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Abstract

With the growing popularity of portable electronic devices and electric vehicles,
conventional lithium ion batteries (LIBs) are facing challenges from increasing
demands for higher energy density. Instead, lithium metal (LM) has been historically
and widely recognised as the most promising negative electrode (negatrode) material
owing to its low density (0.53 g cm™), high theoretical specific capacity (3860 mAh g°
1), and lowest (most negative) redox potential (=3.04 V vs. the standard hydrogen
electrode). Thus, the lithium metal negative electrode (LMNE) is widely regarded as a
crucial part in next-generation energy storage devices such as lithium metal
rechargeable batteries (LMRBs). However, uncontrolled dendrite growth can result in
infinite volume expansion, sharp capacity degradation, and dangerous short circuit,
restricting the application of LMRBs. The non-uniform lithium ion (Li") flow on the
surface of the negatrode and the non-uniform distribution of electrons on the surface of
the conventional current collector (e.g., Cu) are two key factors that lead to the non-
uniformity of lithium (Li) deposition. Thus, this thesis provides new strategies based
on the above two crucial factors to alleviate Li dendrites' formation. The work is

summarised below.

(1) The surface of the LM is frequently observed to exhibit a non-uniform distribution
of Li* flux in LMRBs. Although nitrogen-containing (N-containing) functional groups
in carbon materials are reported to be effective in homogenizing the Li" flux, the
effective interaction distance between Li" and N-containing groups is relatively small
(down to the nanometre scale) according to the Debye length law. Thus, it is necessary
to carefully design the microstructure of N-containing carbon materials to make the
most of their roles in regulating the Li" flux. In Chapter 3, porous carbon nitride

microspheres (PCNMs) with abundant nanopores have been synthesised and utilised to



fabricate a uniform lithiophilic coating layer having pores of both the nano- and
micrometre scales on the Cu/Li foil. Physically, the three-dimensional (3D) porous
framework is favourable for accommodating volume expansion and guiding Li growth.
Chemically, this coating layer can render a suitable interaction distance to effectively
homogenise Li* flux and contribute to establishing a robust and stable solid electrolyte
interphase (SEI) layer with Li-F, Li-N, and Li-O-rich contents based on the Debye
length law. Such a physical and chemical synergistic regulation strategy using PCNMs
can lead to dendrite-free Li plating, resulting in a low nucleation overpotential and
stable Li plating/stripping performance in both Li||Cu and Li||Li symmetric cells.
Meanwhile, a full cell using the PCNM-coated Li delivered high capacity retention of
~80% after 200 cycles at 1 C and achieved remarkable rate capability. The high-areal-

capacity pouch cell retained ~73% of the initial capacity after 150 cycles at 0.2 C.

(2) Although the PCNMs with abundant nanopores can homogenise the Li* flow
effectively, it is still difficult to avoid the direct contact between Li and electrolyte
during the cycling. Therefore, Chapter 4 reports a method in which a Li-F-rich layer
was built in advance on the surface of the Li foil@PCNM electrode as an artificial SEI
to reduce the direct contact with the electrolyte. Dimethylacetamide (DMAC) was used
as a solvent to promote the self-driven chemical reaction between polyvinylidene
fluoride (PVDF) and Li. This facilitated reaction may be attributed to the distinctive
solvation structure formed by DMAC with PVDF and moderate structural stability
toward LM. The corrosion of Li by different solvents was tested, and X-ray
photoelectron spectroscopy (XPS) was applied on the surface of LM treated with
different solvents to analyse the effect of solvents on the surface composition of Li. In
addition, the effectiveness of the coating material in achieving dendrite-free Li deposits
and suppressing the volume expansion of LMRBs (in-situ swelling testing) was
investigated. Finally, excellent electrochemical performances of symmetric cells and

full cells using modified Li were achieved.



(3) In Chapter 3 and Chapter 4, LMRBs, where pre-placement of LMNE as the main
Li resource delivers reversible electrochemical plating/stripping, are promising
electrochemical energy storage devices. However, the pre-placement of LMNE will
hurt the specific energy of the battery and scientific evaluation of materials, and result
in concerns regarding manufacturing costs and safety. The issues mentioned above can
be avoided in lithium metal rechargeable batteries with a lithium-metal-free negatrode
(LMFRBs). Nevertheless, uncontrolled formation of polymorphous Li deposits, e.g.,
whiskers, mosses, or dendrites in LMFRBs may result partly from non-uniform
interfacial current distribution and internal stress release in the upward direction above
the surface of a conventional current collector (e.g., Cu foil). If it occurs in a lithium-
metal-free negatrode, rapid performance degradation or serious safety problems may
be anticipated. The 3D carbon nanotubes (CNTs) skeleton has been proven to
effectively reduce the current density on individual CNTs and eliminate the internal
accumulation of stress. However, remarkable electrolyte decomposition, inherent Li
source consumption due to repeated SEI formation, and Li" intercalation in CNTs limit
the application of the 3D CNTs skeleton. Thus, it is necessary to avoid the side effects
of the 3D CNTs skeleton and retain uniform interfacial current distribution and stress
mitigation. In Chapter 5, the CNTs network with a soft functional polymer PVDF is
reported to form a relatively dense coating layer on the Cu foil. This is expected to
shield the contact between the internal surface of the 3D CNTs and the electrolyte.
Simultaneously, the Li-F-rich SEI resulting from the partial reduction of PVDF by the
deposited Li and the soft nature of the coating layer release the accumulated internal
stress in the parallel direction to the current collector surface. As a result, Li deposition
without mosses and whiskers has been achieved, leading to improve reversibility of Li

deposition and dissolution and stability of the cycling performance of LMFRBs.

(4) Although CNT/PVDF composite coating layer on Cu foil can achieve dendrite-free



Li deposition, the entire composite current collector is still physically heavy. In addition,
Cu is still chemically inappropriate for LMFRBs. Physically light carbon-based current
collectors (CBCCs) may offer sufficiently high conductivity and a strong resistance
toward corrosion by oxygen or electrolyte. They can also be engineered to possess
suitable macro-, micro- and nanostructures that can assist the more uniform current
distribution and hence replace the Cu foil as a preferable deposition substrate. However,
there 1s potential limitations application of CBCCs in LMFRBs. For example, the large-
surface-area of CBCC (e.g., CNTs) can induce higher consumption of the limited Li
source (e.g., SEI). Also, lithiation or electrolyte penetration may lead to mechanical
strength reduction. It is anticipated that fragile SEI may result from the lithiophobicity
of CBCCs. Last but not least, welding between carbon and metal can be problematic.
In Chapter 6, a novel method is described for the preparation of free-standing
graphene/PVDF composite current collectors via the coating and etching process.
Highly conductive graphene sheets are tightly stacked to reduce the electrochemically
reactive surface area and suppress the lithiation behaviour. PVDF not only facilitates
the formation of the sturdy free-standing film but also hinders the Li" insertion and
electrolyte penetration to reinforce the mechanical strength of the CBCCs. Meanwhile,
the Li-F-rich SEI derived from the partial reduction of PVDF by the deposited Li can
considerably reduce the formation of fragile SEI. Also, the newly-formed SEI can
further minimise the electrolyte decomposition owing to PVDF’s low Fermi level
suppressing electron transfer to the electrolyte. It is also reported that Cu tabs can be
bonded firmly to the CBCCs with acceptable resistance via etching, promising practical
application. Therefore, basic requirements of the current collector, such as high
conductivity, sufficient mechanical strength, viable tab welding, and improved Li
deposition and dissolution behaviour in half and full cells have been satisfactorily
achieved using this free-standing CBCC. The assembled pouch cell has achieved a

remarkable 80% capacity retention after ~50 cycles at 0.1 C.
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Chapterl

Introduction

This chapter reports the background and purpose of this thesis. Also, this chapter
introduces a lot of literature reviews including the importance of developing Li metal

negatrodes, issues, influential factors, and the current research progress.

1.1. Research background

Energy has always been the basis for the survival and development of human society.
The history of energy exploration and utilisation is also the history of human social
civilisation. The earliest human use of energy began with learning to use fire. Fire was
first used for various purposes of living, including burning, cooking, heating, and
lighting which enable people to move at night and fight with animals. The emergence
and improvement of the internal combustion engine during the industrial revolution
promoted the utilisation of fossil energy into a new era. Currently, fossil energy,
represented by coal, oil, and natural gas, is still the leading force in the whole energy
supply structure. However, fossil energy is non-renewable naturally in the short term
and its reserve is limited in the earth's crust, which makes the exploitation increasingly
challenging to meet human needs. In addition, sulfur (S), nitrogen (N), carbon, and
other elements in fossil fuels will release harmful substances such as carbon dioxide,
carbon monoxide, nitrogen oxides, sulfur dioxide, and soot when burned.!"* Therefore,
in the face of the depletion of fossil fuels and climate change, the development strategy
of energy has gradually shifted to the utilisation of green and renewable clean energy,
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such as wind energy,*® solar energy,’” tidal energy,'*!* and geothermal energy (Fig.



1.1).13-15 However, due to geographical environment, weather, and other factors, these
forms of clean and renewable energy show various levels of instability and
intermittence. Therefore, energy storage technology is essential to use all forms of
renewable energy in a more convenient, stable, and economical way. Electrochemical
energy storage (EES) is one of the most important energy storage technologies. An EES
device is a converter between chemical energy and electric energy, as shown in Fig. 1.1.
It possesses the advantages of convenient use, low environmental pollution, and no
geographical restrictions. At the same time, it is not limited by the Carnot cycle!¢ in
energy conversion. Thus, it has high conversion efficiency, specific energy, and specific

power.
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Figure 1.1. Schematic diagram of energy conversion, storage, and utilisation in various

forms."”

Since the advent of lead-acid batteries in the 18th century, several major batteries have
been developed, such as cadmium nickel, nickel-hydrogen, and lithium ion batteries
(LIBs). Larger capacity, higher power, lower pollution, longer lifetime, and better safety

are the main trend of battery technology development. Fig. 1.2 compares the energy



densities of several types of batteries. It can be seen that compared with lead-acid,
cadmium nickel, and nickel-hydrogen batteries, LIBs have obvious advantages in both
energy density and specific energy. These advantages make LIBs the winner in
competition with other EES devices and the choice for use in portable electronic

products such as mobile phones, laptops, digital cameras, and mobile DVDs.
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Figure 1.2. Comparison of different types of rechargeable batteries in terms of energy

density and specific energy.'®

So far, Li batteries have gone through about 100 years, as shown in Fig. 1.3. The
development of Li batteries can be traced back to the 1950s. At that time, primary Li
batteries were invented with lithium metal (LM) as the negative electrode (negatrode)
and metal oxide or other solid and liquid oxidants as the positive electrode (positrode).
Due to their large specific capacity, high voltage, and small volume, they were widely
used in small equipment such as electronic watches, alarms, calculators, and cardiac
pacemakers.! In 1976, Whittingham et al.? inadvertently found that lithium ion (Li")
can be intercalated in layered titanium sulfide (TiS2). Due to structural retention, this
reaction occurs quickly and highly reversibly at room temperatures. Then, lithium metal

rechargeable batteries (LMRBs) were successfully assembled with metallic Li as the
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negatrode and TiS: as the positrode in an electrolyte of lithium perchlorate (LiClO4)
dissolved in a mixture of dimethoxyethane and tetrahydrofuran (30:70 in volume). TiS2
was also the best intercalation compound available at that time, depending on its highly
favourable layered structure. But in the subsequent application, it was found that
uneven Li deposition would be caused. Then Li dendrites would be formed in lithium
metal negative electrode (LMNE) during each discharge-recharge cycle due to the
instability of the interface between electrode and electrolyte, resulting in serious
explosion hazards.!® Later, they replaced the LMNE with Li-Al alloy. Still,
unfortunately, Li-Al alloy only survived a limited number of cycles due to the severe

8

volume changes during cycling,'® and finally, the commercialisation of TiS2-based

LMRB failed. Later, with a deepening understanding of intercalation compounds,

Goodenough et al.?! 22

proposed the families of Li-containing layered oxide—Ilithium
cobaltate (LiCoOz2) in the early 1980s. The dendrite problem is well resolved, and the
safety is improved due to changing the existence form of Li from the metallic to the
ionic state. Around ten years later, in 1990, the Japanese Corporation-Sony successfully
prepared the first commercial LIB with LiCoOz as the positrode and graphite-structured
carbon material as the negatrode. This LIB production was commercialised
successfully in 1991.2* This battery overcomes Li's high activity and solves the
dendrites' problem. At the same time, it has the advantages of high output voltage, high
specific energy, and good stability. In 1997, Goodenough et al.?* reported lithium iron
phosphate (LiFePO4) positrode materials with an olivine structure. This type of

positrode material is safer than the traditional LiCoOz positrode materials, and its raw

materials are widely available and inexpensive.
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Li batteries mainly comprise positrode materials, electrolytes, separators, and
negatrode materials. As shown in Fig. 1.4, the positrode materials are mainly Li-
containing transition metal layered compounds, such as LiCoOz2, LiFePOs, lithium
manganate (LiMn20s), lithium nickelate (LiNiOz2), nickel cobalt manganese transition
metal layered ternary oxide (LiNii-x-yCoxMnyO2).?% %7 The negatrode materials mainly
include graphite-based carbon materials, silicon-based materials, tin-based materials,
transition metal oxide materials, lithium titanate, etc.?’” The separators are mostly
polyolefin materials, such as polyethene or polypropylene single-layer microporous
membranes and polyethene/polypropylene multi-layer composite microporous
membranes. Electrolytes are generally composed of Li salts and organic solvents.?’
Currently, two main electrolytes are most widely used: ether-based electrolytes and
ester-based electrolytes. The ether-based electrolyte is generally composed of lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI), lithium bis(fluorosulfonyl)imide
(LiFSI) as Li salts and one or more of dimethoxyethane (DME), 1,3-dioxolane (DOL),
and dimethoxymethane (DMM) as solvents.?’ Ester-based electrolytes are mostly
composed of lithium hexafluorophosphate (LiPFs) as Li salts and one or more of

ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC) as
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solvents.?’
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Figure 1.4. Potential versus capacity in terms of the positrode and negatrode materials

for the next generation of rechargeable Li batteries.!'®

Fig. 1.5 shows the working principle of a typical LIB. The cell comprises layered
transition metal compounds (LiMO2) as the positrode, graphite as the negatrode, and
aluminium foil and copper foil as the positrode and negatrode current collectors to
connect with the external circuit, respectively. During charging, the Li" is deintercalated
from the positrode and passes through the electrolyte and the separator. Finally, Li" is
reduced after obtaining electrons and inserted into the negatrode to form LixCes (x<1).
During discharge, Li" is de-intercalated from the graphite negatrode and moves back
into the electrolyte, migrates to the positrode and then inserts into the layered structure
of the positrode. The electrochemical reactions during the whole charging and

discharging process are presented as follows:?’
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Figure 1.5. Schematic of a traditional LIB.?

Charging:
Negative electrode: 6C+xLi"+xe™ = LixCs (x < 1)
Positive electrode: LiMO2 = xe+ xLi™+ LiixMO2

Whole chemical reaction;: 6C+LiMO2 = LixCs+ Li1-xMO2

Discharging:
Negative electrode: LixCs= 6C+xLi +xe
Positive electrode: xe+ xLi'+ LiixMO2 = LiMO2

Whole chemical reaction: LixCs+ Li1-xMO2 = 6C+LiMO2

1.2. Brief introduction of Li-metal-based batteries

1.2.1. Advantages of Li metal

LIBs have been dominant in the past decade. However, with the explosive development
of modern science and technology, the requirements of energy storage devices with
higher mass and specific energy gradually increase, and the traditional LIB device

cannot meet its target requirements. As we all know, the specific energy of a Li battery



is directly determined by the capacity and redox potential of positrode and negatrode
materials. The cost of negatrode materials is comparatively low, and its modification is
the more efficient and economical way to improve the specific energy of batteries. In
addition, the capacity of negatrode materials can be primarily affected by the Li storage
form.?° For example, graphite shows a typical intercalating chemical reaction. Since
Li" can intercalate into graphite to form the LiCs structure at most, the theoretical
capacity of graphite is low, only 372 mAh g'.3° Currently, the LIB with graphite as a
negatrode material is difficult to meet the growing demand for the specific energy of
electric vehicles and smart grids. Therefore, people have extensively researched the
new negatrode materials of rechargeable Li-based batteries to make batteries with a

higher specific energy.
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Figure 1.6. Comparison of the standard reduction potential versus the charge density

or specific charge capacity for different metal and graphite negatrodes in the LIB.>!

LM is an ideal negatrode material in Li-based batteries. Among the available negatrode
materials, such as silicon-based materials®? and transition metal oxides,*> LMNE has
been recognised as the “Holy Grail” because of its rather high theoretical specific
capacity (3860 mAh g! in Fig. 1.6), low density (0.59 g cm™) and the lowest
electrochemical potential (-3.04 V vs. the standard hydrogen electrode).** 3 As early

as the 1970s, LMNEs have been applied in the Li-based battery. However, it was
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eventually replaced with safer LIBs owing to the serious safety hazards.!” With the rise
of new Li-based batteries such as the lithium-sulfur (Li-S) battery, lithium-air/oxygen
(Li-air/Li-O2) battery, and solid-state battery, and the continuous development of
modern characterisation technologies, LMNE has returned to arouse the interest of

researchers all over the world.

1.2.2. Different Li-metal-based batteries

Petrol
(gasoline)

Li-ion
Li-LMO
Li-S

Li-air

Figure 1.7. Comparison of the practical specific energy (pink) and energy densities
(blue) regarding petrol (gasoline) and Li-based rechargeable batteries, including LIBs,

conventional LMRBs, Li—S, and Li-air batteries.*

LM-based batteries are usually classified into Li-S battery,**® Li-air/Li-O: battery,*

4 LM-based supercapattery,***

and conventional LMRB paired with the Li-containing
positrode and so on, depending on the positrode materials. Compared with the most
popular commercial LIBs based on graphite negatrodes, the new battery based on
LMNEs, such as Li-S battery and Li-air/Li-O2 battery, can easily reach incredible
specific energy of > 400 Wh kg™!' (Fig. 1.7). Such high specific energy means that an

electric vehicle can travel more than 500 kilometres, which can be comparable to or

even better than fuel vehicles in the future market.
9
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Figure 1.8. Schematic illustration of Li—O2 cells operating in non-aqueous and aqueous

electrolytes.*!

The Li-air battery is based on the Li-O2 electrochemical couple (conversion reaction).
According to Fig. 1.8, the Li is oxidised during discharge, releasing Li" into the
electrolyte. At the positrode, Oz from the atmosphere enters the porous positrode,
dissolves in the organic electrolyte, and is reduced at the electrode surface to form
lithium peroxide composition (Li2O2) with theoretical specific energy of 3623 Wh kg!
or lithium oxide (Li2O) with theoretical specific energy of 5204 Wh kg!'.*’ Fig. 1.8
shows that aqueous electrolytes can involve the formation of discharge product (LiOH)
at the positrode. Although the theoretical specific energy of Li-air/Li-O2 battery is as
high as 11680 Wh kg™!,*! which is almost equivalent to the specific energy of gasoline
(~13000 Wh kg),% there are many technical challenges from key materials, including
electrolytes, LMNE:s, positrodes, and catalysts to battery design and assembly. It isn't

easy to realise practical applications in the short term.*> 46
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Figure 1.9. Schematic illustration of Li-S cells operating in organic electrolyte.*!

Similarly, Li-S batteries are based on the conversion reaction of Li" with S. Fig. 1.9
illustrates the operation principle of Li—S cells. S is reduced at the positrode on
discharge to form lithium sulfide (Li2S) with dissolved Li". Li-S cells perform many
attractive features, such as the natural abundance, low cost, and high theoretical specific
energy of 2567 Wh kg!.*! However, Li-S batteries also have their limitations during
battery operation, such as the large volume change in the positrode, limited rate
capability due to poor conductivity of S, and the shuttle of polysulfides leading to the

fast capacity fading, which greatly affects the battery’s electrochemical performance.*”

48

Figure 1.10. The proposed device structure of LM-based supercapattery. The left is LM
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and the right is activated carbon.*

LM-based supercapattery (sometimes it is called capacitor battery) is a leading-edge
energy storage device with high specific energy close to LIBs and high specific power
or longer charge-discharge durability close to electrochemical capacitors.*” 5 The
introduction of the LMNE can give rise to extending the working voltage window and
avoid hydrogen evolution reaction in the aqueous electrolyte®® owing to the lowest
redox potential, further increasing the specific energy of the supercapattery. It is also
reported that kinetics discrepancy between the positrode and LMNESs can be efficiently
eliminated.** As shown in Fig. 1.10, in this LM-based supercapattery, the LMNE
undergoes Li plating/striping during the charging and discharging process. At the same
time, the anion will involve the adsorption/desorption process at the positrode. However,
the relevant research has not started for a long time and the relevant mechanism is still
unknown. Furthermore, further attention should be paid to optimizing capacitor

positrodes, electrolytes, and their unique practical application.

LMRBs assembled with Li-containing positrodes and LMNEs are a more practical
choice. Compared with S and air positrodes, the research on intercalation-type Li-
containing positrode materials is comparatively mature, with more stable
electrochemical performance and high voltage window in constructing LMRBs. Even
if only the LMNE is used instead of the traditional graphite negatrode, pairing with
transition metal oxide positrodes (such as LiNiixyCoxMnyO2 (NCM) or Li-rich layered
oxides’!), the battery still can show specific energy of > 400 Wh kg (Fig. 1.7).
Furthermore, the current development of solid-state batteries is in full swing.>? Solid-
state batteries with high specific energy and high safety assembled with LM as the
negatrode and transition metal oxide as the positrode are super common in future
battery design. It is believed that the above novel LM-based batteries have their
research value and features. Their research may be carried out toward more targeted

application scenarios. Therefore, it seems to be an inevitable choice to commercially
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employ LMRBs composed of Li-containing positrodes and LM negatrodes as a high

specific energy battery in the future.

However, LMNEs face severe dendrite growth problems during charging, leading to
short circuits and even fires. During the discharge process, the uneven dissolution of Li
dendrites easily generates “dead Li”, which can significantly reduce the battery capacity.
In addition, since LM has the lowest redox potential, it's chemical and electrochemical
reactivity is super high, which means that it will undergo continuous side reactions with
almost all liquid electrolytes at the interface, resulting in an unstable solid electrolyte
interphase (SEI). This side-effect not only consumes the battery capacity but also
further exacerbates the growth of Li dendrites. Li deposition and dissolution will cause

a large volume change.

Meanwhile, due to the non-uniform deposition/dissolution process of Li on the surface
of metallic Li, the volume change of the LM is more obvious during cycling, making it
difficult to use in practical devices. For the Li-S or Li-O battery system, the LMNE also
suffers from serious corrosion problems.>® The above problems lead to short cycle life

and poor safety performance in LMRBs.

1.3. Problems of Li metal negative electrodes

The intrinsic mechanism and the decoupling of multivariate problems caused by

LMNE:s during cycling are clarified below.

1.3.1. Li dendrite growth
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Figure 1.11. Schematic illustration of the Li stripping/plating process.>
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The growth of Li dendrites is the main problem limiting the practical application of
LMRBs. Metal dendrites are very common in the metal deposition process.>*¢ Similar
to Zn and Cu metals,”’ the Li" in the electrolyte obtain electrons during the charging
process and are deposited on the surface of the negatrode, forming needle-like or
whisker-like protrusions, as illustrated in Fig. 1.11. The needle-like protrusions can
puncture the SEI, exposing fresh Li to the electrolyte. As the reaction continues, the
formed bulge will have a higher current density due to the higher curvature, which is
more likely to attract Li" to further deposit on the same spots, eventually evolving into
Li dendrites.® The scary thing is that the dendrites are likely to pierce the separator and
cause a short circuit in the battery. Sometimes, the battery suffers from thermal runaway
or even explosion. In addition to serious safety issues, battery capacity decay, battery
polarisation, battery volume swelling, negatrode pulverisation, and electrolyte
consumption can all be attributed to the formation of Li dendrites. During the discharge
process, the uneven dissolution of dendrites often makes the LM encapsulated with SEI,
which is isolated from electrons, forming the so-called “dead Li”. Due to the electronic
insulation of “dead Li”, it easily loses its electrochemical reactivity, resulting in low
coulombic efficiency (CE) and rapid capacity decay in the battery. At the same time,
the savage growth of Li dendrites will also easily increase the surface area of the LMNE,
causing the electrolyte and active Li to be continuously consumed owing to the
generation of SEI. It is noted that the volume expansion caused by porous Li dendrites
should not be ignored. In addition, during cycling, the upper part of the negatrode
becomes loose and porous, allowing the penetration of the electrolyte. Then, the active
Li and “dead Li” phases show rapid inward movement, resulting in irreversible
corrosion of the negatrode. As it increases, the diffusion path and internal impedance

of the battery continue to increase, eventually leading to severe battery polarisation.

