) were purchased from DoDo Chem; ethylene glycol
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diethyl ether (EGDEE), 1,1,2,2-tetrafluoroethyl 2,2,2-trifluoroethyl ether (HFE, =97%) and
fluoroethylene carbonate (FEC) were provided by Macklin. Tetrahydrofuran (THF) was
provided by Alfa Aesar. Potassium bis(fluorosulfony)imide (KFSI) was purchased from Energy
Chemical. The sodium hexafluorophosphate (NaPFg) was purchased from Kishida Chemical
co., Itd, Japan. 1M LiFSI/EGDEE, 1M LiPFs/ECDEC (V(EC)/V(DEC) = 1:1), 1M
NaPFs/EGDEE, 1 M NaPFs/PC-3% vol. FEC (1 M NaPFe/PC-FEC), 1 M NaFSI/EGDEE, 1M
KFSI/EGDEE, 1 M KFSI/DME, 1 M KFSI/DGME, 1 M KFSI/ECPC (V(EC)/v(PC) =1:1),5M
KFSI/ECPC, 1M KFSI/TMP (NCE), 5M KFSI/TMP (HCE) and KFSI/TMP/HFE with the
molar ratio of 1:1.7:2 (LHCE) were prepared as electrolytes. All electrolyte salt and solvents
were used without any purification. Na-LHCE was prepared by the same formulation as the K
counterpart but replacing the KFSI by NaFSI. To prepare LHCE, the KFSI salt was first
dissolved in TMP solvent under the string to form a transparent and clear solution, and then

HFE was added and continuously stirred until the solution turned clear again.

2.3 Electrochemical measurements

Two-electrode coin cells were assembled in the glove box with K/Na/Li metal as the
counter/reference electrode. One piece of glass fiber (Whatman, CF/D) was used as the
separator. Galvanostatic discharge and charge and long-term cycling performances of batteries
were tested on LAND battery testing system. The conductive carbons including super P and
VGCEF in the electrodes have a low capacity of about 100 mAh g™ in tested electrolytes. The
calculation of capacities is based on the mass of MoS,/C nanofiber, neat MoS», microsized
MoS>, nanosized Sb, microsized Sh, microsized Sn and BP/G composite in the corresponded
chapters. The electrochemical impedance spectroscopy (EIS) spectra were conducted on the
electrochemical workstation (Biologic SP150) between 100 kHZ and 0.1 HZ with an amplitude
of 5mV. Cyclic voltammetry (CV) data were collected on an electrochemical Solartron
Analytical 1400 workstation. The galvanostatic intermittent titration technique (GITT) tests

were collected on Arbin battery systems.

2.4 Sample characterizations

2.4.1 Structure, morphology, composition characterizations
The X-ray powder diffraction (XRD) patterns were collected by Rigaku Smartlab with Cu-Ka
radiation source at 45 kV and 200 mA condition. Ex situ XRD measurements were conducted

with Swagelok type cells that sample was coated on Cu current collector at different discharge
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and charge states. Scanning electron microscope (SEM) images were acquired from Tescan
VEGA3 with a tungsten thermionic emission system. Thermogravimetric analysis (TGA) was
conducted using TGA/DSC3+ (Mettler Toledo) from 50 to 650 °C with a heating rate of
15°C-min’t in air. Transmission electron microscopy (TEM) and scanning TEM (STEM)
images were performed on JEOL JEM-2100F, operated under 200 kV. X-ray photoelectron
spectroscopy (XPS) was conducted on Thermo Scientific Nexsa and the samples were sealed

in a vacuum transfer holder to avoid air exposure.

2.4.2 In situ characterizations

For in situ XRD measurements, an XRD cell with a Be window was employed and the sample
was coated on Be window. In situ Raman spectra were obtained by WITec alpha 300 confocal
Raman microscope (532 nm laser excitaion) with EL CELL type cell. For the in situ TEM study,
the MoS»/C nanofibers were loaded onto electrochemical etched microsized tungsten tip and
fixed with conductive silver epoxy. Another tungsten tip with submicron size at the top was
used to scratch fresh alkaline metal (Li, Na, or K) surface in an Ar-filled glove box and attached
to a piezo-driven biasing probe built the Nanofactory TEM scanning tunneling microscopy
(TEM-STM) holder. Once the sealed holder was taken out from the glove box, it was inserted
into the TEM column as quickly as possible for immediate in situ study by TEM. The native
A0 (A represents Li, Na or K) on the alkaline metal surface was severed as a solid electrolyte.
The voltage bias between alkaline metal tip and MoS: tip was applied to -5V, which was higher

than those applied in coin cells.

2.4.3 Mechanical property characterizations

Mechanical testing for the electrodes was performed in the glove box using a Bruker Dimension
Icon AFM (Figure 2.1). The adopted probe was an ACTA-20 (APPNANO) and the spring
constant was calibrated using the Sader method. The deflection sensitivity of the AFM
cantilever was calibrated on a clean sapphire sample before each test. The tip radius (R) was
calibrated using a reference sample with a known modulus of elasticity (polystyrene, Bruker
PeakForce QNM sample).
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Figure 2.1 The schematic of the AFM tests.

The limit of elastic strain can be obtained following the below equation®!¢-17;

Equation 2-1

Equation 2-2

1—v2 1—v,,2\ "
E, = +—2"
E Etip

where Fy is the force corresponding to point a’ in Figure 5.20a, R is the radius of the AFM
probe, E is Young’s modulus of the SEI, v is the Poisson’s ratio of the SEI (v is set as 0.3 for
all cases), Et;p, is Young’s modulus of the AFM probe and vy, is the Poisson’s ratio of the
AFM probe. We first indent the SEI within the elastic deformation region before conducting

the test in Figure 5.20a to obtain &y.

The maximum elastic deformation energy (U) is used to determine the mechanical stability,

which is calculated as follows:

Equation 2-3

U= E(fnf 3 (1= v2)*E - (gy)°
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where r is the radius of the rigid indenter (assumed as 1 um), the v is the SEI Poisson’s ratio,
and a typical value of 0.3 is used. To increase the accuracy, the E and &y for calculating U are

corrected by eliminating the substrate’s interference base on a most recent study.!!8

2.5 DFT calculations

Density functional theory (DFT) calculations were carried out with generalized gradient
approximation parameterized by Perdew-Burke-Ernzerhof performed in the Vienna Ab initio
Simulation Package!'®*?!. The optimized Perdew, Burke, and Ernzerhof functional (opt-PBE)
were utilized for van der Waals interactions.*??> An energy cut-off of 500 eV was adopted, and
the k-point was sampled limiting the spacings <0.05 AL, The energy and force convergence
criteria were 10eV and 0.02 eV A, respectively. Spin polarization was considered. When the
energies of phases are <10 meV per atom above the convex hull or just on the hull, they were
regarded as the thermodynamically stable structures within DFT and temperature errors.*?* The

equilibrium potentials were calculated according to the following equation:
Equation 2-4

nK +ne"+MoS,—~>K,MoS,
Equation 2-5

UG _ E(K,MoS,)-nE(K)-E(MoS,)

-nc -ne

where n is the number of electrons involved in the reaction, U is the equilibrium potential of
the reaction, E(KnMo0S>), E(K), and E(Mo0S>) represent the computed total energies of KsMoS,
K, and MoS; at 0 K by DFT, respectively.
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Chapter 3

Exploring the structure evolution of MoS, upon Li/Na/K ion
insertion and origin of unusual stability for potassium ion

batteries

The recent revival of the research on sodium and potassium ion batteries (SIBs and PIBs)
have twofold benefits. It not only provides alternative energy storage technologies to
lithium ion batteries (LIBs) with potential advantages on the cost but also enhances our
understanding of charge storage through systematic studies on alkali-metal ion batteries with
increasing insertion ion sizes. Using MoS> as a model material, the structure evolution upon Li,
Na, and K ions uptake are compared through in situ TEM. Despite the larger size, K ions
insertion shows better both electrochemical and structural stability. To understand this
paradoxical and counter-intuitive phenomenon, in situ XRD are carried out to examine the
phase transitions of MoS; upon the ion insertion, while ex situ TEM are further applied to have
a close look at the structures at the nanoscale. Complementary DFT calculations are performed
to understand the kinetic/thermodynamic origins of the analogous stability. It reveals that the
less electrovalent K-S bond favors the intercalation process, resulting in the preservation of
layered structure for stable cycling. This study provides structural insight to design stable
electrodes for PIBs.
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3.1 Introduction

Similarities between alkali-metal ions are expected to smooth the development as the
knowledge on lithium ion batteries (LIBs) that accumulated in the past three decades can be
largely applied to the emerging sodium ion batteries (SIBs) and potassium ion batteries
(PIBs).1?41% Indeed, analogous systems from the electrolytes to electrode materials are adopted
in the alkali-metal ion batteries. For instance, carbonate-based solvents, including ethylene
carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) inherited from LIBs
remain the most popular choices for the electrolytes in SIBs and PIBs.%® 105 126-128 Nany
materials are capable of storing all the Li, Na and K ion, with hard carbon anode and
AsV2(POs)Fs (A represents Li, Na or K) cathode being the representatives.?” 66 129-132
Nevertheless, a simple extrapolation from Li to Na, K system is undoubtedly not enough. This
is clearly reflected in the case of LiCoO3, the most successful cathode in L1Bs, whose NaxCoO»
and KxCoO; counterparts fail to deliver attractive capacity and stability.133-1%* While the reasons
for the varieties are complex, the large ionic size of Na (1.02 A) and K (1.38 A) ion is considered
partly responsible. Uptake of ions with a large radius would lead to enormous volume expansion
and bring about potential structural damage to the electrode materials. An example is the alloy
anodes, which can accept several A ions to form AxM (M denotes alloy anodes such as Bi and
Sb); much more significant volume expansion is induced in the formation of KM than LixM
and NaxM.*>1% Consequently, stabilizing electrodes in PIBs is considered more challenging,
necessitating the efforts on both microstructure design and solid electrolyte interphase

engineering.5% 5% 137

Comparison studies between alkali-metal ion storage are expected to shed insights into the
effect of ionic carriers on the structural evolution of electrodes, which are somewhat lacking
due likely to the absence of appropriate host materials. MoS> has a large layered distance of
6.3 A, making it an ideal material to accommodate alkali-metal ions with different sizes. It
shows promising theoretical capacities of about 670 mAhg? via a four-electrons-transfer
reaction when serving as the anode in LIBs, SIBs and PIBs.*%-14 Similar charge storage
mechanisms are reported, including the intercalation at a high voltage to form layered AMoS;
(Equation 3-1) compounds and the following conversion reaction to precipitate molybdenum
metal and A;S (Equation 3-2).1*>47 Herein, we fabricated MoS,/C nanofibers as a model
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material considering the advantages of one-dimensional morphology for in situ experimental
and statistics gathering. It reveals that MoS/C nanofibers in PIBs shows the largest volume
expansion up to 140%, whereas the volume changes in LIBs and SIBs are only about 103% and
123%, respectively. Counter-intuitively, better structural stabilities and more stable cyclic
performance during K ion insertion are observed. Complementary in/ex situ transmission
electron microscopy (TEM) and theoretical calculations were conducted to study the origin of

the difference in structural transformations during Li, Na, and K ions insertion.
Equation 3-1

MoS, + A — AMoS,

Equation 3-2

AMoS, + 3A — Mo + 2A,S

where A represents Li, Na or K.

3.2 Results and discussion

3.2.1 MoS,/C nanofibers characterization

MoS2/C nanofibers were prepared by electrospinning as presented in Figure 3.1. The crystalline
phase of the nanofibers is identified by X-ray powder diffraction (XRD, Figure 3.2a), which is
consistent with 2H-MoS; (PDF#37-1492). A sharp peak at around 14.1 ° can be indexed to (002)
plane of MoS; and one broad peak at about 21.2° belongs to carbon that originated from
carbonization of polyacrylonitrile (PAN). The thermogravimetry (TG, Figure 3.2b) is
performed to analyze carbon content in the sample, which is estimated to be ~25%. The
chemical state of Mo is examined by X-ray photoelectron spectroscopy (XPS, Figure 3.3),
which present two pairs of peaks at 229.0eV and 232.3 eV in Mo3d spectrum, corresponding
to Mo(IV) and Mo (VI) respectively.**® The small amount of Mo (VI) species in Mo3d spectrum
may originate from the oxide layer of the MoS2/C nanofiber.!*° The morphologies of MoS/C
nanofibers are investigated by scanning electron microscopy (SEM) and TEM. In Figure 3.4a,
the MoS,/C nanofibers with an average diameter of about 100 nm present uniform thread
morphologies after high-temperature treatment. TEM images (Figure 3.4b and c) indicate that

layered MoS: crystals are homogeneously dispersed in the carbon nanofibers and the selected
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area electron diffraction (SAED) pattern (Figure 3.4b inset) clearly shows the multi-crystalline
feature of MoS. In the high-resolution (HRTEM) images (Figure 3.4d), MoS; crystals consist

of 3-5 layers with an interlayer distance of 6.3 A.

ey A A

Figure 3.1 Schematic illustration of electrospinning setup.
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Figure 3.2 MoS»/C nanofibers. (a) XRD pattern and (b) TG.
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Figure 3.3 XPS spectra of MoS2/C nanofibers. (a) C1s, (b) O1s, (c) Mo3d and (d) S2p.

Figure 3.4 MoS>/C nanofibers. (a) SEM image; (b, c) TEM images and (b inset) SAED pattern;
(d) HRTEM image.
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3.2.2 Comparison of charge storage processes

In situ TEM examinations were carried out to explore the charge storage processes of MoS,/C
nanofibers uptake of different alkali-metal size ions with alkaline oxides on the surfaces as solid
electrolytes and the alkaline metal as the reference/counter electrodes (Figure 3.5). As shown
in Figure 3.6a and b, after the first 10 seconds of lithiation and sodiation, the interlayer spacing
of MoS; increases from 6.3 A to about 6.4 A and 7.0 A, respectively. While for the potassiation
process, the interlayer spacing is enlarged to a striking 7.9 A (Figure 3.6c). Despite the
expansions of layers distance by the alkaline atom invasion, the lamellar structure can be
retained well in three types of batteries. These processes are mainly involved with the
intercalation reaction that alkaline ions are inserted into MoS, to form layered AMoS;
compounds, namely, LiMoS2, NaMoS;, and KMoS;, respectively.*1% As for a deep reaction
in the following 12 seconds, the layered crystals have almost entirely disappeared in the cases
of lithiation because of the conversion of LiMoS; to metallic Mo and Li.S. Some of the layered
crystals are preserved during Na insertion, but the MoS> crystals are broken into small pieces.
In comparison, the deep potassiation process of MoS; displays a different phenomenon from
the Li and the Na counterparts that the layered crystals are unabridged with an enlarged
interlayer spacing of 7.9 A. Electron energy loss spectroscopy (EELS) maps (Figure 3.7, Figure
3.8 and Figure 3.9) confirm that Li, Na and K are successfully inserted into MoS2/C nanofibers.
The lattice width of MoS; crystals and the lateral length of MoS/C nanofibers are measured in
real time and the detailed statistics are given in Figure 3.6d and e. The expansion of interlayer
distance becomes more severe with the increase of intercalant size from Li to Na and K ions.
Correspondingly, the lateral expansion of nanofibers after taking Li and Na ions is roughly
calculated to be 103% and 123%, respectively, while it reaches nearly 140% for K ions uptake.

' A}Aﬁ MoS, nanofiber
A=Li/Na/K

Figure 3.5 Schematic illustration of in situ TEM experiment setup.
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Figure 3.6 In situ TEM images of MoS2/C nanofibers for (a) Li, (b) Na and (c) K ions uptake
at different reaction stages (insets: magnified images with a scale bar of 2nm). The statistic
scatters diagram of (d) lattice width of MoS; crystal and (e) lateral expansion of MoS,/C
nanofiber in real time in situ TEM observations.
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Figure 3.7 HAADF-STEM image and corresponding EELS elemental maps of MoS,/C
nanofibers before (up) and after (below) lithiation.
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Figure 3.8 HAADF-STEM image and corresponding EELS elemental maps of MoS,/C
nanofibers before (up) and after (below) sodiation.
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Figure 3.9 HAADF-STEM image and corresponding EELS elemental maps of MoS,/C
nanofibers before (up) and after (below) potassiation.

