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Abstract

The lithium-sulfur batteries have entered a stage of flourishing development for their
attractive gravimetric energy density of 2567 Wh/kg and low cost of sulfur stock.
Through decades of efforts, electrochemical performance, such as specific capacity,
cycling stability, and rate performance, has been greatly improved. However, some
problems still need to be overcome to achieve practical Li-S batteries, including the
insulating nature of S/Li2S, the shuttle effect of soluble lithium polysulfides, and the
slow reaction kinetics of the Li>S deposition. In addition, the real reaction process of
Li-S batteries is still unclear due to the sensitivity of sulfur species to the environment
and the complex reaction mechanisms. Liquid sulfur has been recently discovered in
the charging process of Li-S batteries using optical microscopy and in situ Raman
spectroscopy on an optical cell. Liquid sulfur has specific advantages over solid sulfur:
1. The reshaping ability brings liquid sulfur a higher charging capacity even at a large
current density. ii. The lower reaction barrier of liquid-liquid conversion leads to fast
reaction kinetics. This thesis explores the role and application of liquid sulfur in Li-S

batteries.

Firstly, we observed the sulfur generation and growth on the thick MoS; nanoflakes.
Liquid sulfur can be generated on the basal plane of MoS: but would be solidified
quickly when it comes into contact with crystalline sulfur growing from the edges.

Annealing MoS; nanoflakes in the H> atmosphere can introduce oxide around the edges



and sulfur vacancies on the basal plane. These two factors enable the generation of
liquid sulfur throughout the whole charging process, even at large overpotentials and
low temperatures. The same annealing method can also be applied to other transition
metal dichalcogenide (TMD) materials (WS2 and MoSe»). This research suggests that
functionalized TMD materials have the potential to achieve a pure liquid sulfur-lithium
battery system.

Compared to TMD materials, carbon is more common in Li-S batteries. To better
understand the liquid sulfur, we observe the nucleation and growth of sulfur on single-
layer graphene by in sitfu Raman and optical microscopy. Due to its metastable
characterization, we found the supercooled liquid sulfur hard to keep as the final
charging product. The important role of liquid sulfur has been verified through analysis
of the growth dynamic of liquid sulfur in the charging process. Furthermore, we found
that the current density strongly influenced the morphology and density of liquid sulfur,
while the charge capacity was limited. Based on these findings, a cathode host
supporting liquid sulfur formation has been designed to achieve high electrochemical
performance at a high charging rate.

The third work has inspected the effects of charge transfer and mass transport of
reaction species on liquid sulfur deposition. The electrochemical reaction kinetics of
liquid sulfur was systematically studied by gradually increasing the conductivity of the
substrate, introducing catalysts, and changing the temperature. This work reveals that
excellent conductivity, efficient catalyst, and suitable temperature favor liquid sulfur

deposition kinetics.
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Chapter 1 Introduction
1.1 Background and development of Li-S batteries

Facing fossil fuels' shortage and environmental pollution, rechargeable batteries are
regarded as clean and sustainable development energy that can address our dependency
on fossil fuels.!” Lithium-ion batteries (LIBs) were first commercialized in 1991 and
are now used in the portable power supply market and electric vehicles.* The increasing
energy market urges high energy density and low-cost rechargeable battery systems.
However, the specific energy limitation of electrode materials for lithium-ion batteries
prevents them from becoming high-energy-density batteries.® Li-S batteries have been
expected to replace state-of-the-art lithium-ion batteries to be the next-generation
energy storage system because they offer a number of advantages, including the
abundance of sulfur stock, high theoretical gravimetric energy density, and volumetric

energy density (Figure 1.1).°

Energy Density

Gravimetric 2500 g

Energy
Density

2800 Wh/L

Volumetric
Energy

Density 1400 Wv/L

@ Lithium-sulfur battery @ Lithium-ion battery

Figure 1.1 The energy density comparison between Li-ion batteries (graphite anode
and LiNi;3Mn;3Co1/30; cathodes) and Li-S batteries. !

Since 2009, Nazar et al.® introduced conductive CMK-3 porous carbon as the host for
1



sulfur and the battery attained a satisfied discharge capacity with more than 20 cycles.
The Li-S batteries ushered in rapid development. Li-S batteries have different working
mechanisms compared to lithium-ion batteries, the former is based on the sulfur
conversion on the cathode and lithium plating/ striping on the anode, and the latter is

operated based on the intercalation/deintercalation of lithium-ion.
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Figure 1.2 The development of strategies for Li-S batteries.’

Figure 1.2 depicts the strategies that have been developed to achieve practical lithium-
sulfur batteries from 2009 to 2020, such as the evolution of cathode design from initial
porous carbon to catalyst design.” After decades of hard work, many effective strategies
have been promoted to improve electrochemical performance. The specific capacity,
cycle stability, and rate performance of Li-S batteries have greatly improved. According
to the latest report, the Li-S batteries can stable cycle over 2000,*° and operate at ultra-
high rates of 40C,'" and display a high discharging capacity of 1200 mAh g™ at 1C.'!!2

Although these data are attractive, there is still a huge gap between the laboratory level



and the commercial. Many problems exist that need to be addressed for practical Li-S

batteries.

1.2 Reaction mechanism in a typical lithium-sulfur
batteries

Li-S batteries operate based on the electrochemical reaction of lithium and sulfur:

2Li+S — LixS. The actual discharging/charging processes of Li-S batteries are multi-

step electrochemical reactions involving phase transitions (Figure 1.3a).> The

discharging process is divided into four regions, and the related reaction equations are

listed as follows:

Step I:
Sg(s)+2Li" —Li,Sg(1) (1)
Step 11:
Li,Sg()+2Lit—Li,Se (1) ()
Li,S¢()+2Li*—Li,S,(1) 3)
Step I1I:
Li,Ss(D)+2Li*t—Li,S,(s) 4)
Li,S,(1)+2Li*t—Li,S(s) (%)
Step I'V:
Li,S,(s)+2Li* —Li,S(s) (6)

In Step I, the solid sulfur is lithiated to the soluble long-chain lithium polysulfides
(LiPSs) and contributes to the first plateau (~2.35V). In Region II, the long-chain LiPSs

are reduced to the short-chain LiPSs. The step only involves liquid phase conversion,
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leading to relatively fast reaction kinetics. The second plateau comes from Steps III and
IV, and the soluble LiPSs are reduced to insoluble Li>S>/Li>S. Steps III and IV devote
75% theoretical capacity (1254 mAh g), regarded as rate-limiting processes.

In the charging process, the reaction steps are opposite to the charging process with two
overlapping voltage regions, as shown in the cyclic voltammogram in Figure 1.3b.

Moreover, an overpotential is needed for the Li>S decomposition.

a. 49 b.
" | discharge step 1: sulfur to high-order polysulfides Li,S,/1i,S mixtures to sulfur and high-order’
<> o« polysulfides mixtures >
discharge step 2: high-order polysulfides = 21
2.59 |to low-order polysulfides bl
<> E
- , >
204 . g charge steps: =
:.;, discharge step 3: 11,5,/11,S mixtures to % 0
= Imu:orde(_ deSu'ﬁdﬁ sulfur and high-order [a) dischargestep 1
>° to Li,S,/Li,S mixtures polysulfides mixtures = —
1.5 g < discharge step 2
discharge step 4: Li,S; to Li,S 3 24
O <Y dischargestep 3
1.0+ . = = = discharpe step 4
0% 50% 100% 50% 100% 15 20 25 3.0
DOD DOD DOD DOC DOC Potential (V)

Figure 1.3 a. The charging and discharging profile of typical Li-S batteries. b. The
cyclic voltammogram of typical Li-S batteries.

Besides the electrochemical reaction, some chemical reactions occur in the charging
and discharging process, which is potential-independent, such as the disproportionation

of soluble LiPSs as shown below:

Sa~ — 25, (7)
S§™ — S¢T + 1/455(DMSO) (8)
S2~ > 25, (DMSO) )
6 ., 8 (10)
254 - ;Ss + 751

Combining the electrochemical reaction equation, we can find that the real reaction

mechanism of Li-S batteries is very complex. In addition, the actual reaction process of
4



Li-S batteries is still being explored. Recently, Wang et al.'* proposed that Li»Ss is
reduced to LixS»>-Li>S at an invariable ratio of 1:4, and the continuous formation of
Li2S>-LisS solid discharge products comes from a self-catalytic process in practical
conditions. Besides, liquid sulfur formation on some specific substrate has been
observed in the charging process.'* By means of in situ/ ex situ characterizations can
help us comprehensively and deeply understand the actual reaction mechanism of Li-S
batteries in the future.

1.2.1 Redox reaction between sulfur and lithium polysulfides
In Step I, the redox reaction between sulfur and LiPSs involves phase transition. During
the discharge process, cyclo-Sg is opened and reduced to the long-chain LiPSs and
attributes the first discharge plateau (~ 2.34 V) with ~12.5% (209 mAh g!) theoretical
capacity.! The discharge capacity is usually lower than the theoretical capacity because
partial sulfur may have self-discharge and dissolve in electrolytes.'” It is worth noting
that the charging product sulfur is not the original orthorhombic a-sulfur but is found
in the monoclinic S-sulfur.!® The stable temperature for the S-sulfur existing is above
114 ~119 °C, but it can be generated though electrochemical at room temperature in Li-
S batteries. Another interesting phenomenon has been reported: liquid sulfur can be
generated from polysulfide electrochemical oxidation at room temperature on metal-
containing electrodes.'* They also found that liquid sulfur can generate on the basal
plane of 2D materials (such as graphite, molybdenum disulfide (MoS>)).!” However, on
the thick 2D materials the liquid sulfur quickly transfers to f-sulfur once is touched by

a solid sulfur crystal as shown in Figure 1.4a, which illustrates that f-sulfur is more



stable than liquid sulfur in this system. The reason for the liquid sulfur generation from
the electrochemical pathway is possible that the relative free energy between LiPSs and
sulfur has been changed by the electrochemical potential.'* The formation of liquid
sulfur is shown to be substrate-dependent, and no sulfur droplets are formed on glassy
carbon substrates, graphene-nickel foams, and commercial carbon-coated
aluminum.'*'® Due to the fast reaction kinetics, high mobility and reshaping ability of
liquid sulfur, it exhibits a higher capacity than the solid sulfur in the same charge
condition.!” Liquid sulfur allows the conversion of the sulfur and LiPSs to form a
solid/liquid reaction to a liquid/liquid reaction, which can be applied to flow and fast-
charging batteries.

1.2.2 Redox reaction between lithium polysulfides

In Step II, long-chain LiPSs are continued to be reduced to short-chain LiPSs (Li2Sx,
2<x<6, as shown in Figure 1.3a), and the voltage gradually decreases with further
oxidation of LiPSs.! At the end of this stage, the viscosity of the electrolyte arrives a
maximum, and the major intermediate product is S4+>~.?° This step is a single-phase
reaction only involving liquid-liquid conversion (equation (2)) and has fast reaction
kinetics. The properties of electrolytes (such as solution viscosity, solubility to LiPSs)
will affect the kinetics.?! In addition, the electrolyte type affects the reaction pathway,
like most of the high donor number (DN) solvents, which can provide a stable
environment to generate main intermediate products S;~ radical.?’ The solubility of
Li>Ss is very low in the DOL(Dioxolane)/DME(Dimethoxyethane) electrolyte (the

solubility of Li>S4 is smaller than 0.1 mol L!). Therefore, premature Li>S4 may occur



during discharging, as shown in Figure 1.4b.2? The plateau ~2.157V (thermodynamic
curve) comes from the deposition of Li>Ss. Li>Ss deposition has a slow kinetic and
displays thermal dynamic control.

The LiPSs are thought to bring favorable and unfavorable consequences to the reaction
process. LiPSs lose contact with the cathode surface due to concentration gradient and
diffusion to the separator and anode, resulting in irreversible loss of active material.
Moreover, the long-chain LiPSs shuttle to the anode and are lithiated to form short-
chain LiPSs, and then the short-chain LiPSs return to the cathode to be re-oxidized,
which leads to low Coulombic efficiency and self-discharge. Severe capacity fading
and low sulfur utilization are caused by the shuttle of LiPSs.?* Nevertheless, LiPSs also
play an important role in improving the reaction kinetic and efficiently employing the
sulfur cathode. LiPSs are beneficial to react with insulating sulfur and to make the
internal sulfur in the bulk sulfur have the opportunity to be oxidized, thereby improving
the utilization of sulfur (Figure 1.4c).>>** The similar reaction also occurs in the
charging process; the LiPSs will react with Li2S to decrease the LiS decomposition

barrier.
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Figure 1.4 a. The optical photos of sulfur generation on the thick MoS> flake.!” b. The
GITT curve of Li»Ss conversion to Li»S.?? ¢. Schematic of lithium polysulfides react
with insulation sulfur and Li»S2/Li»S.>*

1.2.3 Redox reaction between polysulfides to Li.S

The Step III and I'V of LPSs to solid Li>S2/LizS is regarded as a kinetic-limited step and
attributes three-fourth theoretical capacity (that is, 1254 mAh g!) as well as the second
discharging plateau (~2.15V). A voltage drop at the beginning of the second stage has
been recognized as the nucleation overpotential for forming Li,S, as shown in Figure
1.3a. The overpotential becomes prominent in a practical condition (high loading and
lean electrolyte) even at a relatively small current density (0.12C), as shown in Figure
1.5a.13 Besides, the rate capability and cyclability also turn unsatisfied. These problems
are from high LiPS concentration, resulting in sluggish Li>S deposition. Therefore, to
alleviate the potentially limited step, introducing a catalyst can help Li»S»/LixS
deposition Figure 1.5b. Most of the research recently focused on the catalyst design

because the catalysts with absorption-catalytic ability can suppress the shuttle effect



and improve the reaction kinetics, especially the Li»S deposition.?>?’

There is no consensus on how high concentrations of LiPSs lead to slow Li>S deposition.
Recently, Huang et al.?® through electrochemical impedance spectroscopy, combined
the galvanostatic intermittent titration technique (EIS—GITT) method to figure out the
key kinetic limiting factor in the practical condition of Li-S batteries. During the
charging process, the thermodynamic and kinetic voltage curves at different
electrolyte/sulfur (E/S) ratios almost overlap, indicating that the E/S ratio has a limited
influence on charging kinetics. Besides, the E/S ratio also influences little about the
Lithium anode. In the discharging process, the kinetic polarization significantly
increases with decreasing E/S ratio. They decoupled the polarization (notal) to activation
polarization(nac), the interfacial charge transfer decides nac and can reflect the activation
energy needed for the LixS deposition; concentration polarization (Ncom), Tcom 1S
influenced by the diffusion ability of the species involved in the reaction and arises
from the difference in concentration of reacting species between the bulk electrolyte
and the electrode surface; and Ohmic polarization (nonm) 1s induced by the applied
current and the electrolyte ohmic resistance, and caused by the ion conduction in the
bulk electrolyte (voltage loss) as shown in Figure 1.5¢c. Based on the analysis of the
change of Nac, Ncom, and nonm With the depth of discharge at different E/S ratios. They
suggested that the mac at the LixS deposition stage is the major kinetic limitation in
practical conditions (Figure 1.5d). Besides, the ncon also accounts for a high percentage
in the Nwar in the Li2S nucleation and growth process, representing the high LiPS

concentration that led to a low interfacial charge transfer and low LiPS diffusion



kinetics. However, the neon displays less sensitive to E/S ratio.
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Figure 1.5 a. Schematic of the high energy barrier for Li>S deposition in a practical

condition. b. The alleviation of energy barrier through introducing catalyst.'’

C.
Schematic of three kinds of polarization in Li-S batteries. d. The percentage of different
polarization in total polarization in Li»S nucleation and Li»S growth process.?®

1.3 The challenges of lithium-sulfur batteries

Working Li-S batteries involves multi-step reactions and phases transition, so the
complex process leads to many issues. The challenges of sulfur cathode are listed as
follows:

i. The insulation of S and Li»S: the electrical conductivity of S and Li,S are 5x107 S
cm and 10"° S ecm™ respectively, resulting in sluggish reaction kinetics and low sulfur

utilization.?’

1. The shuttle effect of soluble LiPSs: the soluble intermediate product LiPSs are cline
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to diffusion to anode due to the concentration gradient and are reduced to short LiPSs
through a chemical reaction, which can diffuse back and be reoxidized
electrochemically. Moreover, the diffused LiPSs can be lithiated and deposited on the
anode surface as Li»S»/Li>S (Figure 1.6a). The behavior of LiPSs will cause low
Coulombic efficiency, self-discharging, active material continuous losing, and anode

corrosion, which are regarded as the culprit for the short cycling and fast failure.?*3°
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Figure 1.6 a. The schematic illustrates the lithium polysulfide shuttle effect in working
Li-S batteries. b. The schematic illustration of the problems arising from Lithium
dendrite.*°

iii. The volume variation during the cycling process: due to the different densities
between the S and Li»S (S: 2.03 g cm™ and Li»S: 1.66 g cm™), the volume will expand
80% when S is lithiated to Li>S. The volume variation will cause a fragile cathode
structure, resulting in battery failure.?’