The origin of dendritic Li deposition. LM is a crystalline material with a body-centred

cubic structure. In 2015, Kramer et al.>® found that lithium, sodium, tin, and other
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metals will appear to dendrite growth during the thermal evaporation deposition process,
indicating that the non-uniform deposition of these metals is intrinsic. Through electron
microscopy and in-situ optical microscopy observations, they found that LM growth is
based on the mechanism of atom insertion into the lattice upon both the thermal
evaporation deposition and electrodeposition, as illustrated in Fig. 1.12. Therefore, they
believe that ion transport and electrochemical processes may not be the fundamental
reasons for the growth of dendrites. Still, the diffusion barriers and crystallisation of
LM (surface formation energies) are essential factors affecting the growth of Li

dendrites.

vapor deposition electrochemical deposition

' l:\ Li atom - % (ﬂ}i’ ion
* @
|

Figure 1.12. Schematic diagram of metal in thermal evaporation deposition and

electrochemical deposition.>

It is reported that LM is thermodynamically and kinetically easy to grow in dendritic
morphology, while magnesium (Mg) is preferable to grow in dendrite-free morphology.
The thermodynamic difference in the electrochemical deposition is one reason for Li

forming dendritic morphology easily. Ling et al.®

reported that due to the stronger
Mg—Mg bond strength resulting from DFT calculation, Mg has a higher free energy
difference between high-dimensional and low-dimensional phases than Li. Thus,
relative to Li, Mg is preferable to deposit in high-dimensional (such as three-

dimensional (3D) and two-dimensional (2D)) structures owing to the larger surface

energy rather than one-dimensional (1D) dendritic whiskers. The lower diffusion
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energy barrier for Mg may be another reason from a kinetic aspect. Through DFT
calculations, Jickle et al.’! revealed that the self-diffusion ability determines the
different electrodeposition behaviours of Li, sodium (Na), and Mg in 2014. In the 2D
surface and 3D space diffusion, hexagonal close-packed Mg has a lower self-diffusion
energy barrier (0.02 eV), while body-centred cubic Li and Na have higher energy
barriers (0.14 eV and 0.16 eV, respectively). Therefore, during the early nucleation
stage, Li and sodium tend to grow in island form rather than deposit as thin films
(dendrite-free morphology) like magnesium.%? Larger surface formation energies and
lower diffusion barriers are essential factors that contribute to the dendrites-free Li

growth.

Heterogeneous Nucleation Model. The Li nucleation process occurs in each cycle.
The initial nucleation condition is critical in the subsequent Li deposition. Three models

are proposed to show Li depositing behaviour in the initial nucleation stages.

Figure 1.13. Five regimes of behaviour and growth pattern during the initial stages of

heterogeneous nucleation.%?

In the initial nucleation process, Li" can deposit on the surface of the current collector
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after obtaining electrons, which is considered the heterogeneous nucleation behaviour.
The heterogeneous nucleation process is thermodynamically and kinetically

1.9 via numerical simulation. The complicated heterogeneous

demonstrated by Ely et a
nucleation behaviour is clearly illustrated by five regimes, as shown in Fig. 1.13: a
nucleation suppression regime, a long incubation time regime, a short incubation time
regime, an early growth regime, and a late growth regime.** ® Embryos are
thermodynamically unstable and are inclined to re-dissolve in the electrolyte in the
nucleation suppression regime. In the long incubation time regime, embryos are
thermodynamically stable. Then, embryos continue growing under favourable
conditions after electric and ionic fluctuations. When exceeding a critical overpotential,
embryos with narrow size are facilitated favourably in a short incubation regime.
Finally, Li with a size of critical kinetic radius nucleates and grows quickly with
overpotential enhancement. In the early and later growth regimes, kinetically and
thermodynamically stable Li nuclei sequentially grow to approach the same terminal
size. Only when the Li nucleus has been established steadily does the growth rate keep
constant until the final form.>* % It is also proved that the difficulty of Li heterogeneous
nucleation is largely based on the current collector material property, demonstrating a
preferable heterogeneous nucleating model. Some studies showed that the nucleation
overpotential of Li on the surface of Cu foil is about 40 mV, while there is no obvious
nucleation overpotential on silver (Ag), gold (Au), and Mg metal surfaces.® Thus, It is

possible to induce Li deposition intentionally by the substrate materials design.
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Figure 1.14. (a) Scheme of a battery and (b) profile of ion concentrations and
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electrostatic potential, which result from the numerical simulation in the hypothetical
case of uniform deposition. Cc: concentration of cations; Ca: concentration of anions;

Co:initial concentration; V: potential; Vo: initial potential; L: cell distance.®

Space-Charge Model. Chazalviel proposed the space-charge theory®® to describe the
Li dendrite nucleation. The anions concentration decreases near the electrode surface
during Li deposition at high rates in the dilute electrolyte. Then, anion depletion in the
vicinity of the electrode surface leads to a super large space charge and an electric field
near the electrode/electrolyte interfaces, resulting in a ramified Li deposit growth.®’” To
illustrate the nucleation of Li dendrite induced by space charge, Chazalviel showed the
distribution of electrostatic potential and ion concentrations in a dilute electrolyte by
the thin rectangular symmetrical cell, as presented in Fig. 1.14a. Region I representing
the quasi-neutral region and region II delegating the space-charge region are defined
respectively in the battery (Fig. 1.14b). Region I refers to the bulk electrolyte,
occupying a larger portion of the battery, where Li" transfer is dominated by diffusion.
Region IT occupies only a small region near the electrode surface, where ion transfer is
controlled by electric field migration with a potential significantly smaller than OV
(negatrode potential). Then, the space charge Z.eC. will be retained to drive the
ramified growth of Li electrodeposits at a high rate in the dilute salt solution. Space
charges are often observed in non-aqueous liquid electrolytes. Increasing the cation
conductivity/transfer number or immobilizing anions can alleviate space-charge-

induced dendritic Li growth.

18



| Li anode J ] Li anode |

l Deposition

A f l Dissolution
l Li anode ]

l Li anode l

l Deposition
f l Dissolution

l Li anode

Dead lithium f
Depositi
i position Dissolution from base
p—
Li anode
Li anode !

Figure 1.15. Stress model of Li deposition and dissolution®®

Stress and Plastic Deformation Model. The deposition/dissolution model can also be
considered a stress model (SEI model) (Fig. 1.15). Yamaki et al.®® hypothesised that
there is an ionically conductive and electronically insulating protective layer on the
surface of the LMNE and that the preferential Li deposition sites are located in the
protective film with higher Li" conductivity. This uneven deposition will generate
internal stress in the metallic Li under the protective film, causing Li diffusion creep.
Since the creep of metallic Li is limited, the protective layer may be damaged, and
internal stress will be released. Li will grow out of the cracked protective layer in the
form of whiskers and gradually grow. Then, “dead Li” is formed in uneven dissolution.
Based on this model, it is shown that a “hard film” with a surface tension greater than
0.2 N m could inhibit the growth of Li dendrites.®®> This work also provides a good

reference for the subsequent surface protection of LMNEs.

Monroe and Newman further extended the surface tension model to consider the effects

of elasticity, viscous friction, and applied pressure comprehensively, discussed the
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effects of these factors on the exchange current density and electrochemical potential
on rough interfaces, and proposed that elastomers with high shear modulus, such as
cross-linked polymer electrolytes, can effectively suppress dendrite growth. Therefore,
to effectively inhibit dendrite growth, the elastic modulus of the separator needs to be
three or more orders of magnitude higher than that of general polymer electrolytes. In
addition, through theoretical calculation and fitting process, they believe that the top

growth rate of Li dendrites is directly related to the current density.®>

1.3.2. High activity of metallic Li

Li is the most reductive metal among all metal elements, and its outer electrons are very
easy to lose to form Li*, which leads to high reactivity and thermodynamic instability.”
Firstly, the storage and use of LM can involve severe safety issues. Alternatively,
LMRBs with LM-free negatrode may be more advantageous. Furthermore, almost all
electrolytes, including solid-state electrolytes, will decompose when in contact with
LM, forming various reduction products.”! For example, liquid electrolytes containing
additives,’* solvents,”® and Li salts’* can be decomposed, polymerised, or adsorbed on
the surface of metallic Li to form SEI films with an important influence on the
deposition/dissolution of Li. Thus, component modification in the electrolyte is an

important way to improve SEI film.

1.3.3. Volume expansion of Li metal negative electrodes

The huge volume change during deposition/stripping is another problem for LMNE:s.
Its variation is more severe than the alloy-type negatrode, such as lithium-silicon. Such
a large volume change means that, even if the electrochemical process is reversible, the
mechanical stress generated by the reaction process can damage the electrode, resulting
in the degradation of cycling performance. In addition, the volume increase will also
accelerate LM's reaction with the electrolyte, further consuming the active Li and the

electrolyte.
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The volume change of metallic Li from dissolution to deposition is shown in Fig. 1.16.
The volume expansion of metallic Li can be attributed to intrinsic Li deposition and the
porosities of LMNESs. During the dissolution process, Li atoms lose electrons, migrate
out of the SEI, and dissolve into the electrolyte (I). During the deposition process, the
solvent molecules of the solvated Li" on the electrolyte/SEI interface are extracted, and
naked Li" is deposited on the surface, becoming part of the metal lattice and forming a
uniform coating (II). This volume change is assigned to the intrinsic Li deposition

volume change. However, only when the SEI remains intact can this occur.
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Figure 1.16. Schematic illustration of volume expansion in the LMNE.”

In most cases, the SEI is ruptured. Thus, solvated Li" easily passes through the cracks

on the SEI and deposits directly on the metal surface in an irregular form, leading to
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the formation of Li dendrites, “dead Li”, and larger volume expansion (IIT) due to the
large porosities. When the volume expands, the electrolyte molecules will immediately
react with the freshly deposited Li on the negatrode surface to form a new SEI layer,
providing a channel for the entry of solvated Li*. This process is repeated and continued

until the electrolyte is consumed.”®

1.3.4. Practical challenges of Li metal negative electrodes
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Figure 1.17. Challenges that LMRBs face from lab research to industrial production.”’

Besides the above-mentioned scientific issues in electrochemistry, attention should be
paid to other key technical issues in the practical application of LMNEs. An important
factor for LMNEs is their resistance to air and moisture, which are highly demanding
for product storage and processing but receive little attention. When exposed to ambient
air or moisture, LM is immediately eroded, forming a thick passivation layer consisting
mainly of LiOH, Li2COs, and Li3sN. These reactions limit the processing of Li in
expensive dry-room or argon-filled glove boxes and hinder the development of high-
energy-density LMRBs. Li reacts more vigorously when in direct contact with H20,
releasing a lot of heat and gas (Hz2) within seconds. If LMRBs experience packaging
leakage or mechanical abuse, and water happens to penetrate the damaged packaging,
serious safety hazards such as burning or even an explosion can occur. Therefore,

solving the atmospheric sensitivity of LM is of great significance for commercializing
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LMRBs with reasonable processing costs and improved safety (Fig. 1.17).2” Except for
the limitations of the production environment, the production cost of LM is inversely
proportional to its thickness. It means that if the pretty thin LMNE is used to achieve
the higher specific energy, the cost will be greatly increased. Lastly, many strategies for
modifying LMNEs have emerged recently, and attention should also be paid to the
overall mass and capacity density of modified LMNEs. If the modification method

introduces too high mass, the specific energy advantage of LMRBs will be lost.

1.4. Factors affecting the interface stability of Li metal negative

electrodes

1.4.1. Current density

High or nonuniform current density on the current collector would cause the initial
nonuniform nucleation density. The adverse effect of high current density has been
demonstrated by the Chazalviel space charge model.®® Compared to other prevailing
models, the Chazalviel space charge model is one of the most popular models
describing the Li nucleation and early Li dendrite growth stages.’”® In dilute solutions,
the locations of the concentration of anions and Li* that decline to zero are near and at

the negatrode surface at high current rates, respectively (Fig. 1.18).7
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Figure 1.18. Schematic illustration of anions and Li" flow model (White balls are Li

ions and blue balls are anions).

Also, it is proved that concentration gradient”®

change of anions and Li" in electrolyte
significantly depends on the current rate.”’ (Follow Rosso and co-workers’ simulation

work” 3 as equation (1.1)).

E _ Jha
2 ™ = Do (1.1)

where J represents the effective current density; D represents the ambipolar diffusion
coefficient; e is the electronic charge; pa and pLi+ are the numbers of anion and Li"
mobilities. According to equation (1.1), two diverse behaviours can be predicted
depending on the interelectrode distance L, the initial concentration Co, the diffusion
coefficient D, and the effective current density J. If dC/dx<2Co/L, the ionic
concentration distribution at the negatrode delivers a steady state with a constant
concentration gradient potential value. The electrodeposits show a smooth morphology
in this case. If dC/dx>2Co/L, high ionic concentration variation (ionic concentration~0)
derived from high effective current density will make potential eventually diverge at a
time 1, which is called the “Sand’s time”, as expressed in equation (1.2), where J stands
for the effective electrode current density; D is the ambipolar diffusion coefficient; e
represents the electronic charge; Co is the initial concentration, and ta represents the

transference numbers of anions. A certain relationship between equations (1.1) and (1.2)
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can be found in equation (1.3), where ta and tLi+ represent the percentage of transference

numbers of anions and Li*, respectively.’®

_ Coe 2
) (tha) (1.2)
=1- _ Ha 1.3
tg = bt = Mo+l + (1.3)

The structure and morphology of the metal deposits can be dramatically affected by the
ionic distribution near the negatrode.” Based on the Chazalviel space charge model, an
employed current density would give rise to different ion concentration gradient
behaviours: low effective current density creates a minimal and stable ionic
concentration gradient and no Li dendrites. In contrast, highly effective current density
leads to ionic concentration in the vicinity of the negatrode dropping to zero and the
nucleus formation of Li dendrites at Sand’s time (equation (1.2)).' Thus, anion
depletion in the vicinity of the electrode results in a large space charge and the electric
field between the electrode and electrolyte, causing a ramified growth of Li
electrodeposits. It is noted that if the effective current density can be decreased, the
starting time of dendrite nucleation will be dramatically prolonged due to the inverse
proportion relationship®? between J and . Thus, the low current density in the current
collector greatly alleviates Li dendrite formation, especially at the initial nucleation

stage.

1.4.2. Distribution of Li* flux

The distribution of Li" flux plays a decisive role in forming Li dendrites because of the
apparent uneven distribution of Li" flux density, such as non-uniformity in the
horizontal or vertical direction (Fig. 1.19) to the negatrode interface being one of the
significant reasons for the dendrite formation. The definition of the distribution of the

Li" flux and influences affecting the distribution of Li" flux will be clarified.
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Figure 1.19. Non-uniform distribution of Li" flux in the horizontal or vertical

direction to the current collector surface.

The uneven distribution of Li* flux at the electrode interface usually means that, in the
horizontal or vertical direction to the electrode interface, the number of Li* per unit area
that reaches the negatrode or can participate in the reaction at the negatrode is
inconsistent at the same time interval (Fig. 1.19). This can lead to rapid localised Li
deposition, leading to the formation of dendrites. The factors affecting the Li" flow's
uniform distribution include the Li* mass transfer process in the electrolyte, the current

density on the electrode surface, and the uniformity of the SEI on the LM surface.

Mass transfer process. The electrode reaction consists of at least two continuous
processes for Li electrodeposition. One is that the Li* in the solution is transferred from
the bulk electrolyte to the electrode surface through liquid phase mass transfer, which
is called the liquid phase mass transfer step. The second is that the Li" transported to
the electrode surface is reduced by electrons on the electrode surface, which is called
the electron exchange step. Usually, the electron exchange step is much faster than the
liquid phase mass transfer process. Therefore, the proceeding speed of the whole
electrode reaction is determined by the liquid phase mass transfer. In the actual
electrochemical system, the liquid phase mass transfer mode on the electrode surface is
a kind of convective diffusion. That is to say, the convection participates in the liquid

phase mass transfer process on the electrode surface to a certain extent. The mass
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transfer speed and flow rate of convection in different parts of the static electrode
surface are not the same, which leads to different amounts of Li* being transmitted to
different parts of the electrode surface per unit of time and results in the uneven flow

of Li".

Current density. Due to the difference in the microscopic topography of the electrode
surface, the current density and reaction speed also varies in different regions. Usually,
the areas with a smaller curvature radius or sharper and thinner areas are more likely to
attract electrons and cause a larger current density. The deposition rate is faster at the
places with high current density, and prominent Li growth is exhibited. Once this
happens, the mass transfer flow of Li* reaching the protruding point will be further
increased (on one hand, this is due to the shortening of the transmission distance; on
the other hand, the mass transfer changes from a 2D to a 3D way), leading to the more
serious uneven deposition. In addition, in the real pouch cell, the polarisation potentials
at different distances from the tabs are different due to the inconsistency of the distance
between the positrodes and negatrodes. This will also lead to the uneven distribution of
the current density on the surface of the negatrode, causing the unevenness of Li"

distribution.

Electrode surface SEI. Due to the high activity of LM, it is easy to react with the
electrolyte to form an SEI film. In the electrochemical process, the composition and
thickness of the SEI film will be highly affected by many factors. It is easy to have non-
uniform SEI. Therefore, the flux of Li" passing through the SEI will also show non-

uniform characteristics.
1.4.3. SEI properties

Solid Electrolyte Interphase. Theoretically, any available electrolyte can be reduced
by metallic Li due to the strongly negative electrochemical potential of Li*/Li. The SEI

formed by the reaction of LM and electrolyte was discovered firstly by Dey in 1970%3
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and named SEI by Peled in 1979.% To be of interest, the formation of SEI can be
regarded as the passivation process which makes metallic Li not too reactive to exist
under such a reductive environment and enlarge the voltage window to 4V and above.
SEI's composition, structure, diffusion, and mechanical properties are closely related to
the Li deposition morphology.®® Especially, the uniformity of composition and structure
in the SEI will directly affect the Li* flux, thus affecting the Li deposition/dissolution

and stability of the electrolyte/electrode interface.
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Figure 1.20. Schematic illustration of (a) SEI formation condition in a liquid
electrolyte;*® (b) Mosaic SEI structure in the top view;®’ (c) Dual-layer SEI structure in

the cross-section view.>*

Composition property. Fig. 1.20a shows that the electron in LM intends to be
transferred to the unoccupied orbital of the electrolyte whose electrochemical potential
is lower than metallic Li, leading to the intrinsic reduction reactions of the electrolyte.
It is widely accepted that the mosaic model with the inhomogeneous surface is
described as the main SEI structure model, as shown in Fig. 1.20b. Accordingly, the
component of SEI strongly depends on the composition of the electrolyte, thus whose
reasonable modification determines the nature of SEI films.%¥°! In addition, SEI film
with a dual-layer structure (Fig. 1.20c) consists of an inner layer labelled as the
inorganic layer with species of low oxidation states such as Li2O, Li3N, LiF, LiOH, and

Li2COs and an outer layer named as the organic layer with species of higher oxidation
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states, such as ROCO:zL1, ROLi, and RCOO:L1i (R is an organic group related to the
solvent). A possible mechanism illustrated that organic components are established by
solvent, and inorganic components originated from the reactions between the salt and

organic component.>*

Structure property. SEI structure will largely determine the Li deposition/dissolution

1.”2 explored the effect of composition distribution on the structural

behaviour. Cui et a
stability of SEI by cryo-electron microscopy (Fig. 1.21). Mosaic and layered structures
are generally recognised as two structural models of SEI. The fluctuation of the grain
distribution (e.g., Li2O, Li2COs3) is the key to distinguishing mosaic SEI from layered
SEI, and SEI with different structures can significantly affect the Li
deposition/dissolution behaviour. It is easy to form a mosaic-structured SEI in the
traditional carbonate electrolyte. The nano-inorganic particles in the SEI layer are
unevenly distributed, which will cause the metal to preferentially escape from the area
with higher inorganic content, resulting in the collapse of the SEI structure. An inactive
“dead Li” zone is formed, which in turn deteriorates the cycle stability of the battery.
By adding 10 vol% FEC to the electrolyte, the SEI layer was transformed from a mosaic
structure to a layered structure. The organic and inorganic components of the layered
SEI are distributed more uniformly, and the Li" conduction rates of each area are
equivalent. Thus, the Li dissolution can be more uniform, and the structure of the SEI
layer can be well maintained. The SEI layer with a more uniform structure and
composition can significantly reduce the LM loss during cycling and improve the
battery’s cycling life. Therefore, the uniformity of the SEI structure and composition

energy also significantly affects the performance of the LMRB.

Diffusion property. SEI can provide an essential path, especially when Li" gets
desolvated and reduced to migrate through the electrode. It turns out that the diffusion

behaviour of Li" in SEI can dramatically affect the morphology of Li deposition. The
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high ionic conductivity of SEI is expected to induce the dendrite-free Li deposition
morphology. Additionally, achieving an SEI with a lower activation energy barrier is

more important to allow solvated Li" to transport freely.”?

Mechanical property. SEI with superior mechanical properties (~10° Pa)’* can
alleviate its repeated breakdown and reparation, partly suppressing dendrite growth and
achieving an efficient and safe battery system.”> Thus, the artificial film with a high
Young’s modulus coated on the surface of LM, like Li2CO3*® or LisPO4" film, is much
more rewarding to research. However, there is a competition between Young’s modulus
and adhesion, materials with high Young’s modulus generally do not have good
adhesion, and when the modulus exceeds a few MPa, the adhesion is greatly reduced.
Therefore, if the SEI layer is a simple solid with a modulus of 6 GPa, it is difficult to
adhere to the electrode surface, and poor adhesion will increase the interfacial
impedance of the negatrode. Therefore, it is necessary to make comprehensive

consideration to enhance the mechanical strength of the SEI layer.
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Figure 1.21. Li deposition/dissolution behaviour difference between mosaic and

layered SEI.”?
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1.4.4. Pressure

Due to the malleable nature of LM, a mechanically strong and confined structure can
suppress Li dendrites' growth. Therefore, pressure as an important external influence
will play an essential role in determining the morphology and cycling behaviour of the

LMNE.

In 2018, Yin et al.”® investigated the effect of applied external pressure on the
electrochemical deposition of Li. A highly porous, wire-like Li growth can be found
without pressure. In contrast, a much more compact Li deposit can be formed when
applying pressure to the batteries during cycling. Meanwhile, improved Li
deposition/dissolution behaviour in the pressed cells achieves a 5% higher CE (~90%)

and more than 5-fold longer cycling life than those with no pressure.

Three years later, Zhang et al.”” revealed the mechanism of external pressure on Li
dendrites, which was quantified by a mechano-electrochemical phase field model. It is
outlined that external pressure on a pouch cell can inhibit the progress of electroplating
reactions, which decreases the rate performance of cells. Furthermore, external pressure
on a pouch cell can shape the morphology of Li dendrites to be smooth and dense but
cause mechanical instability. More specifically, there is a threshold level below which
external pressure cannot work and above which external pressure linearly improves the
performance of LMNE until the saturation stage is reached. Thus, applying external
pressure on the LMRBs should be considered for practical application to improve their

electrochemical performance.

1.4.5. Working temperature

The diffusion and migration of Li" and the electrochemical reaction at the
electrode/electrolyte interface are affected by the working temperature, and the

properties of the SEI layer are closely related to the interface reaction kinetics, so the
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working temperature will greatly change the properties of the SEI layer.

McDowell et al.!% investigated the morphology changes and the properties of SEI
during Li deposition/dissolution at different temperatures (-80 to 20 °C) by cryo-
electron microscopy. As the temperature decreases, the size of the deposited Li particles
on the current collector becomes smaller. Moreover, compared with the SEI layer
formed at -40 °C, the SEI formed at 20 °C is thicker, chemically, and structurally
different and has a higher C and lower O content (Fig. 1.22). SEI formed at 20 °C mainly
contain Li20 and Li2CO3 microcrystals, while Li-F microcrystals are predominant in

the SEI formed at 40 °C.