To exclude potential artifacts from in situ TEM setup, such as the use of A>O solid electrolytes,
we further performed in situ XRD and ex situ TEM on real LIBs, SIBs and PIBs, to investigate
the unexpected structural stability of MoS; at various Li/Na/K ions insertion/extraction stages.
In the case of LIBs (Figure 3.10a), the peak of (002) facet gradually shifts to 13.7 © after Li ion
insertion, which can be attributed to the intercalated product of LiMoS2.1>* When discharging
to 0V, no obvious peaks can be recognized, indicating the MoS: is transformed to small
sized/amorphous Mo and Li,S.?*® When charging back to 3V, no MoS; peaks are founded,
which means the layered structures of MoS; are largely vanished and cannot be recovered after
Li ion insertion/extraction. In the first discharging process of SIBs (Figure 3.10b), two new
peaks at 11.7° and 12.5° are observed, corresponding to NagsMoS, and NaMoS,
respectively.!’” After fully discharge to 0V, most of the layered NaMoS, are decomposed
suggested by the low intensity of the peak at 12.5°. It shows a similar phenomenon with Li case
that no peaks can be found at fully charged 3V, implying amorphous or negligible crystallized
MoS; are dominated after Na ion insertion/extraction. The in situ XRD patterns of MoS,/C
nanofibers for K ion storage in the first and second cycles are presented in Figure 3.11a. During
the first discharging process, the intensity of the MoS peak located at 14.1 ° gradually decreases
and a new peak at about 10.6° becomes more prominent, which can be assigned to Ko.4MoS;
compound (PDF#27-0421). Then KosMoS; peak shifts to 11.1° after continuous K ions

interpolation, where the formed compound is defined as KxMoS; (x>0.4). Further insertion of
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K ions leads to the fully potassiated phase KMoS: pertaining to a broad peak at 11.3°, which
agrees well with the 7.9 A interlayer spacing observed in TEM. Turning to the charging
processes, the wide peak of 11.3° shifts back to 11.1° and no obvious MoS; peaks emerge,
indicating that KMoS; can only return to KxMoS: instead of pristine MoS». For the following
discharging and charging processes, only KMoS; and KxMoS; appear on the stage and the
corresponding XRD peaks show a periodic right and left shift. The K ions shuttle between
KxMoS; and KMoS; assures that the phase transition is completely reversible in cycles. It
should be noted that the interlayer spacing of KxMoS: shrinks during K ion insertion, while it
extends when K ion extraction. This inverse relationship between the interlayer spacing and K
ion insertion/extraction can be explained by the 2H-1T phase transformation.t>* 1%6-157

a b
V Be substrate i V Be substrate
Y
A X,
1500
e “:: " ~1000
3 : e R e 2
L e 1000 & = A et
) - 2 et Mo =
qc) 2> 2] L N kvt \;
= - g £ ] - 500 &
R e e © s AR o
e (@) P hatetiney o
B sssta NaMoS,._ ] o
e et - 500 st Bnossmpapenie
st ™ M sl it st
vttt Mo chrsrned hrar et et ttararmarrte]
et e R SRR
IR NaosMoSQ._\__./\;_._,_._._._..,.
SV, NN T
e ometuninaders® Nnararind
N e,
[ttt P o] o™ i
MoS, AN MoS,, o
"—-.-«-—-"‘1';\--—-'—']""'. 0 T -0
10 12 14 16 3 2 1 0 10 12 14 16 3 2 1 O
Two theta (degree) E (V) Two theta (degree) E (V)

Figure 3.10 In situ XRD patterns of MoS/C nanofibers in the first cycle for (a) LIBs and (b)
SIBs.
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Figure 3.11 In situ XRD and ex situ TEM for MoS>/C nanofibers. (a) In situ XRD patterns in
PIBs in the first two cycles; The statistic histograms for MoS: crystals of (b) layer numbers at
different states in PIBs and (c) lateral length in PIBs and SIBs; Ex situ TEM images at first fully
discharged state in (d) LIBs; (e) SIBs and (f) PIBs (Conversion reaction products in LIBs are
marked by circles and intercalation reaction products in SIBs and PIBs are marked by

rectangles).

The above in situ observations are fully consistent with ex situ TEM characterizations on the

first cycle of real PIBs. The pristine MoS; crystals in the nanofiber are shown in Figure 3.12a

and b. When discharging to 1.0 V, a large interlayer spacing of 8.3 A associated with KosMoS;
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is observed (Figure 3.12c and d), corresponding to the 10.6 ° peak in in situ XRD. However, it
IS not probed by in situ TEM probably due to the low-resolution limitation in real time
observation and fast reaction process of Ko4Mo0S,.1%® After discharging to 0.5V (Figure 3.12¢
and f), a slightly shrunken layer distance of 8.0 A can be found arising from 2H-1T phase
transformation, which is related to the 11.1° peak from KxMoS; according to in situ XRD
results. Some unreacted MoS; can be seen with the original interlayer distance of 6.3 A. For the
fully discharged state (Figure 3.12g and h), most of MoS; are converted to KMoS; with a
contractive distance of 7.9 A, as observed by both in situ TEM and XRD. Back to 3V (Figure
3.12i and j), the interlayer distance is extended again to 8.0 A, indicating that KMoS; backtrack
to KxMoS; species. Thanks to statistic advantage of nanofiber composite that the MoS: crystals
are scattered in nanofibers independently, the layer numbers and lateral length can be readily
measured. As shown in Figure 3.11b, the layer numbers of MoS; crystal in nanofibers at
different states are counted. The original MoS> presents 3-5 layers, which almost does not
change upon charge/discharge, confirming the stability of the layered crystals and the reversible
reaction between KMoS; and KxMoS:.

C e

I
Dischargeto 1.0V | Dischargeto 0.5V | Discharge to OV Charge to 3V

A
6.7 nm

Figure 3.12 Ex situ TEM images of MoS,/C nanofibers for PIBs on the first cycle. (a, b) OCV
state; (c, d) discharge to 1.0 V; (e, f) discharge to 0.5 V; (g, h) discharge to 0V and (i, j) charge
to 3 V.

42



Chapter 3

Ex situ TEM characterizations were also carried out on LIBs and SIBs at the fully discharged
state, to be compared with PIBs. As shown in Figure 3.11d and inset, only dense Mo particles
with the lattice-plane spacing of 2.2 A (PDF#42-1120) are discovered in discharged LIBs, with
no trace of layered phases, implying that deep conversion dominates. The small sized metallic
Mo may be nondetectable in in situ XRD. A small number of layered crystals are presented in
discharged SIBs (Figure 3.11e), which are smaller and contain fewer layers with an expanded
interlayer spacing of 7.0 A, in agreement with the in situ TEM and in situ XRD observation in
Figure 3.6b and Figure 3.10b. In contrast, many broad layered crystals with a large interlayer
spacing of 7.9 A are preserved in discharged PIBs (Figure 3.11f). The lateral lengths of layered
crystals in both SIBs and PIBs are counted at fully discharged state (Figure 3.11c). The average
lateral length of pristine MoS; crystals in nanofibers is about 5.2 nm. This value in SIBs
dramatically decreases to ca 3.4 nm after sodiation. Those layered crystals vanished in LIBs
and SIBs have been presumably converted to Mo and Li,S/Na.S species through conversion
reactions. On the other hand, the lateral length (4.9 nm) in PIBs does not show significant
change after discharging to 0 V, further proving the better stability of the layered crystals during

K ion storage.

3.2.3 Electrochemical performances evaluation

The electrochemical performances of MoS2/C nanofibers were tested in LIBs, SIBs, and PIBs
for exploring the consequences of structural transformation on the cyclic stability. The first
discharge and charge profiles of MoS,/C nanofibers in LIBs, SIBs, and PIBs are compared in
Figure 3.13a. Much longer plateaus are observed in LIBs and SIBs, indicative of the distinct
reaction paths. It can be seen more clearly in dQ/dV plots where sharp peaks are presented
during Li and Na insertion (Figure 3.13b). The high initial capacities observed in Li and Na
cases are the evidence for conversion reaction since the intercalation reaction can only delivery
167 mAh g capacity based on the compounds of LiMoS; and NaMoS,. Consistent with the
observed structural stability, MoS,/C nanofibers demonstrate the most stable behavior in PIBs,
with a capacity retention of about 99.4% after 200 cycles (Figure 3.13c and d). MoS,/C
nanofibers present a good rate performance for PIBs (Figure 3.14), which is not affected by the
larger radius of K ion, showing reversible capacities of 212, 196.2, 186.4, 175.2 mA hg* under
increasing current density of 50, 100, 200 and 400 mA h g, respectively. Note that the pure

carbon nanofibers have a capacity of mere 100 m Ah g (Figure 3.15). Considering the 75 wt.%
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mass loading of MoS in the composite, the MoSz alone in the composite delivers a capacity of
about 200mAh g? at the high current density of 500m Ag™. In contrast, relatively rapid
capacity decreases are observed in LIBs and SIBs, retaining only 80.1% and 70.1% of the initial

capacity, respectively.

a 304 MoS,/C nanofibers b Li
E e P Na
< —
gl 7
= [V
2
g K
©

0-0 : L3 T 3 T & l\l\\' T ¥ T L5 T
0 100 200 300 400 500 600 700 00 05 10 15 20 25 3.0
c Capacity (mAh g™) d Voltage (V)
600 e 1 00
MoS,/C nanofiber 80 100- M MoS,/C nanofibers
e - 60 Petal-like neat MoS,

200 40 3 =801

g o 0 g S 60-

2 | P g 1000 &

SOV | | | [80 i & 40

T 400+ "y Petal-like neat MoS,| 60

(@] ; ] [ 40 20

200 —
= | - RO 2 20
0. = R R i e 0 0- - \/'//////
0 50 100 150 200 L Na
Cycle

Figure 3.13 Electrochemical performance in LIBs, SIBs and PIBs. (a) Discharge and charge
profiles of MoS,/C nanofibers at first cycle at 50 m A g*; (b) dQ/dV vs. voltage plots of MoS,/C
nanofibers at first cycle; (c) Cyclic performance with Coulombic efficiency of MoS>/C
nanofibers and petal-like neat MoS, at 500m Ag?; (d) Retention percentage of MoS,/C
nanofibers and neat MoS; after 200 cycles.
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Figure 3.14 (a) Rate performance and (b) retention of MoS»/C nanofibers in LIBs, SIBs and
PIBs. (Retention is based on the discharged capacity in the fifth cycle).
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Figure 3.15 Carbon nanofibers. (a) Discharge and charge profiles at first cycle at 50m A g™
(inset: TEM image); (b) cyclic performance at 500 m Ag™.

As is well-known, the carbon host in the nanofibers would conduce to better cycling
performance for active materials.”” %1% Tg exclude the interference of carbon, petal-like neat
MoS; was synthesized by the hydrothermal method.!*2 As shown in Figure 3.16a, the prepared
neat MoS: presents a pure 2H-MoS; phase (PDF#37-1492) without any carbon signal. In TEM
images (Figure 3.16b, c and b inset), neat MoS: present petal-like morphologies with a diameter
of ca. 200 nm and are polycrystalline, as revealed by SAED. The HRTEM image (Figure 3.16d)
clearly displays a layered structure with an interlayer spacing of 6.3 A, which is the same as the

MoS2/C nanofibers. The cyclic performances of neat MoS; in LIBs, SIBs and PIBs are given
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in Figure 3.13c. Apparent capacity degradation in LIBs and SIBs is observed. In contrast, the
neat MoS; in PIBs realizes the most stable capacity of 170 mAhg? after 200 cycles with
retention of 94.5% (Figure 3.13d). Without protection from the carbon nanofibers, the
electrochemical stabilities of MoS> show a more striking contrast between the three types of
batteries. It is reliable to conclude that MoS: intrinsically shows a more stable cyclic
performance in PIBs than in LIBs and SIBs.
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Figure 3.16 Petal-like neat MoS». (a) XRD pattern; (b, ¢c) TEM images and (b inset) SAED
pattern; (d) HRTEM image.

We further performed ex situ TEM to examine the morphologies of MoS,/C nanofibers cycled
200 times. As shown in Figure 3.17a and inset, all the lamellar structural MoS; are disappeared
and turned into dense nanoparticles after cycling in LIBs. Those particles can be indexed to the
Mo phase with a lattice plane spacing of 2.2 A (PDF#42-1120), which is one of the conversion
products. Moreover, the Li>S phase can be found in the SAED patterns as another conversion

products (Figure 3.18). The layered crystals could no longer be found in SIBs after 200 cycles,
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and the materials are changed to loose particles with low contrast (Figure 3.17c). The SAED
pattern (Figure 3.17c inset) suggests an amorphous phase without prominent diffraction spots
or rings, which is possibly amorphous Mo species by inferring from the Li case. Interestingly,
many layered crystals with a layer distance of about 7.6 A are observed in PIBs (Figure 3.17¢
and inset). There are fewer layered crystals than the first fully discharged one (Figure 3.11f),
possibly because part of the layered MoS, may be consumed through deep conversion reaction.
The reaction schematics are described in Figure 3.17b, d and f: the layered crystals in LIBs/SIBs
are easily converted to dense/loose particle structures after long cycles, whereas they are the

most stable in PIBs explaining the best cyclic stability in electrochemical tests.

_cycleg _cycles _cycles
in LIBS in SIBs in PIBs

Figure 3.17 Ex situ TEM images and schematics of MoS,/C nanofibers in (a, b) LIBs, (c, d)
SIBs and (e, f) PIBs after 200 cycles.
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Figure 3.18 The TEM image and SAED pattern of MoS»/C nanofibers in LIBs after 200 cycles.

3.2.4 Theoretical study
The exceptional stability upon large K ion insertion suggests different thermodynamic/kinetic
processes governing the intercalation and conversion. DFT computations were carried out to
study the mechanisms. We first calculated the reaction enthalpy of conversion from the
intercalated compounds AMoS: (A represents Li, Na, and K) to A>S and Mo. Such values could
serve as the descriptor of the thermodynamic driving forces for the conversion reactions. We
specifically choose the intermediate intercalated compounds as the reference for our calculation
because they are the last intercalated compounds before the conversion reaction actually
happens in these three systems. The results are shown in Figure 3.19a, Table 3.1, and Figure
3.20a. The decomposition enthalpies of AMoS: intercalated compounds into Mo and A>S are -
4.46eV/f.u., -3.16 eV/f.u., and -3.30 eV/f.u. for A=Li, Na, and K, respectively. This indicates a
smaller thermodynamic driving force in the case of K for the conversion to take place, leading
to the preservation of a large quantity of the lamellar structures. It is also interesting to note that,
within the accuracy of DFT framework (as well as neglecting the temperature effect), all the
computed reaction enthalpies are negative, meaning the conversion reactions are energetically
favorable to take place even at a pretty low degree of alkalization. Therefore, we speculate that
the kinetic factor may play a critical role in the conversion reaction as well since such
intercalated compounds are observed in experiments. Due to the lack of reliable methods to
directly compute the energy barrier for the complicated phase transition, we analyzed the bond
characteristics of AMoS», which may reflect their easiness of conversion reaction. The charge
distributions of LiMoSz, NaMoS;, and KMoS; are investigated by the charge density difference
(Figure 3.19b and Figure 3.20b), which is defined by subtracting the electron densities of
48



Chapter 3

Li/Na/K and MoS; from the electron density of LiM0S2/NaMoS2/KMoS,. Taking KMoS; as an
example, it is clear in Figure 3.19b that some charges are accumulated between K and S atoms,
suggesting their interaction or bonding. To have a better-quantified view, Figure 3.19c and
Figure 3.21 demonstrate the two-dimensional charge density differences along the planes
through Li/Na/K and Mo-S atoms. Interestingly, the charge depletion of Li atom (down to -
0.07 e bohr3) is more severe than the one of K atom (down to -0.03 e bohr3). The more polar
feature of the charge distribution between Li and S suggests the Li-S bond is more electrovalent
than the K-S bond.!6! The polarity is further supported by the Bader analysis (Figure 3.19d,
Table 3.2, Table 3.3 and Table 3.4) that the Bader charges of alkaline atoms in LiM0S,, NaMoS;,
and KMoS; are +0.87, +0.83 and +0.74 e, respectively. The different polarity between Li/K-S
bonds may come from the more dispersed electron cloud of K due to the larger number of
electrons. When it comes to the conversion reaction, it is conjectured that the more polar bonds
between Li and S atoms may kinetically facilitate the formation of Li.S by reducing the charge
transfer barrier. Shortly, the conversion reaction in the K-MoS, system is suppressed
thermodynamically (by the lower formation energy) and kinetically (by the less electrovalent
K-S bond).
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Figure 3.19 DFT simulations. (a) The calculated structures for LiMoS2 and KMoSg; (b) charge
density difference distributions for KMoS;; (c) two-dimensional charge density difference of
LiMoS; and KMoS; across Li/K and Mo-S; (d) calculated changes in Li/Na/K atoms charges
(delta Q) of LiMo0S,, NaMoS; and KMoSy, respectively (a positive value of delta Q indicates
charges 10ss).

Table 3.1 Formation energy of conversion reaction calculated by DFT.

Reaction formula Formation energy per equation, eV
LiMoS; + 3Li— 2Li2S + Mo -4.46
NaMoS; + 3Na— 2NazS + Mo -3.16
KMoS; + 3K— 2K>S + Mo -3.30
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Figure 3.20 DFT simulations. (a) The calculated structures for NaMoS.. (b) charge density

difference distributions for LiMoS, and NaMoS,.
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Figure 3.21 Two-dimensional charge density difference of NaMoS; across Na and Mo-S.

Table 3.2 Bader charges of LiMoS; calculated by DFT.

LiMoS:
Oxidation
# X Y Z Charge Element
State
1 -259625 4.351794 0.134735 2.131359 +0.87 Li
2 5.868415 1.429404 6.100381 2.131359 +0.87 Li
3 0517746 4.465521 6.175856 2.132736 +0.87 Li
4 2754427 1.315677 0.05926 2.132736 +0.87 Li
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5 2391099 3.387824 4.840575 6.962424 -0.96 S
6 0.881067 2.393374 1.394541 6.962349 -0.96 S
7 0.955075 0.435462 4.67217 6.9866 -0.99 S
8 2.317091 5.345736 1.562946 6.986556 -0.99 S
9 4311079 0.493176 4.373794 7.053876 -1.05 S
10 -1.03891 5.288022 1.861322 7.053828 -1.05 S
11 -1.03702 3.367625 4.500062 7.007187 -1.01 S
12 4309182 2.413573 1.735054 7.007164 -1.01 S
13 3.778862 4.345525 3.142108 12.8646 +1.14 Mo
14  -0.5067 1.435673 3.093008 12.86467 +1.14 Mo
15 0.865863 4.060564 3.116212 12.86171 +1.14 Mo
16 2.406303 1.720634 3.118904 12.86085 +1.14 Mo
Table 3.3 Bader charges of NaMoS; calculated by DFT.
NaMoS:2
# X Y Z Charge Oxidation Element
State
1 -2.68713 4.411477 0.115238 6.165944 +0.83 Na
2 6.011861 1.441757 6.780476 6.165944 +0.83 Na
3 0.557591 4.486844 6.851725 6.167469 +0.83 Na
4 2.76714 1.36639 0.043989 6.167469 +0.83 Na
5 2.406841 3.428325 5.153568 6.978188 -0.98 S
6 0.91789 2.424909 1.742146 6.978148 -0.98 S
7 0.981562 0.439282 4.975082 6.985821 -0.99 S
8 2.343169 5.413952 1.920632 6.985813 -0.99 S
9 4.381836 0.495296 4.688035 7.011752 -1.01 S
10 -1.05711 5.357938 2.207672 7.011705 -1.01 S
11  -1.04972 3.408524 4.80387 6.983182 -0.98 S
12 4374454 2.44471 2.091837 6.983133 -0.98 S
13 3.824744 4393717 3.476137 12.85711 +1.14 Mo
14 -0.50001 1.459517 3.419577 12.85718 +1.14 Mo
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15  0.875727 4.111541 3.444425 12.85082 +1.15 Mo
16 2.449004 1.741693 3.451289 12.85032 +1.15 Mo

Table 3.4 Bader charges of KMoS; calculated by DFT.