Besides the problems in the cathode, the dendrite in the lithium metal anode may
penetrate the separate, causing internal short circuits(Figure 1.3b); the unstable solid
electrolyte interphase on the lithium metal will cause the continuous consumable of

electrolyte and lithium metal.>°
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With a deep understanding of the reaction mechanism, different innovation strategies
have been proposed for better performance of Li-S batteries. These strategies cover the
cathode host design, binder modification, separator optimization, electrolyte
improvement, and lithium anode protection. Most of the promotion of Li-S batteries'
performance is based on the relatively low sulfur loading (<2.0 mg cm?)*! and high E/S
ratio (> 10 uL mg™).*? High E/S ratio systems can dissolve more LiPSs, leading to more
attractive specific capacities and bringing about a penalty to energy density.> An
overestimation of the stability and capacity of the cell will happen in the excess
electrolyte environment, leading to the energy density of the cell always being far away
from the theoretical value.** Today, the development of Li-S batteries towards a decent
energy density in practical conditions means the Li-S batteries should have a high sulfur
loading and operate in a lean electrolyte condition.*>* However, low E/S ratio and high
sulfur loading cause the existing problems to become more severe:

1. Sluggish reaction kinetics

A low E/S ratio will bring high soluble LiPSs concentration, increasing viscosity. The
large viscosity of the electrolyte leads to reduced ionic conductivity and diffusivity as
well as increased interfacial resistance.>*® The increasing interfacial resistance
negatively influences the charge transfer between the electrode and electrolyte, further
affecting the reaction kinetics. Therefore, a low E/S ratio results in sluggish reaction
kinetics, which triggers a bad rate performance.

i1. Severe shuttle effect

Due to concentration-driven, the soluble LiPSs will diffuse between the anodes and

12



cathodes to form the shuttle effect. The shuttle effect is regarded as the main reason
causing poor cycling efficiencies and low active materials utilization.?” In the low E/S
ration system, a high concentration of LiPSs is unavoidable, hence a more severe shuttle
effect and poor electrochemical performance.

iii. Low utilization of active materials

High-loading sulfur requires enough electrode surface to provide the reaction sites.
Owing to the limited electrolyte amount, the electrolyte may be unable thoroughly wet
the high specific surface of the electrolyte, thereby, the Li-ion transport is impeded and
lead to the reaction cannot occur. Besides, Li>S precipitate faster on the host surface in
high sulfur loading and low E/S ratio condition, and the deposition of Li>S forms a
dense passivation layer that hinders ion transport, resulting in low utilization of active
materials.*®

iv. Unstable lithium metal anode

The formation of solid electrolyte interphase (SEI) consumes parts of the electrolyte.
In addition, the lithium dendrites growth breaks the formed SEI, and the SEI needs to
reform. The electrolyte is easy to be depleted especially in lean electrolyte conditions.*”
In summary, the development of Li-S batteries still faces many challenges, becoming
harsher in high-loading and lean electrolyte conditions. Exploring suitable methods to
overcome these problems will pave the way for the practical application of lithium-
sulfur batteries.

1.4 In situ characterization for Li-S batteries

The multi-step reactions occurring during the cycling process endow a complex

13



reaction mechanism of Li-S batteries. An in-depth and systematic understanding of the
reaction mechanism will help to design strategies to address the problems that hinder
the practical application of Li-S batteries.** Therefore, there are diverse in
situ/operando characterization methods that have been taken to quest understanding the
reaction mechanism of Li-S Dbatteries, such as transmission electron
microscopy (TEM),** ultraviolet-visible (UV-vis) absorption spectroscopy,*®*’
Raman Spectroscopy,’®>* X-ray absorption near-edge structure (XANES),>** and X-
ray diffraction (XRD)!>:37445761-63 "Each characterization has its specific advantage to

help researchers learn more about lithium-sulfur batteries. This section will focus on

how in situ characterizations unveil the reaction process.

1.4.1 X-ray diffraction analysis (XRD)

XRD is an effective protocol to monitor the evolution of sulfur species during cycling,
especially for Sg and sulfur species with crystalline structures.!>>”** The evolution of
a-sulfur to S-sulfur in cycling can be easily detected by the in situ XRD. ¢ Through
quantitative analysis, the signal intensity of Li,S and S will help explore the solid
product formation and deposition mechanism.!> However, LiPSs have remained
mysterious in the in situ XRD studies until Conder et al.’’ found the long-chain LiPSs
became visible by adsorption of the glass-fiber separator. The two broad peaks of 25.56°
and 28.32°from the long-chain LiPSs appeared after the disappearance of a-sulfur
peaks, as shown in Figure 1.7a. The LixS; is difficult to observe due to
thermodynamically unstable in Li-S cells, and it is easy to decompose to Li>S and

LiSPs.” Recently, Wang et al.®® directly observed the Li»S; evolution through
14



operando XRD on the pouch cell. They found a new peak at ~23.8° at 20% depth of
discharge, which was derived from the electrochemical reduction of Li>Sg: Li>Sg +
2Li"+2e —LixSe + LizS> (Figure 1.7b). The above discussion demonstrates that in
situ/operando XRD can monitor both the solid-liquid and liquid-liquid reactions during

cycling in Li-S batteries.
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Figure 1.7 a. The in situ XRD contour plot with lithium polysulfides signal during Li-
S batteries charging and discharging process.’” b. The in situ XRD with Li,S; signal
during Li-S batteries charging and discharging process.®® c. The in situ XRD contour
plot with NOW catalyst structure variation signal during Li-S batteries charging and
discharging process.®’

By monitoring the signal evolution of sulfur species, in situ/operando XRD can provide

direct observations to assess catalyst performance.®’*! Using in situ XRD testing,
15



Qiao et al.®® demonstrated that 2D MoN-VN heterostructures can improve the
utilization of active materials by clearly disappearing S signals and appearing Li»S
signals during cycling. In contrast, the signal of a-Sg peaks can be detected using MoN
as the catalyst in the discharge process. These results suggest that heterostructure MoN-
VN has a better ability to improve the utilization of active materials and promote the
conversion efficiency of sulfur species than MoN. He ef al.”? demonstrated the superior
catalytic ability of MoB compared to the carbon/sulfur electrode, as confirmed by in
situ XRD analysis. A strong single of a-Sg has been detected in the whole discharging
process and at the end of the first charging process when using carbon/sulfur as the
electrode, which means the low utilization of active materials. In contrast, when MoB
was introduced into the cathode, the a-Sg peak vanished during the initial discharging
stage, the Li>S peak became strong with discharging, and the f-sulfur signal appeared
at the end of the first charging process. The results indicate that MoB plays an important
role in promoting sulfur reduction and Li2S deposition/decomposition. Manthiram et
al.® reported that the discharging process XRD signal of LiPSs has a noticeable change
during the discharging process using graphene oxide (GO)/VS4 electrode. At the same
time, the broad peak of long-chain polysulfides existed without apparent evolution after
appearance using the GO electrode. The results indicated that VS4 could chemically
anchor LiPSs and catalyze LiPSs to Li>S/Li,S,.

Catalysts are crucial for Li-S batteries, and in situ/operando XRD can reveal the
catalytic mechanism by studying the evolution of the catalyst. In a study conducted by

Wang et al.”, the role of niobium tungsten oxide (NWO) in Li-S batteries was
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investigated using in situ XRD analysis. During the discharging process, the peaks
corresponding to NWO shifted towards lower angles, indicating the formation of
LixNWO (Figure 1.7¢). This formation of LixNWO proved beneficial for enhancing the
conversion efficiency between sulfur species. LixNWO exhibited dual functionality by
facilitating the transport of Li+ ions and establishing robust chemical interactions with
lithium polysulfides (LiPSs). These interactions with LiPSs contributed to the overall
improvement in the performance of the Li-S batteries. Likewise, by the in situ XRD,
Liu ef al.”* observed the lithium-ion can insert into TiS> to form LyTiS, during the
discharging and subsequent extraction of lithium ions from LixTiS> back to TiS> during
the charging in the TiS»/S cathode. The TiS; as a multi-functional catalyst can contribute
capacity, alleviate the shuttle effect and catalyze the decomposition of Li>S effectively.
1.4.2 Transmission electron microscopy (TEM)

Both the morphology variation and the corresponding electron diffraction patterns
(EDP) during the reaction can be recorded by in situ TEM. For Li-S batteries, two kinds
of devices are being used to investigate the actual reaction process: solid cell setup and
liquid cell setup.*>”>"7 The sulfur easily evaporates due to the heating caused by the
electron gun and the high vacuum environment of TEM. The solid setup chose carbon
nanotubes (CNTs) as holders to experiment. Kim et al.** used CNTs with 200 nm inner
pores as reaction vessels to observe sulfur evolution in real time by in situ TEM. The
sulfur was lithiated into nanocrystalline Li>S without forming lithium polysulfides and
Li,S,, and the reaction was processed along with the S-in-CNT direction linearly. The
interface can be observed clearly between the sulfur and Li,S, as shown in Figure 1.8a,
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and the interface exhibits electrical conductivity to facilitate the occurrence of reactions.
The S lithiation and Li,S delithiation in CNTs was also investigated by Wang et al.*!
through in situ TEM. The evolution of Li,S includes the initial formation of amorphous
and nanocrystalline states and will convert to polycrystalline states as the reaction
continues. Compared with the lithiation process, the Li,S delithiation process requires
the synergistic effect of high temperature and electric field to improve the Li-ion
diffusion. Moreover, the amorphous and nanocrystalline Li>S are more favorable in the
delithiation process than highly crystallized Li>S or large grain size Li>S.

Besides using CNTs as the holder, different materials with sulfur also have been
observed through the solid cell setup.***+>%767® For example, Xu et al.** observed the
volume expansion of porous carbon nanofiber(CNF)/S during discharging process,
Tang et al.’® investigated the sulfur lithiation and lithiation process using MoS;
encapsulated sulfur nanoparticles (Figure 1.8b), and Wu et al.>® monitored the volume

variation during cycling about the porous carbon-encapsulated sulfur.

18



Figure 1.8 a. The in situ TEM images of sulfur lithiation process in carbon nanotube.*
b. The in situ TEM images of sulfur lithiation and delithiation process in MoS»
nanosheet.”® ¢. The schematic of graphene liquid battery (GLC)-TEM. d. The in situ
TEM images of nucleation and growth process of Li»S in electrolyte.”

Liquid cell setup relies on the graphene liquid battery (GLC)-TEM technique, which
provides an opportunity to observe the real-time sulfur evolution. The schematic of the
cell is shown in Figure 1.8c: the sulfur cathode and electrolyte are enclosed by two
graphene layers. The electrons for sulfur reduction come from the electron beam
irradiation to irate the chemical lithiation reaction. Cairns et al.”” observed the sulfur
lithiation process through the GLC-TEM technique. The TEM results display the
uniform growth of Li>S, and the structure integrity can be preserved during the lithiation

process. Xu et al.”” observed the Li>S nucleation and growth in the C/TiO>-TiN host,
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as shown in Figure 1.8d. He claims that the growth of Li>S follows diffusion control in
the initial stage, and when the size reaches 20 nm, the growth is controlled by reaction
kinetics.

1.4.3 In situ UV—visible spectrophotometry

Differentiating the evolution of soluble polysulfides can be challenging using in situ
TEM and XRD techniques. The application of in situ UV spectroscopy offers a
promising approach for both qualitative and quantitative analysis of the polysulfide
conversion during cycling. UV-vis can detect the signal of Li»Sg, Li2Se, Li2S4, and Li2S»
as shown in Figure 1.9a, b, leading to effectively track and characterize the
transformation of polysulfides during battery operation to reveal the reaction kinetics.
20,79,80

Wang et al.®® monitored the variation of Li>Ss, Li2Ss, and Li2S4 in pouch cells through
in situ UV-Vis. Analyzing the data, they found that the concentration of Li2S¢ and Li,S4
would decrease at 20% DOD and increase at 60%. They claimed disproportionation
reactions of Li>S» arouse this phenomenon (attributed to a high concentration of Li2S4)
and Li;S4 (attributed to a high concentration of Li»Se). The concentration of Li»S4 is
higher than the Li>Sg and Li»Ss, which illustrates the many Li»S; join the
disproportionation reaction. Therefore, they suggested that there are lots of Li»S> not

converted to Li>S during cycling. Zou et al.*°

, through in situ UV-Vis, compared the
different reaction pathways of Li-S batteries in other electrolytes. In the general ether-
based electrolyte (DOL: DME), the Li2S4 is the major intermediate product, while the

dominant reaction intermediate is light S;~ radical in DMSO (high-donor number
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Figure 1.9 a. Schematic of in situ UV-Vis to monitor the charging and discharging of
a battery. b. The UV-Vis spectra of different LiPSs.*" c. The UV-Vis spectra comparison
between the cell using SHGP electrolyte and PEO electrolyte.’! d. The UV-Vis spectra
comparison.®?

In situ UV light can demonstrate the efficiency of materials to prevent LiPS diffusion

by monitoring the variations of LiPSs. Zhou et al.®! measured the UV-Vis spectra on

the anode side to prove that their novel ultra-high ion-conducting gel polymer (SHGP)
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electrolyte can harness the shuttle effect. As shown in Figure 1.9c¢, there is an apparent
change in the LiPS signal during discharge in a polyethylene oxide electrolyte cell. In
contrast, the SHGP electrolyte battery showed a slight change in LiPS concentration at
the end of discharge. This comparison demonstrates that SHGP electrolytes can
successfully suppress LiPS diffusion. Goodenough et al.*’ proved that introducing
bis(4-nitrophenyl) carbonate(BNC) as electrolyte additive can prevent LiPSs from
dissolving in electrolytes from the in situ UV/Vis analysis. The BNC reacts with soluble
LiPSs to get insoluble LiPSs, which can limit the LiPSs diffuse to the anode.

The variation of soluble sulfur species also can provide information about the reaction
kinetic. Pang et al.3? collected UV/Vis spectra from 420 nm to 680 nm to compare the
LiPSs evolution during the discharging process to compare NiFe- Prussian Blue
Analogues (PBA) -S and High-Entropy (HE) PBA-S cathode (Figure 1.9d). During the
discharging process, the HE-PBA-S electrode attributes a longer discharging time and
higher the S¢>~ and Ss** concentration, which demonstrates HE-PBA-S cathode has a
greater reaction kinetics than the NiFe-PBA-S cathode. Ni et al.% also carried out a
similar experiment to prove ZnCo204 quantum dots have great catalytic ability through
monitoring the concentration variation of LiPSs( S3”, S¢*", Ss*) from in situ UV-Vis.
1.4.4 In situ Raman spectroscopy

Compared to other characterizations, Raman spectroscopy has the specific advantage
of exploring the reaction process of Li-S batteries, such as the Raman signal of sulfur
(Figure 1.10a) and polysulfides. However, Raman spectroscopy cannot quantitatively

analyze different polysulfides due to the overlapping of the polysulfides. Operando/in
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situ Raman has been widely used to understand the reaction process of Li-S batteries.
For example, Abruiia et al.% explored the reaction pathway and kinetics through
operando confocal Raman microscopy. They analyzed the reduction reactants and
intermediates through chronoamperometric measurements (potentiostat). The in situ
mapping image of sulfur dissolution, polysulfide reduction and sulfur formation
(through oxidation of polysulfides) can be attained through operando confocal Raman
microscopy. Figure 1.10b displays sulfur reduction's spectra and mapping image under
a constant potential. According to the mapping information, the reaction rate and the
change of the surface area of the sulfur cluster can be established through the expression:
-dA/dt=KA", K, A, t represent reduction rate of sulfur per active site, sulfur surface
area and time respectively. The Ks can be calculated through the expression and K
display a positive relationship with the overpotential. The reaction rate of the sulfur
oxidation from polysulfides and polysulfide reduction also can be obtained through a
similar calculation method. Different LiPS behaviors in other electrolytes have been
explored by Zaghib et al.®* through in situ Raman. The species of LiPSs are the same
in 0.5 mol L' LiTFSI-PY13-FSI (ionic liquid) and 1 mol L' LiTFSI-DOL-DME.
However, the LiPSs reaction kinetic and diffusion are slow due to the large viscosity of
ionic electrolytes.

In situ Raman also can be applied to detect the signal of polysulfides. /n situ Raman

1.85

data provide compelling evidence in Yao et al.> work to demonstrate TiO»-TiN

catalytic and absorption ability of LiPSs through observing the signal of S® in the

1.86

electrolyte. Chen et al.® monitored the Raman signal of LiPSs by in situ Raman to

23



display their P-doped NiTe, with Te-Vacancies decorated separator can suppress the
shuttle effect. Similarly, the weak signal about LiPSs during the charging and
discharging process illustrated S/CNT-CoP with P vacancies cathode can more
efficiently absorb the lithium polysulfides than the S/CNT-CoP cathode.®¢

Raman signal is from the vibration of molecules, so they have been used to explore the

mechanisms of catalyst in the reaction. Yang et al.”

monitored the catalyst, In>O3,
Raman signal variation during the cycling through in situ Raman, as shown in Figure
1.10c. The Raman peak of In,Os3 (134 and 310 cm™!) disappears after 1.95 V and a new
peak at 288 cm™! emerges due to the formation of the LilnS catalyst. Besides the catalyst
change during the cycling, the signal variation of LiPSs and sulfur also demonstrates
the InoO3 can decrease the kinetic from the sulfur (sulfur signal disappears after 2.04 V
with In,O3 and 2.20 V without In»03) to polysulfides and improve the Li>S deposition
kinetic (more strong signal of LiPSs with In>O3).