SElat20°C SEl at-40 °C

Figure 1.22. Schematic diagram of deposition morphology and SEI structure of LM at

different temperatures.'%

Prof. Cui's team'?! further studied the discrepancies in the nanostructure of SEI formed
at 20 °C and 60 °C through cryo-electron microscopy. The mechanical property of the
SEI containing amorphous polymers formed at 20 °C was worse and was more prone
to fracture during cycling. This amorphous SEI has a limited passivation effect on the
LMNE, which makes the SEI layer continuously broken and reformed during the
repeated deposition/dissolution process, thereby reducing the interfacial stability of the

LMNE. A thicker and more ordered SEI layer is formed on the surface of the LMNE
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because of the higher reaction kinetics at 60 °C. This SEI consists of an inner layer of
an amorphous polymer matrix and a layer of large grains of Li2O, thus effectively
passivating the metallic Li surface and maintaining mechanical stability during
cycling.!® The above results show that the working temperature can change the
structure and composition of the SEI layer by affecting the diffusion, migration, and
interfacial kinetic properties of Li", thereby affecting the interfacial stability and

electrochemical performance.
1.4.6. Positive electrodes

At present, researchers pay less attention to the influence of positrode materials on the
interface of LMNEs. But during the practical operation of the pouch cell, if unstable
positrode materials such as NCM are selected, partial positrode materials will be
dissolved in the electrolyte. They will be deposited on the surface of the LMNE during
the charging process. This unexpected side effect will affect the interface stability of
the LMNE and even seriously cause the perforation behaviour of the LMNE. Therefore,
relatively stable positrode materials are also important for the long-term cycling of

LMRBs.
1.5. Current modification strategies on Li metal negative
electrodes
In the past few decades, the rapid development of materials detection and
characterisation methods has enabled researchers to understand LMNE's performance

deeply. To improve the stability of LMNE, many modification strategies in

manipulating the surficial distribution of electrons and ions have been developed.
1.5.1. 3D current collectors
Current density is one of the key factors affecting Li deposition morphology, structure

and composition of the SEI layer, and Li dendrite growth via manipulating the surface
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distribution of electrons. Seong et al.!®3

systematically investigated the effect of
deposition amount and current density on the surface morphology of LM. High current
density and high deposition capacity can lead to severe dendrite growth. The dendrite
formation can be effectively suppressed when the current density and deposition
capacity is relatively small. To reduce the effective current density in local areas without
changing the macroscopic current density, it is persuasive to replace the 2D current
collector with a porous 3D current collector. Furthermore, manipulating the nano
architecture of the LMNE materials and minimizing LMNE dimension variation by
stable hosts, skeleton structures, or 3D current collectors can undoubtedly
accommodate Li deposition.'**!% 3D current collectors mainly consist of carbon-based
3D current collectors such as carbon nanotube,!!? carbon fibre,!!! or graphene!'? and

113, 114 or stainless steel

metal-based 3D current collectors such as Ni foam, Cu foam,
mesh.'!® Usually, 3D metal-based current collectors are highly convenient and effective
in reducing current density and accommodating LM volume change owing to their
perfect electric conductivity and excellent mechanical properties. Qin et al.!'®
fabricated porous 3D Cu scaffolds using a powder metallurgic strategy and infused the
3D scaftolds with molten Li, followed by forming a Li-F layer to produce excellent 3D
LMNE (Fig. 1.23a). It is found that the porous structure can effectively lower the local

current density and alleviate the formation of dendrites, resulting in significantly

improved rate capability and cycling stability.
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Figure 1.23. (a) Schematic demonstration of the fabrication of 3D Li-F-Li—Cu 3D
composite LMNE.!!¢ (b) Schematic demonstration of the Li plating and striping process

on carbon nanotube sponges.!'!’
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Carbon-based current collectors (CBCCs) have outstanding physicochemical stability,
excellent conductivity, and diversified morphologies. More importantly, compared with
metal-based current collectors, carbon-based material possesses a much smaller density
(<3 mg cm™), which won’t adversely affect specific energy.'!” Thus, they are ideal
materials for developing LMRBs with a high specific energy. Yang et al.!'® applied
commercial carbon nanotubes (CNTs) sponges as 3D CBCCs for dendrite-free Li
deposition to promote the CE and cycling stability of LMRBs. The high specific surface
area of CNTs enhances the density of Li nucleation sites, ensuring uniform Li
deposition. At the same time, the “pre-lithiation” process increases the affinity of
porous CNTs for deposited Li. Meanwhile, high CE and cycling stability are achieved
during Li deposition/dissolution on the CNTs sponges owing to the robust structure of

the graphitic amorphous carbon composite in the ether-based electrolyte.

3D graphitised carbon can accommodate Li deposition depending on its porous
structure and store Li by combining intercalation and electrodeposition mechanism. For

instance, Guo et al.''’

employed graphitised carbon fibre electrodes as 3D current
collectors to store large amounts of Li through intercalation and electrodeposition
reactions, as shown in Fig. 1.23b. The obtained negatrode can deliver areal capacities
up to 8 mAh cm™ and does not exhibit apparent dendrite formation. Moreover, enlarged
surface area and porous framework of graphitised carbon fibre electrodes can

effectively reduce local current densities and mitigate high volume changes during

cycling, resulting in low voltage hysteresis, high CE, and long lifetime.

1.5.2. Lithiophilic decoration

The core of lithiophilic modification is to achieve a more uniform Li* flow or to reduce
the nucleation barrier of Li so that the nucleation density is increased and deposited Li
is smoother. Cui et al.®® developed rational nucleation grids on various substrates and

measured the rational nucleation potentials on Au, Ag, Zn, Mg, Al, Pt, Si, Sn, C, Cu,
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and Ni. They found that the nucleation overpotential was minimal on Au, as shown in
Fig. 1.24a. Li can selectively deposit on Au with smoother morphology and larger

nucleation density. Based on these findings, Xu et al.''’

coated Au on a porous Cu to
form a 3D current collector with excellent conductivity, high porosity, large specific
surface, and superior lithiophilicity. Au can effectively improve the poor affinity
between the Cu array and Li and enable uniform Li nucleation (Fig. 1.24b). The fast
Li" transport channels through the Au/Cu array can be provided via the formation of

Li—Au alloy, finally leading to the homogeneous Li deposit. As a result, a high CE of

over 96% and a long and stable cycling lifetime of over 970 h were achieved.
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Figure 1.24. (a) Nucleation overpotential during Li deposition on various substrates
with certain solubility and negligible solubility.®> (b) Schematic illustration of Li
plating/stripping on Cu@Cu foam and Au/Cu@Cu foam."" (c) Fabrication of carbon

fibre-based composite Li negatrode.'?°
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Carbon-based material such as graphene or CNT is the prior choice due to its
outstanding physicochemical stability, high Young's modulus, remarkable electrical
conductivity, and large specific surface area. However, the practical application of
carbon-based material is further hindered due to the lack of lithophilic properties. Thus,
introducing a host with strong interaction with Li/Li" can deliver a regulator of
nucleation density and Li" diffusion to improve the affinity of 3D CBCCs with LM.
The introduction of lithophilic sites in carbon-based materials currently includes

106

coupling with lithophilic materials'® and introducing defect sites.'?!* 122 For coupling

lithophilic materials, metal oxide or metal such as ZnO, Au, and Ag'%% 123 124
nanoparticles are easy to couple with lithiophobic CBCCs to accomplish the lithophilic

process via alloying with Li. For instance, Cui et al.%®

designed a dense hollow carbon
shell with a 3D structure encapsulating Au nanoparticles. Li can selectively deposit on
the inside of a hollow carbon sphere with smooth morphology, mitigating the formation
of Li dendrites. The results show that the cell can run more than 300 cycles at 0.5 mA
cm? with a CE of 98%. Zhang et al.'?° proposed a coral-like Ag-coated carbon fibre-
based composite LMNE by infusing Li (Fig. 1.24¢). Molten Li can be easily injected
into the carbon fibre framework due to the lithiophilic property of Ag toward Li. It is
proved that dendrite-free morphologies and extraordinary electrochemical performance
were obtained in LiFePOs-based and sulfur-based LMRBs. The introduction of defects
is to dope heterogeneous atoms such as N, B, and O atoms into the Ce ring and break
up the original electronegativity balance to enhance its affinity to positively charged

ions (Li ions) called Lewis-base and acid interaction, as illustrated in Fig. 1.25,%

finally achieving preferred nucleation behaviour.
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Figure 1.25. Schematic illustration of Lewis-base site and Li* interaction.

Two methods perform highly different interaction mechanisms with Li, which makes
them possess different application prospects in LMRBs. Schematic illustration (Fig.
1.26) and Table 1.1 are given to understand the lithiophilic mechanism difference
toward Li in metal oxide/metal, e.g., ZnO/Zn, and Lewis-base site, e.g., R-N. Compared
with metal, metal oxide involved in a redox reaction with Li will be first reduced to the
pure metal before alloying with Li, which will consume more Li and increase
irreversible Li. Furthermore, metal oxide/metal intends to interact with the Li atom,
while the Lewis-base site is inclined to interact with the Li". More importantly, the Li
atom usually moves on the interface of the alloy-coated electrode to achieve uniform
deposition, limiting Li mobility and increasing the possibility of side reaction with the
electrolyte. In contrast, there are few restrictions on the mobility of Li*, which renders
advantages in controlling interfacial distribution/migration of Li" and Li" diffusion flux

in the bulk electrolyte. Meanwhile, no side reaction with electrolytes can be found.

Thus, coupling with lithiophilic metal materials can increase the complexity of the
LMNE. More importantly, it can destroy the high specific energy of LMRBs. So,
Lewis-base sites in carbon-based materials as lithiophilic sites exhibit superior potential

value.
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Figure 1.26. Schematic illustration of the lithiophilic difference in metal oxide/metal,

e.g., ZnO/Zn, and Lewis-base site, e.g., R-N.

Table 1.1. Lithiophilic difference between metal oxide/metal and Lewis-base site.

Property Metal/Metal oxide Lewis-base site
Mechanism Forming alloy Adsorbing lithium ions
Mobility Low (Interface) High (Bulk+Interface)
Utilisation Low High
Stability Side reaction with Li atom  No side reaction with ions
Reversibility Low (reaction) High (absorbing effect)
Density High Low (Thin & light)

It is reported that compared to the other electronegativity element, e.g., F, Br, Cl, S, and
so on, N, B, and O are much more appropriate to act as Lewis-base sites in carbon-
based materials.!?6-12® Nevertheless, current preparation methods to produce N/B/O-
doped carbon-based materials usually involve a complicated fabrication process'? with
a relatively low yield and a small amount of introduced heterogeneous atoms.'?’ Also,
the pristine stable structure of the Cs ring will be affected greatly due to the substitution

of heterogeneous atoms. Thus, it is imperative to search for novel materials with a
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uniform Lewis-base-rich site arrangement and a simple fabrication process. Graphitic
carbon nitride (g-C3N4), which is regarded as a Lewis-base-rich semiconductor material,
is commonly applied in the photocatalytic area relying on a narrow bandgap (~2.7¢ev)
as shown in Fig. 1.27a-b.!3%132 It can be considered a natural lithiophilic material owing

to its high N content of 57 at%.

Moreover, g-C3Na possesses highly stable physical and chemical properties, and
different morphologies can be achieved by direct thermal polymerisation via
introducing templates.'*> 134 Lewis-base sites derived from higher electronegativity N
atoms can not only ease the non-uniform Li" diffusion flux (Fig. 1.25) by strong
interaction between the Lewis-base site and Lewis-acid site (Li ion) but also
renders/induces more Li" nucleation sites after coupling with the conductor (Fig.
1.27¢).125 135138 Moreover, the N element can enhance the wettability of the material
toward electrolyte.!*” Thus, it works reversely compared with a pure carbon material in

terms of electric conductivity and lithiophilic properties.
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Figure 1.27. Graphitic carbon nitride with two different structures of (a) s-triazine and

(b) tri-s-triazine.'*® (¢) Schematic illustration of Li deposition on the 3D g-C3N4/G/g-
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C3Ng4 electrode. '

As a typical lithiophilic host to regulate the diffusion and deposition of Li", g-C3N4

136 coated a 3D current collector

received much attention from researchers. Yang et al.
with g-C3Ns to facilitate the uniform deposition of Li and suppress the formation of
dendrites. Notably, the formation of a micro-electric field derived from tri-s-triazine
units of g-C3Na4 can induce numerous Li nuclei during the initial nucleation stage, which
is proved by both density functional theory calculations and experimental studies.
Moreover, the 3D structure of the current collector can accommodate volume expansion
and stabilise the SEI layer during repeated Li plating/stripping. The remarkable
electrochemical performance of this novel 3D current collector can be achieved. Gong
et al.!* fabricated a 3D current collector with insulator-metal-insulator sandwiched
nanosheets (g-CsNa4/graphene/g-C3Na4) to guide uniform Li plating/stripping in the van
der Waals gap between the graphene and the g-C3N4 (Fig. 1.27c). Li deposition on the
surface of g-C3sNa4 can be suppressed because of its insulating nature. Thus, direct
contact of the electrolyte with the LM is avoided. The g-C3Na4 can be regarded as a high-
performance 3D artificial SEI owing to its uniform lithiophilic sites and nanopore
channels enabling homogeneous Li plating between the graphene and the g-C3Na4. The
results showed that g-C3Ns-layer-modified 3D LMNE could support long-term Li
deposition with high CE and stable cycling even under high positrode loading, limited

Li excess, and lean electrolyte conditions,

1.5.3. Electrolyte design

Optimizing electrolyte components (especially additives or Li salts for SEI stabilisation)
is an effective way to reinforce SEI formation and prevent dendrite propagation on the

LMNE.74’ 141-146

Solvent. There are two types of electrolytes commonly used in LMRBs: carbonate-
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based electrolytes whose solvents are EC, DMC, DEC, or PC, and ether-based
electrolytes whose solvents are DME or DOL. Carbonate electrolytes have a wide
electrochemical window but poor compatibility with LM, resulting in an unstable SEI
layer and leading to the growth of dendritic deposition. Ether-based electrolytes have
good compatibility with LM, especially DOL. They will decompose on the surface of
LM to form a highly elastic passive polymer film, which effectively inhibits the growth
of Li dendrites. However, the lower electrochemical window ( <4.0 V) seriously hinders
the practical application of ether electrolytes.'*” Since the SEI is a surface passivation
layer formed by the reaction between the metal anode and the electrolyte at the solid-
liquid interface, the properties of the SEI are closely related to the composition of the
electrolyte. Compatible electrolytes are very important for stabilizing the LM interface.
Functional additives such as fluoroethylene carbonate (FEC) and fluorinated ethers can
decompose during discharge and promote stable SEI formation. Compared with non-
fluorinated solvents with only high oxidative stability or good compatibility, fluorinated
solvents can improve the electrolyte's oxidative stability and increase the Li-F content
in the SEI layer, thereby enhancing the LMNE interface stability. Lucht et al.”
investigated the mechanism for the performance enhancement of LMNEs by FEC (Fig.
1.28). Electrolytes containing FEC can effectively improve the electrochemical
performance of LM symmetrical cells and LiFePOu-based full cells. It is demonstrated
that the SEI generated from FEC-containing electrolytes is similar to the SEI generated
from the baseline electrolyte. Yet, the corresponding Coulombic efficiencies are
dramatically different after the initial plating. Electron microscopy results showed that
FEC in the electrolyte could facilitate the formation of a unique SEI containing

nanostructured Li-F particles on the plated LMNE and improve cycling performance.
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Figure 1.28. (a) Model of SEI generated from the FEC-containing electrolyte; (b)

schematic of diffusion fields at deposited Li from FEC-containing electrolyte.”

Lithium Salts. Anionic groups coupled with Li* often participate in the construction of
SEI during Li deposition. Thus, SEI's composition, structure, and mechanical properties
are highly affected by the types of Li salts. Rochelle Weber added dual-salt
LiDFOB/LiBF4 in a liquid electrolyte, resulting in 80% capacity remaining after 90
charge-discharge cycles. This electrolyte additive enabled smooth dendrite-free Li
morphology composed of densely packed columns even after 50 charge-discharge

cycles.”

In addition to researching new Li salts, increasing the concentration of Li salts in the
electrolyte is also a promising method. The solvation induced by high concentrations
of Li salts can impart special properties to the electrolyte. As shown in Fig. 1.29, the
increasing concentration of Li salt reduces the content of free solvent, allowing more
organic molecules and anions to coordinate with Li', increasing the contact ion pair
(one anion coordinated with one Li") and the content of aggregated clusters (where one
anion coordinates with multiple Li")."*® This solvated structure can endow the
electrolyte with new functions: (1) Improving the balance between ion and anion to
prevent the loss of ionic strength and the appearance of Sand's singularity; (2) Reducing
the LUMO energy level of the anion to increase the content of inorganic substances in
the SEI and improve the stability of the LM interface; (3) The “salt-in-solvent” structure
of the high-concentration electrolyte that improves the stability of the electrolyte and

inhibits the electrolyte in oxidative decomposition at high voltage while reducing
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solvent volatilisation and improving ionic conductivity.'?? Zhang et al.'*’ reported that
high-rate LMNE cycling can be achieved with high Coulombic efficiencies (up to
99.1%) using a high-concentration electrolyte (HCE) consisting of ether solvents and
LiFSI without generating dendrite growth. Using 4M LiFSI in 1,2-dimethoxyethane as
the electrolyte, the LM symmetrical batteries can be cycled more than 6000 times at
10mA cm?, and the Li||Cu half cells can be cycled at 4mA cm™ for more than 1000

cycles with the average CE of 98.4%.
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Figure 1.29. (a) Different Li" solvate species in dilute and concentrated electrolytes.
Schematic demonstration of the electrolyte reduction mechanism at the

electrode/electrolyte interface in (b) dilute and (c) concentrated electrolytes.'*®

Although HCE provides a suitable route to address the problems associated with Li
dendrites, excess Li salts can cause significant reductions in ionic conductivity,
increased viscosity, poor wettability, and high costs. Studies have shown that these
problems can be alleviated by adding co-solvents to the HCEs.!>° The co-solvent should

be immiscible with the salt but miscible with the solvent and used as a diluent to form

44



a local high-concentration electrolyte (LHCE). Zhang et al.'>® revealed that a novel
LHCE (HCE; 1.2 M LiFSI in a mixture of dimethyl carbonate/bis(2,2,2trifluoroethyl)
ether (1:2 by mol)) enabled dendrite-free cycling of LMNE with high CE (99.5%) and
excellent capacity retention (>80% after 700 cycles) of Li||LiNiisMn13Co1302
batteries. Li deposition experiments have shown that compared to the porous structure
of deposited Li formed by conventional electrolytes or HCE, LHCE electrolyte is able

to make the deposited Li smoother and form larger nodule-like Li particles.

Additive. Compared with adjusting the main components of commonly used
electrolytes, incorporating very small amounts of additives may significantly alter the
interfacial properties of electrodes, resulting in robust SEI films to stabilise LMNEs

and promote uniform Li deposit. Based on this principle, various additives have been

152 153

designed, such as FEC,"! vinylene carbonate,'>?> succinic anhydride,'>® methyl

viologen,'>* thiourea,'> LiNO3,'* and colloidal silica.*’

In contrast, some additives do not react with Li or the electrolyte during cycling. Zhang
et al.”? added 0.05 M CsPFs to 1 M LiPFe/PC, and a homogeneous and dendrite-free Li
deposit was observed. It is found that caesium cations show an effective reduction
potential below the standard reduction potential of Li" at low concentrations. Caesium
cations can form a positively charged electrostatic shield (self-healing electrostatic
shield shown in Fig. 1.30) around the initial tip of the bumps without consumption and
deposition of the caesium. Thus, dense, uniform ultrathin SEI (~1nm) is formed in the
electrolyte containing Cesium cations. Besides Cs”, K', and alkali metal ions, ions with
potential close to the reduction of Li" in small doses can also play a role through the

self-healing electrostatic shielding mechanism. !>
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Figure 1.30. Exhibition of Li deposition process based on the self-healing electrostatic

shield mechanism.”?

Solid state electrolyte. Modifying liquid electrolytes by employing solid-state
electrolytes (SSEs) is another feasible strategy to suppress Li dendrites. SSE has high
mechanical strength and Li* transfer number and avoids safety issues such as leakage,
poor chemical stability, and flammability in liquid electrolytes. In addition, it eliminates

the shuttle effect of soluble species (polysulfides or O2).

SSEs in LMRBs mainly consist of two categories of materials: inorganic solid-state
electrolytes and polymer solid-state electrolytes. Inorganic solid electrolytes contain
many inorganic oxides and non-oxides with amorphous or crystalline structures,
roughly divided into three categories: oxide electrolytes, sulfide electrolytes, and halide
electrolytes.’> 1% Although the research on inorganic solid electrolytes has made
significant progress, there are still problems with low ionic conductivity and high
interfacial impedance. In addition, the interfacial properties between electrolytes and
electrodes are another key factor affecting the performance of inorganic solid
electrolytes.'® The polymer as a solid matrix is used in polymer solid-state electrolytes,
and thus, it has higher flexibility, better processability, and compatibility with LM. To
date, diverse polymers, including polyethene oxide (PEO),'®! polyacrylonitrile

164

(PAN),'2 polyethene carbonate,'®® polypropylene carbonate,'®* and so on, have been

developed as polymer solid-state electrolytes.
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Among them, PEO-based polymer solid-state electrolytes are the most widely used.
However, it still confronts low ionic conductivities and poor mechanical and
electrochemical stability, limiting their practical application.'®® Yang et al.!® fabricated
high-shear modulus solid electrolytes (including inorganic, polymer, and hybrid) to
suppress dendrite penetration.!®% 167 A solid polymer electrolyte comprised of PEO, g-
C3Nas, and LiClO4 was fabricated by a facile solution blending method. This solid
polymer electrolyte presents excellent ionic conductivity of 1.76 x107° S cm™! at 25°C,
enhanced Li" transference number (tLi+), and stable electrochemical window. The full
cell paired with LiFePO4 showed a high initial discharge capacity of 161.2 mAh g
and superior cycle stability with a capacity retention ratio of 81% after 200 cycles at
1C at 80 °C. While pristine PEO-LiClO4 only performs a low initial discharge capacity
of 132 mAh g ! and a capacity retention ratio of 63% after 200 cycles.!®® It is worth
noting that g-C3N4 plays a crucial role in high-performance solid composite polymer
electrolytes, which improves the electrochemical stability of PEO-based solid polymer

electrolytes and forms pathways for Li* diffusion. !¢
1.5.4. Artificial SEI

It is also an effective strategy to build an interfacial protective layer with uniform Li*
flux on the surface of LM, inhibiting the growth of Li dendrites and isolating the direct
contact of the electrolyte toward LM. As an artificial SEI, this protective layer should
have good mechanical properties, chemical stability, and tunable composition and
structure. The artificial SEI layer that completely covers the surface of the LM can
isolate the direct contact between the LM and the electrolyte, thereby avoiding the
corrosion of the LM by the electrolyte. Benefiting from the development of technology,
artificial SEI layers have been widely used in LM interface modification. According to
material types, artificial SEI layers can be divided into the inorganic, organic polymer,

and inorganic/organic hybrid protective layers.
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Inorganic protective layers. Jing et al.'®®

constructed a porous Al203 layer on the
surface of LM as a protective layer in Li-S batteries by spin coating. The obtained Al2O3
layer can not only suppress the formation of dendrites to stabilise the LM/electrolyte
interface but also prevent soluble polysulfides from contacting metallic Li to suppress
their side reactions. Halides have good electrical insulation properties and are easy to
prepare, and they can also be used as the material of the surface protective layer. Liang

et al.!®®

synthesised Li-rich composite alloy/LiCl films (e.g., LiZn/LiCl) in-situ on LM
by directly reducing the metal chlorides with LM at room temperature (Fig. 1.31a).
Alloy can provide a conduit for fast Li" migration. Meanwhile, LiCl can work as an

insulating surface component preventing the reduction of the Li* on the surface of LM.

Carbon materials are also commonly used to protect LMNESs. As an artificial interface
layer, Cui et al.'’”’ constructed a 3D interconnected hollow carbon nanosphere
protective layer on the Cu current collector surface (Fig. 1.31b). The tetrahedral-bonded
evaporated carbon lacks long-range order, resulting in a highly insulating surface. In
contrast, the bulk electrical conductivity is as high as 7.5 S/m.'%2 Therefore, metallic Li
is deposited under the hollow carbon nanosphere coating layer. Moreover, the graphite
layer helps to form a stable SEI on top of the amorphous carbon nanospheres,
preventing the penetration of solvent molecules. Protected by the hollow carbon layer,

the LMNE can be stably cycled with high CE.!%?

2D materials are also excellent for constructing artificial SEI layers due to their unique
planar structures. 2D hexagonal boron nitride (h-BN) with excellent chemical stability,
mechanical strength, and flexibility can be used as an artificial SEI layer to provide
excellent interfacial protection for LMNE. During the Li deposition, Li" passes through
the point-line defects of the h-BN layer and deposits underneath, thereby avoiding the
formation of mossy or dendritic Li and improving the cycling stability.!”? Defects can

significantly impact 2D materials by enhancing the chemical activity of defects. Thus,
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2D materials can be selectively functionalised through chemical reactions to tune their
physicochemical properties. LiF is selectively deposited on the point-line defects of h-
BN by Xie et al.!”! via chemical vapour deposition, resulting in the preparation of
chemically and mechanically stable LiF/h-BN hybrid films (Fig. 1.31c). When this
hybrid film is used as a Li-metal interfacial layer, the formation of Li dendrites can be
effectively suppressed.'?? Jeon et al.!”? coated the g-C3N4 powder as the Li" affinity
centre on the Cu/LM foil. The confirmation of the nitrogen changed from pyridinic to
graphitic in the presence of Li", which verifies the coordination of Li* to the pyridinic
nitrogen (Fig. 1.31d). What’s more, the movement of coordinated Li* was facilitated by
a site-to-site hopping mechanism. The electrically non-conductive nature of g-C3Na

allows Li to be plated with a dendrite-free deposit between the g-C3N4 layer and the Cu

(or the LM).
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Figure 1.31. Examples of literature on inorganic protective layers. (a) Schematic
illustrations of the function of the unprotected and alloy/LiCl-protected Li foil.'®® (b)
Schematic diagrams of the Li deposit on the bare Cu foil and the modified Cu foil with
a hollow carbon nanosphere layer.!” (¢) SEM characterisation of electrochemically
plated Li. Schematics and SEM characterisation of electrochemical Li deposit on bare

Cu, h-BN/Cu, LiF/Cu, and LiF/h-BN/Cu.!"! (d) Schematic illustrations of LM growth
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on and underneath the unprotected and lithiophilic protective (C3N4) Cu foil.!”?