KMoS2
# X Y 4 Charge Oxidation Element
State

1 4270296 4.479503 0.136914 8.259457 +0.74 K
2  -0.89309 1.455631 7.408322 8.259471 +0.74 K
3 0.563109 4.541108 7.502254 8.258091 +0.74 K
4 2.814099 1.394026 0.042982 8.258051 +0.74 K
5 2426208 3.475775 5.457142 6.965643 -0.97 S
6 0.951  2.459359 2.088094 6.965636 -0.97 S
7 1.001139 0.447763 5.276035 6.957248 -0.96 S
8  2.376069 5.487371 2.269201 6.957248 -0.96 S
9 4462263 0.497803 4.986754 6.954054 -0.95 S
10 -1.08506 5.437331 2.558482 6.95402 -0.95 S
11  -1.06381 3.449415 5.101707 6.93455 -0.93 S
12 4.441016 2.485719 2443521 6.934514 -0.93 S
13 3.878334 4.454059 3.806855 12.83436 +1.17 Mo
14 -0.50113 1.481075 3.738381 12.83442 +1.17 Mo
15 0.88392 4.170707 3.766507 12.83674 +1.16 Mo
16  2.493288 1.764427 3.778729 12.8365 +1.16 Mo

3.3 Summary

The alkali-metal ion storage mechanisms from Li, Na to K case are studied by complementary
in situ experimental and calculation approaches. We articulate that a massive volume expansion
of about 140% occurs in Kiion incorporation, but unexpected stability is observed. In situ TEM
is used to examine the structural evolution of layered MoS; upon Li, Na and K ions insertions,
indicating that most of the layered crystals are preserved in PIBs. Detailed reaction paths are
elucidated by in situ XRD and ex situ TEM. It is revealed that a large ratio of intercalation
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reaction occurs during K ions uptake, giving rise to better structural and electrochemical
stability than Li and Na ions insertion. Layered MoS; tends to be transformed into tiny particles
by deep conversion reaction in the cases of LIBs and SIBs. Assisted by the DFT calculations,
we unveil the thermodynamic and kinetic origins of the anomalous stability in the insertion of
K ions, where relies on the less electrovalent of K-S bond arising from the larger dispersed

electron clouds of K atom than Li and Na ones.
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Chapter 4

Preserved layered structure enables stable cyclic

performance of MoS; upon potassium insertion

Transitional metal dichalcogenides represent one important type of anodes for emerging
potassium ion batteries (PIBs). K ions are stored through both intercalation and
conversion reactions, but the detailed phase transition is not clear. Utilizing commercial MoS>
as a model material, the competition between intercalation and conversion is revealed, which
shows a rate-dependent behavior. The crystal structure of several newly discovered
intermediate phases including KosMoS,; and KioMoS; is disclosed by complementary
experimental and calculational approaches. It shows that intercalation takes place even
discharge down to 0V, differing from the cases in lithium ion (LIBs) and sodium ion batteries
(SIBs). The intercalated compound preserves the layered structure of MoS», which avoids the
structural collapse and maintains the integrity of the electrode for stable cyclic performance.
This finding opens up a new opportunity in the exploration of high-capacity anode among

layered transitional metal dichalcogenide families.

4.1 Introduction

Transitional metal dichalcogenides (TMDs) like MoS;, MoSez, TiS,, VSe, and ReS,, store the
K ions making use of conversion reactions to a large extent.>® 162167 Up to four K ions could
be uptake, giving rise to a theoretical capacity of over two times as that of a graphite anode, but
also cause the capacity degradation arising from enormous strains in the electrode.'®® To
alleviate the large volume change during K ion insertion, nanostructured electrodes are widely
fabricated, in particular, with nanocarbon materials incorporation.'%-1"2 Thanks to these efforts,

the capacity retention is significantly improved, but some issues associated with nanomaterials,
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including the low tap density and large irreversible capacity, remain challenging. Parallel
studies on engineering the solid electrolyte interphase (SEI) are conducted to build elastic SEls
for accommodating the volume expansion and maintaining the integrity of the electrode.*”317
The strategy has been proven effective in stabilizing the anodes of both sodium ion batteries
(SIBs) and potassium ion batteries (PIBs) with the utilization of glyme-based electrolyte’: 176,
although their practical application is restricted by the narrow electrochemical window of glyme

solvent compared to carbonates.t’’-17°

In addition to the electrode morphology and interphase structure, the cyclic stability also relies
largely on the insertion chemistry. In last chapter, it is revealed the best structural integrity of
MoS; could be maintained during K ion insertion among all the alkali-metal ions.
Understanding on the phase transition of metal dichalcogenides during K ions insertion is
mainly deduced from their lithiation and sodiation processes.'8%-18! In general, both intercalation
and conversion take place during potassiation!®3-164 182 hyt the detailed process is still a
mystery, which also brings about the difficulty in analyzing the corresponding electrode
stability. An interesting work by Wu’s group is to utilize only the K ion intercalation but avoid
the conversion of MoS; through shallow discharge to 0.5V vs. K*/K, where an intercalated
compound KosMoS; is formed.!® It shows super-stable cyclic performance because of
intercalation-only behavior. Nevertheless, the capacity is limited to 67 mAh g due to a merely
0.4 K ion intercalation. The detailed phase transition beyond x>0.4 in KxMoS; is not clear. It is
believed that deep discharge will trigger the fully conversion of MoS; into Mo and K3S, leading
to the collapse of layered structure with associated rapid capacity fading. In the current study,
using the microsized MoS; as a model material, we unveil the detailed phase transition
pathways and phase competition between the intercalation and conversion, which shows a rate-

dependent reaction path and has significant implications on the cyclic stability.

4.2 Results and discussion

4.2.1 Electrochemical performances evaluation

Commercial MoS; were directly used as active materials. The micro-sized MoS; is not only

beneficial to achieving high Coulombic efficiency and tap density in batteries but has better

crystallinity for higher-quality structural examination than nanosized counterpart. SEM images
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in Figure 4.1a show the average particle size is around 1.43 um. They were mixed with 10%
carbon super P, 10% vapor grown carbon fibres (VGCF) and 10% carboxymethyl cellulose
(CMC) binder to prepare the electrode. 1 M KFSI in EC/PC were adopted as an electrolyte since
KFSI salt has been proven beneficial in forming SEI.%% 18 The voltage profiles of the cell cycled
at 50mA g are given in Figure 4.2a. Three plateaus located at 1.06, 0.36 and 0. 09V are
observed in the first discharge, as seen from the dQ/dV curve (Figure 4.2b), with accumulative
capacity of 537 mAhg™. In comparison, the charge profile consists of a sloping curve below
1.2V and a plateau at around 1.56 V with a total capacity of 405 mA h g, corresponding to an
initial Coulombic efficiency of 75%. The large capacity loss is mainly ascribed to the formation
of SEI. A dense SEI layer with a thickness of around 25 nm is coated on the MoS; particles as
shown in Figure 4.3a. It is composed of several organic species plus inorganic components as
deduced from XPS Figure 4.3b.

Count
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Figure 4.1 (a) SEM image and (b) particle size distribution by Gauss fitting for commercial
MoS..
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Figure 4.2 Electrochemical performance of MoS; anodes in PIBs. (a)The 1st, 2nd and 5th
charge and discharge profiles; (b) the corresponding differential capacity curves (dQ/dV); (c)
rate performance, cycling stability and Coulombic efficiency; (d) diffusion coefficients as a
function of discharge and charge during the 1st and 2nd cycle.
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Figure 4.3 (a) TEM image and (b) XPS spectra of C 1s and O 1s for MoS; electrode at first

cycled state.
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The subsequent discharge curve differs a lot from the initial one, which is absent from any clear
plateaus and only displays a sloping feature. It indicates a different K ion storage mechanism
after initial potassiation. The profiles of the following cycles have identical shapes with the 1st
charge and 2nd discharge ones. The capacity becomes stable starting from the 3rd cycle as can
be seen in Figure 4.2¢. It is a surprise that the capacity does not decrease much when the current
density increases from 50 mA g™ to 1000 mA g”'. The low-rate cycling enables the enlargement
of d-spacing, facilitating the K ion transfer under high-current rates. A capacity of 302 mAh g
!'is maintained when cycled at 1000 mA g!. It suggests a fast K ion diffusion in MoS>, which
is confirmed in the galvanostatic intermittent titration technique (GITT) results (Figure 4.2d
and Figure 4.4). Despite the varied diffusion coefficient in the first potassiation, which may be
due to the complex phase transitions as will be discussed later, the following K ions
insertion/extraction delivers a stable and high value in the order of 10! cm?s™!. This value is
comparable to that in Na ion batteries, although K ion has a larger radius than Na one.'® Lastly,
the capacity is recovered to 380mAhg' when the current density reduces to 100mA g’!,
demonstrating superior reversibility. The obtained performance of microsized MoS: is among
the best in TMDs anode materials (Figure 4.5), even comparable to the nanostructured
composites. The excellent cyclic stability in the microsized particles is out of our expectation,

which may imply a distinct reaction path and deserve further investigation.
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Figure 4.4 (a) GITT profile of first and second cycle. (b) Current step diagram at 1.24 V vs.
K*/K of the first potassiation process of MoS; electrode for PIBs.
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Figure 4.5 The electrochemical performance plot of TMDs anode materials including MoS2/N
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4.2.2 K-MoS; phase transition mechanism

In situ X-ray diffraction (XRD) was carried out to investigate the phase transition of microsized
MoS: anodes. A Swagelok-type cell equipped with a Beryllium window was adopted for the
test. The cell was cycled between 0 and 3V at a low current density of 10mA g! for fully
reacting. Based on the electrochemical curves in Figure 4.2a, the XRD patterns under different
charge/discharge depths during first discharge (D1), first charge (C1) and second discharge
(D2) were selected and presented in Figure 4.6a. The pattern at open circuit voltage (OCV) state
agrees well with 2H-MoS, (PDF#37-1492). Several peaks contributed by conductive carbon
and Be window are also observed. 2H-MoS: has a layered structure consisting of covalently
bonded S-Mo-S layers. The (002) peak of pristine MoS; is located at 14.5°, corresponding to a
d-spacing of 6.1 A. Upon discharging to 0.9 V, the (002) peak downshifts to 10.8° together with
the appearance of new peaks at 21.6°, which could be assigned to the hexagonal K¢4MoS:
compound. This newly formed compound has an expanded d-spacing of 8.3 A. The peaks from
residual MoS: are also observed as an indication of incomplete transition at this stage. With
further intercalation of K ions, a slight right shift of (002) peak from 10.8° to 11.0° is found,
which suggests a small shrinkage of the unit cell. The small contraction may result from a
distortion of the initial 2H structure, leading to the formation of KyMoS,. The peak intensity of

this phase gradually decreases with continuously discharging, accompanied by the appearance

60



Chapter 4

of a broad peak at 11.5° implying the formation of another phase K,;MoS; (z>y) at 0.1 V. It is
counterintuitive to find that the d-spacing of K,MoS; tends to be reduced with the intercalation
of more K ions. Based on previous studies the obvious constriction may attribute to the phase
transition from distorted 2H structure to more stable 1T phase, similar to the Li, Na intercalated
MoS,14% 152:190-191 ‘'When the cell reaches 0V, the KyMoS; disappears and only the K,MoS; is
maintained. Here the accurate value of y and z is difficult to be determined from the capacity
due to the possible involvement of conversion reaction and concomitant electrolyte
decomposition, hence discouraging ones to reveal the detailed crystal structure of the two

phases based solely on the XRD patterns.
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Figure 4.6 Phase transitions of MoS,. (a) in situ XRD patterns of MoS: at different discharge
and charge states, the corresponding voltage profiles are given on the right. For clear
visualization, enlarged XRD pattern between 10°-14° is put on the left. The letters stand for
first discharge (D1), first charge (C1) and second discharge (D2) with the followed numbers
showing the capacity in mAhg™. (e.g. C1 167 means the capacity is 167 mAh g of K ions de-
intercalation in the first charge.). (b) Density-functional theory (DFT) calculation with Vdw-
OptPBE corrections of MoS electrodes. The solid line indicates the thermodynamically stable

61



Chapter 4

phases within DFT and temperature errors, while the dashed line refers to the lowest formation
enthalpy of each composition. The red dots show the structures in addition to the ones of the
lowest enthalpy. (c) The simulated and experimental XRD patterns. Insets are the calculated
crystalline structures.

To address the above issue, theoretical calculations were conducted to figure out the compounds
during the K ion insertion. Figure 2b shows the formation enthalpy of all the feasible potassium
intercalated MoS; phases from the database and Li analogs.®> 19 It suggests a reaction path of
MoS;-Ko.sM0S2-Ki1.0MoS2-K15sMoS> upon potassiation. Apart from the reported Kos4MoS»
phase, the simulated XRD patterns of Ko sMoS; and K;.0MoS: agree well with the KyMoS, and
K,MoS: phases that observed in the in situ XRD tests (Figure 4.6¢). It reveals that the value of
y and z equals to 0.5 and 1, respectively. The KiMoS: is also confirmed by chemical synthesis
through high energy ball milling of stoichiometric amount of potassium and MoS: (Figure 4.7).
Ko.sMoS; and Ki.0MoS; belong to two different phases of 2H and 1T, but with a distortion in
the structure. The parameters of the crystal lattice are given in Table 4.1. Lastly, the calculation
indicates the presence of K;.sMoS», which is absent in the experimental results due possibly to
its unfavourable kinetics. K1.5s MoS: is not a layered structure anymore (Figure 4.8), which may

possess a higher energy barrier to break/form the bonds.
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Figure 4.7 XRD patterns of K1oMoS: prepared by high energy ball milling with stoichiometric
amount of potassium metal and MoS;.
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Table 4.1 The simulated structures without showing K-S bonding and K atoms, and the lattice
parameters of calculated phases.

Simulated structures 2H-MoS2 Distorted Distorted 1T-

MoS:
2H-KosMo0S:2 1T-Ki1o0MoS2

o‘m
L. e
o -}

u K e W
L. O A 2 ¢
a/A 3.14 6.50 7.02 3.25
Lattice
parameters b/A 3.14 6.50 6.98 3.25
c/A 12.53 16.06 7.54 6.14
Alpha /° 90 90 90.29 90
Beta /"’ 90 90 89.86 90
Gamma /° 120 120 121.38 120

Figure 4.8 Simulated structures of K;sMoSa.
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Upon charging, the K ions are removed from Ki10MoSz. Interestingly, the main peak at 11.5°
degree gradually shifts to the left as a reflection of d-spacing enlargement. The end-phase when
charging to 3V, denoted as KxMoS; (x<1), recovers to neither initial intercalated compound
Ko.4MoS, nor pristine MoS». In the following K ion intercalation (2nd discharge), the peak
shifts back and finally restore to KioMoS; at 0V, suggesting the reversibility of the
insertion/extraction process between KxMoS; and Ki1o0MoS; after 1st discharge. It is worth
noting that a small peak at 14.5° associated with unreacted MoS; exists at all the states, due to

the incomplete reaction arising from the relatively large particle size of the active materials.

The phase transition is further investigated by in situ Raman. As shown in Figure 4.9, the
pristine MoS; at OCV condition shows three peaks which can be assigned to Eig (281.3 cm'Y),
Ely (378.2cm™) and Aig (404.6 cm™) vibration model of typical 2H structures. The intensities
of Elzg and Aiq peaks decrease with K ion insertion as observed in the D1 84 sample, and finally
disappear in the D1 167 sample. Meanwhile, new peaks located at 147 cm™, 239.2cm™,
281.3cmand 326.1 cm™, corresponding to the Ji, J2, Exg and Js of 1T structure, show up and
grow along with subsequent K ions insertion. This mainly because 2H-MoS; with trigonal phase
has been gradually replaced by octahedral 1T-K1.0MoS; structure, which is consistent with
XRD results.*> 1 At 0V, the initial 2H phase completely vanishes and only the 1T phase is
detected. This 1T phase dominates the whole process without recovering to the pristine 2H
structure in the following cycles, agrees well with the phase transition between KyMoS; and
K1oMoS:; after first discharge as demonstrated before in XRD tests. The 1T phase, which has
different vibration modes with pristine 2H phase, provides high metallic conductivity and ion

mobility, low energy unoccupied states for excellent electrochemical performance.93-1%
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Figure 4.9 In situ Raman spectra of MoS: electrodes at different states and the corresponding
voltage profiles.