In summary, researchers have developed in situ characterization techniques to gain deep
insights into different aspects of Li-S batteries. These techniques, such as in situ XRD,
TEM, and UV-Vis, allow for the detailed examination of phase transformations, metal
polysulfide migration, and preserving active materials with catalysts in Li-S batteries.
Though I only discussed the operando/in situ XRD, TEM, UV-Vis, and Raman
spectrum in this section, other characterizations also have been applied in depth to
understand Li-S batteries. Table 1.1 lists some representative in situ/operando

techniques. It is believed that combining the advantages of different technologies, it is

possible to resolve the puzzle about the redox mechanism of lithium-sulfur batteries.
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Figure 1.10 a. The Raman signals of sulfur species in different electrolytes.®® b. The in
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situ Raman and related mapping image of sulfur reduction to LiPSs process. c. The in

situ Raman spectra of the sulfur cathode with In,O3 and without In,O5.%

Table 1.1 Capabilities, limitations and application examples of in situ characterization

techniques of Li-S batteries.

In situ  Capabilities Limitations Application in Li-S battery study

techniques

XRD Monitoring phase transitions Direct observation of 1. Probing sulfur and sulfur species evolution
of sulfur species during soluble polysulfides by during cycling.’”%’

cycling.

XRD remains

2. Provide evidence of the profitable catalytic
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challenging

effect. 616971

3. Probe the phase evolution of electrocatalysts.
73,7488

XANES  Probe S element reduction and ~ X-ray absorption fine 1. Study the capacity degradation mechanism.*
oxidation state changes no structure is affected by 2. Explore the reaction process and intermediates
matter crystal or amorphous, the sulfate groups in the  during the redox process. >+
solid or liquid. salt or the solvent 3. Provide evidence of the profitable catalytic
Monitor the contributions of effect. **°!
different sulfur compounds in
the cathode during cycling.

XPS Study chemical composition, The cell design is 1. Analysis interfaces of electrode and
charge transfer, chemical bond  complex electrolyte.*>%
in the surface. 2. Provide evidence of the profitable catalytic

effect. (semi-in situ XPS)*

NMR Monitor changes in the The experiment setup is Explore the reaction process.
chemical structure which expensive.
involves detection radio- The resolution hard
frequency. below 100 pm.

Quantitative tracking of the The alternating currents
species concentration. in the EC and NMR
existing interferences.

Raman Monitor the compositional Hard detect the signal of 1. Explore the reaction process. *
and structural changes of low-concentration 2. Provide evidence to the profitable catalytic. ¥
sulfur species /related species soluble polysulfides. 3. Identify reaction intermediates in the
in the electrolyte or the electrolyte.*”
surface of the electrode. 4. Provide evidence to suppress the shuttle

effect.”>%

UV-vis Monitor the evolution of Limited detection of 1. Exploration of the conversion process between
soluble polysulfides solid metal sulfides and sulfur and sulfur species. 27>
qualitatively and cannot be applied in 2. Monitor the shuttle effect.'>'®
quantitatively solid-state batteries as

well as carbonate-based
electrolytes.

FTIR Detect the chemical The reflective is quite 1. detect polysulfides and electrolyte
information of surface species  low for the conductive interactions.”’

carbon additives 2. quantify the order and concentration of soluble
LiPSs in the electrolyte during cycling.’®

AFM Observe surface morphology The large volume change ~ Observe the interfacial evolution of
and structure may make trackable electrode/electrolyte.”!%

features in the
topography
unrecognizable

TEM 1. Morphologies change of 1. Open-cell setups 1. Monitor the chemical composition
solid sulfur and metal sulfides.  cannot be applied in transformation and volume expansion of the
2. Phase change and chemical  liquid electrolyte lithiation/delithiation process. 4>7>77
composition transformations. systems. 2. Observe the nucleation and growth of metal

2. The lithiated process
of graphene liquid cell is
ignited by electron
beam, cannot achieve the
cycling process.

sulfides.””

1.5 Liquid sulfur in Li-S batteries

1.5.1 Basic knowledge about liquid sulfur

At room temperature, sulfur usually exists as a solid. The melting point of sulfur is
115.21 °C generally, liquid sulfur is only stable above this temperature. The chemistry

in liquid sulfur has been proposed as following (R represents ring and C represent

diradical chain):'°!

Ring opening:
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SRagC (11)

Chain dissociation:

SyESi+S (12)
Ring addition:
Si+S§=S; (13)
Radical displacement:
S, +8-8-2-8;-S” (14)

These reactions demonstrate the existence of ring sulfur, chain sulfur, and diradicalic
sulfur in liquid sulfur. The physical state of the sulfur can be identified by Raman
spectroscopy due to the strong Raman scattering intensity of S-S bonds.

1.5.2 Liquid sulfur in Li-S batteries

Researchers found an abnormal phenomenon during the charging process by optical
microscopy, the liquid sulfur can be stable generated on some specific substrate (like
Au, Ni) under the melting temperature.'* The generation of liquid sulfur display
substrate dependence and they can form on some specific substrate like indium tin oxide
(ITO), Ni and CoS; while only solid sulfur on glassy carbon. Liquid sulfur also can be
generated on the basal plane of 2D (like MoS2, WS, MoSez) materials but can be
solidified into solid sulfur by contact of solid sulfur which is growing from edge.!” The
large polarization of the edge is regarded as the major problem inducing the nucleation
of solid sulfur. Through deposition Ti around the edge of MoS:, the areal capacity can
be compared through controlling the physical state of sulfur. Liquid sulfur displays a
large areal capacity compared to solid sulfur owing to its reshaping ability. Cui et al.

observed the sulfur generation on three different substrates, Al, carbon and Ni to
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establish the correlation between battery performance and physical state of sulfur.'s
Compared with Al and carbon, Ni can not only support the Li>S decomposition but also
benefit liquid sulfur generation. Therefore, Ni substrate displays great electrochemical
performance and cycling stability. The research about liquid sulfur is still in the very
initial stages and there are many unexplored areas of liquid sulfur in the Li-S battery
system.

1.6 Objectives and outline

Liquid sulfur has been observed in an optical cell through optical microscopy and in
situ Raman spectroscopy in Li-S batteries.'®!% The ability of liquid sulfur to reshape
and the lower energy barrier of liquid-to-liquid conversion are specific advantages of
liquid sulfur in Li-S battery systems. However, research on liquid sulfur is limited. This
thesis focuses on the study of liquid sulfur in Li-S batteries and the objectives are listed:
(1) Liquid sulfur can be generated on thick TMD nanoflakes, but preserving it in the
charging process is difficult. Explore a general method to keep liquid sulfur in the
charging process on thick TMD materials.

(i1) Unveil the role of liquid sulfur in Li-S batteries and utilize its specific advantages
in Li-S batteries.

(111) Study the reaction kinetics of liquid sulfur deposition.

Through understanding their deposition mechanism, growth kinetics, and specific
advantages, the role of liquid sulfur in Li-S batteries has been comprehensively
discussed. The thesis contents are listed as follows:

Chapter 1: This chapter briefly introduces the reaction mechanism and existing

28



challenges of Li-S batteries. In addition, the in situ/operando characterization to explore
the real reaction process of Li-S batteries has also been summarized.

Chapter 2: The experimental methods used in this thesis are systematically described.
Chapter 3: This section presents a general method to keep liquid sulfur on thick TMD
nanoflakes. The mechanism to prevent solid sulfur accumulation on the edge and liquid
sulfur growth kinetics are also presented in this chapter.

Chapter 4: The electrochemical generation of liquid sulfur on single graphene has been
investigated. This chapter has comprehensively studied the role of liquid sulfur in the
charging process and its deposition behavior. A cathode with fast-charging ability was
presented.

Chapter 5: In chapter 5, the effects of mass transport and charge transfer on the
deposition behavior of liquid sulfur have been investigated.

Chapter 6: This section summarizes the series work about liquid sulfur. Proposed future
work includes further exploration of liquid sulfur and the discharge process using

optical cells.
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Chapter 2 Experimental methods

The main chemicals and reagents for the series work are listed in this chapter. This
chapter also describes the characterization of materials' morphology, structure,
composition, and main experimental methods. The specific method for each work was
listed.

2.1 Chemicals and reagents

All chemicals were used without any purity, and the related information is listed in
Table 2.1. The Si0,/Si wafer (285nm and 300nm) and Si wafer were purchased from
Fangdao Semiconductor Co., Ltd.

Table 2.1 The synthesis and measurements involved using various chemicals and

reagents.
Chemicals Purity Company
Molybdenum disulfide (MoS>) crystal / 6Carbon Technology (Shenzhen)
Molybdenum diselenide (MoSe:) Crystal / 6Carbon Technology (Shenzhen)
Tungsten disulfide (WS2) crystal / 6Carbon Technology (Shenzhen)
single layer graphene on copper / 6Carbon Technology (Shenzhen)
Polyacrylonitrile (average Mw 150,000) / Sigma-Aldrich
Dimethylformamide (DMF) 99.80% Sigma-Aldrich
Lithium bis(trifluoromethanesulfonyl)imide (LiTFSi) 99.90% Aladdin
Lithium nitrate (LiNO3) 99.90% Aladdin
Dioxolane (DOL) 99.80% Sigma-Aldrich
Dimethoxyethane (DME) 99.50% Sigma-Aldrich
Li metal (d iameter:16mm; thickness:0.6 um) 99.95% China Energy Lithium Co., Ltd

2.2 Material preparation
TMD nanoflakes and H2-TMD on SiO: wafer (work 1)
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The MoS», MoSe;, and WS, flakes were exfoliated by the Scotch tape on 300-nm-thick
Si02/Si substrate. The samples were then annealed in a 5 % Ha/Ar atmosphere at 600 °C
for 10 hours to attain Ho-treated TMD materials.

Graphene transfer(work 2)

The monolayer graphene was transferred to SiO2/Si wafer through a standard
Poly(methyl methacrylate) (PMMA)-based method.* The PMMA -coated graphene on
a copper substrate (Tanfeng Tech. Inc) was etched through copper etchant (Sigma-
Aldrich). Then the PMMA/graphene was washed with DI water several times to remove
the residual copper etchant solution. The PMMA/graphene film was transferred to a
300nm Si0»/Si wafer or TEM grid (Au Quantifoil). Next, the sample was naturally
dried in air for the whole night and baked on a hot plate for 1h at 150 °C. Subsequently,
the samples were soaked in acetone for 10 mins three times to remove the PMMA layer.
Then the sample was washed with IPA and DI water to get the single-layer graphene on
S10,/S1 wafer or TEM grid.

Carbon film on SiO: wafer (work 3)

A solution of polyacrylonitrile (PAN) dissolved in N,N-dimethylformamide (DMF) (1
g in 5 ml) was prepared as the precursor. The precursor solution was coated on a S102
wafer and heated at 110°C to evaporate the DMF solvent. The samples were then
stabilized in air at 230 °C for 3 hours, followed by carbonization at 650 °C, 750 °C,
850 °C, 950 °C, and 1050 °C, respectively.

Preparation of CNFs

The polyacrylonitrile (PAN) (2g) was dissolved in 20 ml dimethylformamide (DMF)
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to prepare as an electrospinning precursor. The solution was magnetically stirred for a
whole night at 80 °C. Then the solution was electrospun at 13.5 KV and the distance
between the needle and the current collector was ~10 cm. The electrospinning flow rate
was kept at 0.5 ml h™!. After getting the PAN paper, the PAN paper was stabilized at
220 °C for 3 h in the air. Subsequently, the film was carbonized at 1050 °C under the

Ar atmosphere with a ramp rate of 3 °C to get the freestanding CNF.
Optical cell fabrication

Figure 2.1 shows the optical device using MoS; as a cathode and lithium as an anode.
The MoS», MoSe;, and WS, flakes were exfoliated by the Scotch tape on 300-nm-thick
Si0,/Si substrate. The samples were then annealed in a 5% H»/Ar atmosphere at 600 °C
for 10 hours to attain Hp-treated TMD materials. Photolithography and electron beam
deposition prepared titanium electrodes (50-70 nm thick) on the TMD flakes. The
device was fixed on a glass slide. Aluminum bonding wires created electric
interconnections between the titanium electrodes and copper foil. A glass plate was
placed over the two electrodes, and the cover glass was fixed with Kapton tape. Then
the following steps were carried in the argon-filled glove box. Lithium metal was
pressed onto the copper foil to work as the anode. 0.25M Li>Sg catholyte (volume ratio
of DOL: DMEI:1) with 0.5M LiTFSI and 0.1M LiNOs can fill the optical cell due to

the capillary effect. Finally, vacuum grease (Dow Corning) was used to seal the cell.
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MoS,

Figure 2.1 The schematic image of the optical cell with MoS; as cathode and Lithium
as anode.

The assembling process for the optical cell using single-layer graphene as the cathode
is the same as the optical cell with TMDs as the cathode.

2.3 Characterization methods and sample preparation
Optical microscopy

The main purpose of optical microscopy (Leica Dm 2700M) with a dry-immersion
objective (N PLAN L 50x/0,50) was performed to record the videos and images. Videos
were recorded at room temperature at 1 frame/second, and images were captured with
a resolution of 4.99 megapixels unless otherwise noted.

Raman Spectroscopy and low-temperature testing

The signal of Raman comes from the inelastic light scattering between incident photons
and the sample. The Raman spectra of sulfur and LiPSs were collected by Confocal
Raman microscopy (alpha300 R, WITec Inc) with 532 nm monochromatic light. The
collection time was 10 seconds for every Raman signal. Besides, unless otherwise
mentioned, the video resolution is 1.3 megapixels using the 50x objective lens.

The cell was put on a temperature-controlled stage (DSC600) and measured by confocal

Raman microscopy. A T96 controller, an LNP95 liquid nitrogen pump, and the
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linksys32 software controlled the stage temperature. Before cooling down, dry nitrogen
was used to purge all air out of the chamber to avoid the influence of water in the air.
After starting the low-temperature testing, the liquid nitrogen pump kept working until
the experiment finished.

Scanning Electron Microscope (SEM)

The SEM can be used to investigate the morphologies and composition of the sample
through a focused beam of electrons. The morphology of materials is being observed
by Scanning Electron Microscope (Tescan VEGA3). The chamber was evacuated to a
pressure of less than 3 x 10 torr, and the operating voltage was set to 15 kV.
Transmission electron microscopy (TEM) and scanning transmission electron
microscope (STEM)

All TEM and STEM were performed using JEOL JEM-2100F TEM/STEM operated at
200 kV, equipped with a Gatan Enfina electron spectrometer (CA, USA). Both imaging
and EELS were carried out under 200 kV accelerating voltage with a 13 mrad
convergence angle for the optimal probe condition. Energy dispersion of 0.3 eV per
channel and 21 mrad collection angle were set up for electron energy loss spectroscopy
(EELS), and high-angle annular dark-field imaging (HAADF) images were acquired
with an 89 mrad inner angle simultaneously. Energy-dispersive X-ray spectroscopy
(EDS) was acquired with an Oxford INCA detector. After adding the liquid nitrogen
into the Dewar, the system was stabilized for at least 40 min before observation to
minimize the vibration and operated under ~-175 °C.

High-angle annular dark-field STEM was used to acquire the atomic arrangement and

34



analyze the materials' composition and electric field. Helios SCX dual-beam focused
ion beam (FIB) system was used to prepare the cross-sectional STEM samples.

Other characterization

X-ray photoelectron spectroscopy (XPS) (Thermo Scientific Nexsa) was used to
measure the electronic state of the element. XRD (Rigaku SmartLab) was used to
identify the phase. Four Point Probing & Sheet Resistivity was used to test the sheet
resistivity.

2.4 Electrochemical measurement

Linear sweep voltammetry measurement

The preparation of cells is the same as for optical cells. The cell was tested from open
circuit voltage to 2.8V with a scan rate of scanning rate of 0.3 mV s\,

Potentiostat testing

The cell was potentiostat charged and galvanostatic discharged using an
electrochemical workstation (CHI 760e).

Cycling testing

The electrochemical experiments of the hall cell were tested using a CR2032 coin cell,
and all the assembled process was operated in an argon-filled glovebox. The blank
electrolyte included 1M LiTFSI and 0.2M LiNO3. The 0.5M Li>Sg was prepared by
dissolving a proportion of sulfur, Li2S, in the blank electrolyte. The CNFs (1cm x1cm)
were prepared as cathode, then 10uL 0.5M Li>Sg (corresponding to1.28 mg sulfur) was
added into CNFs (the mass of the CNFs is ~1.5mg and thickness is ~90 um); another
CNFs paper as an interlayer was placed on the CNFs as cathode and adding another
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10uL blank electrolyte. Then, a Celgard separator (2400) with a diameter 19 mm was
put on the CNFs. About 10 uL blank electrolyte was added to wet the separator, placing
the lithium metal (diameter: 15.6 mm and thickness: 45 um) on the separator. The G/Ni
electrode (lcm x1cm) was pressed before using it as a cathode. The same procedure
was applied to assemble the G/Ni-Li>Sg-Li cell as previously described, except that
there was no interlayer in this cell. For a high-loading battery, we prepared 0.5M Li>Sg
in DME. The solution was added into CNFs and waited for drying. The loading can be
controlled by adjusting the solution amount. Subsequently, the battery was assembled
as previously described. The electrolyte consumption for the high-loading testing was
40uL. All the coin cells were tested at room temperature in a voltage range of 1.5V-
2.8V and tested more than two times.