Organic protective layers. Due to their high flexibility and viscosity, organic polymers
are an ideal artificial SEI layer. Its flexibility adapts to the volume change during the
Li deposition/stripping, thus effectively stabilizing the LM interface. Diverse polymers
such as Nafion,!” poly(vinylidene difluoride) (PVDF),!" polyallylamine

175 and poly(dimethylsiloxane) (PDMS)'7® have been applied in the

hydrochloride,
artificial SEI construction. Luo et al.'”* fabricated the Cu/Li coated with B-PVDF,
which has a rather high polarity dielectric constant (Fig. 1.32a). The author found that
the alignment of F atoms in the B-PVDF may play a critical role in raising the

interaction between the electronegative C-F functional groups and Li, which facilitates

the formation of dendrite-free Li deposits.

Although PDMS is widely used in microfluidic fields because of its process
convenience and chemical inertness, regular PDMS film is not a Li" conductor
compared with PVDF. Thus, Zhu et al.'’® employed acid treatment to intentionally
create nanopores in the PDMS film to provide pathways for Li" transport (Fig. 1.32b).
The flexibility of the PDMS film enables it to adapt to the volume change of metallic
Li without cracking. However, unfortunately, the organic solvent can still migrate to
the lower part of the PDMS layer through the nanopores, and side reactions will occur
with the LM, resulting in the degradation of the battery performance. Bao et al.!”’
focused on the electrolyte penetration issue and fabricated the dynamic single-ion-
conductive network as a multifunctional (dynamic flowability, fast single-ion
conduction, and electrolyte-blocking property) artificial SEI on LM (Fig. 1.32¢). It is
found that a multifunctional artificial SEI can simultaneously impede electrolyte

penetration, alleviate the side reactions between LM and electrolyte, maintain low

interfacial impedance, and allow homogenous Li deposition.
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Figure 1.32. (a) Schematic demonstration of layer-by-layer Li deposition and
preferential diffusion pathways for Li*.!”* (b) Schematic diagrams of the Li deposit on
the bare Cu and Cu foil coated with PDMS film.!”¢ (¢) Schematic diagrams illustrating
the integration of dynamic flowability, fast single-ion conduction, and electrolyte-

blocking property into a single matrix, the dynamic single-ion-conductive network.!””

Inorganic/organic hybrid protective layers. Although the artificial layer based on
inorganic materials has excellent mechanical properties, its flexibility and viscosity are
poor, reducing the contact with LM and increasing interface impedance. However, the
mechanical properties of conventional polymer films are usually not ideal. Therefore,
combining the high mechanical strength of inorganic materials and the flexibility and
viscosity of organic materials to obtain an inorganic/organic composite artificial SEI

layer has gradually attracted the wide attention of researchers.'”®

This interfacial layer can inhibit Li dendrite growth while sustaining ionic flux, which

is attributed to the nanoscaled pores formed among the nanoparticles. Cui et al.'”®
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reported a nanoporous, flexible, and electrochemically stable coating of
silica@poly(methyl methacrylate) (SiO2@ PMMA) core—shell nanospheres as an
artificial layer on LM. The composite layer has both the high mechanical strength of
SiO2 and the flexibility of PMMA, which can effectively alleviate the volume
expansion of LM and inhibit the growth of dendrites. Moreover, as a shell layer, PMMA
can prevent the reaction between metallic Li and SiO2 nanospheres, thus improving the

long-cycle stability of the LM.!%?

Therefore, the ideal artificial SEI should meet the following points as much as possible.
(1) Artificial SEI having the appropriate Young’s modulus and flexibility can inhibit Li
dendrite formation and adapt to the volume expansion of LM (2) Artificial SEI has
high-speed and uniform channels for conducting Li". (3) Artificial SEI layer can

prevent electrolyte penetration.!””

1.5.5. Others

In addition to optimizing the LMNE via the internal materials modification of the

180, 181

battery, various external strategies such as temperature and pressure control,'®?

184 etc., are employed. The above

pulse plating technology,'®* magnetic field regulation,
strategies can change the formation of the SEI, and improve Li deposition or Li"

distribution, finally inhibiting Li dendrites' growth.

As a key physical parameter, the temperature has an important influence on the
formation of SEI and the viscosity of the electrolyte. Wang et al.'®! studied the
relationship between temperature, Li nucleation, and Li growth behaviour. As shown in
Fig. 1.33a, increasing the temperature from -20°C to 60°C increases the nucleation size
of Li and decreases the nucleation density. Still, the morphology of Li deposition
becomes flatter and smoother. It is concluded that enhanced lithiophilicity and Li"
diffusion coefficient in electrolytes at high temperatures are important factors

contributing to the formation of dendrite-free Li.
52



Pressure is another critical physical parameter that significantly affects Li deposition.
Electrodeposition of Li mainly contains two modes:'®® root growth and surface growth
mode. Typically, Li is deposited in a root-growing model and forms Li dendrites. After
many cycles, the metallic Li will become loose and porous and then react with the
electrolyte to form a large amount of “dead Li”. Extensive flocculent Li dendrite growth
was observed in unstressed glass tube cells.®> 3¢ Chang et al.!®? showed that additional
pressure could effectively improve the density of the deposited Li compared with no
extra pressure (Fig. 1.33b). Applying a certain stack pressure can make the LM avoid

the root growth mode to inhibit Li dendrites and improve the cycle efficiency.

According to the Chazalviel model of Li dendrite growth, the inhomogeneous diffusion
of anions and cations plays a decisive effect on the initial time of Li dendrite growth.
Researchers try to apply pulse plating technology to tune the distribution and diffusion

of ions inside the battery. Whittingham et al.'%3

investigated the effects of pulse plating
on the cycling efficiency of Li electrodeposition and deposit morphology with SEM.
Compared with direct current electrodeposition, pulse-plating waveforms with short

and widely spaced pulses improve Li deposition morphology and cycling efficiency

under diffusion-controlled conditions (Fig. 1.33c¢).

The application of an external magnetic field can significantly disturb the reaction
system, thereby reducing the concentration gradient of Li" and inhibiting the growth of
dendrites. It is reported that the Li" suffering from Lorentz force due to the
electromagnetic fields is put into spiral motion, which can cause a
magnetohydrodynamics effect. Because the magnetic field and the distorted electric
field are not parallel, the Li" will be affected by the Lorentz force and change the
direction of movement. This motion of Li" will lead to the perturbation of electrolytes,
which promotes the uniform distribution of Li" in the electric double layer (EDL) on

the electrode surface. Lu et al.'®* employed the external magnetic field in a cycling
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battery. Owing to the magnetohydrodynamics effect, mass transfer and uniform
distribution of Li* can be promoted to suppress the dendrite growth and achieve a

uniform and compact Li deposition, as shown in Fig. 1.33d.
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Figure 1.33. (a) Schematic illustration of Li nucleation and growth mechanism under
high and low temperatures.'®! (b) SEM images of Li microstructures generated under
different external applied pressures.'®? (c) SEM images of electrodeposited Li under
direct current and pulse plating conditions.'®* (d) Schematic illustration showing the

effects of magnetic field on Li" deposition process.!'3*

1.6. Thesis structure

The essence of lithium metal rechargeable batteries (LMRBs) is the repeated deposition
and dissolution process of Li. Non-uniform Li deposition can result in infinite volume
expansion, sharp capacity degradation, and dangerous short circuit, restricting the
practical application of LMRBs. Based on the above introduction and discussion, the

non-uniform Li* flow on the surface of the negatrode and the non-uniform distribution
54



of electrons on the surface of the conventional current collector (e.g., Cu) are two key
factors that lead to the non-uniformity of the Li deposition. For LMRBs, the LM is
constantly immersed in the electrolyte. Due to its high electrochemical activity, it reacts
more easily with the electrolyte to generate SEI that has certain insulation properties
and uneven product distribution. This further amplifies the unevenness of the Li"
concentration during diffusion and deposition, leading to uneven LM deposition.
Therefore, the non-uniform distribution of Li* flux in LMRBs constitutes a significant
underlying factor contributing to the formation of Li dendrites. N-containing functional
groups can effectively interact with Li*, finally homogenizing Li* flow. Carbon nitride
is the ideal material to regulate Li" flow in LMRBs. Thus, the purpose of the research
of Chapter 3 in this thesis is to improve further the ability of homogenizing Li" on the
surface of LMNE via pore structure regulation of carbon nitride. Chapter 4 aims to
enhance the cycling performance of LMRBs modified with carbon nitride by replacing
the suitable solvent to facilitate the formation of a Li-F-rich SEI. Lithium metal
rechargeable batteries with a lithium-metal-free negatrode (LMFRBs) are another type
of LMRBs and show a similar working principle as LMRBEs. It can further enhance the
specific energy of LMRBs and reduce manufacturing costs and safety risks. For
LMFRBEs, the current collector is directly exposed to the electrolyte. Li" migrating from
the positrode directly deposits onto the current collector, inducing hetero-nucleation
behaviour. As a result, the physical and chemical characteristics of the current collector,
such as uneven distribution of current density, have a significant impact on LM
deposition. Hence, constructing a current collector with uniform current distribution
and a chemically stable interface is a pivotal strategy for mitigating the formation of Li
dendrite. However, conventional current collectors such as Cu foil cannot provide even
current distribution. They are easily eroded by air to form a non-conductive inert layer.
Carbon materials such as CNTs or graphene have excellent electrical conductivity and
perfect anti-corrosion capability, which can guide uniform Li deposition via reasonable
design. Thus, the research in Chapter 5 aims to construct uniform current distribution

by CNTs on Cu foil while eliminating their side reactions during Li deposition in
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LMFRBs. The research in Chapter 6 aims to directly replace Cu foil by fabricating a
free-standing graphene-based current collector with low density and high applicability.

The details are listed below:

Chapter 3. Although carbon nitride materials can interact with Li” and homogenise the
Li" flow, according to the Debye length law, the effective interaction distance of Lewis-
acid & base usually needs to be at the nanometre scale. Therefore, in Chapter 3, we
reported a new method to alleviate Li dendrites by porous carbon nitride microspheres
(PCNMs) materials with abundant nanopores coated on Cu/Li foils. The hierarchical
pores formed by the coating layer can accommodate LM's volume growth and fully
homogenise the Li" flow. We characterise the Li deposition process in different carbon
nitride materials to analyse the effect of physical space on Li deposition. In addition,
the kinetics of Li" were evaluated on different carbon nitride materials to analyse the
strength of their interaction force. The electrochemical properties of the LMNE before

and after modification were investigated by symmetric cell and full cell tests.

Chapter 4. Although PCNMs materials with abundant nanopores can effectively
homogenise Li" flow, it is still difficult to avoid the direct contact between LM and
electrolyte during the cycling. Therefore, in Chapter 4, we report a method in which a
Li-F-rich layer was built in advance on the surface of the Li foil@PCNM electrode to
reduce the direct contact between the electrolyte and LM. A suitable solvent (DMAC)
is chosen to promote the self-driven chemical reaction between PVDF and LM. We
tested the corrosion of LM toward different solvents and carried out XPS
characterisation to analyse the effect of different solvents on the surface composition
of LM. In addition, the effectiveness of the coating material in achieving dendrite-free
Li deposition and suppressing the volume expansion of LMRBs (in-situ swelling testing)
was investigated. Finally, the electrochemical performance of symmetric half cells and

full cells using modified LM prepared by different solvents was tested.
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Chapter 5. Although the CNT-derived 3D current collectors can effectively uniformise
the current density and homogenise the Li* flow, the large specific surface area and
high Li intercalation capacity of carbon materials often cause negative effects such as
electrolyte decomposition and the rise of irreversible Li during cycling. In Chapter 5,
the CNTs network with a soft functional polymer PVDF is reported to form a relatively
dense coating layer that can retain a uniform current density on Cu foil. It does not only
effectively modify/protect the Cu foil but also shields the contact between the
electrolyte and bulk CNTs to reduce side reactions. Simultaneously, the Li-F-rich SEI
resulting from the partial reduction of PVDF by the deposited Li and the soft nature of
the coating layer release the accumulation of internal stress in the horizontal direction
to the current collector surface, resulting in mosses/whisker-free Li deposition. We
characterise the SEI and Li deposition evolution to analyse the effect of surface coating
on the SEI and morphology of Li deposition. The electrochemical performance of
current collectors of surface coatings with different CNT contents and different kinds

of polymers was studied, and half-cell and full-cell performance tests were carried out.

Chapter 6. Although CNT/PVDF composite coating layer on Cu foil can achieve
dendrite-free Li deposition, the entire composite current collector is still physically
heavy. Meanwhile, Cu is still chemically inappropriate for LMFRBs. Physically light
carbon-based current collectors (CBCCs) with high conductivity, strong resistance
toward corrosion by air or electrolyte, and more uniform current distribution can
replace the Cu foil as a preferable deposition substrate. However, large-surface-area-
induced (e.g., CNTs) consumption of limited Li (e.g., SEI), lithiation or electrolyte
penetration-induced mechanical strength reduction, lithiophobility-induced fragile SEI,
and welding problems largely limit the application of CBCCs in LMFRBs. Therefore,
in Chapter 6, a novel method for the preparation of the free-standing graphene/PVDF
composite current collector with Cu tab is described. The PVDF effectively solves the
problems of weak mechanical properties of carbon materials and unstable surface SEI.

In addition, the tab welding process can be realised through ingenious etching
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operations in the as-prepared CBCCs. We demonstrate the feasibility of this CBCC as
a current collector for LMFRBs by testing the resistance, swelling, Li intercalation, and
mechanical strength after cycling. The formation mechanism and process of SEI on the
surface of this current collector are also characterised to demonstrate that PVDF can
effectively promote the generation of excellent SEI. The morphology of Li deposition
was characterised to prove the advantage of Li deposition. Finally, we also tested the
electrochemical performance of half cells and full cells and carried out the failure

analysis of the cells with CBCCs and Cu foil.
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Chapter2

Methodology and Techniques

This chapter introduces the relevant methodology and techniques of this thesis. Also,
this chapter describes materials preparation, cell assembly and different materials

structure characterisations technology.
2.1. Materials preparation

2.1.1. Experimental reagents and consumables

Table 2.1. Experimental reagents and consumables.

Reagents Specifications Manufacturer
melamine Pur. > 99.0% Aladdin
cyanuric acid Pur. > 99.0% Aladdin
dimethyl sulfoxide (DMSO) Pur. > 99.0% Aladdin
Lithium iron phosphate - Shenzhen BTR New Energy
(LiFePO4/LFP) Materials Inc.
N-methyl-2-pyrrolidone (NMP) Pur. > 99.0% Sinopharm
LiNio.8C00.1Mno.102 (NCM 811) — Ningbo Ronbay Lithium Battery

Material Co., Ltd.
polyvinylidene fluoride (PVDF) MW:1,000,000 Solef

multi-walled carbon nanotubes Wt 4.3% (solvent:  Jiangsu Cnano Technology Co.,

(CNTs) NMP) Ltd.
single walled carbon nanotubes Wt 0.4% OCSiAl
(SWCNTs) (solvent:NMP)
Super P — TIMCAL
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Graphene powder — Ningbo Moxi Technology Co.,

Ltd.
Polyacrylonitrile (PAN) MW:150,000 Aladdin
Polyethene oxide (PEO) MW:2,000,000 Aladdin
N, N-Dimethylformamide (DMF) Pur. > 99.0% Aladdin
Dimethylacetamide (DMAC) Pur. >99.0% Aladdin
carboxymethyl cellulose (CMC) Pur. > 99.0% Cpkelco
styrene butadiene rubber (SBR) Pur. >99.0% JSR
Iron(III) chloride (FeCls) Pur. > 99.0% Aladdin
Li1.14Nio.13C00.13Mny.5402 — Ningbo Fuli Battery Material Co.,
(LR-NCM 114) Ltd.

2.1.2. Electrodes preparation

Binder
Functional materials
materials
Coating
\Slir _ l:> Functional materials
iz Current collector, m metal |
Drying
Solvent

Figure 2.1. Diagram showing electrode preparation process.

Functional materials such as PCNMs or CNTs are mixed with binder materials in the
solvent, followed by a coating and drying process as shown in Fig. 2.1. The final
electrode can be obtained. Relevant modified LMNE and current collector preparation

details have been put in the experimental section of each chapter.

Fabrication of LFP, NCM 811 and LR-NCM 114 positrodes. LFP slurry was
prepared by mixing LFP powders, Super P, and PVDF in NMP in a mass ratio of 8:1:1

and coated on Al foil. The as-obtained LFP electrode was punched into disks with a
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diameter of 14 mm as the positrode. The areal capacity of the LFP positrode was ~2
mAh cm™. NCM 811 slurry was prepared by mixing Ni-rich oxides, Super P, SWCNTs,
CNTs, and PVDF in NMP with a weight ratio of 97.80:0.40:0.02:0.28:1.50 and coated
on Al foil. The as-obtained NCM 811 electrode was punched into a disk of 14 mm in
diameter as the positrode in the coin full cell or was tailored in 43 mmx53 mm as the
positrode in pouch cells. The areal capacity of the NCM 811 positrode was ~2 mAh cm™
2 or ~3.75 mAh cm?. LR-NCM 114 slurry was prepared by mixing Li-rich oxides,
Super P, and PVDF in NMP with a weight ratio of 96:2:2 and coated on Al foil. The as-
obtained LR-NCM 114 electrodes were tailored to 62 mmx72 mm as the positrode in

LR-NCM-114-based pouch cells. The areal capacity of the LR-NCM 114 positrode was

~6 mAh cm™.

2.2. Electrochemical Measurements

(a) 1 - ) Negative case (b) Tab
Sl Spring

S Spacer — Negative
‘ Li Metal negatrode
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& Separator
° . "
Positrode materials Electrolyte
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~ Positive case

e Li*

Charge

Figure 2.2. Diagram showing components of coin cell and pouch cell.

The required components of the coin cell and pouch cell are displayed respectively in
Fig. 2.2. Relevant half/full/pouch cell preparation details have been put in the

experimental section of each chapter.

2.3. Material structure characterisations

The microstructure of samples was recorded by a Hitachi S-4800 field emission
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scanning electron microscope (SEM). X-ray diffraction (XRD) patterns were
performed using an AXS D8 Advance diffractometer (Cu Ka radiation; receiving slit,
0.2 mm; scintillation counter; 40 mA, 40 kV) from Bruker Inc. The Fourier transform
infrared (FTIR) spectrophotometer (Thermo-Fisher, Nicolet 6700) was used to
characterise the chemical structure. The measurements of X-ray photoelectron
spectroscopy (XPS) (Axis Ultra DLD) were conducted using Al Ka monochromatic
beam (1486.6 eV) and C 1 s peak (284.8 eV) to calibrate. High-resolution transmission
electron microscope (TEM) images were obtained by transmission electron microscopy
(TEM, FEI Tecnai F20) operating at 200 kV. The Li||Cu coin half cell in a sealed quartz
cuvette was measured for the in-situ Raman analysis. The Renishaw in Via Reflex
micro-Raman was equipped with an exciting laser of 785 nm. A focused ion beam (FIB)
(Helios-G4-CX) was carried out to reveal the intrinsic cross-section view of samples.
Surface tension/dynamic contact angle (DCAT21) was measured to show electrolyte
wettability toward the samples. Nz adsorption-desorption measurements
(Micrometritics ASAP 2020 analyser) were conducted at 77 K. Atomic Force
Microscope (AFM) using Dimension ICON was used to obtain the physical property
of electrodes. The samples' mechanical property was recorded using a 1KN materials
testing machine (Zwick/Roell Z1.0). Thermogravimetric analysis (TGA) was employed
using a thermogravimetric analyser (TGA209F1) by sealing the samples in a stainless-

steel crucible in an air atmosphere. The heating rate was 10°C min™.

2.4. Ionic conductivity tests

The as-prepared BCN, SCN, or PCNM powders were mixed with PVDF and LiTFSI
in NMP (as solvent) with the 1:1:1 mass ratio of BCN, SCN, or PCNM to PVDF to
LiTFSI. After stirring for 10 h, the slurry with a thickness of 200 um was cast on a Cu
foil and vacuum-dried at 80°C for 6 h. The as-obtained BCN, SCN, PCNM, and
LiTFSI@Cu were punched into disks with a diameter of 19 mm as the working

electrode. The steel disc with a diameter of 14 mm was used as the counter electrode.
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The EIS of the cell is tested at various temperatures. The ionic conductivity was

calculated following equation (2.2) below:

L
Rx*S

6 =

(2.2)

where 6 stands for ionic conductivity, L is the solid-state electrolyte thickness, R is the

resistance, and S is the contact area of the steel disc.

2.5. In-situ swelling tests during charging/discharging

Figure 2.3. In-situ swelling test cell.

The as-prepared 14 mm discs of bare Li foil or LiwPCNM-DMAC and NCM 811 were
employed as the negatrodes and positrodes, respectively. The areal capacity of the NCM
811 positrode was ~4 mAh cm™. The areal loading of the bare Li foil or Li@PCNM-
DMAC negatrode was 20 mAh cm™. Celgard 2500 was used as the separator (25um).
The electrolyte of 225 uL 1 M LiPFs in EC/DMC=1:1 by volume with 2 wt% FEC was
employed herein in an /n-situ swelling test cell (Fig. 2.3). The cell was shelved for 8 h
before testing. The above cells were galvanostatically charged up to 4.3 V and then
galvanostatically discharged to 2.6 V at 0.25C for 3 cycles before 0.1C for 1 cycle for

the activation procedure. There is no extra applied pressure in the swelling test cell
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during charging/discharging. Initial volume swelling data is corrected to 0. As cell

cycling, real-time volume swelling data is recorded as the volume change of the battery.

2.6. Simulation methods

The hexagonal primitive cell was used to model pristine graphene. The linear cell was
used to model pristine (PVDF) -(C2H2F2)n- (n=3). A 1x1x1 k-point mesh, including the
G-centre, was used to sample the Brillouin zones. The first-principles calculations are
performed by density functional theory (DFT) using the Vienna ab initio Simulation
Package (VASP) code.'®”-1¥8 The exchange and correlation functionals are implemented
by the generalised gradient approximation (GGA) of the Perdew-Burke-Ernzerhof
functional.'®® The thickness of the vacuum layer over 15 A is set to avoid interactions
between adjacent layers. Structures are fully relaxed until the force converged on each
atom is less than 102 eV/A, and the energy criteria is set to 10 eV. In all calculations,

the plane-wave cut-off energy is set to 450 eV.
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Chapter3

Porous Carbon Nitride Microsphere Layer with Nano-Channel-

Based Physical and Chemical Synergic Regulation for Dendrite-

Free Lithium Plating

This chapter reports the fabrication of the novel Li negatrode with a uniform lithiophilic
coating layer having hybrid pores with both nanometre and micrometre scales. Porous
carbon nitride microspheres (PCNMs) not only provide the physical 3D porous
framework to absorb volume changes and guide Li growth but also render suitable
chemical interaction distance to effectively homogenize the lithium ion flux. Such a
physical-chemical synergic regulation strategy can improve Li plating/stripping cycling

performance.

3.1. Introduction

As we talked about in Chapter 1, LM has been widely denoted as the most promising
negatrode material in Li-based batteries. Nevertheless, the practical application of
LMRBs has been impeded mainly by physical/chemical problems of the LMNE.
Infinite volume expansion of the LMNE is a non-negligible issue, which is much more
severe than graphite (=10%) and silicon (=400%) negatrode materials 19> 170
Meanwhile, Li tends to deposit in dendritic morphology in completely open spaces
without any physical constraint.!®® Moreover, uneven Li" flow may result from
inconsistent SEI layer or surface defects at the electrode/electrolyte interface, leading

to localized Li* concentration and preferential Li growth on tips or protrusions.
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Over the past decades, researchers have developed different strategies, including

169, 191-195

constructing artificial protective SEI layers, electrolytes optimisation (e.g.,

adding functional salts'*'"'*%), and current collector modification 6% 107- 109 110, 118, 138, 196
to achieve confined growth of Li or reduce parasitic reactions. Recently, 3D scaffold
decoration on LMNE was reported as a viable alternative to physically guide the
confined growth of Li and efficiently suppress the volume expansion, 109 190. 194,197, 198
In addition, depending on their non-conducting or weak-conducting properties, 3D
scaffolds easily could avoid the top deposition that usually occurs in traditional 3D

current collectors. Meanwhile, scaffolds with abundant polar functional groups were

confirmed to regulate Li" diffusion toward uniform Li deposition chemically.%® 197

Nitrogen doping of carbon materials (e.g., N-doped graphene!?®) is a typical way to
provide polar functional groups (e.g., pyridinic nitrogen and pyrrolic nitrogen) for 3D
scaffolds, which can interact strongly with Li" and enhance the lithiophilicity to
alleviate inhomogeneous Li" flux.!3® g-C3N4 with an ultra-high N content of up to 57
at% was recently demonstrated to show remarkable affinity toward Li" by forming
transient Li-N bonds, which could powerfully facilitate deposition kinetics at the
vicinity of the negatrodes.!3” 138 199-201 For instance, 3D Ni foam coated with g-C3N4
sheets could guide Li deposition by adjusting the interfacial micro-electric field owing
to the affinity of N-containing functional groups with Li*.!3¢ In addition, ultrahigh shear
modulus up to ~21.6 GPa within g-C3N4 could help suppress the dendrite proliferation
during cycling.?%? Therefore, Lewis-acid and base-interaction-induced lithiophilic
properties and excellent mechanical strength intrinsically endow g-CsNs4 with

promising applications in stabilizing Li deposition.