The combined calculational and experimental results demonstrate that as high as one K ion per
MoS: could be intercalated instead of 0.4 K ions. Nevertheless, the intercalation behavior could
only contribute a capacity of 167 mAhg?, which is much less than the reversible capacity of
353 mAhg™. It signifies that conversion reaction must have taken place although the XRD does
not show clear traces. We speculate that the conversion products, i.e., Mo and K>S, have very
tiny sizes and probably stay in amorphous states. Therefore, TEM images after different cycles
were collected to examine the assumption and probe the morphology evolution of the active
materials, as shown in Figure 4.10. The selected area electron diffraction (SAED) and high-
resolution transmission electron microscopy (HRTEM) of microsized pristine MoS: indicate
typical 2H phase and layered structure with d-spacing of 6.1 A (Figure 4.10a and b). After
discharging to 0V (Figure 4.10c and d), the particles remain in microsize instead of breaking
up. HRTEM shows that it preserves the layered structure but with an enlarged d-spacing of
7.9 A, which resembles the K1.0MoS; phase revealed in XRD. Assisted by the SAED pattern
and HRTEM images (insets of Figure 4.10d, f, and h), metallic Mo (PDF#42-1120) species
with the d-spacing of 2.2 A is discovered with poor crystallinity.* The observations prove that
accompanying with intercalation process the conversion reaction 4K+MoS>—Mo+2K>S also
occurs, enabling the detection of metallic Mo. When charging to 3V, the layered structure is

maintained which has similar d-spacing with Ki0Mo0S;. It does not return to pristine MoS;
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phase, agrees well with in situ XRD tests. The metallic Mo species could still be captured in a
charged and cycled sample, reflecting the conversion reaction is not fully reversible (Figure
4.10e and g). The new ring of 3.5 A in discharged, charged and cycled samples may be ascribed
to KyS.17

Pristine Fully Discharged || Fully Charged

] Pristine HalfDi

s e T
:gg:OW p»;fo?‘ AR ng
K’ 1T-MoS, Mo  KS

Figure 4.10 Morphology evolution of MoS; electrodes. TEM, corresponding SAED and
HRTEM images of (a and b) pristine MoSg; (c and d) after first discharge to 0V; (e and f) the
first charged to 3V; (g and h) after 100 cycles; Insets: HRTEM image of metallic Mo. (i)
HAADF-STEM image and corresponding EDS elemental maps of the first fully discharged
MoS: electrode; (j) schematic diagram for phase transition of MoSo.

4.2.3 Confirmation of layered K10MoS; phase
Co-occurrence of intercalation and conversion at 0V is unusual. It differs a lot from previous
observations during lithiation and sodiation of MoS, in LIBs and SIBs, where all the

intercalated compounds will be converted into Mo and Li>S/NaxS at a low voltage.'*" 1% To
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further confirm the presence of KioMoS; phase, the fully discharge electrode at 0V was
disassembled and immersed in DI water for one day to remove K ions, which is enlightened by
Morrison and co-workers who use forced hydration method to exfoliate MoS; from LixMoS2.1%°
Interestingly, the phase is recovered to MoS; with a clear layered structure, as demonstrated by
XRD and TEM in Figure 4.11. Note that it is impossible to restore the MoS. phase through
oxidation in water if the final reaction products were only Mo and KzS. Therefore, the
intercalated phase K1.0Mo0S, must be one of the reaction products at 0 V. Moreover, it is found
that only KxMoS; could be obtained during electrochemical oxidation, but a fully de-potassiated
MoS: is acquired when sinking into the water. We suspect that the last de-potassiation step from
KxMoS> to MoS; has very slow kinetics, deterring the complete extraction of K ions through
an electrochemical process. It is partly supported by the fact that short-time rinse with water
cannot fully remove K ions. Instead, continuous oxidation as long as one day in the water is

required.
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Figure 4.11 (a) Schematic of preparing MoS,-Discharge-0V-water electrode. PVVDF is used as
a binder instead of CMC to avoid the dissolution. (b) XRD pattern of these different samples.
(c,d,e) TEM, SAED and HRTEM images of sample MoS,-Discharge-0V-water, indicating the
recovery of MoS; phase.

Preserve of the layered structure is essential to the integrity of the electrode. To examine the
long-term stability, TEM images after 100 cycles are given in Figure 4.10g and h. It is noted
after repeated insertion/extraction, both integrity of the particle and the layered structure are
well kept. This is surprising as the volume change arising from conversion and alloy anodes
always lead to pulverization of the particles, which is one of the major reasons for their capacity
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degradation. The unity of the electrode is ascribed to the intercalation behavior of KxMoSo,
which is intact in the whole process and serves as a framework to avoid the isolation of the
particles. To examine the distribution of the intercalation compounds and conversion products,
the high-angle annular dark field image (HAADF) in scanning transmission electron
microscopy (STEM) and corresponding elemental mapping of the samples at first fully
discharged, charged and cycled states are shown in Figure 4.10i, Figure 4.12 and Figure 4.13.
Mo, S and K elements are uniformly distributed in these samples, signifying the reaction
products of intercalation and conversion are interlocking with each other. The schematic of the
discharge and charge process is shown in Figure 4.10j. During the first discharge process, 2H-
MoS: transfers to 1T-K1.0MoS; with enlarged interlayer spacing. This broad, rigid construction
avoids the huge volume expansion during the K ion intercalation reaction and maintains the

structural stability.

Figure 4.12 The HAADF-STEM image and corresponding EDS mapping of MoS; anode in the
first fully charged state.
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Figure 4.13 The HAADF-STEM image and corresponding EDS mapping of MoS; anode after
100 cycles.

4.2.4 Competition between intercalation and conversion reactions

It is found that the capacity decreases with increasing current densities (Figure 4.14). An
intriguing question is how the phase transition is dependent on the current rates. Thus, we
collected the ex situ XRD patterns for the electrodes charge/discharged at different current
densities, and the results are compared in Figure 4.15a. When cycling at 50 mA g, the phase
transition process is similar to those observed previously in the in situ tests, where the K ions
shuttle between K1.0MoS; and KxMoS,. Once the current density increases to 500 mA g, the
MoS: cannot be fully intercalated but mixed phases of Ko.sMo0S; and Ko sMoS; are observed. It
could be partly recovered to pristine MoS: phase in the following charge. With further
increasing on the current density to 1000 mA g, an even shallower intercalated compound
Ko.4MoS: is found at 0 V. The phase is almost fully recovered to MoS: in the subsequent charge.
The above findings signify a rate dependent phase transition phenomenon in MoS. It should
be mentioned that the conversion reaction still occurs under all the current rates. Although more
conversion is involved under slow rate, the integrity of electrode is also maintained due to the
presence of intercalation for stable cycling. The capacity contribution from intercalation and
conversion is roughly calculated from the reversible capacities of the electrode and the

theoretical capacities of each potassiation path. We suppose all the MoS; participated in the
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reactions. The results are given in the inset of Figure 4.15b. It can be seen that 63.8% of the
total capacity comes from intercalation at a high current rate of 1000 mA g%, while the value is
only 27.5% for the cell tested at 50 mA g*. The reason lies in the faster kinetics of intercalation
than conversion reaction. Moreover, the thermodynamic also plays important roles. The
formation enthalpies of these two reactions are calculated, it is found that a smaller formation
energy for intercalation reaction than conversion counterpart (Table 4.2), indicating the larger

thermodynamically force for the intercalation than conversion reaction.
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Figure 4.14 The 1st and 2nd charge and discharge profiles at different rates.
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Figure 4.15 Rate-dependent phase transition. (a) Ex situ XRD pattern of first fully discharged
(D 0V) and charged (C 3V) MoS; electrode with different current density (b) cyclic
performance of MoS; electrode at different current density (inset: ratio of the capacities
contributed by intercalation and conversion); (c) schematic of phase transition for MoS; upon
K ion insertion. Dash line indicates the process cannot be achieved by electrochemical reaction
but is possible through chemical oxidation.

Table 4.2 The calculate formation enthalpy of intercalation and conversion reactions by DFT.

Reaction formula Formation energy per formula, eV
MoS,+K—KMoS:> (Intercalation reaction) -9.04
KMoS,+3K—Mo+K>S (Conversion reaction) -3.30

Based on the above discussions, the phase transition of MoS; upon potassiation is summarized
in Figure 4.15c. Series intermediate phases are unveiled during K ion intercalation. As many as
one K ion could be inserted into MoS;, differing from 0.4 K ion that reported previously.
Nevertheless, the fully potassiated phase only appears when discharging at a low current
density. Otherwise, a shallow intercalated phase will be observed under a fast discharge. Among

the intercalated compounds, only Ko.4sMoS: could return to pristine MoS; during charge, while
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the recovery of MoS; from K-rich KosMoS; and KioMoS; phases is only possible with
chemical oxidation due to slow Kkinetics. Turning to the conversion reaction, it occurs only after
the formation of Ko4MoS; phase as it is absent when cut-off at 0.5V in the previous work.!83
The conversion reaction cannot be avoided when discharging to 0V, no matter at a fast or slow
cyclic rate, but its contribution to the capacity will be largely reduced with increasing current
density. Similarly, intercalation reaction could also take place even cycled at a very slow current
density, which is evidenced by obtaining a reversible capacity of around 470 mAh g™ under
very small current density of 5mA g (Figure 4.16). It is still lower than 668 mAh g* for a fully
conversion reaction, indicating a fraction of intercalation reaction. The conversion reaction
should be reversible based on the capacity obtained since single intercalation process would not
lead to such a high capacity. The cells deliver stable cyclic performance at both high and low
rates (Figure 4.15b), thanks to the presence of intercalation behaviour, which preserves the
layered framework. To make an analogy, the intercalated compounds such as K1.o0MoS; severs
as pillars in a house. As long as the pillar stands, the house will not collapse although the inner
structure may be destroyed. It explains that a stable capacity of about 360 mA hg* is obtained
under 50 mA g2, although conversion reaction is involved. The long-term cyclic performance
at 1000 mA gt is presented in Figure 4.17, showing excellent stability with capacity retention
of 83% after 300 cycles.
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Figure 4.16 The 1st and 2nd charge/discharge profiles and cyclic performance of MoS>
electrodes at 5mA g™,
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Figure 4.17 Cyclic performance of MoS; electrode at 1000 mA g.

4.3 Summary

In summary, using complementary calculational and experimental methods, we unambiguously
reveal the phase transition process of MoS; during K ion insertion. Several novel potassium
intercalated phases including KosMoS; and K1.0MoS; are discovered and their detailed crystal
structures are unveiled. Instead of fully conversion, which would destroy the layered crystalline
structure, the intercalation reaction occurs even being discharged to 0V. The intercalation
compounds inherit the original morphology and play a vital role in maintaining the structural
integrity, which prevents the collapse of the particles and results in excellent cyclic stability of

microsized MoS,.
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Chapter 5

Building elastic solid electrolyte interphases for stabilizing

microsized antimony anodes in potassium ion batteries

lloy anodes composed of microsized particles receive increasing attention recently,
Awhich outperform the nanostructured counterparts in both the manufacturing cost and
volumetric energy density. However, the pulverization of particles and fracture of solid
electrolyte interphases (SEIs) during cycling brings about fast capacity degradation. Herein, we
show the normally considered fragile SEI could become highly elastic through electrolyte
chemistry regulation. Compared to the SEI constructed in classic carbonate electrolyte, the
atomic force microscopy (AFM) tests reveal that the one built in ether-based electrolyte doubles
the maximum elastic strain to accommodate the repeated swelling-contracting. Such an SEI
effectively encapsulates the microsized alloy anodes to prevent the capacity loss from particle
isolation. This work emphasizes the significance of building robust SEI, which offers the

opportunity to enable stable microsized alloy anodes.

5.1 Introduction

Alloy anodes such as Si, Sn, and Sb could uptake several ions per atom through alloy reactions,
delivering exceptional capacities at appropriate potentials.??® Accompanying with the alloying
process, the electrode undergoes severe volume expansion, which triggers the pulverization of
active particles and the breakage of solid electrolyte interphase (SEI), leading to rapid capacity

degradation.?! The SEI is formed on the anode surface in the first discharge as a result of
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electrolyte decomposition.?%? Successful application of modern lithium ion batteries (LIBS)
relies largely on the ion conductive and electron insulated SEI, enabling a high Coulombic
efficiency by preventing the further reduction of electrolyte in the following cycles. The
massive volume expansion of alloy anodes poses a great challenge in maintaining an intact SEI.
Owing to the fracture of particles, the newly exposed surface will continuously react with
electrolyte once SEI is broken, which decreases the energy density due to excessive
consumption of the charges from the cathodes. Meanwhile, the thick and sporadic SEI may

isolate the fragmented particles from active alloy/de-alloy.?%

Considerable amounts of works have been devoted to protecting SEI in alloy anodes through
fabricating delicate nanostructures.'®” 204209 The core-shelled structure is widely prepared,
where an inactive or less-expanded material during cycling is coated on the surface of alloy
anodes.% 106210213 Apyndant voids are left in the core part to trigger the inward expansion,
while the out layer shields the alloy from exposing the fresh surface to the electrolytes,10%: 214
The synthesis of alloy/carbon nanocomposites is another strategy that has been extensively
explored.’” 80. 109, 215-217 The approach has demonstrated superiority in prolonging the cyclic
life of alloy anodes but brought about other adverse effects on the battery performance. A large
initial irreversible capacity is spotted due to the copious SEI formation on the high-surface-area
nanomaterials. Moreover, the presence of pores/voids and large portions of carbon inevitably

decreases the volumetric energy density of batteries.

Rather than passively protecting the weak SEI, most recent works have shown the benefits of
reinforcing its mechanical properties. Our previous works also reveal unusual stability of Sn
microparticles upon sodiation/de-sodiation with the assistance of glyme electrolyte-derived SEI,
which could be readily applied to Bi anodes.>® Y6177 These exciting results suggest that we
could turn the problematic SEI into a treasure to help stabilize alloy anodes if well designed.
The direct utilization of microparticles not only reduces the manufacturing cost but also
significantly increases the energy density of batteries. The extension of such approaches into
potassium ion batteries (PIBs) is not straightforward, considering the more severe volume

expansion during potassiation than that in Li and Na ion counterparties.**® It has been reported
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that microsized Bi particles could be stabilized in glyme-based electrolytes due to the
construction of robust SEI and the formation of a unique porous structure that partly relieves
the stress.”® However, the same strategy fails to work in neat Sb anodes which present much
higher theoretical capacity than Bi. The reason is likely ascribed to the absence of pore
formation during cycling, thus requiring optimization of both electrode composition and binder

as well as utilization of high-concentration electrolytes.>8 76. 109, 218-220

Until now, most of the works focus on the ethylene glycol dimethyl ether (DME, or G1), which
has a low viscosity for realizing high-rate performance.??1-??®> The application of DME-based
electrolyte could be traced back to the 1970s when the first generation Li batteries was
developed, but it was abandoned later due to oxidative decomposition on the cathode side and
low boiling point of 85 °C.>". There is a large group of candidates in the ether family. Exploring
other ether solvents would open up new avenues in designing robust SEI for alloy anodes.
Moreover, a detailed relationship between the mechanical properties and electrochemical
stability remains unclear. Herein, we report two new ether-based electrolytes rooted in the linear
(ethylene glycol diethyl ether, EGDEE) and cyclic ether (tetrahydrofuran, THF), both of which
enable the stable cycling of microsized Sb anodes in PIBs. To explore the underlying
mechanism for the unusual stability, atomic force microscopy (AFM) is adopted to characterize
the mechanical properties of the SEI. It reveals the highly elastic nature of the SEI in ether-
derived electrolyte, which is beneficial to accommodate the volume change of the electrode.
Such SEI construction can be readily extended to Sn anodes in SIBs. This works offers an

alternative SEI-derived approach to design advanced alloy anodes.

5.2 Results and discussion

5.2.1 Electrochemical performances evaluation

Commercial Sb with an average particle size of 5.9 um is used as active materials (Figure 5.1a
and b). The powder is mixed with conductive carbon and carboxymethylcellulose sodium
(CMC) binder by low-energy planetary ball milling for four hours to make the electrode. X-ray
powder diffraction (XRD) patterns show that the (003) and (006) planes of Sb become
negligible after ball milling compared with the untreated ones (Figure 5.2). The shear force

during mechanical ball milling partly exfoliates the Sb along the c-axis and reduces its thickness,
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which has also been observed in previous studies.??* Consequently, the average particle size of
Sb is reduced to approximately 1.1 um (Figure 5.1c and d). Nevertheless, the crystallinity of Sb
is well preserved, as indicated by the prominent (012), (104), and (110) peaks. We first evaluate
the electrochemical performance in classic carbonate electrolytes (ECPC) with the potassium
bis(fluorosulfony)imide (KFSI) as the salt, which has been reported beneficial in SEI
formation.>? 184 In Figure 5.3a, the cell shows a reversible capacity of 517.8 mAh g in the first
cycle with a low initial Coulombic efficiency (ICE) of 56.5% due to the severe electrolyte

decomposition.
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Figure 5.1 SEM images and histograms of the particle size distributions of (a-b) commercial
Sb, (c-d) ball milled Sb.
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In contrast, the Sb electrode cycled in ethylene glycol diethyl ether (EGDEE) based electrolyte
presents a capacity of 800.8 and 555.7 mAh gt in the first discharge and charge, respectively,
corresponding to a remarkable ICE of 69.4% (Figure 5.3b). The electrolyte formulation plays
acritical role in determining the ICE, where EGDEE solvent outperforms the ECPC counterpart.
It implies a stable SEI is formed in EGDEE-based electrolyte, effectively preventing the
exposure of new Sb surface as will be discussed later. The cyclic stability is examined under
0.1 Ag* (Figure 5.3c). The capacity slightly increases due to the gradual activation of the bulk
material 225226 A reversible capacity of 573 mAh g is obtained in EGDEE-based electrolyte
after the 180 cycles, corresponding to the insertion of 2.60 K ions per Sh atom, which is close
to the value predicted by theoretical calculation.’®® The capacity retention of nearly 100%
(compare to the first reversible capacity) is achieved after 180 cycles, whereas the cell cycled
in ECPC-based electrolyte completely loses the activity in 60 cycles. Similar improvements are
obtained in another cyclic ether (tetrahydrofuran, THF)-based electrolyte. As shown in Figure
5.4a, Sh electrode presents an initial charge capacity of 412.5 mAh g with ICE of 63.4% in
THF-based electrolyte. After gradual activation, a high reversible capacity of 600 mAhg? is

obtained over 100 cycles.
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Figure 5.4 Electrochemical performance of Sb electrodes. The galvanostatic discharge-charge
profiles in (a) 1M KFSI/THF electrolytes of selected cycles under 0.1 Ag™. (b) Cyclic
performance under 0.1 Ag™.
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We also evaluate the long-term cyclic performance at a high current density of 0.5 Ag™. Sb
electrodes show a capacity of 443mAhg? after 150 cycles in 1M 1M KFSI/EGDEE and
413.6 mAh gt after 100 cycles in 1 M KFSI/THF. The performance could be further improved
by either limiting the cut-off voltage to 0-1.0V or through the synthesis of Sb particles with
reduced particle size (~500 nm) (Figure 5.5). The reversible capacity and superior ICE obtained
in ether-based electrolytes offer a very competitive performance among the Sb-based electrodes

for PIBs, without resorting to nanostructure design and high concentration electrolyte (Table

5.1). Note that the stable cyclic performance cannot be achieved in the classic ether-based
electrolytes, such as 1 M KFSI/DME and 1 M KFSI/DGME (Figure 5.6).
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Figure 5.5 (a) Cyclic performance of microsized Sb and synthesized Sb electrodes under 0.5 A
gL, (b) SEM image of synthesized Sb with an average particle size of about 500 nm. (c) XRD

pattern of synthesized Sb.
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Table 5.1 Electrochemical performance comparison between this work and other Sh-based
anode materials in the literature.