2.5 Calculation

The binding energy for TMDs and sulfur (work 1)

DFT calculations have been performed with VASP!%:1% with the Perdew, Burke, and
Ernzerhof functional.!’® Based on the rectangular unit cell, simulation cells consist of a
single layer of MoS; replicated 3x6 (with various S vacancies). We used a 35 A
supercell to ensure no interactions between atoms and periodic images in the direction
perpendicular to the surface. To adequately describe vdW interactions between the
MoS; surface and S8, we used the DFT-D2 correction proposed by Grimme and
coworkers'®. Due to a large number of calculations, we performed only Gamma point
calculations and utilized a 400 eV kinetic energy cutoff. All molecular structures were
optimized until energy and forces reached a minimum of 10 eV and 5x102 eV/A,
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respectively. Binding energies were calculated as:

Eb = Ess@Mosx - Ess - Emosx
(15)
with Esg, Emosx and Esg@mosx the energy of the Sg molecule, defective MoS; and Sg
adsorbed on top of MoSx, respectively.
The binding energy between the different planes of sulfur crystal and sulfur/Li2Ss
(work 2)

The electronic binding energies were calculated as:

Eb=Egab+moi~Emol-Eslab (16)

Egiap> Emor subscript were the energies of the bare beta-sulfur slab without the adsorbed
molecules, the energy of the isolated molecule and the energy of the beta-sulfur slab
with the molecule adsorbed. According to this definition, a more negative binding
energy denotes a more favorable adsorption bond formation.

Surface energy of different planes of the sulfur crystal (work 2)

The surface energies were calculated as follows:

_ Eqap-nEpyx (17)
Esurface_ T

where Eg,p,, Epuc and A were the energies of the bare beta-sulfur slab, bulk and total
surface area of the slab, respectively. The unit of calculated surface energies was
converted to J/m?.

Electric field simulation (work 1)

Electric field simulations were conducted by the AC/DC physics module of COMSOL
Multiphysics. The geometry of the MoS; flack was 20 um % 5 pm x 100 nm. 400nm
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wide MoO; surrounded the MoS; flake, so the dimension of H; treated MoS; was 20.8
pum x 5.8 pm x 100 nm. The MoS> or Hx-treated MoS> was placed between two
electrodes, and the distance between the two electrodes was 50 um. The ether-based
lithium-ion battery electrolyte (as system environment), MoS2, and MoO, are 7, 16'%,
and 9.5'%7 respectively. The Li anode was grounded, and the Ti cathode was applied

constant voltage of 3.0 V, 3.2V, and 3.5V.
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Chapter 3 Stable liquid-sulfur generation on
transition- metal dichalcogenides toward

low- temperature lithium—sulfur batteries

3.1 Introduction

Studies by X-ray diffraction (XRD),'>!%® transmission electron microscopy
(TEM)*1% and X-ray absorption spectroscopy (XAS)!!” indicate that the Li,S crystal
is oxidized to soluble polysulfides and further to solid sulfur in f phase during the
charging process. However, some researchers recently found an unusual phenomenon
under operando optical microscopy: the charging product (Sg) would be in the liquid
phase instead of solid in an electrochemical cell at room temperature.'* The sulfur
droplets obtained through electrochemical reaction far below their melting temperature
(155 °C) open new avenues toward high-energy liquid Li-S batteries, electroactive flow
devices, and liquid microlensing applications.!”> Simultaneously observing the sulfur
growth and electrochemical behaviors, liquid sulfur droplets can induce higher areal
capacities than solid sulfur crystals under the same operating conditions due to releasing
active sites/substrates by coalescence of sulfur droplets.!” In addition, the sulfur
droplets' fast dynamic and supercooled nature signify possibly fast-charging and low-
temperature liquid S-Li batteries.

Nevertheless, Yang et al.!” found that the liquid sulfur generated on the basal plane
of two-dimensional (2D) layered materials (i.e., MoS2) would be solidified by touching
solid sulfur crystals, which would grow and propagate from the edge upon charging. As

a result, the complete coverage of insulating solid sulfur on MoS; stalled the
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electrochemical reaction. Instead, the strong electric field polarization dominantly
caused the edge-induced crystallization on the edge areas of MoS; flakes. To eliminate
the edge effect, they either conformally covered the MoS: edges with titanium/SiO»
layers or deposited MoS, monolayers, which are considerably expensive, elaborative,
and infeasible for practical applications. Thus, a significant challenge is to develop
efficient strategies or materials to sustain the appealing liquid sulfur for high-
performance liquid sulfur-based energy storage technology.

This contribution demonstrates only liquid sulfur generation from delithiation of
polysulfides on MoS; flakes annealed in an H, ambient (designated as H>-MoS:). Both
optical and Raman spectroscopy observations reveal that the liquid sulfur phase sustains
on the basal plane of H>-MoS» without solid sulfur growing from the edge area, even
charging the electrochemical system up to 3.5 V vs. Li/Li". Combined experimental and
theoretical investigations elucidate the mechanism of eliminating edge-induced sulfur
crystallization. We find that the binding energies between sulfur molecules and H»-
MoS, are lower than those for pristine MoS,, which weakens the local sulfur
supersaturation and wettability on the edges, thus suppressing the ordering of Sg
molecules into solid crystals. In addition, the marginal oxidization layer around H»-
MoS; plays a considerable role in delocalizing the electric field at the edges upon
charging. Quantitatively analyzing the size and number of sulfur droplets with charging
time illustrates that the liquid sulfur formation on H>-MoS; follows diffusion-control
growth kinetics and droplet-merging growth models. The rapid coalescence of droplets

can release the active H>-MoS; surfaces for a further polysulfide redox reaction,
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resulting in high areal capacities.

In contrast, the systems using pristine MoS> substrates present solid sulfur
propagation from the edge to the basal area, indicating much lower areal capacities
under the same measurement conditions. To demonstrate the universality of this strategy,
we further annealed other transition metal dichalcogenides (TMDs) under H>, which
delivers similar growth behaviors: solid sulfur crystals form on pristine TMDs, whereas
only liquid sulfur generates on Hx-treated ones. The environmental stability of the liquid
sulfur is also investigated by decreasing the charging temperature from 25 °C to -50 °C,
where sulfur droplets are still clearly observed on H>-MoS; with remarkable areal
capacities, suggesting their promise for extremely low-temperature energy storage
applications. This work sheds new light on the mechanism of sulfur formation on
transition metal dichalcogenide substrates, which will expedite the development of a

broad range of metal-liquid sulfur battery chemistries.

3.2 Results and discussion

3.2.1 Electrochemical generation of sulfur on MoS: and H:-
MoS:

The thick MoS; nanosheets (50 -150 nm) were prepared on Si/SiO> substrate to get rid
of the thickness influence. The MoS, was then annealed in an H; atmosphere at 600 °C
for 10 h before being connected with titanium (Ti) micro-current collectors and sealed
with a glass slide cover. It is noted that H> annealing effectively tunes the chemical
structures and electronic properties of MoS».!"! Ti is selected to build the MoS: cathode

because it is inactive to the sulfur formation, even charging up to 4.0 V.!> Before
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applying an external voltage of 2.8 V to drive the electrochemical reactions, the open
circuit potential of the micro-device was measured to be ~2.4 V (Figure 3.1a), consistent

with that in actual batteries.
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Figure 3.1 a. The open-circuit voltage of the device and the applied constant voltage.
b. Sulfur generation on the MoS, nanoflakes. c. Sulfur generation on the H>-MoS»
flakes.

The in situ optical microscopy first observed the electrochemical formation of
sulfur on MoS> and H>-MoS,, as shown in the time-sequential images in Figures 3.1b
and c. It is observed that liquid sulfur droplets (in light contrast) nucleated and grew at
the beginning and then transferred to the solid phase (in dark contrast, at 120 seconds)
once in contact with the solid sulfur generated on the edges of pristine MoS,. The
insulating solid sulfur continued to expand and occupy the entire basal planes by the
end of the charging. These observations agree well with the previous studies,'’
indicating the reliability of the electrochemical device in this work. In contrast, the
delithiation of polysulfides on H>-MoS,, as depicted in Figure 3.1c presents no contrast
transition from light to dark of the sulfur product over the whole charging process,

implying only liquid sulfur formation. The growth of the sulfur on H>-MoS; is
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associated with the coalescence of adjacent droplets (as shown by the arrow in Figure
3.1c), releasing the conductive basal plane for additional liquid sulfur formation. This
phenomenon will benefit high areal capacities in actual Li-S batteries. The merged
sulfur droplet on H>-MoS> can be up to 67.5 pm, approximately five times larger than
the 13.6 um of solid sulfur crystals formed on MoS.. Such a difference further suggests
the preservation of liquid sulfur on H2-MoS; due to the unique reshaping capability of
liquid sulfur. In addition, the linear scanning voltammetry (LSV) result demonstrates
that the Li>Sg conversion to sulfur on the H>-MoS: substrate possesses a smaller
overpotential (Figure 3.2) than that of the MoS; substrate, which illustrates the higher

redox kinetics on H>-MoSs.

H,- MoS,

Current

—— MoS,

2.2 2.4 2.6 2.8
Potential (V vs. Li*/Li)

Figure 3.2 LSV curves of Li2Sg conversion to sulfur on MoSz.x and MoS; substrates.

The in situ Raman spectroscopy study was also conducted to confirm the chemical
structures of sulfur formed on MoS; and H2-MoS;, as shown in Figure 3.3. Notable is
that the micro-Raman spectrometer possesses sufficient spatial resolution (500 nm) to
focus on individual sulfur droplets or particles. For the Raman signatures of sulfur, the
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internal vibration peaks at 153 cm™, 220 cm’!, and 473 cm’!, corresponding to the
asymmetric vibration, symmetric vibration, and stretching of S-S bonds in the Sg ring,
are independent of the liquid or solid phase of sulfur (Figure 3.3a, b). In the low-
frequency region (<100 cm™), solid S-sulfur and liquid sulfur droplets can be easily
distinguished by the widened doublet peaks at 33 cm™ and 42 cm™ for the former and
the smooth and Rayleigh wing-like slop for the latter, respectively.''? It is worth noting
that liquid sulfur cannot block the substrate signal (Figure 3.3 b). Thus, the Raman
spectra still identify the feature peaks of MoS», whereas the Raman signal of MoS; is
hardly detected for the coverage of solid sulfur. According to these fingerprint features,
it is observed that over the whole charging process, only liquid sulfur was detected on
the surface of H>-MoS;, which is different from the liquid-solid phase transition of the

sulfur product on MoS; upon charging.
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Figure 3.3 a. Evolution of Raman spectra on the pristine MoS; (left) and b. the Ho-
MoS; (right) during charging.

We also conducted in situ optical and Raman characterization of the H>-MoS»-based
electrochemical cells under different overpotentials of 3.0 V, 3.2 V, and 3.5 V (see
details in Figure 3.4). All the samples present solitary formation of liquid sulfur during
the whole charging process, suggesting the overpotential independent nature of the

liquid sulfur generation on H>-MoS;.

charging

Figure 3.4 Liquid sulfur generation on the H>-MoS: at 3.0, 3.2, and 3.5 V.

In order to demonstrate the universality of the liquid sulfur generation and preservation
on Hz-annealed TMDs, we also prepared other 2D materials before and after annealing
inHa, i.e., WS2, H>-WS>, MoSe», and H>-MoSe» (See details in Supporting Information),
for the in situ optical and Raman characterization. We observed similar sulfur growth
behaviors as mentioned above for the pristine and H>-TMDs: only liquid sulfur droplets
were generated on the H>-WS, and H>-MoSe», whereas the surface of pristine MoSe»
and WS, are covered by solid sulfur crystals (Figure 3.5 a, b) eventually. The sulfur

phases on the different substrates were confirmed by Raman spectroscopy (Figure 3.5
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c). It is noteworthy that solid sulfur is directly growing from the edge and propagating
to the basal plane of pristine WS>, whereas only liquid sulfur droplets can be formed on
H>-WS:. The different solid sulfur growing behavior on WS, MoSe>; and MoS> may be
attributable to their dissimilar binding energies with sulfur species. For example, WS>
was calculated to show a stronger affinity to LiPSs than MoS; and MoSe.!” Together
with the intensive electric field at the edge of semi-conductive WS,, direct solid sulfur
formation from the WS> edges was observed. All the above evidence demonstrates that
liquid sulfur generation in an electrochemical system at room temperature is achievable

on H-TMD substrates.
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Figure 3.5 a. The optical images of solid sulfur and liquid sulfur formed on the WS>
and H>-WS; flakes, respectively. b. The optical images of solid sulfur and liquid sulfur
formed on MoSe> and H>-MoSe» flakes, respectively. ¢c. The Raman spectra of sulfur
generation on MoSez, H>-MoSez, WS, Ho-WSo.

3.2.2 Sulfur growing dynamics on MoS: and H2-MoS:

Before explaining the distinct sulfur formation behaviors on MoS; and H>-MoS,, we
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investigate the liquid sulfur growing dynamics lacking in previous studies. The
nucleation and growth kinetics of sulfur droplets are studied by quantitatively analyzing
the droplet size and number with charging time, as shown in Figure 3.6. Notably, the
growth of the sulfur droplets on the substrate is accomplished by the coalescence of
adjacent particles and the isotropic growth of individual particles (Figure 3.7). For the
sulfur growing kinetics study, we selected droplets driven by the delithiation of
polysulfides without coalescence occurring. Accordingly, we choose three droplets on
H»-MoS: (designated as 17, 2% and 3* with dash circles in Figure 3.6¢) and another three
on the MoS; (designated as 1, 2 and 3 with dash circles in Figure 3.6a) as control. It is
observed that the sizes of the droplet 1 and 2 on the basal plane of MoS; approached 10
um at approximately 80 seconds (Figure 3.6b), whereas it only needs around 48 seconds
for 1# and 3# to reach this size on H>-MoS» (Figure 3.6f). Thus, the average sulfur
growing rate on H>-MoS: is more than 1.5 times faster than on MoS,. The faster-
growing kinetics can be attributable to the tailored electrical conductivity or/and
binding energy between sulfur species and H>-MoS;.!!? In addition, we measured the I-
V curves (Figure 3.8a) of pristine MoS; and H>-MoS». Their conductivity can be

calculated using the formula:

1 Rxwxt (18)

0 L

The thickness (t), width (w) and length (L) of the MoS; flake are 200 nm, 17.5 pum, 12
um and p refer to conductivity. The electrical conductivities of MoS» before and after

H, treatment are determined as 16 Sm™ and 213.7 S m™!. H, annealing introduced sulfur

deficiency on the basal plane, which improved the electrical conductivity of MoS,.!!*!13

47



The electrical conductivities of MoS, (200nm) before and after H» treatment are
determined as 16 S m™! and 213.7 S m™'. A closer examination shows that the change
of droplet size becomes slower with time increase, which is consistent with the
diffusion-controlled reaction.!'® Further studies are needed to elucidate the origin of the

distinct kinetic transition behavior of sulfur growth in a liquid electrochemical system.
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Figure 3.6 a. Optical image of the three chosen droplets marked as 1, 2, 3 on MoS:. b.
Growth behavior of the three droplets in a. c¢. Droplets size distribution during the
charging process on MoS,. d. Droplets number per 1000 um 2 on MoS,. e. Optical image
of the three chosen droplets marked as 1%, 2*, 3* on H,-MoS,. f. Growth behavior of the
three droplets in e. g. Droplets size distribution during the charging process on H>-MoSo.

h. Droplets number per 1000 um? of Ho-MoS.
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Figure 3.7 a. The process of droplets coalescence. b. The process of droplet-
independent growth.