However, a fundamental issue on the effective interaction distance between Li™ and N-
containing functional groups has not yet been fully resolved in the past and ongoing
studies.’®® 190 |t js well known that the Li* fluid behaviour in 3D scaffolds is

significantly determined by the size of the fluid channel. In macroscopic fluids, the role
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of the EDL is often neglected because of the large size of the fluid channel. However,
when the fluid channel size shrinks to the nanometre scale, the EDL plays an important
role in regulating Li" flux.'®” Meanwhile, based on the Debye length law, as shown in
equation (3.1),2%® large pores can hardly provide rational space to launch efficient

interaction between electronegative atoms and Li".

02,2
Lp = (M) 1, (3.1)

&rs€okT
where Lp is the Debye length, n,; the ionic concentration, e the electron charge
(1.6x10" C), zi the ion valence, &, the dielectric constant of the solution, &, the
dielectric constant of vacuum (8.85x107'2 F m™!), k the boltzmann constant (1.38x10%3
J K1), and T the temperature. The Debye length reflects an important characteristic of
the charge shielding effect. In our system, the N in PCNM is regarded as an electron-
rich element (Lewis-base), while Li" is positively charged (Lewis-acid). Due to the law
of Lewis-base and Lewis-acid interaction, N-containing groups are always surrounded
by Li*, but their electric field can only act within a certain distance. Accordingly, the
Debye length that reflects the range of electrostatic forces to interact with Li" in the
electrolyte is possibly distributed at the nanometre scale. Beyond this distance, N-
containing groups will be shielded from the electrical field of the surrounding opposite
particles. Only when the distance between N-containing groups and Li" is less than the
Debye length is there indeed effective interaction between them. Thus, channel widths

in a 3D scaffold should be limited to the nanometre scale to regulate Li" flux effectively.

Based on the Debye length and excellent lithiophilic properties of g-CsN4, we have
developed porous carbon nitride microspheres (PCNMs), which contain abundant
nanometre pores as structural units of a 3D scaffold. When coating PCNMs on Cu or
Li foils, the nano-pores inside PCNMs can effectively homogenise the Li" distribution
to promote homogeneous Li" deposition and construct a robust SEI through the
chemical interaction between Li" and g-C3Ns, while the interparticle micro-pores can
provide enough space to accommodate and guide Li growth and physically relieve

volume expansion. This physical and chemical synergic regulation strategy contributes
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to improved Li deposition/dissolution, resulting in stable cycling performance of the

LM cells.

3.2. Experimental section

3.2.1. Materials preparation

Synthesis of bulk graphitic carbon nitride powder (BCN). 10 g of melamine was
placed in a covered crucible. The crucible was heated at a rate of 2°C-min™! to 550 °C
and held at 550°C in an argon atmosphere for 4 h. Stiff yellow g-C3N4 monolith was
acquired after cooling to room temperature, which was then ground in a mortar to form

g-C3Napowders.

Synthesis of sheet carbon nitride (SCN). 5 g of melamine was dispersed in 30 mL of
deionised water under continuous stirring for 30 min. Then the mixture was transferred
into a 70 mL Teflon-lined stainless-steel autoclave and heated at 200°C for 12 h. After
cooling, the precipitates were centrifuged and washed repeatedly with deionised water
and ethanol and dried at 80°C for 12h, followed by calcination in a covered crucible at
550 °C for 4 h with a heating rate of 2°C-min’' under argon to obtain yellow g-C3Na

nanosheets.

Synthesis of porous carbon nitride microspheres (PCNM).2%* 205 7.92 mmol of
melamine was dissolved in 40 mL of DMSO, and equimolar cyanuric acid was
dissolved in 20 mL of DMSO. The two solutions were separately heated to 60 °C and
then mixed by stirring for 15 min. The mixture was filtered, washed 2 times with
ethanol and deionised water, respectively, and then dried at 80 °C. Finally, the white
powders were calcined at 550 °C for 4 h with a heating rate of 2°C- min™! under argon

to obtain yellow g-C3N4 powders.
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3.2.2. Electrodes preparation

Fabrication of Cu@BCN, Cu@SCN, and Cu@PCNM. The as-prepared BCN, SCN,
and PCNM powders were each mixed with PVDF in NMP with a 1:1 mass ratio of
BCN, SCN, or PCNM to PVDF. After stirring for 10 h, PCNM slurry was quickly cast
on 100 um thick Li foil with a thickness of 200 um in the ultra-dry clean room (Dew
point: below -45°C, cleanliness level: 100,000) at room temperature followed by
vacuum-dried at 80°C for 6 h. The total loading density on Cu foil was ~1 mg cm™.
The as-obtained Cu@BCN, Cu@SCN, and Cu@PCNM were each punched into a disk

of 14 mm in diameter as the working electrode.

Fabrication of Li foil@ PCNM. The as-prepared PCNM powders were mixed with
PVDF in NMP with a 1:1 mass ratio of PCNM to PVDF. After stirring for 10 h, PCNM
slurry was quickly cast on 100 um thick Li foil with a thickness of 200 um in the ultra-
dry clean room (Dew point: below -45°C, cleanliness level: 100,000) at room
temperature followed by vacuum-dried at 80°C for 6h. The as-obtained Li foil@PCNM
were punched into 14 mm circular or 47 mm x 57 mm rectangular discs, respectively,

as the negatrode.

3.2.3. Electrochemical Measurements

Two-electrode coin half cells (Li vs. Bare Cu, Cu@BCN, Cu@SCN, and
Cu@PCNM). Standard CR2032 coin-type cells were assembled in an Ar-filled glove
box with Oz and H20 content below 1 ppm. For the Li||Cu coin half cell, a 0.5 mm thick
Li disc of 16.0 mm in diameter was employed as both the counter and reference
electrode. The as-prepared 14 mm discs of bare Cu foil, Cu@BCN, Cu@SCN, and
Cu@PCNM were employed as the working electrode. The Celgard 2500 polypropylene
membrane was used as the separator (25um). 1 M LiTFSI in DOL/DME (V/V = 1:1)
with 2.0 wt% LiNOs additive was employed as the electrolyte in each cell. The

electrolyte of 75 L is added to the coin cell. All coin cells were shelved for 8 h before
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testing. The galvanostatic performances were conducted at 25 °C using the Land CT
2100A system (Jinnuo Wuhan Corp, China). Li was plated galvanostatically with
capacities of 1 to 10 mAh cm? on the bare Cu foil, Cu@BCN, Cu@SCN, and
Cu@PCNM and then stripped galvanostatically by a cut-off potential of 0.5 V vs. Li/Li"
at different current densities. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were measured by an electrochemical workstation (Solartron 1470E)
using CR2032-type coin cells. The frequency range was chosen between 1 MHz and
0.01 Hz.

Two-electrode coin half cells (Bare Li foil vs. Bare Li foil and Li foil@PCNM vs.
Li foil@PCNM). Standard CR2032 coin-type cells were assembled in an Ar-filled
glove box with Oz and H20 content below 1 ppm. For Li||Li symmetrical coin cells,
two identical 14 mm discs of bare Li foil or Li foil@PCNM were assembled into
symmetrical coin cells with polypropylene (Celgard 2500) as the separator. 1 M LiTFSI
in DOL/DME (V/V = 1:1) with 2.0 wt% LiNO;3; additive was employed as the
electrolyte in each cell. The electrolyte of 75 UL is added to the coin cell. All coin cells
were shelved for 8 h before testing. Li was plated galvanostatically with capacities of
1 to 3 mAh cm? on the bare Li foil and Li foil@PCNM and then stripped
galvanostatically with the same capacities of 1 to 3 mAh cm™ at different current

densities (1-4 mA cm™).

Two-electrode coin full cells (LFP vs. Bare Li foil or LFP vs. Li foil@PCNM). The
as-prepared 14 mm discs of bare Li foil or Li foil@PCNM and LFP were employed as
the negatrodes and positrodes, respectively. The areal loading of the LFP positrode was

2, corresponding to an areal capacity of ~2 mAh cm™. The areal loading of

12 mg cm”
the bare Li foil or Li foil@PCNM negatrode was 20 mAh cm™. Celgard 2500 was used
as the separator (25um). The electrolyte used herein was 1 M LiPFs¢ in a mixed solution

of EC and DMC (volume ratio of 3:7). Electrolyte injection is fixed at 75 pL in each
coin cell. All coin cells were shelved for 8 h before testing. The LFP-based full cells
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were galvanostatically charged up to 4 V and then galvanostatically discharged to 2.0
V at various rates from 0.5 to 2 C. Cycling performances of the cells were tested by

charging at 0.5 C and discharging at 1 C within the voltage range from 2 to 4 V.

Pouch cells (NCM 811 vs. Bare Li foil or NCM 811 vs. Li foil@ PCNM. As-prepared
bare Li foil or Li foil@PCNM with a size of 47 mm x 57 mm was employed as the
negatrode (20 mAh cm). As-prepared NCM 811 electrodes with a size of 43 mm x 53
mm were applied as the positrode. Single-side areal loading of the positrode was ~20
mg cm, corresponding to the areal capacity of ~3.75 mAh cm™. Celgard 2500 was
used as the separator (25um). Pouch cells are fabricated within ~30min in the ultra-dry
clean room (Dew point: below -45°C, cleanliness level: 100,000) at room temperature.
The electrolyte with 1 M LiPFe in EC/DMC=1:1 by volume with 2 wt% FEC was used
(6 g Ah™!). After injecting the electrolyte, full cells were at least stored for two days to
achieve full infiltration of electrolytes into pores of separators and positrodes. The
NCM 8l11-based pouch cells were galvanostatically charged up to 4.3 V and then
galvanostatically discharged to 2.6 V at 0.2 C. N/P ratio (Negative capacity/Positive
capacity) is around 5. Pouch cells were subjected to 100 kPa pressure during

charging/discharging.
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3.3. Results and discussion

3.3.1. Materials characterisations

Figure 3.1. (2) SEM image and (b) TEM image of PCNM. (c) SEM image and (d) TEM
image of SCN. (e) SEM image and (f) TEM image of BCN (The blue dashed circle is
the pores of PCNM).

Porous g-CsNs microspheres were synthesised by thermal polycondensation of
supramolecular aggregates of melamine and cyanuric acid according to previous work
by Liu et al.?®® SEM image (Fig. 3.1a) illustrates that each g-CsNa microsphere has
porous and flower-like morphology with a typical diameter of ~3.5 pm. 2D g-CsN4
nanosheets with an average thickness of ~40 nm aggregate randomly in the

microspheres to form porous structures with nanometer-scale pore sizes. The 3D
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geometry made up of 2D nanosheets is predicted to be more robust than individual 2D
g-CsNas nanosheets. Also, as demonstrated in the TEM image (Fig. 3.1b), porous 3D
architecture assembled by 2D g-CsNa nanosheets has a higher surface area and more
voids than BCN owing to the bendable and random layout of 2D nanosheet units. This
porous property benefits electrolyte penetration and adsorption and provides more
space for Li deposition. For comparison, two other g-CsN4 samples of SCN and BCN
with different morphologies were also synthesised according to the method provided in
the experimental section, whose morphology is presented in Fig. 3.1c-d and Fig. 3.1e-
f. SCN exhibits typical laminar morphology, as displayed in the SEM and TEM images
(Fig. 3.1c-d), similar to graphene. It has a lateral size of several microns and a thickness
of tens of nanometres. The as-prepared BCN sample shows typical particle morphology
with irregular shapes and sizes ranging from several to a few dozen microns (Fig. 3.1e).
The solid internal structure of BCN particles can be discerned by TEM (Fig. 3.1f),

which is different from the porous structure of PCNM.
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Figure 3.2. (a) C Is and (b) N 1s XPS spectra of PCNM.

Table 3.1. Atomic concentration and mass concentration of C and N elements in PCNM

determined by TEM and XPS.

Element Mass Atomic Atomic Mass
Concentration Concentration Concentration Concentration
(%) TEM (%) TEM (%) XPS (%) XPS
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CK 42.83 46.63 55.78 51.96
N K 57.17 53.37 44.22 48.04
Total 100.00 100.00 100.00 100.00

XPS analysis was performed to determine the surface chemical composition and
electronic states of PCNM, and the results are shown in Fig. 3.2. Two peaks centred at
284.9 and 287.4 eV can be found in the C 1s spectrum of PCNM (Fig. 3.2a), which are
assigned to graphitic carbon (C-C) in g-C3Na4 and sp?-hybridised carbon (N=C-N) 2°7 in
the aromatic ring attached to the -NH2 or -NH group,°”: 2% respectively. The high-
resolution spectrum of porous microspheres also displays remarkable N 1s signals,
which can be deconvoluted into four peaks at 399.0, 400.0, 401.2, and 404.4 eV,
corresponding to sp?-nitrogen in triazine ring (C=N-C),** tertiary N bonded to C atoms
in the form of N-(C)s or H-N-(C)2,2® terminal amino groups (C-NHx)?* and
heterocycles, respectively (Fig. 3.2b). These results further confirm the existence of
abundant N elements as Lewis-base sites in PCNM. Meanwhile, the atomic percentage
of N (53.37%) measured by TEM (Table 3.1) is higher than the atomic percentage of
N (44.22%) measured by XPS, which may be due to the synthetic defect during the

calcination process of PCNM.

(@) 1500 o a—— ()|
| SCN
1600 i ——PCNM
1400
2 1200
7] 5
c 1000 K
2 =2
£ 800 (100) iy

600
4004
200 4

04

1'0 2I0 3'0 4I0 50
2 Theta
Figure 3.3. (a) X-ray diffraction patterns of BCN (light blue short dashed dot), SCN

(dark blue short dot), and PCNM (red line) and (b) SAED pattern of PCNM (The red
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dashed circle is the diffraction ring corresponding to (002) face of PCNMs; 5 1/nm is

the reciprocal space scale, and it represents that the length of the scale bar is 1/5 nm).

Typical XRD patterns of BCN, SCN, and PCNM samples are displayed in Fig. 3.3a.
All three samples have two characteristic peaks at 13.2°(d=0.675 nm) and 27.5°(d=
0.325 nm), corresponding to the diffraction of the (100) (inter-planar stacking) and (002)
(in-planar structural packing motif) crystal plane of g-CaNa, respectively 13! 211212 The
diffraction peaks of PCNM have the largest full width at half maxima compared with
those of BCN and SCN, suggesting the smallest crystal size of g-CsN4in PCNM. Based
on the Debye-Scherrer equation, the crystal size of g-CsN4 in PCNM along the (002)
crystal plane is calculated to be ~35 nm, which is in good agreement with the thickness
of the g-CsNa nanosheets in this sample as shown in TEM (Fig. 3.1b). The interplanar
spacing computed from the XRD patterns agrees with the selected area electron

diffraction (SAED) rings illustrated in Fig. 3.3b.
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Figure 3.4. FT-IR spectra of BCN (light blue short dashed dot), SCN (dark blue short
dot), and PCNM (red line).

The FT-IR spectra for all synthesised samples are depicted in Fig. 3.4. All carbon
nitride samples show almost identical peaks in the range of 1200-1650 cm™2, which

corresponds to the typical stretching vibration of aromatic rings in carbon nitride. The
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peak at ~1662 cm™ is assigned to the stretching vibration of C-N. The peaks at 1216
cm1,1310 cm™ and 1405 cm™* belong to the stretching vibration of C-N in aromatic
hydrocarbons, and the peak appearing at 807 cm™ corresponds to the combined
vibration of the triazine unit.?3-21> All these peaks confirm the successful synthesis of

g-CsN4 in combination with XRD and XPS results.
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Figure 3.5. (a) Nitrogen adsorption and desorption isotherms and (b) the pore size

distribution data of BCN (light blue line), SCN (dark blue line), and PCNM (red line).

Table 3.2. Specific surface area and pore volume of BCN, SCN, and PCNM.

Items Specific Surface Area Pore Volume
(m* g™ (em’g™)
BCN 13.157 5.084e-02
PCNM 49.314 3.361e-01
SCN 33.645 8.143e-02

To further understand the pore structure over different g-CsNa4 materials, which is
important in Li" regulation, detailed pore structure was characterised by nitrogen
adsorption and desorption isotherms (Fig. 3.5a). It is found that the adsorption quantity
increases linearly with rising relative pressure to 0.9 and then increases exponentially

to atmospheric pressure, suggesting that a broad range of pores have been formed.
76



Compared to SCN and BCN, hysteresis between the adsorption and desorption
branches in the exponentially increased section can be observed obviously in PCNM,
suggesting it possesses a more mesoporous structure. The type of hysteresis loop of
PCNM is probably assigned to H3 (IUPAC), which elucidates the presence of wedge-
shaped pores resulting from loosely packed nanosheets. Pore size distribution data (Fig.
3.5b) using Barrett—Joyner—Halenda (BJH) model also proves that PCNM possesses a
broad pore size distribution ranging from 2 to 140 nm. In particular, PCNM possesses
a large number of mesopores especially for a pore size of 4nm, and there are also many
large pores with pore sizes greater than 50nm which is in good agreement with the size
of nanopores observed in the TEM image (Fig 3.1b). PCNM also possesses the largest
Brunauer—Emmett—Teller (BET) specific surface area (49.3 m? g) and pore volume
(~0.3 cm® g!) among three g-CsNs samples (Table 3.2), which is contributed by its
unique morphology. The abundant nano-sized pores (<150 nm) in PCNM endow
suitable space to effectively develop the uniformity of Li* flux based on the Debye

length law.
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Figure 3.6. (2) Top-view and (b) cross-section view SEM images of Cu@PCNM. The
inset of (a) shows the optical photograph of Cu@PCNM. (c) Top-view and (d) cross-
section view SEM images of Cu@SCN. The inset of (c) is the optical photograph of
Cu@SCN. (e) Top-view and (f) cross-section view SEM images of Cu@BCN. The
inset of (e) is the optical photograph of Cu@BCN (The red dashed circle represents the
pores of Cu@BCN).
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Figure 3.7. (a) Top-view and (b) cross-section view SEM images of CU@PCNM. EDS
mapping of the cross-section of the PCNM coating layer on Cu for (c) SEM image, (d)
F, (e) C, and (f) N element.

The as-prepared PCNM powders were mixed with PVDF in NMP solvent to form a
slurry which was subsequently cast on a Cu foil to form a coating layer of the 3D
scaffold. A light-yellow coating can be observed in the inset image of Fig. 3.6a. As
illustrated in Fig. 3.6a-b, the coating with a thickness of ~30 pm displays a relatively
smooth surface. Following the same preparation process, SCN with sheet-like
morphology forms a flat coating layer with a much lower thickness of ~5 pm than that
of PCNM (Fig. 3.6¢-d). In contrast, the BCN coating layer (Fig. 3.6e-f) exhibits a rough
surface with larger pores, which can be attributed to the large particle size of BCN
structural units. Notably, random packing of PCNM particles in this coating layer forms
inter-particle pores (Fig. 3.7a-b), along with internal nanopores inside each g-CsNa

microsphere. Uniform distribution of N, C, and F (from PVDF) elements over the entire
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coating layer are found via energy-dispersive spectroscopy (EDS) mapping as
presented in Fig. 3.7c-f. The morphology of coating layers using three different g-CsN4
materials is expected to have distinct effects on Li deposition behaviour. SCN coating
layer composed of densely stacked g-CsN4 nanosheets cannot provide extra space to
accommodate deposited Li and fail to release stress originating from Li dendrites
despite abundant N-containing functional groups. Therefore, the physical alleviation of
Li dendrites is still not possible with an SCN coating. The BCN's large particle size
creates relatively large cavities in the coating layer, which may not effectively facilitate
chemical homogenization based on the Debye length law. It is believed that PCNM
coating can provide abundant space to accommodate/guide Li growth. Besides, pristine
nanoscale pores in PCNM can effectively homogenise the Li* distribution. Thus, dense,
flat Li deposits can be highly expected based on such physical and chemical synergic

regulation mechanisms in the case of PCNM.
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Figure 3.8. Contact angles of electrolyte toward (a) bare Cu foil and (b) Cu@PCNM.
Contact angles of water toward (c) bare Cu foil and (d) Cu@PCNM.

To understand further the interaction between the electrolyte and the PCNM coating,

the wettability between these two is measured using contact angle methods. Results in
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Fig. 3.8a-b manifest that the presence of the PCNM layer results in a sharp reduction
of contact angle from 27.92<to 5.54< suggesting a marked improvement of the
electrolyte wettability. While Cu foil and Li foil (24.79'% remain comparatively poor
wettability with ether-based electrolytes. It is reported that electrolyte wettability is
closely related to the uptake amount of liquid electrolytes. Hence, higher electrolyte
concentration strongly impacts the distribution of Li" flux over the entire Cu/Li surface
during cycling.?® It is believed that such a superior electrolyte wettability of the PCNM
layer is beneficial to obtain the uniform Li* flux and relieve uneven Li* transport and
deposition. Interestingly, as shown in Fig. 3.8c-d PCNM layer exhibits a higher level
of water-repellency than Cu foil, which probably prevents Li from contacting water and

thereby reduces safety risks in LMRBs when utilizing Li foil @PCNM.

3.3.2. Morphology of Li plating
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Figure 3.9. Diagrams showing the morphology of electrodeposited Li on (a) bare Cu
foil, (b) Cu@SCN, (c) Cu@BCN and (d), and (e) Li plating process on Cu@PCNM;
(f) Schematic diagram of PCNMs in regulating Li ion flux (The red dashed line is the

interaction force between Li ion and electric field/PCNM and the blue solid line is real
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Li ion movement route).

Figure 3.10. (a) SEM image of bare Cu foil. (b) Cross-section view and (c) top-view
SEM images of Cu foil after plating Li with 5.0 mAh cm™. (d) SEM image of Cu@SCN.
(e) Cross-section view and (f) top-view SEM images of Cu@SCN after plating Li with
5.0 mAh cm™. (g) SEM image of Cu@BCN. (h) Cross-section view and (i) top-view
SEM images of Cu@BCN after plating Li with 5.0 mAh cm™. (j) SEM image of
Cu@PCNM. (k) Cross-section view and (1) top-view SEM images of Cu@PCNM after
plating Li with 5.0 mAh cm™. The regions marked with light blue, light red, and light
yellow colours correspond with plated Li, Cu foil, and g-C3N4 coatings, respectively.

The current density is 1 mA cm™.

Fig. 3.9 and Fig. 3.10 perform different morphologies of plated LM on bare Cu foil,

Cu@SCN, Cu@BCN, and Cu@PCNM electrode (Li@Cu@SCN, Li@Cu@BCN, and
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Li@Cu@PCNM). Noticeably, without lithiophilic decoration, Li" tends to deposit on
spots where the cracks of SEI appear, and tips of surface bumps emerged on the surface
of bare Cu foil (Fig. 3.9a).2!” By further depositing Li onto the existing Li whiskers, a
thick and porous dendritic morphology is formed, as illustrated in Fig. 3.10a-c. This
morphology results in ongoing electrolyte consumption and an escalation of
irreversible Li. Due to the lack of enough space to accommodate Li growth and
eliminate stress generated from Li dendrites, the SCN layer would be easily pierced,
and remarkable Li dendrites still can be observed on Cu@SCN (Fig. 3.9b and Fig.
3.10d-1), especially at high deposition capacity, i.e. 5 mAh cm. More importantly, due
to the absence of vertical depth of g-C3Na4 walls in SCN coating, Li" cannot be affected
effectively and only pass through the gaps between g-CsNa4 nanosheets to deposit on Cu
foil. Although a porous structure is formed in the BCN coating due to random stacking
of g-CsN4 particles (Fig. 3.10g and Fig. 3.6e-f), the Li" flux cannot be efficiently
affected by the surface Lewis-base sites of BCN particles because of the large
micrometre scale pore size (Fig. 3.9c), still leading to the formation of porous and
dendritic Li (Fig. 3.10h-i). Only when there exist nanometre-scale pores that tailor Li"
diffusion behaviour and micrometre-scale pores that provide space for Li deposition at
the same time can the Li" flux be homogenised, and dense and flat deposition of Li be
successfully developed. This scenario is observed in the Cu@PCNM electrode (Fig.
3.9d and Fig. 3.10j-1). Homogenised Li" flux is ascribed to the fact the effective
interaction between Li ions and PCNMs gives rise to a shift in the migration path where

Li ions that were originally deposited on the tip (Fig. 3.91).
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Figure 3.11. Morphology evolution of the Cu@PCNM electrode during Li plating with
capacities from 0.5 to 15 mAh cm™. (a) Discharge curve of the Cu@PCNM electrode.
Cross-section view SEM images of the Cu@PCNM electrode after plating with (b) 0.5
mAh cm 2, (¢) 1 mAh cm 2, (d) 2.5 mAh cm 2, (¢) 5 mAh cm 2, (f) 10 mAh cm 2 and
(g) 15 mAh cm 2 of Li. The current density is 1 mA cm 2.
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Deposit 15mAh strip10mAh strip 15mAh

Figure 3.12. Comparison of morphology evolution during Li plating/stripping on (a-d)
Cu@PCNM and (e-h) bare Cu foil with different deposition and stripping capacities.