Current  Reversible
Anode material density Capacity
No. (Active material Electrolytes ,mAhg?) ICE Reference
content) (Agh (Cycle
number)
0.1 573 (180) 69.4%
1M KFSI/EGDEE
Microsized Sb 0.5 443 (150) _
0 This work
(70%) 1M KFSI/THF 0.1 599.2 (100) 63.4%
0.5 413.6 (100)
1M KPFe/EC-
1  Sb/CNS (60%) 0.05 288.2(50) ~48% ™
DMC
58.40
2 Sh:S;@C (80%) 1MKFSI/DME 0.05 293 (50) " 84
0
3  Sh.0s;-RGO (80%) 7M KFSI/DME 0.1 309 (100) ~50% &
72.30
4 ShySes@C (60%) 0.8M KPF¢/ECPC 0.1 321.8 (40) " 221
0
. 70.20
5 BiSb@C (70%) 5M KFSI/DME 0.2 387 (600) " m
0
3D
6 0.5M KPF¢/DME 0.5 185.8 (200) 90.1% 8
SnSb@NC (80%)
59.30
7 MoS,/Sb@C (70%) 1MKFSI/DGME 0.5 296.7 (200) y 228
0
Bio,518b0_490C|/rGO 55.90
8 3M KFSI/DME 0.1 360 (1000) 9
(80%) %
0.8M KFSI/EC-
9  Sb-C-rGO (70%) 0.5 245 (100)  46% 229
DEC
Sb/Na—TisC,Tx 4M KTFSI/EC- 65.60
10 0.1 392.2 (450) 9
(70%) DEC %
u-Sb@CNFs 48.30
11 3M KFSI/DME 0.2 393 (100) 109

(freestanding)

%
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Figure 5.6 Cyclic performance of microsized Sb in 1M KFSI/DME and 1M KFSI/DGME under
0.1 Ag* with a cut-off voltage of 0-1.5V.

Apart from the stability, the voltage profiles of EGDEE-based electrolyte show a much lower
polarization, suggesting faster kinetics. Therefore, we evaluate the rate capabilities of cells in
EGDEE and ECPC-based electrolytes and explore the charge transfer at the interface. In

EGDEE-based electrolyte, the Sb electrode delivers decent performance at increasing current
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densities, i.e., 430 and 225mAhg?at 1C and 5C (1C=660 mA g?), respectively (Figure 5.3b
inset and Figure 5.7). In contrast to this, the electrode shows negligible capacity in ECPC-based
electrolyte when the current density increases to 5C (Figure 5.3a inset and Figure 5.7). The
reason lies in the slow Kinetics at the electrode/electrolyte interface, as demonstrated in
electrochemical impedance spectroscopy (EIS) spectra of the electrodes at open circuit voltage
state (OCV) and after three cycles. The fitted data using an equivalent circuit (Figure 5.8 and
Table 5.2) show that both the charge transfer (Rct) and SEI resistance (Rsei) in EGDEE-based
electrolyte is much smaller than those in ECPC-based electrolyte. The galvanostatic
intermittent titration technique (GITT) is conducted for comparing the diffusion coefficient in
ECPC and EGDEE-based electrolytes, which does not show an obvious difference due to the

similar phase transformation process (Figure 5.9).
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Figure 5.7 Rate performance of Sb electrodes in 1 M KFSI/EGDEE and 1M KFSI/ECPC
electrolytes (1C= 660 mA g™2).
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Figure 5.8 EIS spectra of Sb electrodes at (a) OCV state and (b) after cycling three times. (inset)
The corresponding equivalent circuit for the EIS fitting.

Table 5.2 Cell resistance (Rs), charge transfer resistance (Rct) and SEI resistance (Rsei) of Sb
electrodes from equivalent circuit fitting of experimental data.

State Electrolytes Rs (Q) Rct (Q) Rser (2)
ocv ECPC 12.51 7341 -
EGDEE 20.63 3997 -
3rd ECPC 10.23 2302 4986
EGDEE 12.79 387.4 340.6

85



Chapter 5

a b 1.05
——ECPC 1.00 /
)5 EGDEE| _ ’ /
7] i 0.95 /
X / -
+¥. 2.0 ‘g 0.90 AET / |
g 2
>15 @ 0.85- 0.88Y
& 2
£1.0 S 0.80 \
= 0.751 S
0.5 \\ :
0.70- AL
OO T T T T T T T T T T
Q 300000 600000 900000 1200000 1182000 1188000 1194000 1200000
o} Time (s) Time (s)
1.10 d
1054 Electrolytes Diffusion Diffusion
— O Raw data coefficient coefficient
X Fitting data (cm2 s1) for (cm? s1) for
x1.00 discharge charge
g process process
20.95
% ECPC 5.2E-12 2.1E-12
50.901
>
0.854 EGDEE 4.9E-12 2.4E-12
80+

0 5 10 15 20 25 30 35 40 45
VTime (vs)

Figure 5.9 GITT measurements in the first cycle. (a) Voltage curve vs. time. (b) Current step

diagram at 0.88'V. (c) The linear behaviour of voltage vs. Vtime at 0.88 V. (d) the average
value of diffusion coefficient calculated from (a).

5.2.2 K-Sb alloying mechanism

The cyclic voltammetry (CV) curve (Figure 5.10) presents three peaks located at around 0.48,
0.21 and 0.14 V upon potassiation, indicating a multi-step phase transformation. The K-Sb
phase diagram has been extensively studied by computational approaches,?*%® but the
experimental results suggest a distinct reaction path. A final agreement is yet to be achieved
due to the complexity of the electrochemical processes. The phase transformation during K-Sb
alloy/de-alloy is systematically studied by in situ XRD (Figure 5.11a). The XRD pattern at
OCV state shows three pronounced peaks at 28.5°, 39.8°, and 41.7° corresponding to (012),
(104), and (110) facets of Sb (PDF#35-0732), respectively. The intensities of these peaks
gradually decrease during discharge. A new phase emerges at around 0.4V with three

characteristic peaks at 19.5°, 22.6°, and 32.3°. By excluding SEI formation related capacity,
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the discharge capacity indicates approximately 0.5 K ions have been alloyed with per Sh atom
at this potential. It agrees well with the theoretical prediction where KosSh would be the first
alloy phase in K-Sb phase diagram,?® but the detailed crystal structure could not be resolved
here due to the poor crystallinity. The next phase appears when discharges to 0.25V, which
could be indexed as K1Sb having a layered structure that belongs P4/mmm space group. K:Sb
phase consists of an Sb layer with intercalated K in-between (Figure 5.12), deriving from Li1Sh
structure.?®” Surprisingly, further discharge does not lead to the formation of any new phase
before reaching nearly 0V, although density functional theory (DFT) calculation suggests the
existence of KsShs.23* The major observation between 0.25V and 0V is the leftward shift of
the peaks related to the K1Sb phase. It reflects the broadening of the interlayer distance arising
from the intercalation of K ions into the lamellar K1Sb to form Ki+Sb. This phenomenon is
unusual in the alloy-type anodes, where staging-like behaviour normally takes place due to the
phase transformation between intermediate alloy phases.”? The cubic KsSb phase appears at the
end of discharge (0V). The minor amount of KiSb and KosSh remains due possibly to the

incomplete reaction stemming from the imperfect contact of the in situ cell.

0.0003

| r—o_73 \Y; EGDEE
0.0002 - R
_0.0001-
€ | 115V
<0.0000 - e
-0.0001 1 1st
| 2nd
-0.00021 =
-0.0003

-0.25 0.00 0.25 050 0.75 1.00 125 150 1.75
E (V vs. K'/K)

Figure 5.10 Cyclic voltammogram of Sh collected at a scan rate of 0.05 mV s and a scan range
of 0-1.5V in 1M KFSI/EGDEE.
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Figure 5.11 (a) Contour map of in situ XRD for microsized Sb electrode in 1 M KFSI/EGDEE
electrolyte on the first two cycles under 0.05 A g (peak-shift is marked in rectangle frame). (b)
Schematic of the phase transformations, where c-KsSh and h-KsSb represent cubic and
hexagonal K3Sbh, respectively (Dash arrow stands for coexistence). Detailed lattice parameters
of these phases are listed in Table 5.3.

Table 5.3 Lattice parameters of Sh, K1Sb, c-K3Sb and h-KsSb phases.

Phase Space group Lattice parameters

Sb R-3m [166] a=b=4.30, c=11.22 a=p=90°, y=120°
KiSb P4/mmm [123] a=b=3.46, ¢=5.65 a=p=y=90°
c-KsSh Fm-3m [225] a=b=c=8.56 a=p=y=90°
h-K3Sh P63/mmc [194] a=b=6.13, c=10.88 a=p=60°, y=120°
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Figure 5.12 Illustrations of the K1Sb structure derived from Li:Sb (Yellow and violet spheres
represent Sb and K atom, respectively.).?’

To avoid any artefact, we also conduct the ex situ XRD to allow a full reaction (Figure 5.13).
All the intermediate phases are transferred to KsSb in the electrode ex situ discharged to 0 V;
beside the cubic KsSh phase that captured in the in situ test, hexagonal KsSb is also detected.
Part of the cubic KsSb phase is transferred into the hexagonal one, suggesting the latter is more
thermodynamically stable.?® Upon charging, the potassiated KsSb phase returns to Sh
following the reversed reaction path. A de-intercalation from Ki+Sb is observed as reflected
by the rightward shift of the XRD peak starting from 0.37 V. It confirms the presence of
intercalation/de-intercalation behaviour in K:Sbh phase, owing to the layered structure nature. A
similar phenomenon has been reported in antimonene upon Li/Na insertion but has not been
clearly spotted in K-Sb system.?3%-240 Compared to the alloying process, the intercalation
induces less structural deterioration to the electrodes.”® The presence of the intercalation process
enables the gradual volume change to prevent the structural collapse from sudden expansion.
Once charging to 1.5V, the Sb phase reappears although with reduced crystallinity, evidencing
the reversibility of K-Sb alloy/de-alloy reactions (Figure 5.13). The phase transformation
process is summarized in Figure 5.11b. An intercalation phase KiSb presents before reaching
the end cubic KsSb alloy. The latter could be partly transmitted into hexagonal allotropy as

indicated by the dashed line.

89



Chapter 5

+ Be Substrates

Intensity (a.u.)

Cubic K,Sb (PDF#19-0935)

Hexagonal Sb (PDF#I.SS—-0732 )

T T T T T T T T T T T T
10 15 20 25 30 35 40
Two theta (degree)

Figure 5.13 Ex situ XRD patterns of Sb electrodes in 1 M KFSI/EGDEE electrolyte at different
states under current density of 0.03 A g* (C and D stand for charge and discharge, respectively).

5.2.3 Nanostructure, mechanical properties and chemical compositions of SEls

A large relative volume expansion of 407% is induced when the Sh is transformed into K3Sh, %
which may cause the fracture of both active particles and SEI. Due to the high vapour pressure
of THF, the SElIs studies focus on the comparison of ECPC and EGDEE-based electrolytes.
The integrity of Sb electrodes cycled in EGDEE and ECPC-based electrolytes are investigated
by transmission electron microscopy (TEM) and scanning TEM (STEM). Apparent cracks in
the Sb microparticles are observed after cycling in ECPC-based electrolytes (Figure 5.14a).
Meanwhile, numerous tiny particles present on the edge of the pristine material (Figure 5.14b
and c), which can be indexed as (110) lattice of cubic Sb (ICSD#9013008) with d-spacing of
2.2 A and intersection angle of 90°. It can be inferred that those small cubic Sh particles are
originated from the pulverization of Sh host. Surprisingly, there is no clear boundary between
the SEI layer and the active material. SEI is expected to form in the first discharge as a result
of electrolyte decomposition. ldeally, the SEI would encapsulate the particles and isolate them
from the electrolyte. We speculate that the SEI breaks in traditional carbonate electrolytes
during the K-Sb alloy process owing to the enormous volume expansion. Consequently, the
newly exposed surface from the fragmented particles contacts again with the electrolyte,
leading to the re-decomposition of the electrolyte to form additional SEI, which wrapped the

tiny particles. The repeated particle fracture and SEI reconstruction result in a super thick SEI
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with tiny Sb enclosed. As demonstrated in STEM image (Figure 5.15), the thickness of SEI
could reach around 50 nm with variation in localized positions. Such a process, as illustrated in
Figure 5.16, brings about electrode deterioration in several aspects. Firstly, the SEI fracture-
formation continuously consume the K ions, giving rise to low Coulombic efficiency.
Meanwhile, the resulted thick SEI layer increases the charge transfer resistance, as shown in
EIS measurement, which severely decreases the rate capability. Furthermore, the fragmented
particles may completely lose the electrical contact to become inactive for K ions uptake,

resulting in the capacity degradation that has been observed in the cyclic test.
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Figure 5.14 Morphologies and EEL spectra of cycled Sb electrodes: STEM/TEM images after
3 cycles in (a-c) 1 M KFSI/ECPC and (d-f) 1 M KFSI/EGDEE; after 50 cycles in (g-h) 1M
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KFSI/ECPC and (i-j) 1 M KFSI/EGDEE. (k) EEL spectra after 50 cycles. SEM images after
100 cycles in (I) 1 M KFSI/ECPC, and (m) 1 M KFSI/EGDEE.

Figure 5.15 HAADF-STEM images of the Sb electrode in 1 M KFSI/ECPC electrolyte after 3
cycles.
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Figure 5.16 lllustration of electrode/SEI evolution in ECPC (up) and EGDEE-based (down)
electrolytes.

Compared to the electrode cycled in ECPC-based electrolyte, the one prepared in EGDEE
counterpart possesses an intact morphology after three cycles (Figure 5.14d). Although small

cracks arising from internal stress is discerned, the integrity of microsized particles is well
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preserved. The enlarged image (Figure 5.14e) shows a sharp discrepancy, where none of the
fragmented particles are detected. A thinner SEI with a thickness of around 20 nm is covered
on the Sh. The SEI formed here has an almost amorphous structure. Only minor amounts of
crystals with an extremely small size of about 3 nm is detected (Figure 5.14f). They could be
indexed as the (220) lattice of KoO (PDF#47-1701) based on the d-spacing of 2.3 A, which is a
common component of SEI in PIBs.?*! The morphologies of the electrodes after long-term
cycling are further investigated in ECPC (Figure 5.14g and h) and EGDEE-based electrolyte
(Figure 5.14i and j). Severe cracks and broken particles are found in the centre and edges of the
electrode tested in ECPC based electrolyte, while the integrity of Sh particles is largely
maintained after cycling in EGDEE counterpart. Only slight structural change occurs on edge
due to the repeated alloy/de-alloy, where many flakes present but without separating from the
host particle. Electron energy loss (EEL) spectra analysis is conducted to deduce the
components in SEI (Figure 5.14k). Obvious ©*(C=0) vibration is detected in both C and O
spectra for the SEI formed in ECPC-based electrolyte, due possibly to the presence of carbonate
species as will be further discussed by X-ray photoelectron spectroscopy (XPS). Electron
energy loss spectroscopy (EELS) elemental maps in Figure 5.17 and Figure 5.18 clearly show
the distribution of Sh, C, O, and K, where the last three elements are mainly from SEI. The
observations indicate that the SEI built in EGDEE-based electrolyte is able to accommodate the
tremendous volume expansion, which not only constrains the particles from pulverization but
also prevents the repeated SEI formation, as illustrated in Figure 5.16. The overall morphologies
of the electrodes further substantiate the above conjecture. Scanning electron microscope (SEM)
images (Figure 5.141 and m) show that the microsize nature of the particles is remained in
EGDEE-based electrolyte, whereas particles are fragmented for those tested in ECPC
equivalent. Moreover, the particles are covered by a thick SEI layer due to the continuous

formation of SEI in the latter electrolyte.
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Figure 5.17 HAADF-STEM and EELS elemental maps of Sb electrode in 1 M KFSI/ECPC
electrolyte after 50 times cycling.
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Figure 5.18 HAADF-STEM and EELS elemental maps of Sb electrode in 1 M KFSI/EGDEE
electrolyte after 50 times cycling.