We further examined the overall particle size distribution of the sulfur product as a
function of time. The size distributions are plotted as bar graphs with the growth time
in Figure 3.6g. At 20 seconds, the average droplet size on H>-MoS> is 2.87 £ 1.25 pm,
rendering a standard error of 15.9%. After 100 seconds, the standard deviation increases
up to 3.83 um, also the mean and median difference is 40.4%. The increasing disparity
in size distribution with time suggests progressive nucleation of the sulfur droplets,
which is described as the continuous formation of small nuclei during other particles
growing on the substrate. Similar phenomena are also observed in the overall sulfur
droplet size distribution on MoS, (Figure 3.6c). Therefore, it is evident that the
precipitation of sulfur on MoS; substrates follows the progressive nucleation model.'!’
Interestingly, the number density of sulfur droplets on H>-MoS: is continuously
decreasing from 36.9 x 10° pm™ at 80 seconds to 20.8 x 10° pm™ at 280 seconds (Figure
3.6h). It means there is competition between the nucleation (increase the droplet number)

and the coalescence (decrease the droplet number) process. The interfacial tension
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drives the coalescence of the contacted droplets to reduce the surface energy in the
system.!'®!1” Apparently, the merging speed surpasses the nucleation speed of sulfur
droplets between 80 and 280 seconds, which would free active surfaces on H>-MoS»
for excess sulfur deposition, leading to high areal capacities in practical batteries. In
contrast, the number density of sulfur particles on MoS; exhibits slight fluctuation after
the solidification of sulfur droplets (Figure 3.6d), leading to complete coverage of the
conductive host by insulating sulfur, rendering relatively low areal capacities (Figure

3.8b). The capacity was calculated based on the following formula:

Area capacity=/ 1 dt/A (19)

I is current, t is time and A is area.
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Figure 3.8 a. Current-voltage (I-V) curves of MoS, sample and H>-MoS; using two-
probe resistance measurement. b. Comparison capacity of MoS, and H>-MoSo.
In brief, the progressive nucleation and droplet-merging growth models contribute

to the aggressive growth of large sulfur droplets for high areal capacity Li-S batteries

with H>-MoSo.
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3.2.3 Mechanisms of entire liquid sulfur generation on H:-

MoS:2

Sulfur display different growth behavior on the MoS; and H>-MoS>. To better
understand the difference between these two kinds of substrate, we performed material

characterization of these two substrates, as shown in Figure 3.9.
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Figure 3.9 a. The optical images of MoS: flakes before and after Hz annealing. b. SEM
images of the MoS: and H»-treated MoS:. c. Mo 3d XPS spectra of the MoS: (bottom)
and H>-MoS; (top).

Optical microscopy (OM) and scanning electron microscopy (SEM) images reveal no

apparent change in the overall morphology of MoS, after H> annealing treatment,
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except for some particles formed on the edge area of H.-MoS» (Figures 3.9a, b). Energy-
dispersive spectroscopy (EDS) elemental maps indicate these particles as marginal
MoOx compounds. Then, to identify the chemical structures of H>-MoS», we performed
Raman, X-ray photoelectron spectroscopy (XPS). XPS spectra show nonnegligible
peaks referring to MoOx.!?’ Raman spectra (Figure 3.9 c) on the basal plane and edge
area of H>-MoS:; are significantly different, with distinct features referring to MoS» and
MoOx, respectively.'?! It means the edges of MoS flakes are partially oxidized during
the annealing process. The reason for the formation of MoOx around the edges may be
that the edges of MoS; are more easily reduced to low oxidation state Mo atoms and
then oxidized in the air when the sample is removed from the furnace.”>'?> Another
interesting message derived from the Mo 3d XPS spectra of the MoS; and H2-MoS; is
the appearance of new peaks at 232/229 eV(Figure 3.9c), corresponding to sulfur-
vacancy rich H,-MoS,.'2%1?3 High-resolution TEM (HRTEM) images (Figure 3.10)

confirmed that the 2H MoS> phase was kept intact.

Figure 3.10 HRTEM images of the H>-MoSo.
Thus, it is concluded that the H» annealing treatment can induce sulfur vacancies on the

basal plane and partial oxidation on the edge of MoS,. The chemical structure of the
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edge area were measured by SEM and STEM. The EDS mapping of the edge area
displayed Mo: S: O atomic ratios of 1: 0.96: 2.23, demonstrating the severe oxidation
at the edge area with discrete oxidized particles (Figure 3.11 a, b). A close look at the
oxidized particles in STEM illustrates an atomic ratio of approximately 1:1:1 for Mo:

S: O (Figure 3.11 d, e), suggesting MoS; has been oxidized.
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Figure 3.11 a. The SEM imaging and EDS-mapping imaging of the edge of H>-MoS..
b. The SEM-EDS spectrum of the edge of H>-MoS,. c. HAADF-STEM-EDS images of
the H>-MoS:. d. The STEM EDS-mapping images of the H>-MoS.. e. EDS line

scanning profiles.
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Figure 3.12 Electric field distribution on a. MoS> and H>- MoS; at 2.8 V, b. at 3.0 V,
3.2 Vand 3.5 V. c. HAADF-STEM-EDS images of the MoS; layers and oxidized MoS;
and their related DPC signal image (the color represents the measured field direction).
Because the non-uniform electric field distribution on the edge was the critical factor
contributing to the solid sulfur formation on MoS, the electric field distribution on H»-
MoS: is of primary interest in understanding the liquid sulfur formation. We simulated
the electric field distributions on H2-MoS; and MoS: flakes by applying constant
voltages of 2.8, 3.0, 3.2, and 3.5 V (Figure 3.12a, b). Compared with the intense
polarization at the edges of MoS;, there is a buffer region to passivate the electric field
distribution on the edge for H>-MoS:. In addition, the relative permittivity of MoOz, the
main component in MoOy, is lower than that of MoS,'**!?° but is closer to that of the
electrolyte. Thus, the MoOx compounds could provide the transition of electric field

distribution. The different phase contrast (DPC) image in Figure 3.12c clearly illustrates
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the various electric fields in the oxidized edge areas and the intact basal plane of H»-
MoS:, consistent with the simulation results under constant external potentials.

Furthermore, the relatively homogeneous electric field at the edge of H2-MoS; can
decrease the local sulfur supersaturation and electrowetting effect, thus suppressing the
ordering of Sg molecules into solid crystals on the edges. In contrast, strongly localized
partial charges and enhanced electric fields appear at the edge of MoS; upon applying
constant potentials, consistent with the previous report.!” The enhanced driving force
promoted the droplet wetting on the edge, which lowered the energy barrier from liquid
to a solid phase transition, thus facilitating the crystallization of sulfur on the edge. The
weakened wettability of liquid sulfur on H2>-MoS; edges can be directly evidenced by
comparing the contact angles of sulfur droplets on MoS» materials. During the charging
process, some sulfur droplets grew along the edge of MoS; flakes (Figure 3.13a, b),
allowing us to measure the contact angles from the top view directly. The contact angle
between sulfur droplets and H>-MoS> was around 113°, almost twice the 56° contact
angle between a sulfur hemisphere and pristine MoS». This result clearly illustrates
much stronger wettability between sulfur droplets and MoS; than that for H>-MoSo.
Thus, the poor wettability between H2-MoS; and liquid sulfur, as well as the uniformed
electric field distribution, play critical roles in preserving the liquid sulfur on the edge

of H>-MoS..
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Figure 3.13 Liquid sulfur generation on a. MoS; and b. H>-MoS; flakes. Insets are the
contact angle between the sulfur droplet and the MoS; (or H>-MoS>) edge. c. Optical
images of liquid sulfur generation on the MoS; at 2.8V, as a function of time. d. The
model was built based on the contact angle of 180°. e. The schematic of the spherical
cap. f. The optical images illustrate the process of droplet 1 coalesced with droplet 2 to
form droplet 3.

It is noted that the contact angles between sulfur droplets and MoS> measured in this
work are different from the hypothesized 180° in the previous work.!” To demonstrate
the soundness of the results in this work, we (1) analyzed the droplet merging behaviors
in this work by assuming a 180° contact angle between droplet and MoS», and (ii)

calculated the volumes of sulfur droplets using the geometric models with measured
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contact angles in this work. As marked by white arrows in Figure 3.13c, several small
droplets (around 5 um in size) are in physical contact with a large droplet of 31 um in
size on MoS; at 100 seconds. They merged later, as shown in the inset of Figure 3.13c.
If the contact angle between sulfur droplet and MoS: is close to 180°, above adjacent
droplets with significantly different sizes will be either disconnected from each other
or not displaceable simultaneously (Figure 3.13d), which disagrees with the
experimental observation. If the contact angle is less than 90°, such as 56° measured in
this work, the equivalent between the experimental result and the model becomes
reasonable and plausible. Further, we calculated the volumes of two droplets before and
after merging using a spherical cap model with the 56° contact angle (Figure 3.13e). It
shows that the volume of the merged droplet is almost equal to the sum of volumes of
two-parent droplets Figure 3.13f. We can measure the d1 = 7.78 um, d2 = 9.46 um, d3
= 11.13 um, 6 = 56.25° and the volume of droplets are calculated using the following

formula:

(2 + cosB)(1 — cos0)? (20)
24sin30

V=d3x

Furthermore, it is noted that the merging process only takes 0.1 seconds. Thus the
growth of the droplets from polysulfide oxidation can be negligible. These results also
suggest that the contact angle should not change significantly during coalescence.
Based on this finding, we also calculated the total volumes of sulfur droplets on Ha-
MoS: at different charging times, which display an accordant tendency with the areal

capacities (Figure 3.14).
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Figure 3.14 a. The correlation of areal capacity and total volume of droplets of MoSo.
b. The correlation of areal capacity and the total volume of the droplets of H>-MoS:.
Therefore, the contact angles measured for sulfur droplets and MoS> materials in this
work are plausible and capable of predicting the wettability effect and furthering the
solid sulfur growth behaviors.

The sulfur deficiency on the basal plane of H>-MoS; is verified by the integrated
differential phase contrast (iDPC)-STEM image, as shown in Figure 3.15a. To further
probe the fundamentals of distinct sulfur growing behaviors on pristine MoS» and H»-
MoS,, we also performed density functional theory (DFT) calculations. We evaluated
the binding energy between the Sg molecule and the surface of MoS: at various sulfur
vacancy content. We selected 7 sulfur atoms of the upper layer of MoS; as being directly
under the Sg molecule. For a given number of sulfur vacancies (from 2 to 6), their
precise location dramatically affects the binding energy (e.g., 2 vacancies adjacent
versus 2 vacancies away from each other). There are C;' combinations corresponding
to k vacancies (k =1 to 7) out of n = 7 sites giving a total of 128 structures and binding
energies. Therefore, we developed an automatic procedure to compute all the 128
binding energies. It is clearly illustrated in Figure 3.15 b that, on average, the magnitude
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of the binding energy between Sg and H2-MoS: decreases when the vacancies number
increases. The weaker binding likely leads to the stabilization of liquid sulfur droplets.'”
The binding energies between Sg and MoSe; with diselenide deficiency also have a
similar change tendency, as shown in Figure 3.15 c, thus explaining the exclusive liquid
sulfur formation on H,-TMDs. Furthermore, we found that the binding energy between
the lithium polysulfide Li>Sg and the substrate increases with sulfur vacancies (Figure
3.15 d). It suggests that the defective substrate has more absorption efficiency to lithium

polysulfide than pristine MoS,,'%®

which is beneficial to polysulfide entrapment on H»-
MoS,. The efficient absorption of polysulfide could correlate with higher kinetics of the
electrocatalytic conversion of polysulfide.'?* The theoretical analysis demonstrates that

the H2>-MoS; favors both the liquid sulfur preservation and the superior reaction kinetics,

in total agreement with the above experimental observations.

59



a b
-0.36
-0.38
>
@
>-0.40
2
2
©-0.42
o
£
2.044
o
-0.46
0 1 2 3 4 5 6 7
: 2 Number of vacancies
c S 9 Mo d o7
0.40 . !
_ 081 o / : '
S = | T
‘:’ -0.45 = smmy /T — !
) 3 ; T N
s 5-0.9 .
5 [
o, -0.50 2 H i
2 2 i
2 2.0 '
@ 055 @
-0.60 -1 :
KK |;
0o 1 2: 3 4 5 6 7 0 1 2
Number of vacancies Number of vacancies

Figure 3.15 a. iDPC-STEM image of H>-MoS;. Sulfur vacancies are highlighted by
bash circles and an arrow (in the inset). b. The binding energy between the Sg and MoS»
as a function of sulfur vacancies. c. The binding energy between the Sg and MoSe» as a
function of sulfur vacancies. d. The binding energy between the Li»Sg and MoS; as a

function of sulfur vacancies.
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Figure 3.16 a. H>-MoS; and b. MoS; at -40 °C. ¢. Raman spectra of liquid sulfur
generation on H>-MoS; at different temperatures. d. The areal capacities when charging
the H>-MoS»-based optical cells at temperatures ranging from 0 to -50 °C (solid line)
and MoS»-based optical cells at temperatures -40 °C and -50 °C (dash line).

3.2.4 Electrochemical performance of Li-liquid S cells
working under low temperatures

Finally, to assess the electrochemical performance of the Li-liquid sulfur system, we
tested the micro-Li-S cells with H»>-MoS, as working electrodes at decreasing

temperatures ranging from room temperature (25 °C) to -50 °C. We chose -50 °C as the
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lowest testing temperature because the dimethoxyethane solvent in the electrolyte can
freeze below -58 °C.!?> Commercial batteries’ capacity retention and rate performance
deteriorate severely below 0 °C, and they can hardly work at -20 °C.'2>12° Li-S batteries
have the potential to be applied to a low-temperature condition not only for their high
specific capacity but also for the low freezing point of electrolytes.'?® The micro-Li-S
cells were located in a liquid nitrogen-controlled low-temperature device. When we
applied an overpotential of 2.8 V to the electrochemical system, only liquid sulfur
generation was observed on the H>-MoS; at room temperature, 10 °C, -40 °C, and even
-50 °C (Figure 3.16a and 17), which was confirmed by the Raman spectra with only
Rayleigh wing features between 10 and 100 cm™ (Figure 3.16c¢).

Charging

--

Figure 3.17 Evolution of the optical images at room temperature, 10 °C and -50 °C.

Only liquid sulfur is observed when a 2.8 V is applied.
The supercooling sulfur at -50 °C, which is much lower than the melting temperature
of 155 °C, warrants further discussion. No solid sulfur formation implies the disordered

nature of the sulfur molecular in the long-range, which may be driven by the
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thermodynamic variations between liquid Li2Sg and Sg under moderate electrochemical
potentials. The low temperature (i.e., -50 °C) may induce the glass transition of liquid
sulfur, rendering decreased flowability.'* The correlation among the working
temperature, local potential, and the sulfur state requires more investigations in the
future. In contrast, no reaction occurred on the basal plane of MoS;, as shown in Figure

3.16b and Figure 3.18 at -40 °C and -50 °C.

Charging

>
>
- - - -

Figure 3.18 Evolution of the optical images at room temperature and -50 °C.

As the working temperature goes below 0 °C, it is notable that the optical observation
was blurred by condensed moisture on the glass cover, but the flowable sulfur droplets
are still detectable with light contrast color and merging phenomenon. Interestingly, at
-40 °C and -50 °C, the size distributions of sulfur droplets formed on H>-MoS; are more
uniform than those generated at room temperature (Figure 3.1b). The difference should
result from the significantly decreased merging rate (see Figure 3.19, the coalescence
of two droplets takes 1 s, which is less than 0.1 s at room temperature) and the growing
kinetics of individual droplets at extremely low temperatures.'* The sluggish kinetics at

the low temperature can be amenable by selecting temperature-insensitive ionic liquid
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electrolytes in future studies.'?’

Charging

Figure 3.19 The coalescence process of the droplets at -30 °C. The video was recorded
in 2 frames/second.

Figure 3.16d presents the areal capacity profiles with charging time at 2.8 V when the
working temperature decreases from 0 °C to -50 °C on MoS; and H>-MoS; within 5
minutes. It shows the cells can retain liquid sulfur and deliver appreciable areal
capacities of 1.04, 0.15, and 0.07 mAh cm? at 0, -40, and -50 °C on H>-MoS.. In
contrast, the MoS; cell only attributes 0.052 mAh cm™ and 0.043 mAh cm™ at -40, and
-50 °C (dash line), which is lower than the H>-MoS: cell. The liquid sulfur sustaining
at ultra-low temperature may be attributed to higher reaction kinetics for the Li»Sg
reduced to liquid sulfur than solid sulfur. However, the coalescence process becomes
difficult for the large viscosity of liquid sulfur at low temperatures,'* and the droplet
growth mainly relies on independent growth. The general testing temperature for low-
temperature Li-S batteries is -20 °C, regarded as the ‘deadline’ for a battery test.!2>!26
To estimate the standing of the electrochemical performance current Li-liquid sulfur
system among the reported low-temperature Li-S batteries, we calculated the areal
capacity for the whole charging process. It is found that the capacity has the potential

to arrive at 1.22 mAh cm™ at -40 °C. The Li-liquid-sulfur system would exclude the
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need for battery warming in previous LIB systems due to their universal operating
capability at ultra-low temperatures.'?¢

3.3 Conclusion

In summary, we have demonstrated stable liquid-sulfur generation on Hj-annealed
MoS: substrates during the delithiation of polysulfides. The liquid-sulfur formation is
progressive, rapidly merging and growing, leading to exceptionally large sulfur droplets
and high areal capacities. The phenomenon has never been observed in conventional
Li-solid-sulfur electrochemical systems. The intriguing liquid sulfur chemistry
originates from the partially oxidized layer around the edge of MoS; and sulfur
vacancies on the basal plane of MoS>, which effectively tune the electric field
distribution and the binding energies to sulfur molecules with H>-MoS> substrates. We
have also demonstrated competitive areal capacities and ultra-stable liquid sulfur
phases in the H>-MoS>-based electrochemical system, decreasing the operating
temperature to -50 °C, which has been very difficult for commercial Li-ion batteries
and Li-solid sulfur batteries to survive. We believe stable liquid sulfur formation on
hydrogen-treated TMDs will spur extensive research interest in liquid sulfur-based flow

batteries, fast-charging batteries, and low-temperature energy storage technologies.
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Chapter 4 Unlocking liquid sulfur
chemistry for fast charging lithium-sulfur
batteries

4.1 Introduction

To unveil the Li-S redox reaction mechanisms, rigorous in situ/operando
characterizations have been proposed to monitor the cycling processes in working Li-S
cells. 158110128 |n sjty X-ray diffraction (XRD) revealed the formation of amorphous or
crystalline -Ss at the end of charging,'>® which differs from the a-Sg starting material.
Operando X-ray microscopy and tomography illustrated the critical role of current
density and temperature in determining the size of the resulting sulfur clusters in cycling
Li-S pouch cells.}?812° The X-ray absorption spectroscopy (XAS) study suggested the
redissolution of formed Sg into the electrolyte to facilitate Li>S redox throughout the
charging process.!'® Quite recently, an operando light microscopy captured the
generation of supercooled liquid sulfur droplets in an electrochemical cell at room
temperature, which is much lower than the melting temperature of sulfur (115 °C).14102
This finding signifies the possibility of manipulating the polysulfide redox processes,
which entails a fast-kinetic liquid-liquid conversion pathway to replace the sluggish
liquid-solid ones in conventional LSBs. The mobility and highly dynamic nature of
liquid sulfur also promise to design fast-charging Li-S chemistry or/and regulate sulfur
utilization for high capacities.!” On two-dimensional (2D) layered materials (e.g.,
MoS:), the liquid sulfur accumulated on the basal plane is ready to be crystallized once

touching the solid sulfur grown from the edge areas.
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We found that liquid sulfur can be entirely preserved in the charging process by creating
sulfur deficiencies on the 2D surface (i.e., M0S2).}"1*° The substrate-dependent liquid
sulfur generation was also observed on Al, C, and Ni current collectors, among which
the Ni metal demonstrated preservation of liquid sulfur in working LSBs.!8 To date, the
research on liquid sulfur chemistry is in its infancy. Many critical questions remain
open. For example, what is the role of liquid sulfur in the charging process? Is the liquid
sulfur generation a ubiquitous process in LSB or only occurring on specific substrates?
How to effectively utilize the in situ generated liquid sulfur for high-performance Li-S
cells?