(a) and (e) are top-view SEM images, and others are cross-section view SEM images.

To clearly illustrate Li deposition behaviour within PCNM, the morphology of the
Cu@PCNM electrode at different deposition capacities (from 0.5 to 15 mAh cm™) was
characterised (Fig. 3.11). It is observed that PCNM can accommodate the maximum Li
deposition areal capacity of ~5 mAh cm™. Below 5 mAh cm™, Li tends to form a filling-
like deposition within the interparticle pores (Fig. 3.11b-e), as presented in Fig. 3.9e.
When the areal capacity of deposition exceeds 5 mAh cm?, the electrodeposited Li
growth remains planar while continuing to form on the surface of the PCNM coating
layer (Fig. 3.11f-g). Such behaviour is probably due to the enriched Li" at the
electrode/electrolyte interface induced by abundant Lewis-base sites in PCNM. Even
when the Li deposition areal capacity reaches 15 mAh cm 2, the surface of the plated
LM on Cu@PCNM is still smooth. In contrast, deposited Li shows a porous dendrite
morphology on bare Cu (Fig. 3.12). Notably, the plated LM can strip from the
Cu@PCNM reversibly, making the matrix recover to its pristine morphology (Fig.

3.12a-d) and confirming its structural robustness.
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3.3.3. SEI characterisations

Figure 3.13. Cross-sectional FIB-SEM images of (a) Cu@PCNM and (b) bare Cu with
plating 15 mAh cm™ at 1 mA cm™. EDS mapping regarding the local FIB-SEM image
of Li@Cu@PCNM for (c) SEM image, (d) N, and (e) C element distribution. Light

green districts in (b) represent the thick SEI layer.

To clarify the specific morphology of the deposited Li, ex-situ FIB-SEM
characterisation was further conducted over Cu@PCNM (Fig. 3.13a) and bare Cu (Fig.
3.13b) with the plating areal capacity of 15 mAh cm™. The cross-section view of the
FIB-SEM image reveals that the interparticle pores of PCNM coating are almost filled
with Li (Fig. 3.13a), while partial nanopores inside g-CsN4 microspheres are still left.
The results of EDS mapping (Fig. 3.13c-e) support the domination of the N element in
the porous areas, thereby confirming that the porous regions correspond to g-C3N4
materials instead of porous Li. The above results indicate that Li" not only diffuses
through but also partially deposits within pores assembled by g-C3N4 nanosheets, which
demonstrates that micro/nano hybrid channels in PCNM are highly integrated with Li.
These results support our assertion that ample nanopores in PCNM can synergise the

formation of uniform Li" flux and guide dense Li growth, which can result in enhanced

86



stability and reversibility of the cycling performance. In striking contrast, the porous
and dendritic structure of electrodeposited Li is generated on bare Cu foil. Besides,
remarkably thick SEI wrapping on Li dendrites is largely attributed to the uneven Li"
deposition and electrolyte decomposition, as well as the formation of by-products,

resulting in poor cycling stability and a dramatic drop in CE.
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Figure 3.14. XPS Full spectra of the surface of deposited LM on (a) bare Cu foil and
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(b) Cu@PCNM. (c, d) F 1s, (e, f) N 1s, (g, h) O 1s and (i, j) C 1s and (k, 1) S 2p XPS
spectra of the surface of plated Li on Cu foil coated with (d, f, h, j and 1) and without
PCNM (c, e, g, 1 and k).

To gain a deeper comprehension of the impact of PCNM in the regulation of Li plating,
XPS was conducted to investigate the surface composition of the SEI of newly
deposited Li on Cu@PCNM and bare Cu (Fig. 3.14). The full spectrum is presented in
Fig. 3.14a-b. In F 1s spectra (Fig. 3.14c-d), Li-F and C-F signals are observed in both
electrodes, which result from the decomposition of LiTFSI salt.'*! LiF is well-known
as an excellent SEI component for its high interfacial energy toward Li and high
mechanical strength. Therefore, it is efficient to suppress dendrite growth, which
contributes to uniform Li deposition. Cu@PCNM shows a stronger Li-F signal
compared to bare Cu, indicating that N-containing Lewis-base sites in PCNM enhance
the concentration of TFSI anions at the deposition interface. This strong interaction
with Li* forms a robust SEI. Meanwhile, the contents of LiNxOy/N-SOx and Li-N (Li3N)
species on Li@Cu@PCNM are also higher than those on Li@Cu (Fig. 3.14e-f),
revealing that increasing amounts of NO3/TFSI" have been reduced to form the
resulting SEI in the presence of PCNM. As LisN is a superconductor of Li*,*!%21° Li3N-
enriched SEI on Li@Cu@PCNM can improve Li" transportation for better Li
plating/stripping behaviour. In addition, the newly emerged Li-O signal (Li2O) on
Li@Cu@PCNM verifies that the decomposition of NO3™ facilitates the formation of

more inorganic Li2O grains in the SEI (Fig. 3.14g-h).

Notably, the top surface of the SEI formed in the bare Cu foil has much stronger C-
C/C-H (284.8 eV), C-O (286.3 eV), and C=0 (288 eV)*?® signals compared with
Li@Cu@PCNM, indicating huge electrochemical degradation of organic solvent
during Li plating (Fig. 3.14i-j). Furthermore, higher content of Li2S-Ox (Li2SO4, Li2SOs3,
and Li2S signal at ~169.5, ~167, and ~160.35 eV, respectively) resulting from
electrochemical reduction of TFSI" (Fig. 3.14k-1) also further proves the PCNM-driven
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enhancement in cation and anion concentration, which plays an essential role in
constructing robust and stable SEI. In brief, an increase in inorganic composition (Li-
F, Li-N, and Li-O) and a reduction in organic composition (C-C/C-H) verifies the
formation of a more robust SEI when PCNM coating is employed. The primary reason
for this phenomenon can be attributed to the accumulation of anions at the interface,
stemming from the chemical adsorption of Li* facilitated by the Lewis-base sites
present in g-C3Na. The sturdy and high Li* conductive nature of such a SEI could
potentially serve as a critical factor in enabling dendrite-free Li plating/stripping

processes over extended cycling periods.

3.3.4. Electrochemical performances of half cells
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Figure 3.15. (a) CE Comparison of Li plating on/stripping on bare Cu foil electrode
and Cu foil coated with SCN, BCN, and PCNM with an areal capacity of 1.0 mAh cm’
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2 at 2.0 mA cm™. (b) Comparison of CE of Li plating on/stripping over Cu foil coated
with and without PCNM with 1.0 mAh cm™2at 1.0 mA cm™ and 0.5 mA cm™, and with
5 mAh cm™ and 10 mAh cm™ at 0.5 mA cm™.
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Figure 3.16. Comparison of (a) potential profiles, (b) magnified potential profiles
within the plating time range of 0-2 h, and (c) nucleation overpotential of Li plating
on/stripping from bare Cu foil electrode and Cu foil coated with SCN, BCN, and PCNM
with an areal capacity of 1.0 mAh cm™ at 2.0 mA cm?. (d) Comparison of Li
plating/stripping potential profiles on Cu foil coated with and without PCNM at

different current densities ranging from 0.5 to 3 mA cm™ with an areal capacity of 1

mAh cm™.

In this chapter, this ether-based electrolyte (1 M LiTFSI in DOL/DME (V/V = 1:1) with
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2.0 wt% LiNO3) is applied for Li||Cu or Li||Li symmetric cells. LiTFSI as Lithium salt,
DME and DOL as the solvent, and LiNOs3 as an additive are commonly used for ether-
based electrolytes.!> 113221 Ether solvent can form oligomers on the Li surface with
good flexibility and strong binding affinity.?*? The LiTFSI has high solubility and high
ionic conductivity in ether solvent (DME) and it assists the generation of Li-F in the
SEIL.?? DOL is often reported to coordinate with DME to form a more stable SEI.??*
Ring-opening polymerization of DOL takes place within electrochemical cells,
resulting in the formation of solid-state polymer batteries that demonstrate excellent
properties for interfacial charge transport.??> LiNO3 only shows high solubility in ether
(DME) solvent, and it helps form Li-N components in the SE1.??> Both Li-F and Li-N
can further enhance the inorganic components of the SEI, thereby facilitating the
formation of an SEI with a bilayer configuration and dendrite-free Li deposition®*®.
Moreover, ether-based electrolytes can promote the formation of larger LM nuclei,
helping to reduce the exposed surface area to the electrolyte.??® Therefore, this ether-
based electrolyte is applied for Li||Cu or Li||Li symmetric cells that do not require a

high-voltage environment in Chapter 3.

Fig. 3.15 and Fig.3.16 display the CE and long-term electrochemical stability in a half-
cell configuration composed of metallic Li as the counter electrode coupled with
different working electrodes (bare Cu foil, Cu@SCN, Cu@BCN, and Cu@PCNM).
Among all electrodes, Cu foil displays the most serious fluctuation in CE and marked
overcharge behaviour within 60 cycles at a high current density (2.0 mA cm™ with 1.0
mAh c¢cm), which could potentially be attributed to the uncontrolled Li dendrite-
induced depletion of the electrolyte and generation of by-product (Fig. 3.13b). The CE
of Cu@SCN drops rapidly in the initial 20 cycles. Cu@BCN maintains comparatively
stable CE with larger than 80% within 40 cycles. In comparison, the CE of the
Cu@PCNM cell keeps stable for over 100 cycles (Fig. 3.15a). The CE with current
density varying from 0.5 mA cm™ to 1 mA cm™ at 1 mAh cm™ was also studied (Fig.

3.15b). The Cu@PCNM cell achieves comparatively higher and more stable CE of >90%
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at 1 mA/cm? and >98% at 0.5 mA cm? before 170 cycles. With a high areal capacity of
5 mAh cm™ at 0.5 mA cm™, Cu@PCNM still maintains a high CE value of 98% before
60 cycles. Even at an ultrahigh areal capacity of 10 mAh cm™, the high CE (>97%)
before 30 cycles is obtained. Conversely, the cycling stability of the CE for Cu foil
rapidly diminishes following only a few cycles under the aforementioned conditions.
Similarly, as exhibited in Fig. 3.16a, Cu@PCNM has the most stable overpotential (<35
mV) over long-term cycling. Fig. 3.16b shows the magnified potential profiles from 0
to 2h. The overpotential of Cu@SCN is almost the same as that of Cu@PCNM, which
is less than Cu@BCN’s by ~30mV, probably due to the affinity of 2D g-CsN4
nanosheets in SCN with interfacial Li". Bare Cu foil shows drastic potential fluctuation
and an increasing overpotential as the test time increases. Li nucleation behaviours were
further explored via the potential-capacity profiles in Fig. 3.16c. Cu@PCNM exhibits
the smallest nucleation overpotential of 34.59 mV. The highest and most stable CE of
Cu@PCNM implies that the effective transient Li-N bonds formed due to abundant
nanopores in PCNM induce stabilised and uniform Li" distribution near the deposition
sites, which gives rise to dense deposition morphology with little dendrites and a
reduced overpotential.!*® Different current densities were applied on the Li||Cu cells
using Cu@PCNM and bare Cu foil (Fig. 3.16d). Observation reveals that the potential
hysteresis of Cu@PCNM rises only marginally from ~30 mV to ~95 mV as the current
density escalates from 0.5 mA cm™ to 3 mA cm™. In contrast, Cu foil shows dramatic
hysteresis change from ~127 mV to ~300 mV. Also, the excellent reversible property is
confirmed on the Cu@PCNM electrode. The unstable potential profile of bare Cu foil
implies the formation of excessive SEI and catastrophic structural evolution, which

contribute to the drastic enlargement of potential hysteresis at high current densities.??’
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Figure 3.17. The EIS of (a) bare Cu foil electrode and (b) Cu@PCNM before cycling
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and after 50 and 150 cycles.

The cycling performance of cells strongly relies on the stability of SEI on the electrode
materials. Thus, the interfacial stability of the SEI was further studied by EIS (Fig.
3.17a-b). After 50 and 150 cycles, Cu@PCNM reveals a smaller semicircle than Cu foil
in the high-frequency range, suggesting that the SEI generated on Cu@PCNM features
a reduced interface impedance and charge-transfer resistance in comparison to that
formed on Cu foil. This observation highlights that the uniform Li deposition over

Cu@PCNM accelerates the establishment of a homogeneous and low-resistance SEI

layer.
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Figure 3.18. (a, c, e, and g) Top view and (b, d, f, h) cross-section view SEM images
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of Cu@PCNM and bare Cu after (a-d) 30 cycles and (e-h) 60 cycles with an areal
capacity of 2 mAh cm™ at 1.0 mA cm™. The regions marked with light green colour

correspond with PCNM coatings and “dead Li” respectively.

Morphology of Cu@PCNM and bare Cu after 30 and 60 cycles (Fig. 3.18a-h) with an
areal capacity of 2.0 mAh cm? at 1.0 mA cm™ was measured. Apparent dendrite-like
“dead Li” continuously accumulates on Cu foil during plating/stripping processes,
contributing to the volume expansion (~16 pm after 60 cycles), increasing internal
resistance, and electrolyte consumption. In contrast, PCNM maintains its
comparatively intact structure and does not show accumulation of “dead Li” on its
surface even after 60 cycles. This highlights the critical role of PCNM in inhibiting the

formation of Li dendrites and reducing volume changes during charging/discharging.
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Figure 3.19. The galvanostatic plating/stripping profiles of Li||Li symmetrical cells

with an areal capacity of (a) 1.0 mAh cm™ at 2.0 mA cm?, (b) 1.0 mAh cm™? at 4.0 mA
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cm? and (c) 3.0 mAh cm? at 1.0 mA cm™ using Li foil@PCNM, and bare Li foil

electrodes.

To employ PCNM in actual LMRBs, PCNM is coated on Li foil to form a composite
LMNE. Long-term cycling stability and the stripping/plating process of symmetric cells
assembled with identical Li foil@PCNM electrodes were investigated at high current
densities and high capacity. As presented in Fig. 3.19a, Li foil symmetric cell shows a
high potential hysteresis (~250 mV) in the initial stage, which is much higher than that
of the Li foil @PCNM symmetric cell (~85 mV). As the cycling continues, the potential
hysteresis of the Li symmetric cell rapidly increases to about 500 mV, accompanied by
apparent potential fluctuation appearing after 20 h, which possibly implies the failure
of the cell. This may be due to the irregular growth of dendrites on the surface of the Li
foil during the stripping/plating. Then, Li dendrites with large surface areas
continuously react with the electrolyte to form the SEI and partially “dead Li”, leading

to growing internal resistance.

By contrast, the Li foil@PCNM symmetrical cell exhibits greater consistency during
cycling over a longer period, enduring beyond 140 cycles. This greater stability can be
attributed to the uniform Li* flux induced by nanopores and the confined Li deposition
promoted by PCNM. As shown in Fig. 3.19b, Li foil@PCNM symmetric cell also
exhibits superior cycling performance under higher current density (4 mA cm™2-1mAh
cm?). With an increasing areal capacity to 3 mAh cm™, the Li foil@PCNM cell still
exhibits a low overpotential of ~45 mV and good cycling stability with more than 800
hours (Fig. 3.19c¢). Li foil symmetric cell displays a steady overpotential (~45 mV) in
the initial stage, followed by a sudden boost after 150 cycles due to possible short

circuits.

95



600 80 40

(a) @ Bare Li foil - Fresh (b) @ Bare Li foil - 50th (c) @ Bare Li foil -150th
@ Lifoil@PCNM - Fresh @ Li foil@PCNM - 50th @ Li foil@PCNM -150th
450 B .| 60] 30
2mA cm? - 1mAh cm 2mA em? - imAh cm? 2mA cm? - 1mAh cm
A 300 N40] 20
150 4 204 10
20 B
0 04 T r 0 T T
0 100 200 300 400 500 €00 0 20 40 60 80 0 10 20 30 40
z ra z
R1 R2 R3 Wo1

A% W
CPE1 CPE2
> r—

Figure 3.20. The EIS of the bare Li foil and Li foil@PCNM (a) before cycling and after
(b) 50 and (c) 150 cycles with an areal capacity of 1.0 mAh cm™ at 2.0 mA cm™. (d)
applied fitting resistance model: R1: Ro (Ohmic resistance); R2: Rser (Migration
resistance of Li" through the SEI); R3: Ret (Charge transfer resistance); Wol: Warburg
(Li* diffusion resistance); CPE1/CPE2: Constant phase element (Conventional double-

layer and passivation film capacitance).

Table 3.3. Fitting resistance data of the galvanostatic plating/stripping in symmetrical

cells using Li@PCNM or bare Li foil with an areal capacity of 1.0 mAh cm at 2.0 mA

2

cm -,
Sample R1 () R2 (Q) R3 (Q)
Li foil@PCNM-fresh 6.531 128 242.6
Bare Li foil-fresh 4.396 280.3 252
Li foil @PCNM-50t" 8.033 4.468 0.0010753
Bare Li foil-50t™" 4.146 30.71 4.551
Li foil@PCNM-150t" 6.388 3.046 9.142
Bare Li foil-150t 10.75 4972 12.33

The stability of SEI interface in Li foil@PCNM and bare Li foil during cycling (2 mA
cm™ - 1 mAh cm™) was analysed by EIS (Fig. 3.20). Notably, Li foil@PCNM shows

lower interfacial resistance (128 Q) before cycling compared to bare Li foil (280.3 Q).
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Specific resistance data derived from the fitting process are listed in Table 3.3. After 50
cycles and 150 cycles, Li foil@PCNM still performs much smaller interfacial resistance
of 4.468 Q and 3.046 Q, respectively, which benefits from the fact that nanopore-driven
uniform Li* distribution due to effective transient Li-N bonds and intact and stable
electrode structure during cycling due to interparticle pore induced low volume

changes.?*8

3.3.5. Li ions regulation by g-C3N4 materials
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Figure 3.21. (a) Temperature-dependent ionic conductivity plots and (b) corresponding

activation energy of Cu@SCN, Cu@BCN, and Cu@PCNM.

Table 3.4-1. Fitting resistance data of the BCN/SCN/PCNM&LiTFSI@Cu.

Items T (°C) 40 50 60 70
BCN R(Q) 728122 70349 39227 10232
6(Scm')  7.13916E-10 7.38913E-09 1.32515E-08 5.08032E-08
SCN R(Q) 51954 26784 13993 4731
6(Scm')  1.00054E-08 1.94078E-08 3.71484E-08 1.09875E-07
PCNM  R(Q) 58318 48112 16555 7681
6(Scm')  2.78547E-08 3.37635E-08 9.81233E-08 2.11487E-07

Table 3.4-2. Fitting resistance data of the BCN/SCN/PCNM&LiTFSI@Cu.
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Items T (°C) 80 90 100 Thickness

(pm)
BCN R(Q) 6948 4271 2414 ~8
6(Scm™!)  7.48155E-08 1.21709E-07 2.15335E-07
SCN R(Q) 2191 1316 770 ~8
6(Scm™)  2.37252E-07 3.94999E-07 6.75088E-07
PCNM R(Q) 3778 2210 1245 ~25

6(Scm™)  4.29971E-07 7.35037E-07 1.30476E-06

The difference in interaction with Li* of different g-C3N4 materials was characterised
by measuring the Li" conductivity (corresponding to Li" transfer kinetics) of
PVDF/LiTFSI-based solid-state electrolyte added with BCN, SCN, or PCNM powders
(see details in the experimental section). g-C3Ns4 materials can facilitate Li"
transportation in PVDF matrices owing to site-to-site hopping of Li" via Lewis-base
sites in g-C3N4.!”2 The morphology and pore structure of g-C3N4 materials have varying
effects on Li* and can result in different ion transportation abilities. It is believed that
enhancement in Li" conductivity is ascribed to more efficient interaction with Li" of g-
C3Na. According to Fig. 3.21a, the ionic conductivity of solid-state electrolytes with
different g-C3N4 materials all increase with increasing temperature from 40°C to 100°C.
PCNM-based one achieves the most superior ionic conductivity compared with the
other two (Table 3.4). The activation energy of g-C3Ns materials is calculated via
temperature-dependent EIS tests. Data acquired from all cases were fitted to straight

lines using the following Arrhenius equation:

— = Aexp(—12) (3.2)

Ret
where Ea is the activation energy, T is the absolute temperature, R is the gas constant
(8.314] (mol‘K)™"), Rt is the interfacial Li" transfer resistance, and A the pre-
exponential factor >*. The activation energy upon PCNM, SCN, and BCN are valued
at 28.88, 30.94, and 37.30 kJ mol!, respectively (Fig. 3.21b), further verifying the
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prominent role of PCNM with unique pore structure plays in interaction with Li* than

that of BCN and SCN.
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Figure 3.22. In-situ Raman spectra of (a) bare Cu foil and (b) Cu@PCNM; (c)
Summary of intensity evolution of Raman peaks of electrolytes in the cells using Cu

foil coated with and without PCNM in charging process at ImA cm™.

Raman spectroscopy is a powerful tool to probe the polarizable surface in vibrational
energy levels.?? It is reported that the average Li" concentration near the surface (less
than 10 pm above the surface) of plated Li can be increased via strong Li" affinity (e.g.,
Li-N)."7 This can efficiently compensate for Li* depletion and mitigate the surface
concentration difference, which leads to more uniform local current density distribution
and Li-plating morphology. However, near interfacial (<300 pm) Li" flux
distribution/fluctuation related closely to the concentration gradient change of Li" upon
strong Li" affinity remains unknown. In addition, detecting concentration gradient
change of the Li" flux is a more convenient way to investigate Li deposition behaviour,
especially with some materials whose laser-induced signal will be shielded by excited
fluorescence signal. Therefore, in-situ Raman spectroscopy was conducted in a Li||Cu

cell to confirm the PCNM-regulated uniform Li" flux. The laser beam was set parallel
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to the Cu foil or Cu@PCNM and was focused near the interface of the electrodes (~300
um above the surface) to detect the concentration gradient change of ion flux. The
operando Raman spectra were measured during the Li plating process at the current
density of 1 mA cm with the areal capacity of 1 mAh cm™. Before the electrochemical
plating process, the Raman spectrum of the electrolyte in Fig. 3.22a-b shows featured
bands at 741 cm™ and 941 cm™, corresponding to the S-N stretching in coordinated
TFSI and Li-coordinated solvent band, respectively, whose intensities can indirectly
represent the Li* concentration.* 23! The peak intensity of S-N and TFSI regarding

bare Cu foil and Cu@PCNM is summarised in Fig. 3.22c.

The peak intensity of TFSI initially keeps at ~3000 on both electrodes. Bare Cu foil
fluctuates from 3200 to 4900 with a range of ~1700, while Cu@PCNM varies within
only ~1000 during charging. Meanwhile, the peak intensity of S-N keeps at ~2300 at
the beginning of both electrodes, followed by fluctuating within a range of ~1200 on
bare Cu foil and ~700 on Cu@PCNM electrode, respectively. At the beginning of the
plating (~5 min), initial stable nucleation and deposition play a dominant role in
stabilizing the Li" flux near the interfacial area on bare Cu foil and Cu@PCNM before
the formation of Li dendrites. Therefore, the peak intensities keep relatively stable
during this period. It is referred that sphere-like Li seeds grow initially on Cu foil,
followed by continuing preferential deposition on the Li seeds to form Li dendrites.*!’
As the deposition proceeds, according to the dendrite growth model proposed by
Chazalviel,% the concentration of Li" in the vicinity (<10 um) of the negatrode will
drop to zero at Sand’s time, leading to the apparent concentration gradient.
Consequently, the Li-dendrite-induced concentration gradient is reported to intensify
the highly local disturbance of the Li* flux near the interfacial area of the negatrode,'®’
leading to the formidable fluctuation of the Li" flux. Thus, bare Cu foil shows a large
fluctuation range of ~1700 and ~1200 in TFSI and S-N, respectively. In contrast, PCNM
with N-rich Lewis-base sites and nano-channels can serve as a regulator to continually

smooth the concentration of Li* flux'®” and ensure even ion flux in the vicinity of the

100



electrochemical interface, resulting in dendrite-free deposition and weakening local
disturbance of Li". Consequently, a reduced fluctuation in peak intensity, of
approximate values of 1000 and 700 for TFSI and S-N, respectively, was noted owing

to the improved stability of Li* flux in proximity to the negatrode.