The capability of SEI in buffering the volume expansion comes as a surprise, as it is considered
the most fragile part, which requires prudent protection in previous reports.?*? Therefore, we
evaluate the mechanical properties of SEI by the atomic force microscopy (AFM) technique in
the Ar filled glovebox. To exclude the interference from binder and carbon additives, a neat Sb
film is coated on Cu foil through electrodeposition. The Sb has the same crystal structure as the

one used in the conventional electrode (Figure 5.19). The electrode is charged/discharged for
94



Chapter 5

three cycles to build the SEI layer on the particles. Typical force-displacement curves obtained
from the AFM-based nanoindentation tests of SEI are shown in Figure 5.20a. At point a, the
AFM probe starts to contact the SEI surface with zero external force. As the AFM probe
continues to move downward, the SEI begins to deform elastically. With increasing force, the
SEI reaches the limit of elastic deformation, corresponding to the first discontinuity point on
the force-displacement curve (point a’). We can obtain the value of Young’s modulus (E) of
the SEI based on the Hertz contact model.?*31"® Adopting the von Mises’ shear strain-energy
criterion or the Tresca’s maximum shear stress criterion, the maximum elastic strain (&y) of SEI
can be obtained (Equation 2-1 and Equation 2-2).}%!" Figure 5.20b and ¢ show the AFM
topography images of the electrodeposited Sb electrodes cycled in ECPC and EGDEE-based
electrolytes, respectively. The surface roughness factor Ra (the arithmetic mean deviation of
the assessed profile) of the electrode surface is generated from topography images. After three
cycles in ECPC-based electrolyte, Ra can be calculated as 30.52+12.16 nm, while the value is
65.831+9.77nm in EGDEE counterpart. Besides the surface roughness, another noticeable
appearance is the cracks. We statistically count the fracture pattern density (the total fracture
length/area) of the two electrodes and find that the value of the electrode cycled in ECPC-based

electrolyte is almost 3.06 times higher than the electrode tested in EGDEE equivalent.
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Figure 5.19 XRD pattern of electrodeposited Sb on Cu foil (inset: photograph).
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Figure 5.20d summarizes the obtained E and &, values of the SEI formed in these two types of
electrolytes. Compared to the SEI formed in ECPC-based electrolyte (E: 1134.97 +
624.16 MPa, &y: 0.44 + 0.14), the one in EGDEE has a smaller E value (578.05+ 339.87 MPa)
but a larger &, (0.92 + 0.42) (Figure 5.20e). The value of &, determines the upper limit of the
reversible deformation that the SEI can bear. Large &, will be highly advantageous for the
electrode with a large volume change. The ECPC-derived SEI has a high Young’s modulus and
poor deformation capability, which may originate from the various hard Sb (E: 55 GPa)
particles encapsulated in the SEI layer, as observed in the TEM images (Figure 5.14b and Figure
5.15). The topographic features discussed above are in good accordance with the measured
mechanical properties of SEI. The smaller Young's modulus of the SEI formed in EGDEE-
based electrolyte makes it less resistant to local deformation, which leads to an increase in
surface roughness. The larger &, makes it less likely to yield or fracture during the drastic
volume change of the electrode, and results in a much lower fracture density compared to the
case in ECPC. The results attest to the significance of large &y of SEI in maintaining the solidity

of an electrode during expansion and contraction.
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Figure 5.20 AFM and XPS characterizations. (a) Characteristic force curves obtained from the
AFM tests on electrodeposited Sb electrodes. AFM topography images in (b) 1 M KFSI/ECPC
and (c) 1 M KFSI/EGDEE. (d) Distributions of Young’s modulus and yield strain of SEIs. (e)
Histogram with an error bar of yield strain. XPS spectra of Sb electrodes after cycling 3 times
in (f) 1 M KFSI/ECPC and (g) 1 M KFSI/EGDEE electrolytes.

The chemical composition of SEI formed in the two electrolytes is examined by XPS to explore
the origin of such a stark difference in the mechanical properties. Figure 5.20f and g show C-
C/C-H, C-0O, C=0, and K-F bonds in deconvoluted C1s and F1s spectra, illustrating both
organic and inorganic components are involved in SEls. The C-C/C-H bonds (284.9eV) are
mainly from the hydrocarbyl group in ECPC or EGDEE-derived SEIs.?* The alkyl carbonates
species (ROCO2K) are found in ECPC-developed SElI, signifying by the peak at 288.3eV in
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C1s spectrum (Figure 5.20f),2*° which is consistent with EEL spectra result (Figure 5.14k). An
additional C-O type bond at 286.7 eV in C1s is detected in EGDEE-derived SEI, which can be
assigned to polymer-like species of [CH2CH,0]n.?*¢-%*” Apart from the C-O bond, the C=0
bond at 289.0eV corresponds to ethyl formate, stemming from the deep decomposition of
EGDEE.?*#2% These oligomers are characteristic of their high elasticity for increasing the
maximum yield strain of the resulted SEI.%>° Other inorganic components that originated from
the decomposition of KFSI salt such as KF are also observed (F1s spectra in Figure 5.20f and
g).2%* Compared to the SEI formed in ECPC-based electrolyte, The one in EGDEE counterpart
has overwhelming rich fluorine content (6.67 at.% vs. 0.72at.%). which has been proven
beneficial to improving the chemical stability of SEIs and charge transfer due to the large ratio

of ionic-to-electronic conductivity.?>?

5.2.4 Full cell demonstration

One concern regarding the adoption of ether-based electrolytes is the poor stability against
oxidation at a high voltage, which may bring difficulties in full cell assembly. To assess the full
cell performance in 1M KFSI/EGDEE electrolyte, we synthesize KyMnFe(CN)s cathode,
which has been considered promising in K-ion batteries due to the advantages in the cost.!8 The
synthesized KxMnFe(CN)s shows an initial charge capacity of about 130 mAh g™. Therefore,
the cathode to anode mass ratio of 6: 1 is adopted with a slight capacity excess in the anode side
for preventing the K plating (Figure 5.21a). The full cells deliver a capacity of 69.4 mAhg*
with an average potential of 2.8 V at a current density of 10 mA g (based on the total mass of
cathode and anode) (Figure 5.21b). The value could be increased to 87.5 mAh g* by eliminating
SEl-induced capacity loss through pre-cycling of Sb. Correspondingly, an attractive energy
density of about 194 and 256 Wh kg* is obtained for the cells without and with Sb pre-cycling,
respectively (Figure 5.21d).
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Figure 5.21 (a) Illlustration of the full cell operation by adopting respectively the first charge
and discharge curves of half Sb and KxMnFe(CN)s cells (inset: Schematic configuration of the
PIBs full cell). (b) rate performance and (c) cyclic performance of KyMnFe(CN)eglSb full cell
(d) Ragone plot. (The value is based on the active material mass of anode and cathode).

5.2.5 Extending SEI construction to microsized Sn anodes in SIBs

The EGDEE and THF electrolyte solvents show large potentials for stabilizing anode materials.
We further extend these two electrolyte solvents to the application of microsized Sn anodes in
SIBs. The Sn electrodes are made by ball milling commercial Sn powder (10 um, Sigma), binder
and carbon additives. The SEM image proves the morphologies of micro-sized Sn electrodes
with an average particle size of 1.02um (Figure 5.22a). The electrode shows excellent
reversibility in the first cycle, delivering a capacity of 738 mAhg™* in the typical carbonate
electrolyte of 1 M NaPFe/PC-FEC (Figure 5.22b). A 3 vol.% of FEC additive is incorporated to

inhibit the Na corrosion in the counter electrode side.?>® The capacity degrades rapidly in the
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subsequent cycling, owing to the large volume expansion as widely observed previously (Figure
5.22c).>* Delightedly, the microsized Sn electrodes exhibit significantly improved stability in
two ether-based electrolytes, i.e., 1M NaPFs/EGDEE and 1M NaPFs/THF. Figure 5.22b
displays the first discharge-charge curves under 0.05Ag* in 1M NaPF¢/EGDEE and
NaPFs/THF, showing a high initial reversible capacity of 720 and 778 mAh g, respectively.
High ICE of 83.5%, 86.3% and 86.1% are achieved in 1M NaPF¢/PC-FEC, 1M NaPFs/EGDEE
and 1M NaPFe/THF, respectively. These high ICE are ascribed to the large particles of the Sn
electrodes, which dramatically reduce the active interfaces with the electrolyte. Sn electrodes
exhibit stable cycling with approximately 91% and 100% capacity retention after 100 cycles in
1M NaPF¢/EGDEE and 1M NaPFe¢/THF. The high average CEs over 99.3% in ether-based
electrolytes indicate negligible parasitic reactions between the electrodes and the electrolytes
after several initial cycles. In comparison, the CE continuously decreases to 84.6% in 1M
NaPFe/PC-FEC, suggesting that the bulk materials constantly break and produce new SEI

during the cyclic measurements.
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Figure 5.22 (a) SEM image and inset) particle size distribution of Sn electrode. (b) The
galvanostatic discharge-charge profiles of the first cycle in 1M NaPFes/PC-FEC, 1M
NaPFs/EGDEE and NaPFs/THF electrolytes under 0.05 A g™. (c) Cycling performance under
0.2AgL

Apart from the stable cycling, the electrode also delivers decent rate capability in ether-based
electrolytes (Figure 5.23). After long-term cycling, the morphologies of Sn electrodes are
collected by SEM to investigate the structural integrity (Figure 5.24). Obvious crakes are
observed in the electrode cycled under all three electrolytes due to repeated
expansion/contraction. Thick SEI layers that wrap the Sn particles could be discerned for the
electrode tested in 1 M NaPFe/PC-FEC, as reflected by the apparent boundary between SEI and
Sn particles (Figure 5.24c). The observation indicates the copious electrolyte decomposition
that results in continuous SEI growth, which agrees well with the low CE. In contrast to it, the

surface of active particles after cycling in EGDEE and THF-based electrolytes is smooth and
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uniform under the resolution of SEM (Figure 5.24d-1), due potentially to the formation of thin
and conformal SEI layer as will be confirmed by the HRTEM. We examine the electrodes' EIS
after constructing SEIs through pre-cycling three times. The equivalent circuited fitted results
indicate that both the SEIs (Rsei) and charge transfer (Rc) resistance are much lower in EGDEE
and THF electrolytes than in carbonate counterparts (Figure 5.25).
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Figure 5.23 Rate performance of Sn electrodes in (@) 1M NaPF¢/EGDEE and (b) 1M
NaPFe/THF.
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Figure 5.24 SEM images of Sn electrodes: (a-c) in 1M NaPFe¢/PC-FEC; (d-f) in 1M
NaPFe/EGDEE and (g-i) in 1 M NaPFe¢/THF after 100 cycles.

103



Chapter 5

a
500 = 0 b150
1M NaPFg/PC-FEC 3rd cycfe 1M NaPFg/EGDEE * 3rd cycle
Fitting / Fitting
400+ y p
300 ’ 0] e
z & = '
£ £ /=10 /
%4 200 8 Y J £
N : N =) 4
P 50 J K5 -
100 P ° oo~
> 4 % 2%( hst)) 35
onm
04 T T T T 0 J T T
0 100 200 300 400 500 0 50 100 150
Z' (ohm) Z' (ohm)
C1 50 d
1M NaPF4/THF ¢ 3rd cycle 80+ = BEER.
. L B R
/
100+ ¢ 7 28 Rs CPE1 CPE2
»é\ _4 / =
< £ F <
o » =£3 A o 40
= / _9'2 4 Rser Ry
N 50+ PN, A
‘/ 0 /""‘*J 20_ (=]
10 11 12 13 14 15 )
Z' (ohm) /
O-J . ; : [ =
0 50 100 150 PC-FEC EGDEE THF
Z' (ohm)

Figure 5.25 Nyquist plots of the Sn electrodes cycled three times in (a) 1 M NaPFe¢/PC-FEC, (b)
1 M NaPF¢/EGDEE and (c) 1 M NaPFe/THF; d) the fitted impedance in these three electrolytes
(d inset: the equivalent circuit used for EIS fitting).

The above results demonstrate the essential roles of SEIs in stabilizing microsized Sn anode.
The nanostructures of SEls in the three electrolytes are resolved by TEM to explore the
underlying mechanism. In Figure 5.26a and b, a heterogeneous SEI with a thickness of about
25.2nm is formed in 1 M NaPFe/PC-FEC electrolyte. Some tiny crystals present in the SEI and
their lattice structure is analyzed by the HRTEM (Figure 5.26¢). One pair of crossed lattices of
2.6A and 1.6 A can be assigned to Na,COs species on the (11-2) and (-422) planes
(COD#9009418), respectively. The d-spacing of 2.3 A might be the (002) plane of NaF
(PDF#73-1922). Turning to the SEI formed in 1 M NaPFe¢/EGDEE electrolyte (Figure 5.26e-g),
it exhibits ultrathin (about 3.4nm) and amorphous morphologies without showing any
crystalline particles. The stable SEI layer formed in the first cycle effectively prevents the

continuous electrolyte decomposition, avoiding the over-growth of SEI and resulting in the
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small thickness. Meanwhile, the thin SEI restricts the crystallization of the inorganic species.?>>
2% The SEI established in 1M NaPFe/THF shows similar nanostructures to that in 1M
NaPFs/EGDEE, where thin and amorphous SEI uniformly adheres to the Sn particles (Figure
5.26i-k). The NaxSn recovers to Sn upon charging to 1V, and the particle preserves the high
crystallinity after cycling. The nanostructures of SEIs in both linear and cyclic ether-based
electrolytes differ significantly from the one in classic carbonate electrolyte, as illustrated by
Figure 5.26d, h and I. In general, the SEI could be treated as a composite with the inorganic
species distributed among the organic matrixes. The relatively large inorganic particles with
high crystallinity are presented in the SEI in the carbonate electrolyte, which may deteriorate
the mechanical resilience, as will be explored by AFM test with eliminating the substrate’s
interference. Furthermore, the thick SEI is detrimental to the Na ion transfer and undermines

the rate capability.
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Figure 5.26 TEM/HRTEM characterization and SEI illustrations of Sn electrodes after 3 cycles
in (a-d) 1 M NaPFe/PC-FEC, (e-h) 1 M NaPFs/EGDEE and (i-1) 1 M NaPFs/THF electrolytes.
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XPS is conducted to compare the chemical compositions of the SEIs constructed in the three
electrolytes. Similar species are detected in the three SEIs but with massive differences in the
relative amounts. In C1s spectra of all the electrolytes (Figure 5.27a), the deconvoluted peaks
located at 284.5, 285.4, 286.1, and 287.4 eV can be assigned to organic carbonates of C-C/C-
H, C-O, O-C-O, and C=0 species, which are mainly originated from solvent reduction,
including the polymerization of PC, FEC, EGDEE and THF.?% %7 |n particular, the Na,COs
species involved with the NaPFs salt decompositions are defined at 289.5eV.2%8 As for the O1s
spectra presented in Figure 5.27b, the peaks at 532.3 and 533.3 eV can be ascribed to the organic
ingredients of O-C=0 and C-O, consistent with that in C1s spectra.”®® Additionally, Na-O
bonding at 531.5eV is derived from the sodium alkyl carbonates (R-OCO2Na), Na.COz or
Na2O species.?®® We also examine the detailed F1s spectra considering the pivotal roles of F-
related species. Two pronounced peaks of Na-F (684.9 eV) and P-F (687.7 eV) bonding (Figure
5.27c) correspond respectively to the salt decomposition products of NaF and NaxPFy (or
NaxPOyF).?%! Moreover, Na,CO3 and Na-O components are enriched in carbonate electrolyte-
derived SEI, which agrees with the TEM observations. However, much higher Na-F species
could be found under ether-based SEI. The F-rich SEI is reported to possess excellent

mechanical and electrochemical stability for maintaining the structural integrity.>> 262
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Figure 5.27 XPS measurements of (a) C1s, (b) Ols and (c) F1s for cycled Sn electrodes in
corresponding electrolytes.