Herein, we develop an operando electrochemical cell to systematically investigate the
sulfur growing mechanisms on a graphene-based substrate. Graphene is the simplest
but perfect carbon material without atomic defects and functional groups, thus
excluding the unpredictable impacts from substrate chemistry on polysulfide oxidation.
In addition, the centimeter-scale graphene sheets provide a large enough platform for
the visualization and quantification of sulfur products. We find a general liquid-to-solid
sulfur phase transition on graphene sheets (Figure 4.1a). In situ Raman spectroscopy,
cryogenic transmission electron microscopy (cryo-TEM), and density functional theory
(DFT) calculations reveal anisotropic growing dynamics for the solid sulfur towards
the (224) crystallographic orientation or the liquid sulfur-rich region. The constrained
in-solution growth of solid sulfur emphasizes the importance of preserving liquid sulfur
in facilitating sulfur utilizations. By measuring the droplet number, size distribution,
and areal capacities, we demonstrate that the former two parameters are more sensitive
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to the applied current densities than areal capacities. The rationalized guideline suggests
designing a lightweight, interconnected, and freestanding carbon nanofiber framework
for sulfur cathodes, which enables pronounced amounts of liquid sulfur before
becoming solid. The liquid sulfur-associated Li-S cells indicate an impressive
electrochemical performance with almost 100% capacity retention, increasing the
charging rate by 30-folds at high sulfur loadings, rivaling state-of-the-art power
capabilities. This work is believed to provide new insights into liquid sulfur chemistry
and feasible schemes to tackle the fundamental challenges facing fast-charging Li-S
batteries.

4.1.1 Results and discussion

Optical microscopy equipped with an in sifu Raman spectroscopy provides an effective
platform for monitoring an electrochemical cell’s sulfur morphology and phases. The
Li-S cell consists of a monolayer graphene film (0.5 cm % 0.5 cm) as the sulfur-growing
substrate, 0.25 M Li2Sg and LiTFSI in 1,3-dioxolane/1,2-dimethoxyethane (DOL/DME)
as the catholyte, and Li metal pressed on the copper foil as the anode, which is sealed
between the Si/Si0, wafer and a transparent glass cover. Optical and Raman
characterization demonstrate the high-quality graphene in Figure 4.2. The graphene
substrate is connected to an external circuit by titanium (Ti) microrods, which can block
sulfur formation even at a high overpotential of 4.5 V vs. Li/Li" %2 The micro-cell
displayed a stable open-circuit voltage of 2.38 V vs. Li/Li", consistent with the real Li-

S batteries.
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Figure 4.1 a. The schematic of the in situ optical cells and sulfur generation on graphene.
b. Sulfur generation at a constant current. c. Captured time-sequential optical
microscopy images of sulfur generation on graphene. d. The Raman spectra of long
chain polysulfides (LiPSs), liquid sulfur, and solid sulfur. The schematics of the e. liquid
sulfur and f. solid sulfur growing mechanisms.

A constant current of 30 pA was applied to initiate the Li>Sg- 2¢™- 2Li" — Sg reaction
(Figure 4.1b). The electrochemical formation of sulfur is shown in Figure 4.1c. Before
applying the external current, the catholyte presents a deep-orange color corresponding
to the long-chain polysulfides (Li2Ss, Figure 4.1c). After charging for a while, a large

number of fine nuclei are observed, which grow into discernible droplets with an
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average size of 3.7 um at 100 s. Further proceeding the reaction, a needle-shaped solid
sulfur appeared at 200 s, when the droplets reached 5.1 um. Then, solid sulfur growth

becomes dominant with the consumption of sulfur droplets.
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Figure 4.2 a. Optical image of the monolayer graphene on 300 nm SiO»/Si wafer and
b. the corresponding Raman spectrum.

In order to study the phase transition of sulfur species during charging, in situ Raman
characterization of the electrochemical cell was performed (Figure 4.3). The Raman
spectra exhibit peaks at around 400/448 cm™ and 520 cm™, corresponding to the long-
chain polysulfides and Si substrate, respectively.'*! The solid and liquid sulfur phases
can be distinguished from the external vibration range (10 - 100 cm™). The liquid sulfur
presents a fingerprint Rayleigh wing in the external vibration due to their long-range
disordered structure (Figure 4.1d), whereas the solid sulfur shows broad peaks at 33,
42, and 82 cm™! referring to the f-Sg crystal.!'? In addition, we can also discern the
liquid phase from the solid phase by deconvoluting the intramolecular peaks in the
range of 190 - 220 cm™ and 420 - 460 cm™! (Figure 4.4). The doublet peaks at 440/432

cm! and 218/214 cm! arise from the crystal-field effects of S-sulfur, whereas the liquid
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sulfur displays a single peak in these regions.'**!3* The peak at around 462 cm’
indicates long polymeric diradical S, chains in liquid sulfur, while the peak at 467 cm"
!refers to S-S stretching vibrations in solid sulfur (Figure 4.4b).!2

Accordingly, we can demonstrate the liquid-to-solid sulfur phase transition in a Raman
contour map (Figure 4.3b), where the Raman modes for liquid sulfur gradually
disappear along with the increasing peak intensities referring to $-Sg crystals. By the

end of charging, the modes for solid sulfur intensified significantly because of the

augmented crystallinity.
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Figure 4.3 a. In situ Raman spectra of the phase transition process of sulfur and b. the

corresponding contour pattern.
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Figure 4.4 a. The in situ Raman spectra of the phase transition process of sulfur in the
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Figure 4.5 a. The optical images of the liquid sulfur growth process. b. The optical
images of the solid sulfur growth process.

After demonstrating the formation of liquid and solid sulfur phases, we further analyzed
the sulfur species growth dynamics (Figure 4.5). The growth of liquid sulfur may follow
two modes - independent and coalescence. The sulfur droplets marked as 1%, 2%, 3* in
Figure 4.5a present independent growth relying on the oxidation of Li>Ss. The droplets
marked as 1, 2, 3, 4 display the liquid sulfur merging process. Two growth mechanisms
are summarized as shown in Figure 4.1e. The solid sulfur initially nucleates on the
graphene substrate away from the liquid droplets, possibly due to the impurity-induced
heterogeneous nucleation. Upon constitution of the charging process, the solid sulfur
grows anisotropically into a needle-like shape. According to the images of the solid
sulfur growth process, droplet 1 became solid when it was touched by solid sulfur.
Droplet 2 gradually disappeared and may redeposition on the solid sulfur because of
the Ostwald ripening (Figure 4.5b). The solid sulfur growth behavior is presented in
Figure 4.5b.

Meanwhile, the droplets adjacent to the sulfur crystals will stop growing and dissolve
gradually through an Ostwald ripening reaction to deposit on the solid sulfur. Therefore,
the solid sulfur undergoes surface deposition and solution-mediated growth pathways,
allowing large insulating sulfur particles to form without contacting conductive
substrates (Figure 4.5b). Solid sulfur grows anisotropically toward a specific
crystallographic orientation or/and the liquid sulfur-rich region, manifesting the

importance of liquid sulfur for the charging performance in Li-S batteries.
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Figure 4.6 a. Optical image of the three chosen droplets marked 1, 2, and 3 on graphene.
b. Droplet size distribution changes on graphene during the charging process. c. Particle
density on graphene (1000 um?). d. Time-sequential droplet size change of particles 1,
2, 3 in a. e. Plot the sulfur area changes with time. f. Plot the solid sulfur area changes

with time.

4.1.2 The dynamic transition of liquid and solid sulfur on
graphene

Quantifying the growing dynamics of liquid and solid sulfur formed on graphene is
essential to unveil the charging kinetics in real Li-S batteries. Only liquid sulfur was
generated for the first stage (0-200 s). Hence, we first analyzed the liquid sulfur growing
process in a selected area with dimensions of 175 pm X100 um (Figure 4.6a). We
counted particle sizes in this region and found that the average size of particles reached
~5.02 pum, barely changing after 200 seconds (Figure 4.6b). Furthermore, the standard
deviation to the mean droplet size is 0.53 um at 60 s and increased by over 2-folds to

1.23 pum at 240 s. That means the nucleation follows a progressive mechanism
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corresponding to the continuous formation of nuclei during the entire charging process.
In addition to the independent droplet growth, the coalescence of adjacent droplets to
lower the surface energies also occurs, leading to the decreased droplet number, as
shown in Figure 4.6¢. Droplet merging can release the conductive graphene surfaces
for new oxidation reactions (Figure 4.7a). The individual growth of three representative
droplets (Figure 4.6a) in this area is plotted as a function of charging time (Figure 4.6d).
According to Fick’s second law, the sulfur droplets follow diffusion-limited kinetics.

As a result, the sizes of sulfur droplets are stabilized at around 6.5 pm, as shown in

30 pm

Figure 4.6d.

Figure 4.7 a. The photos of new droplets formation on the released conductive surface.

b. The selected area is to analyze the relationship between solid sulfur and liquid sulfur
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in Figure 4.6e.

Figure 4.8 a. Solid sulfur formation directly on graphene. b. Solid sulfur conversion
from liquid sulfur.

For the second stage, solid sulfur appears and governs the sulfur growing dynamics
from 210 s onward, as shown in Figure 4.6e and Figure 4.7b. The increase of liquid
sulfur area becomes very slow after 130 s, which is consistent with the change of
individual particle size. The emergence of solid sulfur brings about a rapid increase in
the oxidation product area. Solid sulfur growth is based on the oxidation of Li>Sg and
the redeposition of liquid sulfur. The accumulated surface area of solid sulfur is plotted
with time in Figure 4.5f. The growth rate refers to the surface area slope over time. It
slows down after 290 s when the liquid sulfur is exhausted. Figure 4.5¢, f claims that
liquid sulfur contributes to the rapid growth of solid sulfur.

In an effort to understand the origins of the resulting liquid and solid sulfur transition
behavior, we performed a classic thermodynamic estimation of Sg droplets or crystals.
According to the nucleation theory, the Gibbs energy change (AGucjcation) €an be

described as 3413

@2y

4 3 2
AGnucleation: - 57‘[1’ AGV+4nr Y
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AG,=AH, —— 22)

were AG,, v, 1, Tm, T, AH, represents the free energy change from Li»Sg to Sg per
volume, the surface energy of the sulfur/electrolyte interface, the nuclei radius, the
equilibrium crystallization temperature, the supercooled temperature, and the
volumetric fusion enthalpy, respectively.!*® Eqs (15) and (16) reveal that the
supercooled state (Tm - T > 0) favors the driving force (AG, < 0) for nucleation.
However, the large surface energy of the liquid sulfur (y>0) on graphene counteracts
this trend even in a supercooled environment (i.e., AGpycleation > 0). For the formation
of solid sulfur, the energy fluctuation or decreased y for sulfur formed on impurities can
provide the force to overcome the energy barrier to assist the stable growth of the
embryonic crystal (dAGy,cieation/d7=0). Therefore, In the micro-cell device, both direct
solid sulfur formation and liquid-solid phase transition happen on the graphene (Figure
4.8), suggesting the thermodynamic favorability of the solid phase at room temperature.
In real Li-S batteries, the complex electrochemical, chemical, and electrical
environment would indicate liquid phase is vulnerable. Therefore, liquid sulfur is
believed to be crystalized finally, in agreement with our experimental result.

4.1.3 Formation of solid sulfur on graphene

Before disclosing the liquid sulfur growing dynamics, looking into the final solid sulfur
formed on the graphene sheet is necessary. Due to the low vapor pressure of sulfur, it is
infeasible to detect sulfur in the conventional transmission electron microscope (TEM),
where the electron gun would heat and sublimate sulfur in a high vacuum environment.

In this work, we employed a cryogenic-TEM to relieve the vulnerable sulfur
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particles. 37138

In order to visualize the native sulfur crystals generated
electrochemically, we designed an ex-situ cryogenic-TEM experiment by transferring
monolayer graphene on a holey TEM grid (G@TEM) which was assembled in the
micro-cell for sulfur growing. Figure 4.9a verified the successful formation of liquid

and solid sulfur products on the G@TEM. Therefore, we can utilize the solid sulfur

generated in G@TEM as an equivalent sample in Li-S cells (Figure 4.9b, c).

SG@TEM Catholyte

Lithium

Sulfur

Polycrystalline
sulfur-

X
Single crystal 20 uym
sulfur .

Figure 4.9 a. TEM images of the graphene. The arrow points to the region with and
without graphene. b. The schematic of the optical cell to prepare the TEM sample. c.

The optical images of solid sulfur and liquid sulfur formation on the G@TEM.
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Figure 4.10 a. Cryo-TEM image of needle-like solid sulfur and b. corresponding SAED
pattern. c. EDS-mapping of needle-like solid sulfur. d. Cryo-TEM image of
solidification sulfur and e. corresponding SAED pattern. f. EDS-mapping of
solidification sulfur. g. The surface energy of f-sulfur (020) and (224) planes. h. The
binding energy of the (020) and (224) of f-sulfur to Sg and Li>Ss.

Figures 4.10a and d show the TEM images of a needle-shaped crystal and particle-like
sulfur, respectively. Energy dispersive spectrometry (EDS) mappings verified the sulfur
elements in both structures Figures 4.10c and f. The electron diffraction patterns in
Figure 4.10b clearly show the single crystalline nature of the needle-shaped sulfur with
indicative spots referring to (020), (224), and (204) planes of f-Sg (PDF No. 01-071-
0137). In addition, the needle-shaped sulfur displayed a selective growth orientation
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towards the surface termination (002). In contrast, the sulfur particle formed from liquid
sulfur droplets displayed polycrystalline diffraction rings (Figure 4.10¢), which is also
evidenced by the Raman spectra (Figure 4.11). The single- and polycrystalline
structures of solid sulfur agree with the isotropic and anisotropic growing dynamics as
highlighted in Figure 4.5. Density functional theory (DFT) calculations were further
conducted to explain the anisotropic sulfur growing along (002) direction. Figure 4.10g
shows that the surface energy of 1.57 J m™ for (224) plane is much higher than the 0.96
J m? for the (020) plane. It was reported that material growing prefers to retain the
stable surface.'*” Therefore, sulfur crystals thermodynamically favor the (002) plane.
We further calculated the binding energies of Sg and Li>Sg molecules on various facets
of -Sg as shown in Figure 4.10h and Figure 4.11. Both the redeposition of liquid Sg in
electrolyte and the electrochemical oxidation of sulfur from Li>Sg prefer to happen on

the (020) plane.

B-sultfur (020) B-sulfur (224)

Eb=-3.23 eV Eb=-2.25eV

Figure 4.11 The binding energy of sulfur molecular with a. (0 2 0) plane b. (2 2 4) plane
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of f-sulfur.