3.4.6. Electrochemical performances of full cells
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Figure 3.23. Performances of Li foil@PCNM in coin full cells and pouch cells. (a) Rate
capability and (d) cycling performance of Li foil@PCNM and bare Li foil paired with
high areal capacity LFP positrodes (~2mAh cm?). Voltage profiles of (b) Li
foil@PCNM]||LFP full cell and (c) bare Li foil||LFP full cell from 0.2C to 2C. Voltage
profiles of (e) Li foil@PCNMI||LFP full cell and (f) bare Li foil||LFP full cell at the 5%,
the 55, and the 105% cycle. (g) Cycling performance and (h) in-situ discharge internal
resistance profiles of Li foil @PCNM and bare Li foil paired with high areal capacity
NCM 811 positrodes (~3.75 mAh/cm?). (i) Voltage profiles of Li foil@PCNM|[NCM

811 pouch cell and bare Li foil|[NCM 811 pouch cells from the 5" to the 125" cycle.
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For full batteries, we mainly adopted ester-based electrolytes and incorporated FEC
additives into pouch cells to help form a better SEI. Although ether-based electrolytes
have demonstrated many advantages in regulating LM deposition, ether-based
electrolytes are severely hampered by their high flammability and low oxidation
potential (<4V vs. Li*/Li). Thus, it is not suitable for full cells with high voltage (>4V).
For full-cell, EC and DMC are commonly used as ester-based solvents, which can
withstand higher voltage.?*?> LiPFs is a commonly used fluorine-containing Li salt in
commercial ester-based electrolytes based on its excellent comprehensive performance
e.g. low corrosion towards Al current collector, high solubility and low price.?*?
Therefore, this electrolyte composition (LiPFe in a mixed solution of EC and DMC)
was chosen to test full-cell performance (the positrode was LFP) in this chapter. In
addition, FEC as an additive can further help form Li-F components on the surface of
LMNE and optimize cycling performance.?*? Therefore, an electrolyte containing FEC
is used in pouch cells (the positrode was NCM811) to improve its cycling performance

and obtain more practical operating conditions.

To verify the practical performance of PCNM in full cells, long-term cycling and rate
performance of full cells assembled with bare Li foil or Li foil@PCNM negatrode (20
mAh cm) and LFP (~2 mAh cm™) positrode were tested. Compared with bare Li foil,
Li foil@PCNM composite negatrode performs better rate capability, as illustrated in
Fig. 3.23a. Especially at a high rate of 2C, the cell using Li foil@PCNM still delivers
a high specific capacity of ~125 mAh g!, which is much higher than that of a bare Li
foil cell (~5 mAh g!), revealing the stable discharge capacity at high rates owing to the
PCNM-driven stable Li" flux. Fig. 3.23b shows that the capacity retention of the full
cell composed of bare Li foil undergoes a sharp drop to less than 10% after 100 cycles.
In contrast, the full cell with Li foil@PCNM composite negatrode exhibits much higher
capacity retention of ~97% after 100 cycles and ~80% after even more than 200 cycles.

Compared with bare Li foil cell, Li foil@PCNM-based full cell exhibits lower voltage
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hysteresis at all different charge/discharge rates of 0.1, 0.2, 0.5, 1, and 2C, and much
more stable voltage hysteresis from the 5% to the 105" cycle (Fig. 3.23c-f). The
improved rate capability and cycling stability of Li foil@PCNM can be ascribed to the
nano-channel-induced uniform and stabilised Li" flux and confined growth of Li in
PCNM, which leads to much smaller polarisation and fast and uniform Li"

transportation.

The compatibility and practical feasibility of the Li foil@PCNM composite negatrode
(20 mAh cm) were further evaluated by pairing it with the NCM 811 positrode (~3.75
mAh cm™ on each side) in a pouch-type full cell with a designed initial capacity of
~0.16 Ah and electrolyte mass of ~0.96 g. Li foil||[NCM 811 cells show apparent
capacity and CE decay after 120 cycles at 0.2C, followed by a sudden drop, while Li
foil@PCNM cell can maintain high capacity retention of ~73% after 150 cycles under
the same condition (Fig. 3.23g). Fig. 3.23h displays a comparison of the internal
resistances of pouch cells that are in-situ monitored to showcase how PCNM functions
in reducing the electrochemical polarisation of cells during cycling. In the first 20
cycles, the internal resistance of Li foil|[NCM 811 and Li foil@PCNM|NCM 811 pouch
cells show a similar rising trend (increasing from ~0.2 Q to ~0.4 Q). Nevertheless, the
internal resistance of Li foil|[NCM 811 cell suffers from a dramatic increase to ~30 Q
after 130 cycles, while that of Li foil@PCNM|NCM 811 cells only gradually rises to
~2.7 Q after more than 140 cycles. Smaller capacity decay (~25 mAh) can also be found
in Li foil@PCNM|NCM 811 cells than that in bare Li foil|[NCM 811 cells (almost
doubled) from the 5 to the 125" cycle (Fig. 3.23i). More stable internal resistance and
better cycling stability of Li foil@PCNM|NCM 811 pouch cells than that of Li
foil|[NCM 811 cells can be ascribed to the inhibition of “dead Li” and generation of

more robust SEI by the PCNM coating.
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3.4. Conclusions

In this work, we first investigated the influence of morphology over g-C3N4 materials
on Li deposition/dissolution behaviour. Although the SCN layer can provide an
effective interaction with Li* during electrolyte penetration, its 2D lamellar structure
lacks the mechanical strength to accommodate Li growth and absorb the increased
stress caused by Li dendrite growth. Though a large space was found within the BCN
coating layer, efficient interaction between Li" and nitrogen atoms in g-C3N4 was
limited due to the large pore size. In comparison, the 3D porous framework of the
PCNM coating layer containing both nano- and micro-pores was more favourable for
physical regulation of Li deposition to rapidly absorb the stress change and guide Li
growth, resulting in suppression of volume variation. Meanwhile, nanopores in PCNM
can facilitate chemical interaction between Li* and N-containing functional groups,
leading to homogenizing Li" distribution based on the Debye-length law. The above
physical-chemical synergic regulation strategy can promote dendrite-free Li plating.
Resultantly, dense and stable deposits and highly reversible plating/stripping behaviour
over the PCNM-decorated Cu foil/Li foil were fully confirmed in three different coin
cells, i.e., Cu@PCNM||Li, Li foil@PCNM]||Li foil@PCNM and Li foil@PCNM]||LFP,
and a pouch cell, i.e., Li foil@PCNM|NCM 811. This research provides novel insight
into the rational structure design of lithiophilic materials for modifying LMNEs toward

stable and long-life LMRBs.
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Chapter4

Solvent Modification of Porous-Carbon-Nitride-

Microsphere-based Coating Slurry on Lithium Metal

Negative Electrode for Improved Lithium

Deposition/Dissolution

This chapter reports a new method where Dimethylacetamide (DMAC) was used as a
solvent to promote the self-driven chemical reaction between polyvinylidene fluoride
(PVDF) and Li to form Li-F. Thus, a Li-F-rich layer was built in advance on the surface
of the Li foil@PCNM electrode to reduce direct contact with the electrolyte, leading to

enhanced electrochemical performances of symmetric cells and full cells.

4.1. Introduction

As discussed in Chapter 3, a uniform lithiophilic coating layer with both nanometre and
micrometre pores not only provides a physical 3D porous framework to absorb volume
changes and guide Li growth but also renders suitable chemical interaction distance to
homogenise the Li" flux based on Debye length law effectively.** Thus, such a
physical-chemical synergic regulation strategy using PCNM can achieve dendrite-free
Li plating. Nevertheless, it is still difficult to avoid the direct contact between
electrolyte and LM, which can lead to continuous side reactions and affect the long

cycling performance of the battery.

The construction of an inert artificial SEI layer with high Li" conductivity is one of the
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most effective methods to shield the direct contact of LM toward electrolyte and
alleviate the side reactions?®*® among widely proposed Li dendrite mitigation strategies
such as current collector engineering,?® surface protection,?®’ and electrolyte
modification.?®® The organic SEI layer (e.g., polydimethylsiloxane?®) or inorganic SEI
layer (e.g., LIPON?¥ or LiF?*), or alloy SEI layer (e.g., Li-Hg?*?) or their hybrid SEI
layer (e.g., inorganic/alloy SEI layer?®’ or organic/inorganic SEI layer?') are currently
reported to isolate the direct contact of electrolyte towards LM and allow uniform Li*
flux through this inert artificial protection layer. Inorganic components (such as Li-F)
are widely employed in artificial SEI due to their high mechanical strength, low
solubility, wide band gap (8.9 eV, fruitfully preventing electron tunnelling), and extra
wide voltage window (up to 6.4 V vs. Li/Li"), effectively preventing LM from corrosion
by the electrolyte. When LiF is mixed with other inorganic components such as LisN,
Li2O, Li2COs, and LiOH on the nanoscale, higher Li" conductivity can be highly
guaranteed.?*® A polymer such as PVDF can in-situ react with LM to form Li-F
composition via self-driven chemical reaction, which can be regarded as a typical
dehydrogenation and defluorination process of PVDF.?** Consequently, the
implementation of this technique in large-scale LM coating processes utilizing PVDF

slurry is also deemed viable to form Li-F components on LM.

However, generating a substantial number of Li-F components solely through the
coating process is a challenging task. The traditional preparation process never
considers the contact area or chemical reaction between PVDF and Li. For example,
NMP, commonly used as a solvent in LIBs, especially for positrodes, is relatively stable
and can hardly help form Li-F on LM. Thus, solvents as critical components are often

neglected.

Solvents can affect the degree of in-situ reaction, distribution of active materials, and
stabilisation of the LM interface, which may affect the pre-construction of Li-F-rich

SEIl on LM. For example, DMF with a low boiling point can increase the volatilization
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rate of the solvent,?*> which may affect the self-driven reaction between Li and PVDF.
Thus, a suitable solvent can provide complete contact and promote the chemical

reaction between LM and PVDF solution, leading to an enhanced amount of Li-F.

As such, we intend to employ a well-suited solvent to develop an initial Li-F enriched
layer atop the Li@PCNM surface, thus creating an inert and artificial SEI layer. This
approach aims to reduce direct contact between the electrolyte and Li@PCNM, thereby
enabling more effective suppression of adverse interfacial reactions. The ideal coating
solvent for Li-metal-based in-situ reaction is expected to follow the points below.
Firstly, the solvent can keep comparatively stable with LM. Secondly, it should have
excellent solubility toward materials such as binders. Thirdly, low cost and high safety
are also essential for large-scale production. Lastly, extra function is highly expected,
especially for facilitating the in-situ reaction. According to the above rules, considering
that the generation of Li-F belongs to PVDF dehydrofluorination reaction, the selected
solvent should preferably possess active sites such as the Lewis base site, and should
also have a low boiling point and comparatively high chemical stability. DMAC and
DMF are new solvents that can replace NMP because of their low cost, low boiling
point, low surface tension and good chemical stability. Through the utilization of this
solvent, it is feasible to reduce battery production expenses without compromising
electrode stability.?*® In addition, DMAC and DMF also have similar molecular
structures (containing the N atom as Lewis base site and carbonyl groups), which may
facilitate the generation of Li-F.*® Therefore, in this chapter, we will compare DMAC
and DMF with conventional NMP solvents, and focus on the stability toward LM and
the impact of three solvents on surface Li-F generation. Results showed that DMAC
can be used as a solvent to promote the self-driven chemical reaction between PVDF
(binder) and LM in this chapter, as illustrated in Fig. 4.1. In comparison with DMF and
NMP, DMAC not only keeps comparatively stable with LM, but it also effectively
facilitates the formation of Li-F during coating. Finally, the electrochemical

performances, such as long-term cycling, were enhanced.
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Figure 4.1. Diagrams showing the mechanism of electrodeposited Li on Li@PCNM-

DMAC and self-driven chemical reaction between Li and PVDF.

4.2. Experimental section

4.2.1. Electrodes preparation

Fabrication of Li foil@PCNM (or Li@PCNM-NMP), Li@PCNM-DMF, and
Li@PCNM-DMAC. The as-prepared PCNM powders were mixed with PVDF in NMP,
DMF, and DMAC, respectively, with a 1:1 mass ratio of PCNM to PVDF. After stirring
for 10 h, PCNM slurry was quickly cast on 100 pm thick Li foil with a thickness of 200
pum in the ultra-dry clean room (Dew point: below -45°C, cleanliness level: 100,000) at
room temperature followed by vacuum-dried at 80°C for 6h. The as-obtained Li
foil@PCNM (or Li@PCNM-NMP), Li@PCNM-DMF, and Li@PCNM-DMAC were
punched into 14 mm circular or 47 mm x 57 mm rectangular discs, respectively, as the

negatrode.
4.2.2. Electrochemical Measurements

Two-electrode coin half cells (Bare Li foil vs. Bare Li foil or Li@ PCNM-DMAC vs.
Li@PCNM-DMAC). Standard CR2032 coin-type cells were assembled in an Ar-filled
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glove box with O2 and H20 content below 1 ppm. For Li||Li symmetrical coin cells,
two identical 14 mm discs of bare Li foil or LidPCNM-DMAC were assembled into
symmetrical coin cells with polypropylene (Celgard 2500) as the separator. The
electrolyte with 1 M LiPF¢ in EC/DMC=1:1 by volume with 2 wt% FEC was employed.
The electrolyte of 75 L is added to each coin cell. All coin cells were shelved for 8 h
before testing. The galvanostatic performances were conducted at 25 °C using the Land
CT 2100A system (Jinnuo Wuhan Corp, China). Li was plated galvanostatically with
the capacity of 1 mAh cm™ on the bare Li foil or Li@PCNM-DMAC and then stripped
galvanostatically with the same capacities of 1 mAh cm™ at different current densities
(1-3mA cm™). EIS was measured by an electrochemical workstation (Solartron 1470E)
using CR2032-type coin cells. The frequency range was chosen between 1 MHz and
0.01 Hz.

Two-electrode coin full cells (LFP vs. Bare Li foil or LFP vs. Li@PCNM-NMP
(same as Li@PCNM) or LFP vs. Li@PCNM-DMAC). The as-prepared 14 mm discs
of bare Li foil or LigPCNM-NMP or Li@PCNM-DMAC and LFP were employed as
the negatrodes and positrodes, respectively. The areal loading of the LFP positrode was
12 mg cm™, corresponding to an areal capacity of ~2 mAh cm™. The areal loading of
the bare Li foil or Li@PCNM-NMP or Li@PCNM-DMAC negatrode was 20 mAh cm’
2, Celgard 2500 was used as the separator (25um). The electrolyte used herein was 1 M
LiPFs in EC/DMC=1:1 by volume with 2 wt% FEC. Electrolyte injection is fixed at 75
uL in each coin cell. All coin cells were shelved for 8 h before testing. The LFP-based
full cells were galvanostatically charged up to 4 V at 0.5C and then galvanostatically
discharged to 2.0 V at 1C.

Two-electrode coin full cells (NCM 811 vs. Bare Li foil or NCM811 vs. Li@PCNM-
DMAC). The as-prepared 14 mm discs of bare Li foil or LigPCNM-DMAC and
NCMBS811 were employed as the negatrodes and positrodes, respectively. The areal

loading of the NCM 811 positrode was ~20 mg cm, corresponding to an areal capacity
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of ~4 mAh cm™. The areal loading of the bare Li foil or Li@PCNM-DMAC negatrode
was 20 mAh cm™. Celgard 2500 was used as the separator (25um). The electrolyte used
herein was 1 M LiPF¢ in EC/DMC=1:1 by volume with 2 wt% FEC. Electrolyte
injection is fixed at 75 pL in each coin cell. All coin cells were shelved for 8 h before
testing. The NCM 811-based full cells were galvanostatically charged up to 4.3 V and
then galvanostatically discharged to 2.6 V at various rates from 0.1 to 3C. The cycling
performances of the cells were tested by charging at 0.1 C and discharging at 0.3 C

within the voltage range from 2.6 to 4.3 V.

Pouch cells (NCM 811 vs. Bare Li foil or NCM 811 vs. Li@PCNM-DMAC). As-
prepared bare Li foil or Li@PCNM-DMAC with a size of 47 mm x 57 mm was
employed as the negatrode (20 mAh cm). As-prepared NCM 811 electrodes with a
size of 43 mm x 53 mm were applied as the positrode. Single-side areal loading of the
positrode was ~20 mg cm™, corresponding to the areal capacity of ~3.75 mAh cm™.
Celgard 2500 was used as the separator (25um). Pouch cells are fabricated within
~30min in the ultra-dry clean room (Dew point: below -45°C, cleanliness level: 100,000)
at room temperature. The electrolyte with 1 M LiPF¢ in EC/DMC=1:1 by volume with
2 wt% FEC was used (6 g Ah™!). After injecting the electrolyte, full cells were at least
stored for two days to achieve full infiltration of electrolytes into pores of separators
and positrodes. The NCM 811-based pouch cells were galvanostatically tested by
charging at 0.1 C and discharging at 0.3 C within the voltage range from 2.6 to 4.3 V.
N/P ratio is around 5. Pouch cells were subjected to 100 kPa pressure during

charging/discharging.
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4.3. Results and discussion

4.3.1. Materials characterisations

Figure 4.2. Digital photographs showing the time-dependent corrosion behaviour

between LM and DMF, NMP, and DMAC.

To determine the stability of Li and prevent any significant corrosion, the corrosion
performance between LM and DMF, NMP, or DMAC was evaluated, as depicted in Fig.
4.2. In the beginning, Li discs with 0.5 mm in thickness and 16.0 mm in diameter were
immersed in DMF, NMP, and DMAC respectively. After 3h, the colour of DMF
containing Li changes from colourless to light yellow. Curiously, the Li disc is fully
dissolved in DMF after 16h, demonstrating a fast reaction between Li and DMF and
implying that DMF is unsuitable as a coating solvent on LM. The possible chemical
reaction can be found in equation (4.1). There is no change in the colour of NMP and

DMAC within 16h, showing that LM can keep pretty stable with them.

2Li + 2C3H,NO - 2C3HgNOLi + H, (4.1)
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Figure 4.3. (a) Uniform and stable PVDF solution and (b) coating slurry
(PVDF+PCNMs) using DMF, NMP, and DMAC, respectively.

To further evaluate the dissolution condition of PVDF and PCNMs in different solvents,
the relevant solutions were separately prepared. As presented in Fig. 4.3a, PVDF can
be fully dissolved in DMF, NMP, or DMAC to form a uniform and stable PVDF
solution. Fig. 4.3b illustrates that PCNMs can be uniformly dispersed in three types of
PVDF solutions, resulting in a highly stable coating slurry. Based on the
aforementioned results, it can be inferred that DMF, NMP, or DMAC satisfy the criteria

of uniformity and stability for the coating slurry.
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Figure 4.4. (a) F 1s XPS spectra and (b) optical photos of Li foil coated with PVDF
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solution using NMP as a solvent. (c) F 1s XPS spectra and (d) optical photos of Li foil

coated with PVDF solution using DMAC as a solvent.

To further clarify the effect of solvents on the self-driven reaction between LM and
PVDF, XPS analysis was performed to determine the surface chemical composition of
LM drop-coated with PVDF slurry containing NMP or DMAC respectively
(Li@PVDF-NMP and Li@PVDF-DMAC in Fig. 4.4). In the F 1s spectra (Fig. 4.4a and
Fig. 4.4¢c), Li-F and C-F signals are observed in both Li electrodes, which verifies that
Li-F can result from the self-driven reaction between Li and PVDF. Compared with
Li@PVDF-NMP, Li@PVDF-DMAC has more than two times larger Li-F content
(13.21%), showing that the formation of Li-F can be facilitated effectively using
DMAC as a solvent. In addition, a few black substances can be observed in the optical
photos of Li@PVDF-DMAC (Fig. 4.4d), which is ascribed to the physical optical effect

resulting from an increase in LM roughness.

Figure 4.5. Comparison of optical photos of Li@PCNM using (a) DMF, (b) NMP, and
(c) DMAC as solvents.

The as-prepared PCNM powders were mixed with PVDF in NMP, DMF, and DMAC,
respectively, with a 1:1 mass ratio of PCNM to PVDF, to form a coating slurry.
Li@PCNM-DMF, Li@PCNM-NMP, and Li@PCNM-DMAC were prepared by
casting the above slurry on a 100 um thick Li foil. Fig. 4.5a exhibits that black

substances on the surface of LM using DMF-based coating slurry are formed, which
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strongly supports our claim that there is strong corrosion between DMF and Li foil.
This corrosion can lead to an extremely uneven LM surface, which may result in a black
colour area. Thus, DMF is not an appropriate solvent for coating on LM. While the
bright yellow colour of PCNMs can be found in Li@PCNM-NMP and Li@PCNM-
DMAC (Fig. 4.5b-c), suggesting LM is sufficiently stable in DMAC and NMP-based

slurry, and DMAC and NMP are feasible options as coating solvents.

From the reaction mechanism, it is speculated that three solvents are likely to promote
the reaction between Li and PVDF. Shen et al.>*¢ found that the La atom of
Lic7sLa3Zri.75Tao25012 could complex with the N atom and C=0O group of
DMF/DMAC/NMP along with electrons enriching at the N atom, which has like a
Lewis base and induced the chemical dehydrofluorination of the PVDF skeleton. When
LM is present, the dehydrofluorination of the PVDF will further promote the generation
of Li-F and [CH=CF]..?*’ Therefore, the presence of the N atom and C=O group in
DMAC, NMP, and DMF may promote the generation of Li-F through their active

catalytic sites.

Although three solvents can theoretically promote the generation of Li-F, the difference
in solvents may be closely related to the stability toward LM and the solvation structure

formed by the solvent with PVDF.

The three solvents show different stability to LM, which may be mainly due to the
difference in molecular structure. Among them, DMF is the most unstable for LM,
which makes it difficult to use as a coating solvent. This may be due to the presence of
hydrogen on the carbon connecting the carbonyl group, which makes DMF highly
active. This carbon-hydrogen bond may be easily attacked by LM, leading to bond
breaking and decomposition.?*” There are no hydrogen bonds in the carbon connecting
with the carbonyl group for the other two solvents, so it may help them maintain a

relatively stable state. However, after approximately 48 hours, LM will also undergo
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dissolution in DMAC, but it won’t occur in NMP. This proves that the stability of
DMAC towards LM is an intermediate condition, and chain molecules are still easily
reduced by LM. The high stability of NMP may be ascribed to the molecular ring

structure which increases the stability of the molecular structure.

The difference in solvation structure formed by different solvents with PVDF may be
the main reason for the difference in Li-F generation, and the stability of solvents on
LM is likely to further affect the generation of Li-F. The solvation structure formed by
NMP around PVDF may be the most stable. In addition, NMP exhibits the strongest
stability towards LM. Therefore, NMP will form a very stable solvated shell layer to
avoid excessive contact between Li and PVDF. Compared to NMP, the molecular
solvation structure formed by DMAC may be weaker, thus enabling Li preferentially
to contact PVDF more easily. In addition, due to the intermediate stability of DMAC,
LM may first react slowly with this solvated shell layer, which may gradually weaken
the solvated structure formed by DMAC and ultimately accelerate the interface contact
between PVDF and LM. Lastly, when DMF solution containing PVDF contact with
LM, the solvation structure formed by DMF with PVDF is the weakest, and the
solvation shell of DMF will preferentially bring violent side reactions with LM,*¥
accelerating the unevenness of LM. Although PVDF can easily contact LM and even
produce Li-F, the violent side reactions on the surface have destroyed the stability of

the electrode interface, making it difficult to be used as an electrode.
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Figure 4.6. (a) The top-view and (b) cross-section view SEM images of Li@PCNM-
DMAC. (c¢) The top-view and (d) cross-section view high-magnification SEM images
of LiwPCNM-DMAC. The inset of (d) is an SEM image of the bare Li.

The morphology of Li@PCNM-DMAC was further characterised. The coating with a
thickness of ~20 pm displays a relatively smooth surface (Fig. 4.6a-b). Similarly, the
high-magnification SEM image (Fig. 4.6¢c) shows that random packing of PCNM
particles in this flat coating layer forms inter-particle pores, along with internal
nanopores inside each g-CsN4 microsphere. This hierarchical pore structure can fully
guarantee the physical-chemical synergic regulation strategy mentioned in Chapter 3
for achieving dendrite-free Li plating. As depicted in the high-magnification SEM
image (Fig. 4.6d), the LM interface beneath the PCNM layer appears rougher in
comparison to bare Li foil (inset of (d)). This phenomenon may be attributed to the self-
driven chemical reaction. Briefly, the above characteristics further confirm that DMAC
keeps stable with LM and effectively facilitates the formation of Li-F during the self-

driven chemical reaction between LM and PVDF.
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4.3.2. Morphology of Li plating

Figure 4.7. (a) Cross-section view and (b) top-view SEM images of bare Li foil after
plating with 3.0 mAh cm™ of Li. (c) Cross-section view and (d) top-view SEM images
of Li@PCNM-DMAC after plating with 3.0 mAh cm™ of Li. The current density is 0.5

mA cm?.