We employed AFM to probe the mechanical properties of SEIs formed in different electrolytes.
To exclude the potential interferences from the binder and conductive carbon, neat Sn
electrodes are prepared by magnetron sputtering. Similarly, the electrodes are pre-cycled in the
three electrolytes to build SEIs for AFM tests. A two-step AFM test is conducted to explore the
elastic and plastic deformation behaviour of SEls. Figure 5.28a presents the typical force curves
of the same point obtained from the first and second steps of AFM test, respectively. E is
calculated from the first test that is conducted in the elastic deformation region, while the ey of
SEls is determined in the second test where a large force is applied to break the SEI deliberately.
According to most recent studies,'® the E and ey are calculated by eliminating the substrate’s
effects to increase the accuracy. The results show that the SEI formed in 1M NaPFs/PC-FEC
has a high average E of 280.5MPa, compared to 244.7 MPa and 183.4 MPa for the ones
constructed in EGDEE and THF-derived electrolytes, respectively. The observation does not
come as a surprise considering the better crystallinity of inorganic species in the SEI built in

1M NaPFe/PC-FEC. The high crystalline inorganic particles would have much higher Young’s
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modulus than the amorphous components.?®® Nevertheless, the SEI in ether-based electrolytes
shows excellent elasticity, evidenced by the large ey of 0.38 and 0.41 for the ones formed
respectively in 1 M NaPFe¢/EGDEE and 1 M NaPFe/THF, compared to 0.32 for the SEI in
carbonate electrolyte. Both high values of E and ey are beneficial to the mechanical stability of
SEI subject to expansion. The recent study suggests the maximum elastic deformation energy
(U o E-ev°) reveals the combining effects of E and ey in resisting the structure deformation
(Equation 2-3). The U distribution and the average value are given in Figure 5.28c. The U value
is 56.3 and 72.0pJ for the SEIs in EGDEE and THF-based electrolytes, respectively,
outperforming the 35.8 pJ for the one in NaPF¢/PC-FEC. The results indicate that, although
having a small thickness, the SEIs in the two ether-based electrolytes have better mechanical
stability. A stable SEI prevents continuous SEI formation and encapsulates the fragmented

particles, thus benefiting the cyclic stability of Sn electrodes.
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Figure 5.28 Mechanical properties of SEls. (a) Characteristic force curves obtained from the
AFM tests on magnetron sputtered Sn electrodes; (b) average Young’s modulus and yield strain
ev and (c) U for SEIs formed in the three electrolytes. Sample size = 108, 91 and 87 for PC-

FEC, EGDEE and THF, respectively.
108



Chapter 5

5.3 Summary

The phase transformation and morphology evolution of microsized Sb anodes during K ions
insertion/extraction are thoroughly investigated to resolve the poor cyclic stability. The unique
intercalation-assisted alloying reaction pathway partly prevents the structural collapse from
rapid volume expansion. Combining with electrolyte regulation, we achieve an outstanding
capacity for Sb microparticles, which is well maintained in the long-term cycles. We
demonstrate that such stability originates from the construction of elastic SEI, which effectively
encapsulates the particles during electrode expansion and contraction. The XPS analysis
suggests the abundance of oligomer-like species and small amount inorganic species mainly
account for the improved maximum elastic strain in the ether-derived SEI. Move over, the
construction of SEI can be further extended to stabilizing Sn microparticles in SIBs. Except for
larger &y, AFM tests also prove the SEls in the ether electrolytes have higher maximum elastic
deformation energy than the counterpart in the conventional electrolyte, offering superb
mechanical stability. These findings elaborate the structural insights to design elastic SEIs for
stabilizing microsized alloy anodes, so as to boost the energy densities of today’s alkali-metal
ion batteries. We are fully aware that the two reported candidates cannot completely address
the challenges towards the practical application of ether-based electrolytes. For instance, the
high vapor pressure of THF makes it hard to be used in real cells because of safety issues.
Nevertheless, the results presented here indicate the great opportunity in building robust SEIls
through ether solvent, which contains a large family of candidates besides widely adopted
methyl glyme groups. The disclosed microstructure-mechanical stability correlation would
benefit the screening of potential ether candidates and the rational design of SEI for stabilizing

alloys anodes.
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Chapter 6

Robust solid electrolyte interphases in localized high
concentration electrolytes boosting black phosphorus anode

for potassium ion batteries

lack phosphorus (BP) shows superior capacity towards K ion storage, yet it suffers from
Bpoor reversibility and fast capacity degradation. Herein, BP-graphite (BP/G) composite
with a high BP loading of 80 wt.% is synthesized and stabilized via the utilization of a localized
high concentration electrolyte (LHCE), i.e., potassium bis(fluorosulfonyl)imide (KFSI) in
trimethyl phosphate (TMP) with a fluorinated ether as the diluent. We reveal the benefits of
high concentration electrolytes rely on the formation of inorganic component rich solid
electrolyte interphase (SEI), which effectively passivate the electrode from copious parasite
reactions. Furthermore, the diluent increases the electrolyte's ionic conductivity for achieving
attractive rate capability and homogenizes the element distribution in the SEI. The latter
essentially improves SEI's maximum elastic deformation energy for accommodating the
volume change, resulting in excellent cyclic performance. This work promotes the application
of advanced potassium-ion batteries (KIBs) by adopting high-capacity BP anodes, on the one
hand. On the other hand, it unravels the beneficial roles of LHCE in building robust SEI for

stabilizing alloy anodes.

6.1 Introduction

Phosphorus (P) has been predicted to be one of the highest-capacity anodes for alloying up to
1.33 K ion per P atom, corresponding to 1154 mAh g* capacity.?** Three types of P allotropes
exist in nature, i.e., red phosphorus (RP), white phosphorus (WP), and black phosphorus
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(BP).2%* WP is precluded as a potential anode because of the safety issues associated with the
self-ignition under ambient temperature. The non-toxic and safe RP is widely studied as anode
materials for alkali metal ion storage.'% 265268 However, the poor electronic conductivity and
large volume expansion (301% for forming K4P3) hinder its development in PIBs. The low
electronic conductivity of 1014 S cm™ makes bare RP hardly directly employed as electrodes.?%®
The combination with conductive carbon is an effective strategy to modify its intrinsic poor
electronic conductivity.*% 279271 Taking advantage of low sublimation temperature (~419°C),
the RP could be encapsulated into the pores of carbon materials through vaporization
condensation conversion method, which enhances the conductivity and buffers the large
volume change of P in the carbon matrix.!'% 2”2 The drawback is that WP will be produced
during condensation. Thus, the composites need to be washed by toxic carbon disulfide (CS2)
solvent to remove WP residual.?”® Besides, the large specific surface area of the carbon host
will cause severe electrolyte decompositions in the first cycle with a low initial Coulombic
efficiency (ICE).

BP is a two-dimensional layered material with an interlayer distance of 5.2 A and possesses the
best thermal stability and electronic conductivity of 0.2-3.3x102Scm™ among all the P
allotropes.?’* Chemical vapour deposition (CVD) is extensively used to synthesize BP with
superior crystallinity, but the high cost and low BP yielding of CVD discourage the wide
application in the battery.2>-2’® Mechanical ball milling is recognized as a practical approach
to fabricate BP and its composite with carbon (BP/C) at a large scale.?’’-2"® Unfortunately, due
to the difficulties in controlling the morphologies during ball milling processes, the particle size
is relatively large and non-uniform, ranging from hundreds of nanometres to tens of
micrometers.?’® Although the large particles reduce the active surface with electrolytes and
benefit the high ICE, the ball-milled BP/C composites usually show rapid capacity decay in

PIBs because of the particle pulverization during cycling.87-88 280

High concentration electrolytes (HCE, usually > 3 M) show promising potentials in improving
the cyclic stabilities of anode materials,®> "® ! attributing to the new interfacial chemistry

induced by compressed solvation sheaths.?®* The modified ion solvation structures help build a
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salt anion-derived solid electrolyte interphase (SEI) to suppress continuous electrolyte
decompositions.®® To resolve the high viscosity of HCE, a localized high concentration
electrolyte (LHCE) is proposed and has been popularly adopted in Li/Na batteries.?3> 282-285,
Such a LHCE relies on fluorinated ethers as nonsolvent to dilute the HCE without changing its
ion solvation structures.?®® The LHCEs are rarely researched for PIBs, probably due to the phase
separation of fluorinated ethers and carbonate solvents in high concentration K electrolytes,
although it is not a problem in Li electrolytes.?®”-288 Recently, Qin et al. report a LHCE based
on KFSI/monoglyme (DME) system, which enables excellent cyclability of graphite anode by
toughening the SEI on graphite,?® but the direct extension to alloy anodes has not been
successful. In this work, we deviate from DME solvent and focus on trimethyl phosphate
(TMP)-based electrolytes considering its non-flammability with a high flash point of 150°C
(compared to 5°C for DME). It also possesses excellent oxidative stability to be compatible
with high-voltage cathodes for practical applications. Furthermore, the high dielectric constant
of 21.6 allows the preparation of highly concentrated electrolytes up to 6.6 M with a KFSI salt."
2% \We demonstrate that a LHCE based on KFSI/TMP system with a 1,1,2,2-tetrafluoroethyl-
2,2,2-trifluoroethyl ether (HFE) diluent realizes the stable cycling of BP-graphite (BP/G) anode
with a high BP loading of 80 wt.%. The BP/G electrodes show high reversible capacities of 618
mAh g under 0.1 Ag* and outstanding long-term cyclic stability with 342 mAh g* after 300
cycles under 0.3Ag? in LHCE.

6.2 Results and discussion

6.2.1 Physical characterizations

Commercial RP is purified by washing in boiling water, which is adopted to synthesize BP
through high-energy ball milling (HEBM). The X-ray diffraction (XRD) in Figure 6.1a shows
that the purified RP presents a medium-range order structure as manifested by the broad peak
at about 15° and confirmed in transmission electron microscopy (TEM, Figure 6.2).2°! RP is
completely transformed to orthorhombic BP (PDF#73-1358) after HEBM. Raman spectra also
identify the successful synthesis of BP. The Raman peaks at 347, 381-405, and 462 cm™* (Figure
6.1b) match B: (fundamental mode), A1 (Symmetric stretch mode) and E: (degenerate mode)
vibrations in RP.2%2 In comparison, there are three peaks at 362, 434, and 462 cm™ after ball

milling, corresponding to Ag' (out-of-plane mode), Bag, and Ag? (in-plane mode) of BP,
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respectively.?®® The BP exhibits a large particle size up to several micrometers (Figure 6.1c).
The d-spacing of 0.52 nm in high-resolution TEM (HRTEM) is indexed to the (020) plane of
BP. The BP is further mixed with graphite to prepare a BP/G composite through planetary ball
milling. There are no sharp peaks except two humps at about 23° and 35° in the XRD pattern
of BP/G, indicating the long-term ball milling decreases the crystallinity of the BP. In the
Raman spectrum of BP/G composite, the BP peaks between 350-500 cm™ become invisible,
and only the D (1340cm™) and G (1586 cm™) bands of graphite are detected. The D band
originates from Ay ring breathing mode, which is absent in perfect graphite, and G band arises
from Ezq vibration mode of sp? carbon atoms.?®* The increase of D band (Io/lc=1.04) implies
that significant defects are introduced in BP/G composite. The morphologies of BP/G
composite are examined by TEM and scanning electron microscope (SEM) (Figure 6.1d, Figure
6.10a and b). It maintains the microparticle characteristic and exhibits the uniform elemental
distribution of P and C in energy-dispersive X-ray spectroscopy (EDS) mappings (Figure 6.3a).
Moreover, the chemical structures of BP/G are studied by X-ray photoelectron spectroscopy
(XPS). As shown in Figure 6.3b, P-C bonding is found in both C1s (283.5 eV) and P2p spectra
(130.3eV ), which would help reduce the energy barriers of ion migrations for fast alloying

reactions.104 2%
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Figure 6.1 Sample preparation. (a) XRD patterns and (b) Raman spectra of RP, BP, and BP/G
composite; TEM images of (c) BP and (d) BP/G composite.

Figure 6.2 The TEM and HRTEM images of purified RP.
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Figure 6.3 (a) The EDS mapping of C and P elements and (b) XPS spectra for BP/G composite.

6.2.2 Solvation structures of electrolytes

Three alkylphosphates electrolytes with different formulations are prepared for examining the
electrochemical performance of BP/G, namely NCE (1 M KFSI/TMP), HCE (5 M KFSI/TMP),
and LHCE (KFSI/TMP/HFE=1:1.7:2 by mol.). The ionic conductivities of the electrolytes are
compared in Figure 6.4. Increasing the concentration significantly reduces the ionic
conductivity from 5.31 for NCE to 1.82 mS cm™ for HCE because of the increased ion-pairing.®?
After adding HFE diluent in LHCE, the value is enhanced to 3.08 mScm™. The solvation
structures of the electrolytes are investigated by Raman spectroscopy. In Figure 6.5a, two
distinct peaks at 737 and 751 cm™ are presented in TMP solvent, which can be ascribed to
asymmetric P-O-C stretching of free TMP molecular.®* The free stretching peaks persist in NCE,
although the intensity is weakened. In contrast, they are disappeared in HCE and LHCE,
implying that all TMP molecules participate in K solvation in high concentration electrolytes.®°
In Figure 6.5b, a prominent peak at 1216 cm™ is observed in NCE, which comes from the S=0
stretching in FSI- anion. This peak shifts to the high frequency of 1221 cm™ in HCE and LHCE

owing to the enhanced coordination between K* and FSI". Besides, the vibration band of HFE
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between 840-870cm™ does not show apparent shifts in LHCE (Figure 6.5¢) since HFE

molecules have minimal interaction with K ions.2%
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Figure 6.4 (a) Electrochemistry impedance spectra and (b) the calculated ionic conductivities
of NCE, HCE and LHCE.
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Figure 6.5 Electrolyte solvation structures. (a-c) Raman spectra of NCE, HCE, LHCE, KFSI,
TMP and HFE.

6.2.3 K-P alloying mechanism
The cyclic voltammetry (CV) curves are first scrutinized to study the faradaic response of BP/G
electrodes in the electrolytes mentioned above (Figure 6.6a). A broad peak at 0.5-1.2 V is shown
in the first cycle under all the electrolytes due to the formation of SEI. In NCE, the CV curves
do not reveal evident peaks after the first cycle as a reflection of the poor reversibility of the
electrode. As for HCE and LHCE, two pronounced reduction peaks at 0.8-1.0V and 0.25-
0.27V are observed in the cathodic sweep, which is associated with the formation of KyP
(x<1.33) and K4P3, respectively.’%® Correspondingly, two oxidation peaks at about 0.8V and
1.7V appear in anodic scan due to the reversible de-alloying process. Raman spectroscopy is
then performed to elucidate the K ion storage mechanisms of BP/G composite. No distinct peak,
except for graphite peaks, is detected at a fully discharged state in NCE, while three new Raman
peaks at 392, 474, and 950 cm™ emerge in HCE (Figure 6.7a and b). Combined with the CV
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curves in NCE and HCE, it can decipher that the BP/G composite is not alloyed with K in NCE

but reacts successfully in HCE and LHCE. The ex situ Raman spectra for LHCE are shown in

Figure 6.6b. In the state of discharging to 0.8V, a broad peak at about 440 cm™

is found,

possibly relating to the formation of KP2.2" When discharging from 0.2V to 0 V, three distinct

peaks in similar positions as those in HCE show high intensities, which is assigned to the KsP3
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Figure 6.6 (a) CV curves of BP/G electrodes in NCE, HCE and LHCE at the scan rate of
0.1mVs?; (b) Ex situ Raman characterization of BP/G electrodes under different states in
LHCE (note: D1-0.8V represents 0.8 V in the first discharge process).
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Figure 6.7 Raman spectra of BP/G electrode (a) at first fully discharged state (D1-0V) in NCE;

(b) at first fully discharged (D1-0V) and first fully charged (C1-2.5V) states in HCE.
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To confirm the final potassiated products, the K4P3 is chemically synthesized by HEBM using
K metal and BP powder with a stoichiometric ratio of 4:3. As observed in Figure 6.8, a group
of K4P3 peaks are well-defined, consistent with the peaks at a fully discharged state. Upon
charge (Figure 6.6b), the sharp peak at 473 cm™ is disappeared and turns to a weak peak after
charging to 1.0 V. Broad peaks located at between 350 and 500 cm™ arise when charging to
above 1.8V, evidencing the potassiated phases recovered to BP. Similarly, the BP peaks are
detected when charging back to 2.5V in HCE electrolyte as well (Figure 6.7b). The
observations demonstrate the highly reversible alloying and de-alloying processes of

4K+3P+—K4P3 in high concentration electrolytes.

483 D1-0V
—— Synthesized K P
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388/ 592 793
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Raman Shift (cm™)

Figure 6.8 Comparison of Raman spectra of HEBM synthesized K4P3 and first fully discharged
(D1-0V) BP/G electrodes in LHCE.

6.2.4 Electrochemical performance evaluation

The electrochemical performances of BP/G composite in PIBs are evaluated in coin cells, and
the specific capacities are calculated based on the total mass of BP/G composite. As shown in
Figure 6.9a, the BP/G electrode shows a large discharge capacity and minor charge capacity
with an extremely low ICE of 3.7% in NCE. We speculate that the electrolyte decomposition
dominates the process owing to the failure of forming an effective protective SEI layer. As
observed in SEM images (Figure 6.10c and d), a thick layer consisting of electrolyte reduction
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products are coated on the surface of the electrode after only three cycles in NCE, compared to
neat electrode surface under HCE (Figure 6.10e and f) and LHCE (Figure 6.10g and h). The
restricted alloy reaction is also evidenced by the absence of K«P phases in the Raman spectra
since nearly all the discharge capacity arises from electrolyte reduction. In sharp contrast, a
high reversible capacity of 536 mAh g* with ICE of 69.5% is achieved in HCE (Figure 6.9b).
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Figure 6.9 The selected galvanostatic discharge-charge profiles of BP/G electrodes under
0.1Agtin (a) NCE and (b) HCE.

Figure 6.10 SEM images of BP/G electrode: (a-b) pristine; cycled three times in (c-d) NCE, (e-
f) HCE and (g-h) LHCE.
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Moreover, the performance can be further enhanced by adopting LHCE. The voltage profiles
consist of two charge plateaus at around 0.70V and 1.61V, contributing to an accumulated
capacity of 668 mAh g* with 70.8% ICE (Figure 6.11a). The improved specific capacity can be
attributed to the higher ionic conductivity of LHCE than HCE, as discussed before. To quantify
the K ion storage capacity of BP in BP/G composite, the ball-milled graphite electrodes are
tested in LHCE (Figure 6.12a and b), which shows a low charge capacity of 83 mAh g under
0.1 Ag™. It can be calculated that about 814 mAh g is contributed by BP, equivalent to 0.94 K
ion per P atom participated in the alloying reaction. It is worth mentioning that the ball-milled
BP electrodes without graphite cannot deliver such high specific capacity even in LHCE (Figure
6.12c and d). It emphasizes the synergistic effect of BP and graphite in achieving a high capacity
and stable performance. The well overlapped discharge-charge curves of BP/G electrode in
HCE and LHCE suggest stable cyclic performances. BP/G electrode presents a capacity of
618 mAh g™ with 92.7% retention after 70 cycles in LHCE under 0.1 Ag? (Figure 6.11b),
which outperforms the 399 mAhg? in HCE and is among the highest values achieved in P-
based anodes (Table 6.1).
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Figure 6.11 The electrochemical performances of BP/G. (a) Voltage profiles under 0.1 Agtin

LHCE; (b) Cyclic performance under 0.1 Ag*
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Long-term cyclic performances in corresponding electrolytes.
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Table 6.1 The electrochemical performance of reported RP or BP composites in PIBs.

Electrodes Electrolytes ICE Current Capacity Ref.
density (mAh g7%)
(mAg?t) (cycle
number)
BP/G? KFSI/TMP/HFE=1:1.7:2 70.78% 100 618.4 (70)  This
by mol. 300 341.8 (300) work
BP/GP 125 773 (70)
375 427.3 (300)
BP-C 7:3° 0.6M KPFs/ECDEC 67% 50 30 (100) 87
(1:1)
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*The capacities are calculated by the total weight of active P and carbon; "The capacities are
calculated by the weight of P; °The capacity calculation methods are not mentioned.