Different from the hybrid iso-anisotropic sulfur growing dynamics, the sulfur crystals
dissolved isotropically during the discharging process, regardless of the
crystallographic orientations and the accessibility of electrons (Figure 4.12a). The
dissolution of polycrystalline sulfur became faster when the size was below ~8 pm
(Figure 4.12b, ¢) (~0.015 pm s to 0.35 um s!). On the other hand, the dissolving rate
of single-crystal sulfur was more uniform (Figure 4.12d). When we consider the single
and polycrystalline sulfur as a whole part for dissolution kinetic analysis, it also presents
a uniform dissolving process (Figure 4.12¢), suggesting a high percentage of single-
crystal sulfur in the final product. This observation contradicts the common belief that
the insulating sulfur particles require electronic conduction to be discharged in a Li-S
cell. It can be attributed to the disproportional reaction between residual polysulfides in
electrolytes and sulfur particles (Sg + Li2S3.s — Li2Se.g). Furthermore, the intensified
Raman peaks demonstrated the recovery of long-chain polysulfides during discharging
at 405 and 453 cm™ (Figure 4.13) and the light-to-dark yellow color change (Figure
4.11a) in the micro-cell. This finding suggests the excellent reversibility of sulfur

crystals in cycling Li-S batteries.
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Figure 4.12 a. The optical images of the solid sulfur dissolution process. b. The optical
image of the selected area to analyze the dissolution process of solid sulfur, which are
marked 1, 2, 3, 4, 5 (1-3: polycrystalline sulfur; 4, 5: single crystal sulfur). c. The
particle size as a function of time. d. The area changes of particle 4, 5. e. The area

changes of the selected whole part.
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Figure 4.13 a. In situ Raman spectra of the discharging process of Sg reduction to long
chain polysulfides and b. the corresponding contour pattern.

4.1.4 Liquid sulfur formation at different current densities
The above analyses of the sulfur growing dynamics and phase transition signify that
liquid sulfur plays a significant role in the charging process. Liquid sulfur appears as
the charging intermediate from Li>Sg to solid sulfur. The droplets can benefit solid
sulfur growth and regulate its orientation. Compared to the extensively investigated
solid sulfur, liquid sulfur has rarely been explored, especially its role in regulating the
electrochemical performance of Li-S batteries. Furthermore, the sulfur deposition is
sensitive to current densities, further influencing the charging capacity in real batteries.
Hence, the following section will discuss the correlation between current density and

liquid sulfur formation.

83



Capacity >

a b
2.7x10“ mAh 10.4x104 mAh 13.89x10 mAh
z
[9]
Qo
£
3
=
T
o
o
2 a
[}
&
2 107278 556 833 11.11 13.89
5] c Capacity (1e“mAh)
p |
© —~ . [EH0.0TmA
£ 6[CZ0.02mA
| 2 |E=30.04mA
g [C30.06mA
o4
o
©
Q
>
S 2
3
[=%
o
(=)
07278 556 833 11.11 13.89
Capacity (1e* mAh)
5
y=1.7-0.4x =3.4+0.81x =.0.67+0.82x
R2=0.998 R2=0.998 4 | Re=0.994
E1of g1 S, /
<} 5 4
5) 5) Acc D2xN 32 i0.82
- o< X ¥
0.5 Dex 04 2 :}. N o jo1 Nees)
D2cx j-081 1
000 25 30 35 40320 25 30 35 40°%20 25 30 35 40
log (j/pA) log (j/uA) log (j/uA)

Figure 4.14 a. Optical image of liquid sulfur generation at different current densities at
a fixed capacity. b. The particle number distribution at different current densities at a
fixed capacity. c. The particle size distribution at different current densities at a fixed
capacity. d. The plots of the double logarithmic relationship of the droplet geometric
mean diameters versus the current density. e. The plot of the double logarithmic
relationship of the inverse of the square of the geometric mean diameter of the droplet
versus the current densities. f. The plot of the double logarithmic relationship of the

droplet number versus the current densities.
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Figure 4.15 a. The voltage changes with time at a constant current. b. The voltage at
the end of charging and the corresponding current.

The electrochemical generation of liquid sulfur from catholyte was conducted to
explore the influence of current density on the size and density of liquid sulfur droplets
(Figure 4.14a). When a driving force of 60 pA was applied, the overpotential
approached at ~3.9 V vs. Li/Li" immediately (Figure 4.15), which is close to the
electrochemical stability window of the electrolyte. Therefore, we limited the applied
current to 60 pA in this study. Statistical analysis of the droplet number and size under
the same capacities reveals that the liquid sulfur became smaller and denser as the
current densities increased, as shown in Figure 4.14 b-c. The final droplet size formed
at 10 pA is more than 3 times larger than that created at 60 pA (5.36 um vs. 1.54 um).
Furthermore, the droplet density enlarged by more than 16 times (total particle number
of 356 vs. 4904 in the selected area) as the charging rate increased from 10 to 60 pA.
The particle sizes followed the Gaussian distribution (Figure 4.16), suggesting that the
liquid sulfur growing process is associated with the classical Kolmogorov-Avrami-
Mehl-Johnson (KAMJ) random nucleation theory.'*°
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Figure 4.16 The particle size distribution under different current densities.

sizes) versus the

logarithm of current density j exhibited a linear relationship (Figure 4.14d). The line
has a slope of -0.4 and an R-squared of 0.998. Hence, D displayed a proportional

densities. A plot of the logarithm of D (quadratic mean of droplet

relationship with j %4, as shown in Eqn (23).
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Do j-o.4 (24)

We assumed the liquid sulfur fully occupied the conductive surface of graphene.
Therefore, the theoretical number of droplets (N¢) should be inversely proportional to
D? on a fixed surface area (A). The logarithm of 1/D? versus the logarithm of current
density j displayed a linear relationship with a 0.81 slope and 0.998 R-squared (Figure
4.14e). Therefore, the relationship between N and j can be built in Eqn (18).

N, j0.81 (25)
By counting the number of droplets in actual conditions, we can plot the logarithm of
N (droplet number in real) and log (j) in Figure 4.14f. Interestingly, the log (N;) also
indicates a linear relationship to log(j) with a 0.994 R-squared and a slope of 0.82.
Apparently, the N; is very close to N, allowing our further estimations by directly using
N: to estimate the relationship between charging current (j) and capacity (Q).
According to Faraday’s laws of electrolysis, the charging capacity should be
proportional to the volume (V) and the number (N;) of the charging product. If the
droplets are regarded as ideal spheres with an identical growth rate along the radius
direction, the relationship between Q and V, N; of the charging product can be built in

Eqn (19).
Q x D¥xN; (26)
Q ocj (27)
Taking Eqn 17 and 18 into Eqn 19, it is found that Q is approximately proportional to
0.39

777, which signifies an inverse relationship between the current density and the

charging capacity. If heat loss is not considered in the electrochemical system, the size
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of sulfur droplets is inversely proportional to the cubic root of the droplet number under
a constant capacity. Clearly, the current significantly influences the droplet size and
numbers. Interestingly, the charging capacity for the above liquid sulfur analyses is
fixed, arguing against our institution that the charging capacity should depend on
current densities, especially in actual batteries. The unique features of liquid sulfur can
interpret abnormal results. During the charging process, sulfur is generated on the
surface of the graphene. Due to liquid sulfur’s mobility and reshaping properties, they
would release the conductive surface by merging into larger droplets to occupy less
surface area.

In contrast, the solid sulfur charging product would occupy the surface with a thin
reaction product layer and low charging capacities. This comparison illustrates that
liquid sulfur can deliver higher charging capacities than solid sulfur (or expected
capacities) on the same conductive surface.!”!*" Therefore, it is unsurprising that the
capacities are almost constant by increasing the current from 10 to 60 pA.
Electrochemical performance of liquid-sulfur mediated cathodes

The above finding suggests that introducing liquid sulfur can be a feasible strategy for
fast-charging Li-S batteries. To be a proof-of-concept, we chose graphene on nickel
foam (G-Ni) and electrospun carbon nanofibers (CNF) as two representative cathode
hosts, where the former indicates solid sulfur formation (Figure 4.17), whereas liquid
sulfur is generated on the latter (Figure 4.18a). To characterize the fast-charging ability,
the CNF cathode with Li>Sg catholyte is charged at 0.1 C and gradually increased to 3

C (at a constant discharging rate of 0.1C). The charging capacity of Li»Ss/CNF cathode
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is shown in Figure 4.18b. The first 5 cycles exhibited increasing capacities and slight
fluctuation due to the activation process. The cells indicated capacities of 1147 mAh g
1, 1080 mAh g!, 1028 mAh g, 1001 mAh g!, 974 mAh g!, 944 mAh g' at 0.1 C, 0.2
C,0.5C,1C,2C, and 3 C, respectively. The capacity retention is more than 82 %,
increasing the current density by 30-folds. When the charging rate is recovered to 0.5
C, a reversible capacity of 966 mAh g! was retained, illustrating excellent cyclic

stability of the liquid-sulfur-involved Li-S batteries.

Charging process

Solid sulfur /

Figure 4.17 The optical image of solid sulfur formation on the graphene Ni foam.
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Figure 4.18 a. Optical images of liquid and solid sulfur generation on CNFs. b. Rate
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performance of the CNF electrode at different charge current densities and 0.1 C
discharge current density. c¢. Charge voltage profiles of CNFs cathode at different charge
current densities d. Cycling performance and Coulombic efficiency of the CNFs
electrode at 0.5 C discharge and 2 C charge for 200 cycles. e. Rate performance of the
high-loading CNF electrode at different charge current densities and 0.1 C discharge

current density.

Figure 4.19 a. The SEM image of spherical-like solid sulfur. b. The SEM image of
needle-like solid sulfur. c. The SEM image of selected areas CNF d. and the

corresponding EDS-mapping.
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Figure 4.20 a. The rate performance of CNFs under 0.1 C,0.2C,0.5C,1C,2C, 3 C.
b. Rate performance of the graphene/Ni foam cathode at different charge current
densities and 0.1C discharge current density. c. Charge voltage profiles of graphene/Ni
foam cathode at different current densities.

We believe the high-rate capacity relates to the liquid sulfur formed on the CNFs. The
sulfur droplets served as the intermediate phase to postpone the passivation of the CNF
surfaces by the solid sulfur phase. The liquid-solid sulfur phase transition in a working
Li-S cell occurred at the end of charging. The SEM images presented needle-shaped
and spherical sulfur particles on the CNF host (Figure 4.19), similar to the results on
graphene substrates. To identify the impact of liquid sulfur on the charging process, we
cycled the CNF-based cathode under galvanostatic charging and discharging programs
from 0.1 C to 3 C. A capacity retention of only 66 % is obtained (Figure 4.20a), which
is attributed to the incomplete reduction of Li>S at the high-rate discharging process.
The G-Ni foam-based cathodes were also cycled under the same measurement
conditions. As shown in Figure 4.20b, c, a capacity retention of 63 % was observed for
the pure solid-sulfur formation systems. The charging voltage profiles for G-Ni-based
cathode indicated large polarizations and short plateaus at high rates (Figure 4.20c), in
sharp contrast to the long-charging plateaus of LirSs/CNF in Figure 4.18c. The
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differences demonstrate the influential role of liquid sulfur in accelerating the charging
kinetics in Li-S batteries.

Long-term cycling was also performed for the liquid-sulfur Li-S system. We cycled the
Li>Sg/CNF cathode by charging at 2 C/discharging at 0.5 C, which exhibited remarkable
capacity retention of 751 mAh g! after 200 cycles (Figure 4.18d). Li-S batteries with
high sulfur loading and lean electrolyte parameters were also cycled at different current
densities to identify the practical feasibility of liquid sulfur. As a result, the Li-S cells
can indicate areal capacities of 2.6 mAh cm™ and 3.6 mAh cm™ at 3 C charging with
high sulfur loadings of 3.3 mg cm™ and 4.2 mg cm™ (Figure 4.18e), respectively. The
high-rate charging performance of the Li-S cells displayed a competitive
electrochemical performance even without the aid of catalysts, as shown in Table 4.1,
further demonstrating the promise of liquid sulfur chemistry. Compared with others,
our work achieves 100% capacity retention in high-loading and lean electrolyte
conditions. Findings in this work can promote the realization of practically high-power
Li-S batteries, for example, by designing catalysts to facilitate equivalent reduction and
oxidation kinetics for the discharging/charging processes in future works.

Table 4.1 Charging capacity comparison between our work and others in recent
publications. The battery testing condition of others’ work uses the same charge and

discharge rate. Our work uses different charge rates and 0.1 C discharge rate.

E/S Energy density
ratio Areal Capacity (Wh kg™
(uL/mg | Sulfur loading capacity retention
Materials ) (mg/cm) 20) (0.5C/20)
CoSe»/Co304@NC-CNT
(cathode) '*! / 2 1.56 78.70% 277.3(0.5C)
MoS,-MoN/CNT(cathode) '+ / 1.2 0.98 75.60% 146.2(0.5C)
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NisFeN/G(separator)'* 16 1.2 1.09 86% 120.4(0.2C)
ZnSSnS@NC(separator)*’ 12 2.2 2.06 81% 158.9(1C)
ZnS, Co-N—C(cathode)'* 7 12 1.06 ~81% 148.3(0.6C)

CoSey/G(separator)'® 15 1 0.97 87% 111.9(0.5C)
Nb-SAs@NC(cathode)'# 15 2 1.97 88% 211.9(1C)
MSC/PcNiTe;, (separator)® 15 1.8 1.62 79.80% 163.2(1C)
Rhizopus hyphae carbon
fiber(separator)!¥’ 20 2 1.56 77% 96.5(1C)
CoNiO,/Co4N/graphene(catho
de) 148 15 1 0.85 87% 95.3(0.5C)
CNF (this work) 9.5 42 3.44 100% 141.03C)

4.2 Conclusion

We identified sulfur’s nucleation and growth dynamics on a graphene substrate based
on in situ Raman and optical microscope observations. Following the formation of
metastable liquid sulfur, single- and polycrystalline sulfur particles appeared upon
further charging the micro-electrochemical cells. The single-crystal sulfur
anisotropically grew along the (224) orientation, while the polycrystalline particles
were derived from liquid sulfur droplets. Quantifying the growing dynamics of liquid
sulfur droplets as a function of current density reveals that the size and number density
are susceptible to applied current, whereas the areal capacities are almost intact. This
remarkable finding is ascribed to the less dependence of liquid sulfur growth on the
substrate surface area, which signifies the possibility of fast-charging liquid-sulfur
cathodes. As a proof-of-concept, we prepared CNF/Li>Sg cathodes enabling a liquid
sulfur-associated Li-S system. The new Li-S batteries demonstrated negligible capacity
loss, even increasing the charging current densities by 30-fold, which rivals the state-

of-the-art high-rate performance in literature. It is believed that the liquid-sulfur
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electrochemistry proposed in this work would unlock a new avenue toward fast-

charging Li-S batteries.
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Chapter 5 Liquid sulfur deposition Kinetics
through electrochemical oxidation

In Chapter 4, we observed sulfur formation on single-layer graphene. Though we
suggest liquid sulfur is hard to keep as the final charging product, it has the potential to
help the Li-S batteries achieve fast charging. It is important to understand the reaction
kinetics of the electrodeposition of liquid sulfur.

5.1 Introduction

As shown in Figure 5.1a, the liquid sulfur deposition process includes three steps: 1. the
polysulfides, as reactants, arrive at the reaction surface; II. the polysulfides lose
electrons to form sulfur; III. the electrons are transported through the external circuit.
Step I is related to mass transport, and Step II and III can decide the charge transfer
kinetics. Any step can be a major factor in determining the kinetics of electrochemical
reactions. For example, if step II is the rate-limiting step, the electrochemical reaction
kinetics are determined by the reaction kinetics of Sg*" to Sg, no matter how fast the
mass transfer or the conductivity of the cathode material is. If the conductivity of the
cathode host and reaction kinetics of Sg>" to Sg are large enough, the electrochemical
reaction kinetic will be controlled by the kinetic of reactants arriving reaction surface.
The effects of electrode kinetics and mass transport of species on liquid sulfur
deposition have been inspected in this research. The influence of cathode materials
conductivity, catalysts, and temperature on the electrochemical kinetics have been
observed through the optical cell on carbon film (derived from the carbonization of

PAN film) under a constant voltage, as shown in Figure 5.1b. This work reveals that
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excellent conductivity, efficient catalysts, and suitable temperature favor liquid sulfur
deposition kinetics.

a thode I b
Ceitho Liquid sulfur

Catholyte

Lithium

ll 882-+ 2e = Ss
Carbon film

Figure 5.1 a. The schematic of the Li»Sg oxidation process. b. The schematic of the

optical cell.

5.2 Discussion

5.2.1 Conductivity

This research used polyacrylonitrile (PAN) as a precursor to producing carbon film with
different thermal treatment temperatures. Through stepwise carbonization between
650 °C and 1050 °C, the conductivity of carbon film can be tailored to explore the
relationship between liquid sulfur formation behavior and charge transfer of substrate.
After annealing, the PAN-based carbon film on the SiO,/Si wafer can keep intact. XRD
results display that the carbon film keeps the amorphous structure between 650 °C and

1050 °C (Figure 5.2).
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Figure 5.2 The XRD spectra of PAN-based carbon film at different annealing
temperatures.

The stepwise carbonization process also results in the surface chemistry change. The
surface chemistry change was analyzed by SEM, as shown in Figure 5.3. The surface
of CNF films has abundant N and O elements, and the content of O has a little increase
before 950 °C (6.96% to 13.42%) and then decreases to 5.32%. N content gradually
decreases with the temperature increase, from 25.93% at 650 °C to 8.91% at 1050 °C.
Besides, the carbon content gradually increases from 67.12% to 85.86% during
stepwise carbonization. These results demonstrate that N and O functional groups on

the carbon surface have been removed significantly at 1050 °C.
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Figure 5.3 a. The SEM images of PAN-based carbon film and related EDS mapping at
950 °C. b. The amount change of C, N, and O under different temperatures.

The sheet resistance (Rs) of carbon films was measured through four-probe
conductivity measurements, and the testing results are presented in Figure 5.4. Ry is the
electrical resistance of a thin film of material, measured in ohms per square ({)/sq). It
is calculated by dividing the resistivity of the material by its thickness. Therefore, the
sheet resistance of carbon film is inversely proportional to electric conductivity. Three
different samples were prepared at the same annealing temperature to minimize the
effects of random error and ensure the measurements' accuracy. Each sample was
measured three times, and the average of the three values was used as the result. At
650 °C, the PAN-based carbon film (650 °C carbon film) has the largest Ry and the Ry,
become smaller as the temperature increase. From 950 °C (39.213 Q/sq) to 1050 °C

(28.07 Q/sq), the decrease about Ry is negligible (Figure 5.4b).
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Figure 5.4 a. The sheet resistance of carbon film at 650 °C, 750 °C, 850 °C, 950 °C,
1050 °C. b. The sheet resistance of carbon film at different temperatures film at 750 °C,

850 °C, 950 °C, 1050 °C.
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Figure 5.5 a. The I-t curves of LiPSs electrochemical oxidation at 3V on PAN-based
carbon film with different annealing temperatures. b. The capacity of the charging
process of LiPSs electrochemical oxidation at 3 V on PAN-based carbon film with
varying annealing temperatures. ¢c. The Raman spectra of liquid sulfur generation on

PAN-based-carbon film with different annealing temperatures.
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Figure 5.6 The optical images of sulfur generation at 3V on PAN-based carbon film
with different annealing times.

The current as a function of time was recorded when a constant current was applied to
the optical cell. The resulting I-t curve and related optical images are shown in Figure
5.5a and Figure 5.6. We observed the spherical charging product generated on the
carbon film (Figure 5.6) and the liquid sulfur is confirmed by Raman Figure 5.5c. The
peaks on 150, 220, and 473 cm™! of Raman are attributed to the asymmetric S-S bending
mode, the symmetric S-S bending mode and the S-S stretching mode of sulfur. A
Rayleigh wing feature in external modes illustrates that sulfur is liquid sulfur. Raman

and optical images show that liquid sulfur can be generated on the PAN-based carbon
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film (annealing range between 650 °C and 1050 °C). It is found that the reaction current
is minimal on 650 °C annealed PAN-based carbon film (650 °C carbon films) in the
whole charging process. In contrast, the reaction current keeps one order of magnitude
for 750 -1050 °C carbon film, indicating that the conductivity of PAN-based carbon
film will not significantly influence the reaction kinetics when the annealing
temperature is over 750°. This conclusion is also reflected by the charging capacity of

different samples, as shown in Figure 5.5b.
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Figure 5.7 a. Statistics of the number of droplets and b. size on different annealed
temperature PAN-based carbon films.

From the optical images (Figure 5.6), we found that the liquid growth behavior is related
to the conductivity. The relationship between the annealing temperature and droplet
number as well as particle size, are summarized in Figure 5.7. With the increase of
annealing temperature, the number of droplets increased while the size decreased except
for 950 °C and 1050 °C- carbon films, both the numbers and size of droplets on 950 °C
and 1050°C- carbon films were very close (Figure 5.7a). High conductivity carbon will

bring more reaction sites, leading to many sulfur droplet formations (Figure 5.7b). For

101



the carbon substrate with relatively low conductivity, the solution-mediated pathway
helps the liquid sulfur growth. Results show that particle growth behavior can be
affected by carbon conductivity instead of the functional groups.

Moreover, the catholyte concentration change was analyzed according to the gray value
of the catholyte in the video. The gray value is inversely proportional to the
concentration of polysulfides in the catholyte; the larger the gray value, the lower the
concentration of polysulfides in the electrolyte. The catholyte RGB colors were
converted to grayscale values and then analyzed the average grayscale value by Image
J, as shown in Figures 5.8 a-e. The change tendency between the grayscale and sulfur
area keeps consistent. It is worth noting that an unstable testing environment may cause
some fluctuations in the grayscale of the 850-carbon film. The relationship between I
and t%° becomes linear in the middle and late stages of the reaction (after ~120s), as
shown in Figure 5.8 e-h, indicating that the reaction becomes diffusion-controlled
(Cottrell equation). In the initial stages, the charge transfer on the interface controls the

reaction. The rate constant k can be calculated based on the formula:

i d[L(iizth] —K[Li,S;]" (28)

The fit results display the n=1, and 750 °C-carbon film shows the smallest k of ~8x10"
4 the 1050 °C, 950 °C, and 850 °C -carbon films have similar k values of around 2.8x10
3,2.4x1073, and 2.4x107 respectively. The results illustrate that the conductivity of

carbon film has few influences on the charge transfer process.
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Figure 5.8 a. Monitoring the RGB color variation and conversion RGB color to 8-bit
grayscale image. Liquid sulfur area and catholyte gray value variation on b. 750 °C, c.
850 °C, d. 950 °C, e. 1050 °C carbon film in the charging process. The I-t curve of f.
750°C, g. 850 °C, h. 950 °C, i. 1050 °C carbon film at 3V (insets show the relationship
between I and t7 in the middle and late stages of the reaction).

According to the Cottrell equation:

0
i nFAg; \/ﬁj (29)
VIt

n is the number of electrons, F is Faraday constant and A is the electrode area (we
assume all the samples have the same area of ~6 mm?), cjp is the initial concentration
of reactants, the Dj diffusion coefficient can be calculated. The D;j for this reaction is
~4.88+3.2510% cm? S

5.2.2 Catalysts

Liquid sulfur has been observed on a metal substrate like Au, Pd, and Pt.!* Among them,
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Pt works as an electrocatalyst and has been applied to Li-S batteries system.!3!5

Through the electron-beam physical vapor deposition, 10 nm and 1 nm Pt films have
been prepared on the 950 °C-carbon film. A constant voltage of 3 V was applied to the
optical cell to observe the process of lithium polysulfide oxidation to liquid sulfur. To
our surprise, we found that liquid sulfur prefers to form on the surface of the carbon
film rather than Pt, as shown in Figure 5.9. The amount of liquid sulfur on the carbon

film far exceeds that on the Pt surface.

b Time

10nmpt 1

Carbon film

Time

“Carbon filin * :

Figure 5.9 a. b The optical images of liquid sulfur generation on the carbon zone of 10
nm Pt-carbon film. ¢, d The optical images of liquid sulfur generation on the carbon
zone and Pt zone of 1nm Pt-carbon film.
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The I-t curves show that the 10 nm Pt-carbon film has a larger current response than the
Inm Pt (Figure 5.10 a, b). The I-t curve of the carbon film with Pt dropped steadily,
while that of the carbon film dropped suddenly (Figure 5.8). In Figure 5.10a, I and t 3
show a linear relationship illustrating that the reaction becomes the diffusion control
after 100 s on 10 nm Pt-carbon film, and the related diffusion coefficient is about
5.26x10™ cm? S°!, consistent with the pure carbon system. The reaction on 1 nm Pt-
carbon film has not shifted to diffusion-controlled after the end charging process
(Figure 5. 10b). The 10 nm Pt-carbon film displays a larger capacity than 1 nm-Pt
carbon film. The change of the gray value of the catholyte is consistent with the change
of the liquid sulfur area (Figure 5.11a), and the change reaction constant on 10 nm Pt-
carbon film can be calculated around 2x107. The k values are similar with/without Pt
because the Pt film provides only limited reaction sites, resulting in k reflecting an
average value between the carbon and Pt regions. Therefore, we suggest the real k for
this system in the carbon zone is larger than the pure carbon system. Three droplets in
three different places are analyzed on 10 nm Pt-carbon film. These droplets formed at
the initial stage and grew without merging. According to the particle growth behavior
(1,2,3 in Figure 5.9b) the droplets closest to the carbon and Pt interface have the largest
size, fastest growth kinetics, and longest growth time (Figure 5.11b). The droplet size
and number are compared between 10 nm Pt-carbon film and carbon film (Figure 5.12).
Droplet sizes are similar on both substrates (Figure 5.12b), but there are almost 1.5
times as many droplets on the 10 nm Pt-carbon film as on pure carbon (Figure 5.12a).

Based on the observation of liquid sulfur generation on 10 nm Pt-carbon film, 1 nm Pt-
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carbon film, and pure carbon film, we claim Pt as the catalyst can help the Li»Sg
oxidation process but is not a suitable substrate for the accumulation of liquid sulfur. A
higher capacity of 10 nm Pt-carbon film can be attributed to more deposition sites

emerging in the carbon zone because of some Pt nanoparticles in the carbon zone.

a b c
_ ~ Current -10nm Pt 80T —current-1 nm Pt 60— 40nm Pt
< 6.0 < 50 nm Pt
E™ E = =
= =60 5 <
2 2 5 I
4.5 = 4.0 © = 30
5 'GC: & t05 °
5 £ 52.0 g 20
O30 O © © 10
t-0.5
100 200 300 00 100 200 300 00 50 100 150 200 250 300
Time (s) Time (s) Time (s)

Figure 5.10 The I-t curves of a. 10 nm Pt- carbon film and b. a. 1 nm Pt- carbon film at
3V (insets show the relationship between I and t in the middle and late stages of the

reaction). ¢. The capacity comparison between 10 nm Pt- carbon film and 1 nm Pt-

carbon film.
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Figure 5.11 a. Liquid sulfur area and catholyte gray value variation on 10 nm Pt-950°C
carbon film in the charging process. b. Size change of three droplets grown in a 10 nm

Pt-950°C carbon film during charging.
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Figure 5.12 a. Statistics of the number of droplets and b. size on 10 nm Pt-950 °C

carbon film and 1 nm Pt-950 °C carbon film.
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Figure 5.13 The optical images of liquid sulfur generation on the 950 °C carbon film

carbon at 15 °C, 25 °C, 35 °C, and 45 °C.
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Figure 5.14 Liquid sulfur area and catholyte gray value variation at a. 15 °C, b. 25 °C,
c. 35 °C, d. 45 °C on 950 °C-carbon film in the charging process. The I-t curve of e.
15 °C, f. 25 °C, g. 35 °C, h. 45 °C carbon film at 3V (insets show the relationship

between I and t7 in the middle and late stages of the reaction).
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Figure 5.15 a. The reaction constant at different temperatures. b. The variation of

droplets' average size in the charging process. c. The variation of droplets number in

the charging process.
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Figure 5.16 Statistics of droplet size distribution at different temperatures.
5.2.3 Temperature
Changing the temperature will affect the reaction barrier and mass transport process.
We observed the sulfur droplet deposition at 15 °C, 25 °C, 35 °C and 45°C as shown in
Figure 5.13. The change of gray value in catholyte, sulfur droplet area, and current are
recorded in Figure 5.14. Gray value and sulfur droplet area show a positive correlation

at any temperature (Figure 5.14 a-d). According to the gray value, we calculate the
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kinetic constant at different temperatures and found that after 25 °C, the temperature
has limited influence on the reaction constant, as shown in Figure 5.15a. The reason
may be that increasing the temperature lowers the energy barrier of the polysulfide
oxidation process and improves the reaction kinetics of the reverse reaction (metastable
liquid sulfur decomposition).

Increasing the temperature makes the unstable of the current curve (Figure 5.14 e-f),
and the current suddenly increases because of the large droplet generation on the surface
as shown in the highlighted circle in Figure 5.14g. Except at 15 °C, the reaction does
not turn into diffusion control before the charging process end (Figure 5.14 e-f). The
diffusion coefficient at 15 °C is around 1.4x10® cm? S, slightly lower than the room
temperature. At the end of charging, the currents at 35 °C and 45 °C are lower than
those at 25 °C, indicating that higher temperatures benefit the decomposition of liquid
sulfur. The statistical data about the average size and number of sulfur droplets at
different temperatures are shown in Figures 5.15 b, ¢, and 5.16.

Though the average size at the end of charging is similar, the distribution has a
significant difference. Most of the droplet sizes at 15 °C and 25 °C are in the 4.5-7.5
pum range, while the particle size distribution was broader at 25°C than at 15°C due to
increased reaction and coalescence kinetics. At 35°C, the particle size distribution is
broadest, indicating that the coalescence process and growth kinetics favor droplet
growth. A large number of droplet formation on the substrate induces the particle
number increase, as shown in Figure 5.15 c. At 45°C, the particle size distribution is
relatively average, and the particle number is the largest. By analyzing the results,
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increasing the temperature will increase the mass transfer, thereby creating more
reaction sites on the substrate and bringing more liquid sulfur to progressive deposit on
the substrate. The higher temperature does not bring higher reaction kinetics because it
accelerates the liquid sulfur decomposition kinetics.

5.3 Conclusion

The charge transfer and mass transport effect on liquid sulfur deposition have been
observed in this research. At room temperature, the reaction kinetics are dominated by
charge transfer in the initial stage and followed by mass transfer. When the sheet
resistance of carbon is less than 2400€0)/sq, the conductivity of carbon has a limited
influence on the liquid sulfur deposition. Increasing temperatures favor mass transport
and bring more reaction sites, while the kinetics constants are similar because the
reaction kinetics of sulfur reduction and Li>Sg oxidation are improved simultaneously.
In addition, liquid sulfur is easier to deposit on carbon than Pt film. Compared with the
pure carbon system, more reactive sites appeared in the carbon region of the Pt/carbon
film system. The rational design of Pt and carbon composites benefits liquid sulfur
deposition. This work comprehensively studies liquid sulfur deposition kinetics and

provides insights for designing cathode materials utilizing sulfur physical states.
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Chapter 6 Conclusion and Future Work

6.1 Conclusion

In this thesis, we systematically study the deposition of liquid sulfur on different
materials and the deposition kinetics. First, we observe sulfur generation on TMD
materials and propose a general method to keep liquid sulfur in the charging process.
In the second work, we use graphene as a substrate to explore the role of liquid sulfur
and find that it favors fast-charging Li-S batteries. In the third work, we investigate how
the charge transfer and mass transport influence on liquid sulfur deposition. The
findings of each work are highlighted below:

(1) Liquid sulfur has a higher area capacity than solid sulfur on TMD nanoflakes due
to its reshaping ability. However, solid sulfur nucleates on the edges of thick TMD
nanoflakes. We found that H, annealing MoS: can preserve the liquid sulfur in the
charging process even under harsh conditions (large overpotential and low temperature).
Oxide and anion vacancies are introduced to the edge and basal plane of MoS»
nanoflakes through H> annealing. The oxide reduces the uneven distribution of the
electric field around the edges, suppressing solid sulfur nucleation. The anion vacancies
favor fast reaction kinetics. This method is also suitable for other TMD materials.

(2) By observing the electrochemical generation of sulfur on single-layer graphene, we
suggested that liquid sulfur, as a metastable state, is difficult to preserve as the final
charging product. However, liquid sulfur plays a key role in Li-S batteries. The
crystallography of solid sulfur and final areal capacity is related to the kinetics of liquid

sulfur growth. Liquid sulfur is insensitive to current density, indicating that liquid sulfur
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can be generated under large current densities. We developed a free-standing material
for fast-charging Li-S batteries based on these findings.

(3) This research has studied the effects of charge transfer and mass transport on liquid
sulfur deposition. At room temperature, the reaction kinetics are initially dominated by
charge transfer, followed by mass transport. The conductivity of carbon has a limited
impact on liquid sulfur deposition when the sheet resistance of carbon is less than
2400€)/sq. Elevating the temperature is beneficial for mass transfer without affecting
the reaction constants. Liquid sulfur is preferentially deposited on the carbon film rather

than the platinum film, but the introduction of the platinum film will favore the reaction.

6.2 Future work

The thesis mainly focuses on liquid sulfur in the Li-S batteries system. Through
microscope investigation, we observed the liquid sulfur formation in the charging
process which is insensitive to the current density. Based on this finding, we proposed
the fast-charging Li-S batteries can be achieved by controlling the physical state of
sulfur. Some problems need to be further explored from the liquid sulfur direction.

1. We proposed that liquid sulfur can unlock the fast-charging ability of Li-S batteries.
The Li2S decomposition is a crucial step and needs to overcome the energy barrier. Is
there any relationship between liquid sulfur and Li>S?

2. Liquid sulfur can be generated at the extremely low temperature of -50 °C on H»-
MoS,. According to this, is it possible to explore the potential materials for low-

temperature Li-S batteries?
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3. The main factor in deciding whether liquid sulfur or solid sulfur is formed is
ambiguous. Is there any convincing mechanism to demonstrate how to control the
physical state of sulfur during electrochemical oxidation?

4. We observe the generation of liquid sulfur in Li-S batteries on some specific
substrates. Is this common in other metal-sulfur battery systems on the same substrate?
In addition, optical cells can provide clear images about the generation and growth of
sulfur and the concentration of electrolytes. Through the utilization of optical cells,
future work can be explored:

We have calculated the kinetic constant of Li»Sg oxidation based on the grayscale
change in the third work. This method can also observe the LiPS color variation in the
discharging process. The Li»S deposition is a crucial step during the discharging process.
The rational design of experiments may potentially explore the reaction constant for

Li2S deposition and decomposition.
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