Compared to HCE, much higher rate capacities are obtained in LHCE at increasing current
density from 0.05 to 2.0 A g™ (Figure 6.11c). The CV scans at different rates (Figure 6.13) are

carried out to calculate the K ion diffusion coefficient according to the Randles-Sevcik equation.

The results show the values in LHCE are about an order of magnitude higher than those in HCE

(Figure 6.11d), indicating faster ion transfer in the former electrolyte.
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Figure 6.13 CV rate curves of BP/G electrodes in (a) HCE and (b) LHCE; Fitting results of
peak current i, (A) vs. the square root of scan rate v? (V s1)2 for (c) R1, (d) R2, (e) O1 and
(f) O2 peaks (R for reduction and O for oxidation).

The electrochemical impedance spectroscopy (EIS) is performed to further study the Kinetics
behavior of the interphase formed in HCE and LHCE. As shown in Figure 6.14 and Table 6.2,
close resistances of charge transfer (Ret) in HCE (5197 Q) and LHCE (5106 Q) are obtained for
the cells at OCV state, and the values separately decrease to 628.2 and 627.4 Q after building
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SEI. Nevertheless, the SEI (Rsgi) resistance in LHCE is much smaller than the one in HCE

(134.6 vs. 756.2Q)), confirming the faster charge transfer kinetics in the designed LHCE.

Furthermore, the long-term cycling of BP/G composite is conducted to evaluate the

electrochemical stability (Figure 6.11e). Outstanding cyclic performances are obtained when

LHCE is employed, achieving a high reversible capacity of 342 and 291 mAhg over 300

cycles under 0.3 and 0.5 A g™, respectively. In contrast, there is apparent capacity degradation
and fluctuation in the HCE after 200 cycles, dropping to 168 mAh gt in the 300th cycle under

0.3Ag™L
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Figure 6.14 The Nyquist plots of the BP/G electrodes at OCV state in (a) HCE and (b) LHCE;
cycled three times in (¢) HCE and (d) LHCE.
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Table 6.2 Cell resistance (Rs) and charge transfer resistance (Rct) resistance of SEI of BP/G
electrodes from equivalent circuit fitting of experimental data in Figure 6.14.

State Electrolytes Rs Rsel Ret

Oocv HCE 40.08 - 5197
LHCE 40.99 - 5106

3rd HCE 46.81 756.2 628.2
LHCE 40.05 134.6 627.4

The well-designed LHCE can be further extended to improve the stability of RP/G in PIBs and
BP/G in SIBs. The performance of RP/G composites is evaluated in the as-developed LHCE
electrolyte (Figure 6.15), which shows decent cyclic stability and confirms the benefits of
LHCE. Nevertheless, the performance is inferior to the BP/G with LHCE in PIBs owing to the
better conductivity of BP than RP. These results highlight the advantages of BP/G composite
anode and the proposed electrolyte. Na-LHCE for SIBs, i.e., NaFSI/TMP/HFE with a molar
ratio of 1. 1.7: 2 was also prepared, following the same formulation as the K counterpart but
replacing the KFSI by NaFSI. It is a delight to find that the Na-LHCE could also benefit the
BP/G for Na ion storage, thus partly demonstrate the general advantages of such an electrolyte
formulation. However, it needs to further optimization in the electrolyte formulation for

specifical application in SIBs.
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Figure 6.15 The selected galvanostatic discharge-charge profiles and corresponding cyclic
performances of (a) and (b) RP/G in PIBs and (c) and (d) BP/G in SIBs.

6.2.5 Full cell demonstration

Furthermore, the full cell performance in LHCE is demonstrated using the BP/G anode and a
Prussian blue KyMnFe(CN)s (0<x<2) cathode. The structure of KxMnFe(CN)s has a monoclinic
phase (ICSD#151697) (Figure 6.16a). The KxMnFe(CN)s half cell shows two discharge
plateaus at about 4.0 and 3.9 V, leading to a cumulative capacity of 122 mAh g* (Figure 6.16b
and c). The full cell delivers a considerable capacity of 82 mAg* (based on the total mass of
anode and cathode) with a decent rate capability at a current density up to 0.5 A g* (Figure 6.16d
and e). A capacity of 77mAhg? can be recovered and stabilized with a working potential of
3.01V when the current density decreases to 0.025 A g™, giving rise to an energy density of
233 Whkg™. This value is lower than the theoretical prediction due to the K ion consumption

in the SEI formation, which may be resolved through pre-potassiation techniques, similar to

128



Chapter 6

that adopted in LIBs and SIBs.13% 3% Qverall, these results indicate that the LHCE is fully

compatible with the cathode.
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Figure 6.16 (a) The XPD pattern of KyMnFe(CN)s (inset: the cystal structure); (b) the selected
galvanostatic discharge-charge profiles and (c) cyclic performance for KxMnFe(CN)e half cell
in LHCE; (d) and (e) full cell performances of BP/G||KxMnFe(CN)e in LHCE.
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6.2.6 Chemical compositions, nanostructure and mechanical properties of SEls

To explore the underlying mechanism behind the electrolyte-induced enhancement, the SEI
chemical compositions of the BP/G electrodes after cycling three times are investigated by XPS.
As presented in the C1s and P2p spectra (Figure 6.17a-c), the SEIs consist of C-C (284.8eV),
C-OH (285.7eV), C-O (286.7¢eV), and P-O (around 133.3eV) organic species, which are
originated from the TMP decomposition. Other inorganic components are probed in F1s and
S2p spectra, including K-F (683.6 eV), S-F (687.1eV), (S=0)-N (168.3eV), K2S03 (166.1eV)
and KzS (161.8 eV) species.® 392 In particular, the atomic concentrations of P and S elements
presents significant differences in the three electrolytes. The SEI forming in NCE has the
highest P content among the three but lower S content than those in HCE and LHCE (Figure
6.17d). The P and S elements in the SEI are mainly derived from the decomposition of TMP
solvent and KFSI salt, respectively. That means the solvent decomposition is dominated in the
low concentrated electrolyte, and more FSI™ anion reduction occurs in the high concentration
counterpart. The preference for FSI~ anion decomposition is attributed to the lowest unoccupied
molecular orbital (LUMO) shifting from solvent to anion due to the modified solvation
structures of high concentration electrolytes .26 Compared to the SEI in HCE, higher S content
is found in the one under LHCE because HFE additive allows more FSI™ anions to participate
in the K ion solvation sheath, which leads to anion-derived SEI.3%3-304 Further exploring the
deconvoluted spectra (Figure 6.17d), it shows that the SEI in LHCE has more rich (S=0)-N
species but less amount of classic inorganic components such as KF (1.64 vs. 3.23%), K2S (0.04%
vs. 0.16%), and K>SOz (0.25% vs. 0.71%) than those in HCE counterparts.
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Figure 6.17 XPS Characterizations of BP/G electrodes after three cycles. C1s, P2p, F1s, and

S2p spectra (a) in NCE; (b) HCE; ¢) LHCE and d) the atomic percentage of P and S elements
in corresponding electrolytes.

The nanostructures of the SEIs are studied by TEM and EDS mappings to examine the
morphology and elemental distribution. In NCE (Figure 6.18), the discontinuous SEI with
rough and ruptured morphology is observed on the particle surface, which cannot successfully
protect the electrode, leading to the overwhelming electrolyte decomposition in the first
discharge. The SEI with a thickness of 17.7 and 9.4 nm is formed in HCE (Figure 6.19a and b)
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and LHCE (Figure 6.19d and e), respectively. The C, O, S, F, K, and P elements show more
uniform distributions in the LHCE than HCE (Figure 6.19c and f).

Figure 6.19 The TEM, STEM images and EDS mapping of BP/G after cycling three times in
(a-c) HCE; (d-f) LHCE.

Meanwhile, the electrodes after long-term cycling are also characterized to understand the
discrepancy in electrochemical cyclic stability. The thickness of the SElIs slightly increases to

22.3nm for HCE and 12.2 nm for LHCE after 300 cycles (Figure 6.20a and c). It again confirms
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the robustness of SEI subject to the deformation, successfully passivating the electrode surface
to prevent the continuous SEI growth. Such stable SEI is crucial in protecting the integrity of
active particles and suppressing the parasitic reactions of electrolytes. More importantly, the
SEI formed in LHCE maintains excellent structural homogeneity (Figure 6.20d), while the
segregation phenomenon becomes more severe for the SEI in HCE, as evidenced in the
elements mixed image (Figure 6.20b).
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Figure 6.20 Morphologies and mechanical properties of the SEls. The TEM, STEM images and
EDS mapping after long-term cycling (300 cycles) in (a, b) HCE and (c, d) LHCE; e) Young’s
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modulus (E) and elastic strain limit (ev), and f) the maximum elastic deformation energy (U) of
SEls formed in these two electrolytes.

The elemental segregation in the SEI formed under HCE may explain the inferior stability
compared to LHCE. To examine the speculation, the mechanical properties of SEls in HCE and
LHCE are probed by atomic force microscopy (AFM) with eliminating the substrate’s
interferences. Young’s modulus (E) and elastic strain limit (ey) are the most widely used
parameters for evaluating the SEI’s mechanical stability, and the maximum elastic deformation
energy reflects their combined effect.!'® Elastic deformation is performed to determine the E in
the 1%t step AFM tests, while the SEI is intentionally fractured by applying a large indention
force in the 2" step to calculate ev. At least 90 points are measured to increase the accuracy of
the test. A larger E of 1210 MPa is attained for the SEI build in HCE than the counterpart
(810 MPa) in LHCE (Figure 6.20e). The reason lies in the presence of abundant KF (29 GPa),
K2SOs3 (45 GPa), and K>S (19 GPa) components with high stiffness in HCE. Nevertheless, the
SEI in LHCE shows higher ey than the one in HCE, attributed to the homogenous composition
with reduced stress concentration. Combined the effects of E and ey, the parameter U
(proportional to E-ev®), is used to appraise the mechanical stability of SEI. The SEI formed in
LHCE shows a large U of 202.5 pJ, almost two times higher than that in HCE (Figure 6.20f).
The results indicate the better mechanical properties of the SEI in LHCE for accommodating
the deformation to realize long lifespan BP/G electrode.

6.3 Summary

We prepare the BP/G electrode as advanced anodes in PIBs via a facile two-step ball milling
approach. HEBM is adopted to transfer the RP into BP, which is mixed with graphite to obtain
BP/G composite with a high BP loading of 80 wt.%. The electrode fails to deliver a decent
reversible capacity in a standard concentration TMP-based electrolyte (1M). Increasing the
concentration to 5 M essentially boosts the reversibility, albeit the rate capability remains poor
due to low ionic conductivity. Therefore, LHCE (KFSI/TMP/HFE with a molar ratio of 1: 1.7:
2) is designed to resolve the long-term stability and rate performance. The electrode presents a

high reversible and stable capacity of 342 mAh g™ over 300 cycles under 0.3 Ag™! with the
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assistance of LHCE. Such an improvement roots in the enhanced ionic conductivity and the

building of a robust SEI. We summarize the essential roles of SEI in governing the

electrochemical behavior as follows:

i)

The absence of an effective SEI in NCE leads to negligible reversible capacity
because of the copious electrotype decomposition.

The electrode shows a high reversible capacity in HCE but suffers from capacity
degradation in long-term cycles. The inhomogeneous SEI with apparent elemental
segregation reduces the yield strain.

The building of an inorganic component rich SEI with uniform elemental
distribution boosts the BP/G performance in the LHCE. On the one hand, the
conformal SEI layer effectively prevents parasite reactions on the electrode surface.
On the other hand, the homogenous SEI renders superb mechanical stability for
accommodating deformation, as reflected by the large maximum elastic deformation

energy.

Lastly, we demonstrate that the electrolyte is fully compatible with the cathode, thus promoting

the application of advanced PIBs with high-capacity BP anodes.
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Chapter 7

Conclusions and future work

This chapter summarizes the main results of this thesis and discusses the remaining issues

for future studies.

7.1 Conclusions

Several anode materials are explored to understand the K ion insertion chemistry and design
high-performance anodes for boosting the energy density of potassium ion batteries (PIBs). The
phase transition and structural evolution of MoS;, Sh, and P are systematically studied through
complementary experimental investigation and theoretical simulations. Furthermore, robust
SEls are built via developing novel electrolyte formulation, realizing stable cycling of high-
capacity anodes. The nanostructure and mechanical properties of the solid electrolyte
interphases (SEIs) are probed to establish a structure-property correlation for guiding SEI
design in advanced anodes. Four major findings drawn from this thesis are highlighted in the

following:

(1) The in situ insertion behavior of Li, Na and K ions into MoSz/nanofiber are compared by
real time TEM. The results show the largest volume expansion of about 140% occurs in K ion
incorporation, but most layered compounds are preserved owing to a large ratio of intercalation
reaction during K ions uptake. However, layered MoS, mostly collapses upon Li and Na
insertion because of the dominated conversion reaction. The phase transition processes of MoS;
toward K ion insertion are then explored by in situ XRD, which reveals a pathway of
Mo0S2—Ko4M0S2—Kos5M0S>—Ki10M0S,. The layered Ki0MoS: phase is found in the fully
discharged state, suggesting the intercalation reaction occurs even being discharged to 0 V.
Such a layered compound supports the frame structure against collapse, enabling the stable

cyclic performance of microsized MoS..
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(2) To stabilize Sb microparticles, novel ether-based electrolytes (1 M KFSI/EGDEE and 1 M
KFSI/THF) are designed to replace the conventional carbonate electrolytes. The microsized Sb
anode presents a high reversible capacity of 573 mAh g™ under 0.1 Ag™lover 180 cycles and
decent rate performance of 225mAhg™? under 3.3Ag * in 1M KFSI/EGDEE. The phase
transformation during K-Sb alloy/de-alloy is disclosed as Sb—K:Sb— cubic KsSb and
hexagonal KsSh. A thinner and amorphous SEI with abundant oligomer-like species is built in
ether base electrolyte. The nanoindentation tests reveal that the elastic strain limit of ether-
derived SEI is twice that in the carbonate-based electrolyte, which helps to constrain the

particles from pulverization and reinforce the electrochemical stabilities.

(3) The concept of ether-derived SEI is extended to the Sn microsized particles in SIBs. The
Sn anode shows a high reversible capacity of 669 (in 1 M NaPFs/ EGDEE) and 786 mAh g™ (in
1M NaPFg/THF) after 100 cycles under 0.2 Ag™. The improved cyclic stability is closely
related to the SEIs. The SEI presents an ultrathin (~3 nm) thickness with high maximum elastic
deformation energy in the ether-based electrolyte. In contrast, many inorganic particles with
high crystallinity are shown in the SEI in the carbonate-based electrolyte, reducing the
capability of accommodating the deformation. In addition, the small thickness of SEI facilitates

the fast Na ion transfer for rate performance.

(4) Black phosphorus and graphite (BP/G) composite with a high BP loading of 80 wt.% is
synthesized by ball milling. A nonflammable trimethyl phosphate (TMP)-based electrolyte is
developed for stabilizing the composite anode. It shows negligible reversible capacity in normal
concentration(1 M) electrolyte due to the absence of effective SEI. In comparison, a
considerable capacity of 399 mAh g™ under 0.1 Ag? is observed in high concentrate (5M)
electrolyte. Furthermore, a fluorinated ether diluent is incorporated to prepare a localized high
concentration electrolyte (LHCE) to reduce viscosity. In LHCE, BP/G electrode presents a high
capacity of 618 mAh g over 70 cycles under 0.1 A gtand a stable capacity of 342 mAh g over
300 cycles under 0.3 Ag™.
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7.2 Future work

Upon completion of this thesis, there are still great challenges for the practical application of
high-capacity anodes in PIBs. The major issues are summarized in the following, which may

be adopted in future studies:
(1) Low ICE

Although the microsized active materials are used to reduce the active interfaces with the
electrolyte, the ICEs are still lower than 80% (Figure 7.1a). Apart from SEI formation, the low
ICEs can also be caused by parasite reactions, such as the trapping of K ions. A low ICE will
significantly consume the K ions provided by the cathode in the full cells, remarkably
decreasing the energy density. On the one hand, the electrode and electrolyte should be
optimized to further increase the ICE. On the other hand, facile pre-potassiation methods are
required to compensate for the K ions loss in the first cycle, which are widely adopted in LIBs

technologies.
(2) General approach of SEI formation

Building robust SEls in classic electrolytes and general electrodes. The SEI is mainly generated
by the electrochemical reductions of solvent and salt. Ether-based electrolytes have shown
significant advantages over classic carbonate counterparts in building mechanically stable SEI
for alloy and metal anodes. However, the ether solvent suffers from oxidative stability at the
cathode side, limiting its application in full cells. It remains unclear how to build such a SEI in
carbonate electrolytes. The resolved structure-property correlation of SIE in this thesis may
provide some guidance. Furthermore, the SEI could also be affected by the surface
functionalities of the electrode materials, which are largely ignored in previous studies. For
instance, the EGDEE-based electrolyte (1M KFSI in EGDEE) is only effective for the Sb
material. Fast decays are observed in the same electrolyte formula when changing to Sn, Bi and
Si anodes (Figure 7.1b). The possible reasons can be summarized as follows: Firstly,
electrochemical potentials of the electrodes may have big influences on the electrolyte’s
decomposition. Secondly, the phase and morphologies of anode materials can also alter the
electrochemical reductions of the electrolytes. Thirdly, the surface properties of the anodes can
also affect the products electrolytes reductions. The electrolytes decomposition pathways can

be regarded as catalytic reactions using anode as catalyst, which will form various SEIs with
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different anode materials, making more challenging to find a general electrolytes formulation
for the anodes. Such information is somehow lacked currently, which is essential to generalize
the SEI strategy to other anodes.
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Figure 7.1 (a) The first charge and discharge curves for MoS;, Sb and BP/G in PIBs. (b) Cyclic

performances of microsized Sb, Sn, Bi, Si electrodes under 0.1 Ag? in 1 M KFSI/EGDEE for
PIBs.
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