The deposition morphology of Li plays a crucial role in determining electrochemical
performance metrics such as long-term cycling endurance. Fig. 4.7 exhibits different
morphologies of metallic Li plated on bare Li foil and Li@PCNM-DMAC with a
capacity of 3 mAh cm™ at 0.5 mA cm™. It can be found in the cross-section view of
bare Li foil (Fig. 4.7a) that the plated Li has an apparent dendrite-like morphology. The
dendritic morphology of Li, further confirmed in Fig. 4.7b, can dramatically increase
electrolyte consumption and give rise to a considerable volume expansion. In
remarkable contrast, Li tends to form a filling-like deposition within the interparticle
pores of PCNM, as presented in Fig. 4.7c, leading to minor volume expansion. Dense
and flat Li deposit is further developed, as shown in Fig. 4.7d, due to the PCNM-
induced homogenised Li* flux. Thus, Li@PCNM-DMAC still achieves uniform Li
deposition, enabling DMAC to maintain the advantages of the PCNM layer as reported

in Chapter 3 without introducing adverse effects caused by the enhanced in-situ reaction
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on plating Li.

4.3.3. Volume expansion tests
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Figure 4.8. In-situ swelling dimension of (a) bare-Li-foil-based and (b) Li@PCNM-
DMAC-based cells paired with high areal capacity NCM811 positrodes (~4 mAh cm™)
during charging and discharging. (c) Comparison of the maximum swelling dimension

of (a) bare-Li-foil-based and (b) Li@PCNM-DMAC-based full cells within 4 cycles.

The in-situ volume expansion of LMRB is a pretty important parameter affecting its
practical application. Thus, in-situ swelling dimensions of bare-Li-foil-based and
Li@PCNM-DMAC-based full cells paired with high areal capacity NCMS811
positrodes (~4 mAh cm?) within 4 cycles were collected to verify further PCNMs-
induced suppressed volume expansion. Fig. 4.8a shows that the bare Li foil can reach
a thickness expansion of ~28 um when it is fully charged for the first time. As the cell
cycling, bare Li foil arrives at a remarkable volume expansion of nearly 43 um at the
fourth circle. In addition, after 4 cycles, the cell thickness increased by 20 um (20% of

the pristine Li thickness), mainly due to the uncontrolled accumulation of porous Li
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dendrites and “dead Li”. The Li@PCNM-DMAC has a thickness expansion of about
20 um when fully charged for the first time and only increases to 25 um at the fourth
charge state, as presented in Fig. 4.8b. In addition, after 4 cycles, the cell thickness
increased by only 7 um. Dramatic reduction of volume expansion is mainly attributed
to the PCNM-induced uniform Li deposition, leading to less porous “dead Li” and
physical space accommodation for plated Li. Specifically, as shown in Fig. 4.8c, Li foil
coated with PCNM using DMAC significantly reduced volume expansion by 37.6%
within only 4 cycles compared to bare Li, which confirms the advantage of PCNM layer

in suppressing the formation of Li dendrite and alleviating volume expansion.

4.3.4. Electrochemical performances of half cells
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Figure 4.9. (a) The galvanostatic plating/stripping profiles of Li||Li symmetrical cells
with an areal capacity of 1.0 mAh cm? at 1.0 mA ¢cm™ using Li@PCNM-NMP,
Li@PCNM-DMF, Li@PCNM-DMAC, and bare Li foil. Magnified potential profiles

within the plating/stripping time range of (b) 190-200h and (c) 360-370h.

This chapter is a further optimization of the coating layer using DMAC based on
Chapter 3. To further demonstrate the modification advantages of the coating layer,

especially for full cells, an ester-based electrolyte component containing FEC (LiPFs
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in a mixed solution of EC and DMC) was directly used in all cells, which makes the

performance more comparable to that of the previous chapter.

Long-term cycling stability and the stripping/plating process of symmetric cells
assembled with identical Li@PCNM-NMP, Li@PCNM-DMF, Li@PCNM-DMAC, or
bare Li foil electrodes were tested at 1.0 mA ¢m™ with an areal capacity of 1.0 mAh
cm?. Notably, Fig. 4.9a shows that Li@PCNM-DMF symmetric cell performs an
extremely abnormal charge/discharge potential curve, highly proving that DMF is
unsuitable as a coating solvent on LM because of severe side reactions (Fig. 4.5a). As
presented in Fig. 4.9a-b, Li foil symmetric cell shows the highest potential hysteresis
(~170 mV) after 190h. While Li@PCNM-NMP and Li@PCNM-DMAC symmetric
cells keep similar potential hysteresis (~60 mV), strongly verifying that reduced
potential hysteresis is due to the nanopore-triggered uniform Li" flux and PCNM-driven
confined deposition. As the cycling progresses, the potential hysteresis of the Li
symmetric cell rapidly diminishes to approximately 35 mV, and no potential
fluctuations are observed after 210 hours. This observation may imply that the
occurrence of internal short circuits induced by Li dendrites ultimately results in the
failure of the cells. The potential hysteresis of Li@PCNM-NMP symmetric cell
gradually grows to ~170 mV which is larger than that of Li@PCNM-DMAC by~70
mV at 360h (Fig. 4.9a and 4.9c), demonstrating the DMAC-facilitated Li-F-rich SEI
can further reduce the formation of by-products (such as parasitic reactions generating
SEI) or “dead Li”. Thus, PCNM not only renders uniform Li" flux and alleviated
volume expansion, but DMAC-facilitated Li-F composition can also give rise to the

reduction of interface resistance, further boosting the long-term cycling performance.
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Figure 4.10. The galvanostatic plating/stripping profiles of Li||Li symmetrical cells
with an areal capacity of 1.0 mAh cm™ at (a) 2.0 mA cm™ and (b) 3.0 mA ¢m™ using

Li@PCNM-DMAC and bare L1 foil.

Long-term cycling stability of Li@PCNM-DMAC and bare Li foil symmetric cells at
high current density (2.0 mA cm™ and 3.0 mA cm™ with an areal capacity of 1.0 mAh
cm™.) are further collected. Fig. 4.10a-b illustrates that Li@PCNM-DMAC symmetric
cell also exhibits superior cycling performance with more negligible potential
hysteresis (100 mV at 2.0 mA cm™ and ~115 mV at 3.0 mA cm™) than bare Li foil under

higher current density.
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Figure 4.11. Comparison of nucleation overpotential of Li plating on bare Li foil and

Li@PCNM-DMAC with an areal capacity of 1.0 mAh cm at 0.5 mA cm™.

121



Li nucleation behaviours on bare Li foil and Li@PCNM-DMAC were further
investigated via the potential-capacity profiles in Fig. 4.11. Compared to bare Li foil, it
has been demonstrated that Li@PCNM-DMAC displays a reduced nucleation
overpotential. This serves as evidence that the lithiophilic coating layer of PCNM
interacts effectively with the Li+ flux, leading to a decrease in the Li nucleation barrier

on Li foil.

Bare Li

Li@PCNM-DMAC

R1 R2 R3 Wo1
\wfo
CPE1 CPE2
; >_‘

Figure 4.12. The EIS of the bare (a) Li foil and (b) Li@PCNM-DMAC after 50 cycles,
100 cycles, and 150 cycles with an areal capacity of 1.0 mAh cm™ at 3.0 mA cm™. (c)
Applied fitting resistance model: R1: Ro (Ohmic resistance); R2: Rsei (Migration
resistance of Li" through the SEI); R3: Ret (Charge transfer resistance); Wol: Warburg
(Li* diffusion resistance); CPE1/CPE2: Constant phase element (Conventional double-

layer and passivation film capacitance).

Table 4.1. Fitting resistance data of the galvanostatic plating/stripping in symmetrical
cells using bare Li foil or Li@PCNM-DMAC with an areal capacity of 1.0 mAh cm™

at 3.0 mA cm™.

Sample R1(©Q) R2(Q) R3 (Q) wo1
Li@PCNM-DMAC-50t 9.862 6.784 11.33 43.58
Bare Li foil-50t 17.05 4.935 19.45 47.77
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Li@PCNM-DMAC-100th 9.897
Bare L.i foil-100t 21.33
Li@QPCNM-DMAC -150t" 20.53
Bare Li foil-150t 20.73

11.19
14.18
5.473
16.44

175
24.89
9.88
21.26

112.3
103.4
94.57
136.3

The stability of the SEI interface in Li@PCNM-DMAC and bare Li foil during cycling

at 3 mA cm? with a capacity of 1 mAh cm™ was analysed by EIS technology (Fig.

4.12a-c). Specific resistance data listed in Table 4.1 is derived from the fitting process

(Fig. 4.12c¢). During cell cycling, compared with bare Li foil, Li@PCNM-DMAC at the

50% 100" and 150 cycle performs more overwhelming advantage with pretty small

interfacial SEI resistance of 6.78 Q, 11.19 Q and 5.47 Q, and charge transfer resistance

of 11.33 Q, 17.5 Q and 9.88 Q, respectively. Decreased resistance benefits from the

nanopore-driven uniform Li" distribution, interparticle-pore-induced low-volume

changes, and the DMAC-facilitated Li-F-rich SEI.
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4.3.5. Electrochemical performances of full cells
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Figure 4.13. (a) Long-term cycling performance of Li@PCNM-NMP, Li@PCNM-
DMAC, and bare Li foil paired with LFP positrodes (~1.7mAh cm™) in coin full cell.
Voltage profiles of (b) Li@PCNM-DMAC]||LFP and (c) bare Li||LFP full cell at the
150%, 300%™, 450™ and 600™ cycle. (d) The rate capability of Li@PCNM-DMAC and
bare Li foil paired with LFP positrodes (~2mAh cm™). Voltage profiles of (e)
Li@PCNM-DMAC||LFP and (f) bare Li||LFP full cell from 0.1C to 3C.

To confirm the practical performance of Li@PCNM-DMAC in full cells, long-term
cycling and rate performance of full cells assembled with bare Li foil or Li@PCNM-
NMP or Li@PCNM-DMAC negatrode (20 mAh cm?) and LFP (~1.7-2 mAh cm™)
positrode were tested. Fig. 4.13a illustrates that the capacity retention of the full cell
composed of bare Li foil undergoes an apparent drop to less than 80% after ~210 cycles.

In contrast, the full cell with Li@PCNM-NMP electrode shows much higher capacity
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retention of ~88% after 210 cycles and ~80% after even more than 470 cycles, largely
verifying the PCNM-driven uniform Li" flux and dendrite-free Li deposition. It is
believed that the self-driven reaction caused by DMAC in Fig. 4.4 can lead to more Li-
F in the initial SEI of Li@PCNM-DMAC in comparison with Li@PCNM-NMP.
Astonishingly, the full cell with Li@PCNM-DMAC electrode exhibits ultrahigh
capacity retention until 470 cycles and approaches the capacity retention of 80% at the
930™ cycle, highly confirming the fact that DMAC-induced initial Li-F-rich interface
can efficaciously prevent the formation of irreversible Li and prolong the long-term
cycling performance of LMRBs. Specifically, compared with bare Li foil-based full
cell, Li@wPCNM-DMAC-based full cell demonstrates much more steady voltage
hysteresis from the 150% to the 600" cycle (Fig. 4.13b-c).

Compared with bare Li foil, Li@PCNM-DMAC also performs better rate capability, as
shown in Fig. 4.13d-f. Especially at a high rate of 3C, the cell using Li@PCNM-DMAC
still delivers a high specific capacity of ~135 mAh g!, which is more than 2 times larger
than that of bare Li foil-based cell (~55 mAh g!). Compared with bare Li foil-based
cells, Li@wPCNM-DMAC-based full cell performs lower voltage hysteresis at all
different charge/discharge rates of 0.1, 0.5, 2, and 3C. The above results reveal that the
PCNM-driven uniform Li" flux and DMAC-facilitated stable interface can give rise to

stable and enhanced discharge capacity at high rates.
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Figure 4.14. (a) Long-term cycling performance of Li@PCNM-DMAC and bare Li
foil electrodes paired with high areal capacity NCM 811 positrodes (~4 mAh cm?) in
coin full cells. Voltage profiles of (b) LiwPCNM-DMAC|NCM 811 and (c) bare
Li|[NCM 811 full cell at the 20™, 40",60™ and 80™ cycle.

To further confirm the practical performance of Li@PCNM-DMAC in full cells, long-
term cycling of full cells assembled with bare Li foil or Li@PCNM-DMAC negatrode
(20 mAh cm™) and NCM 811 (~4 mAh cm™) positrode were checked. Fig. 4.14a shows
that the capacity retention of the full cell with bare Li foils experiences a sharp reduction
to less than 80% after ~60 cycles. In significant contrast, the capacity retention of a full
cell composed with Li@PCNM-DMAC can approach ~95% at the 100" cycle.
Meanwhile, compared with bare Li foil-based full cell, Li@PCNM-DMAC-based full
cell possesses steady voltage hysteresis from the 20" to the 80™ cycle, as illustrated in
Fig. 4.14b-c. This tremendous discrepancy can be attributed to the nano-channel-
induced uniform and stabilised Li* flux and confined growth of Li in PCNM, as well
as a stable Li-F-rich interface, leading to a much smaller polarisation, higher discharge

capacity, and better capacity retention.
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Figure 4.15. (a) Long-term cycling performance and (b) in-situ discharge internal
resistance profiles of Li@PCNM-DMAC and bare Li foil electrodes paired with high
areal capacity NCM 811 positrodes (~4 mAh cm) in pouch cell. Voltage profiles of (c)
bare Li foil [NCM 811 and (d) Li@PCNM-DMAC|NCM 811 pouch cells from the 4"
to the 275" cycle.

The compatibility and practical feasibility of the Li@PCNM-DMAC (20 mAh cm)
were further investigated by pairing it with the NCM 811 positrode (~4 mAh cm™ on
each side) in a pouch full cell with a designed initial capacity of ~0.17Ah and electrolyte
mass of ~1.02 g. Fig. 4.15a shows that Li foil-based pouch full cell illustrates apparent
capacity decay after 100 cycles, followed by a rapid drop to 136.4 mAh g'! at the 166™
cycle (capacity retention of 80%). In comparison, Li@PCNM-DMAC-based pouch full
cell can keep strikingly high capacity retention of ~84.6% after 300 cycles under the

same condition.

Fig. 4.15b compares the internal resistances of two pouch cells, which are in-situ
monitored to exhibit the modified coating layer on lowering the electrochemical
polarisation during cycling. Li foil-based and Li@PCNM-DMAC-based pouch cells

have a similar rising trend with increasing to ~1.5 Q from 0 to 100" cycle. Nevertheless,
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the internal resistance of Li foil-based pouch cells suffers from impressive growth to 6
Q, while that of Li@PCNM-DMAC-based pouch cells only slowly rise by ~0.5 Q
within the 100™-300" cycle. This result reveals that the Li@PCNM-DMAC electrode
can effectively alleviate the Li dendrite or “dead Li’-induced internal resistance.
Smaller capacity decay (~25 mAh) can also be observed in Li@PCNM-DMAC-based
pouch cells than that of bare Li foil-based pouch cells (more than 4 times) from the 4™
to the 275" cycle (Fig. 4.15c-d). More stable internal resistance and significantly
superior cycling stability of Li@PCNM-DMAC-based pouch cells than that of Li foil-
based pouch cells can be ascribed to the inhibition of “dead Li” and suppressed

electrolyte consumption by the PCNM coating.

4.4. Conclusions

In this work, we have first evaluated the influence of different solvents (DMF, NMP,
and DMAC) of PCNMs slurry on the surface composition of LM and related
electrochemical performance. DMF is not suitable as the solvent of PCNMs slurry
because of the severe side reactions between DMF and LM, which highly affect the
electrochemical performance of cells. Although NMP can keep pretty stable with LM,
it can hardly provide any extra help for the in-situ formation of Li-F-rich SEI on LM.
DMAC not only keeps comparatively stable with LM but also effectively facilitates the
formation of Li-F during coating via a self-driven chemical reaction between PVDF
(binder) and LM. This facilitated reaction may be ascribed to the special solvation
structure formed by DMAC with PVDF and moderate structural stability toward LM.
Thus, DMAC can fully promise the advantage of PCNMs in effectively homogenizing
Li" flow and achieving dendrite-free Li deposits, as well as effectively suppressing the
volume expansion. Meanwhile, the electrochemical performance of symmetric half and
full cells, especially for long-term cycling depending on a more stable interface on

Li@PCNM-DMAC, are highly enhanced.
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Chapterb

CNT/PVDF Composite Coating Layer on Cu with a Synergy of

Uniform Current Distribution and Stress Releasing for

Improving Reversible Li Plating/Stripping

This chapter reports the fabrication of the novel Cu foil with a relatively dense coating
layer composed of CNTs network and a soft functional polymer PVDF. PVDF can
shield the contact between the internal surface of the 3D CNTs and the electrolyte.
Simultaneously, the Li-F-rich SEI resulting from the partial reduction of PVDF, and the
soft nature of the coating layer release the accumulated internal stress in the parallel
direction to the current collector surface. As a result, Li deposition without mosses and

whiskers has been achieved, leading to improved reversibility of Li deposition.

5.1. Introduction

LMRBs, where pre-placement of LMNE as the main Li resource delivers reversible
electrochemical plating/stripping, are considered the next generation beyond LIBs.
However, the pre-placement of LMNE especially for thickness larger than 500pm will
have a detrimental impact on the specific energy and cycling performance of the
battery,>*® and lead to notable concerns regarding manufacturing costs and safety.?*
Furthermore, it is imperative to take into consideration the potential for initial corrosion
of the electrolyte on the LMNE during the standing period, as this may greatly impact
subsequent Li deposition. Last but not least, the practice of utilizing LMRBs to evaluate

the authentic efficacy of materials in controlling reversible Li deposition is deemed

unscientific.
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Theoretically, LM-free is viable for LMRBs, called “lithium metal rechargeable
batteries with lithium-metal-free negatrode” (LMFRBs) where Li-contained positrode
provides Li resources.?>® Compared with conventional LMRBs, LMFRBs have
performed greatly profound advantages owing to their higher specific energy and lower
manufacturing cost. The concern of potential electrolyte corrosion on the LMNE during
the standing period is also non-existent. Meanwhile, the use of LMFRBs provides a
more scientifically valid evaluation method to determine the authentic performance of
materials in regulating reversible Li deposition. Thus, in this chapter, based on the

above advantages we decide to focus on the construction of LMFRBs.

However, the implementation of LMNE in LMFRBs is also impeded by their
unavoidable formation of polymorphous Li deposits, e.g., whiskers, mosses, or
dendrites.>> 23! The morphologies of Li polymorphs and their evolution trends are
highly dependent on the interfacial current distribution and internal stress release form,
which are intrinsically related to the heterogeneous nucleation and growth stages of L.i.
During the heterogeneous nucleation stage, inhomogeneity of the local interfacial
current distribution in the current collector can indeed initially result in a local Li"
concentration void, consequently further leading to the formation of non-uniform Li
nucleation seeds (Fig. 5.1). During the growth stage, inhomogeneity of the local
interfacial current distribution can cause the high local current density which is a key
factor in Li dendrite formation. Based on Chazalviel’s space charge model,® an applied
current density (Jacd) would lead to different ion concentration gradient behaviours.”
The concentrations of anions and Li" near and at the negatrode surface will decrease to
zero at the Sand’s time (1), making electroplating becomes unstable. A sudden drop in
salt concentration near the negatrode will trigger the formation of tip-growing

dendrites.?> 186,252

Furthermore, Li deposition-induced internal stress is another important driving force

for Li whisker/mosses growth with a preferential crystallographic orientation,
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especially at low current densities.?>® 25 It is proposed in a pioneering model that the
inhomogeneous Li deposits on the negatrode under the influence of the SEI layer
initially result in a gradual accumulation of stress. Afterwards, the SEI layer breaks up
so as to release the upward stress to the current collector surface, and LM sticks out in

the shape of whiskers.®

To alleviate the formation of polymorphous Li deposits and improve CE for LMFRBs,
various strategies have been reported to be efficient, such as current collector

),236, 251, 254260 artificial

engineering (e.g., 3D current collector or soft substrate design
interface design (e.g., SEI with high Li* diffusion)),?!-26 electrolyte formulations (e.g.,
local high concentration).” 26429 A current collector as an indispensable component
in LMFRBEs is vital to promoting the electrochemical performance by adjusting current

257, 262

density and establishing stable SEI during charging/discharging whether in the

current collector engineering or artificial interface design.

2D-type current collectors such as Cu foil are a common choice in LMFRBs. However,
bare Cu foil cannot provide excellent interfacial current distribution and internal stress
release in the horizontal direction to the current collector surface to help achieve
dendrite-free Li deposits. Many experimental results'>> 1°7- 217 show that Li dendrites
can easily occur on Cu foil, which may be mainly ascribed to the local inhomogeneities
of the current density. The interfacial current distribution of Cu foil can be highly
affected by its tiny surface morphology changes, especially for the ultrathin Cu foil.
Moreover, the metal-based surface is more likely to be passivated by air or electrolyte
to form the insulating oxide or hydroxide, further deteriorating the interfacial current
distribution on the Cu foil.' 2% In addition, Cu foil has a very high Young's modulus,
which is not conducive to the horizontal internal stress release to the current collector
surface and easily leads to whisker/mosses-like Li deposits during LM growth.?>* The

lack of excellent SEI further intensifies irregular Li deposits.
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According to the currently reported literatures,?®’2"! the 3D skeleton has been proven
to efficiently reduce Jacd relying on their large surface area, which effectively
manipulates the heterogeneous nucleation of Li and mitigates the growth of Li dendrites.
For instance, Zuo et al.!'” utilized a graphitised carbon fibre electrode as a
multifunctional 3D carbon-based current collector to decrease the effective current
density, thereby achieving an extended cycling lifespan for LMNE. It is also proved
that the carbon nanotubes (CNTs) network can effectively eliminate the internal

accumulated stress.?’?

Nevertheless, the enlarged electroactive surface area of the 3D current collector serving
as a “double-edged sword” can induce more considerable electrolyte decomposition at
the current collector—electrolyte interface than typical Cu foil current collectors.?” 27
Meanwhile, more electrolyte is required to infiltrate the 3D current collector as well,
which will affect the energy density and specific energy of LMFRBs. 3D current
collectors also still face up the challenge of tip-effect?’* toward Li*. In addition, the SEI
repeatedly forms by Li intercalation/deposition in carbon-based 3D skeleton will not

only consume the inherent Li source in LMFRBs, but Li-intercalation-induced SEI may

also affect the stability of subsequent Li deposition.

Therefore, we aim to homogenise interfacial current distribution using a 3D carbon-
based skeleton. Simultaneously, introducing a soft functional polymer shields the
contact between the active surface of the 3D carbon-based framework and the
electrolyte and prevents the pores within the 3D carbon-based framework from
absorbing the electrolyte to overcome the side effects and retain the uniform current
density distribution. Also, an integrated soft substrate can horizontally release the

accumulation of stress and mitigate mosses/whisker-like Li deposits.

Herein, as shown in Fig. 5.1, we demonstrate a simple method using PVDF as the “soft

functional filler” in the slurry of CNTs to cast the carbon-based mixture interfacial layer
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on the Cu foil to protect the Cu substrate and homogenise current distribution. CNTs
are an ideal host candidate to redistribute highly current based on their nanometre-scale
tube-like morphology. Compared with carbon fibres with diameters on the micrometre
scale, nanometre-sized CNTs are more efficient in modulating Li* transportation with
a diameter of ~0.3 nm. In addition, carbon materials perform much better resistance
toward corrosion of oxygen or electrolyte compared with metal-based materials.?6% 275
As for the functional polymer, the CNTs can be wrapped well by PVDF with a proper
amount to form a relatively dense coating layer that reduces the porosity of CNTs,
suppressing the repeated generation of SEI and retaining the homogenised interfacial
current distribution. Spontaneously, the Li-F component derived from the partial
reduction of PVDF by the deposited Li in SEI can be formed. Thus, not only can the
entire soft substrate horizontally release the accumulation of Li internal stress, but the
robust SEI can also further avoid upward stress release to the current collector surface,
resulting in stress-mitigating mosses/whisker-free Li deposits. The utilization of CNTs
induces a nano-redistributed uniform current distribution and the use of a soft substrate
mitigates stress release, which in turn, promotes the formation of a favourable SEI layer.
These factors collectively lead to improved Li deposition/dissolution and result in a

highly stable cycling performance of LMFRBs.
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Figure 5.1. Schematic diagrams showing the morphology of electrodeposited Li on
bare Cu foil and CNT-5/1. Red area: high current strength; yellow area: low current

strength; orange area: medium current strength.
5.2. Experimental section

5.2.1. Electrodes preparation

Fabrication of Cu coated with a mixture of CNTs and PVDF (CNT-X/1). CNTs
slurry with 4.3 wt% CNTs dispersed in NMP (solvent) and PVDF powder
(MW:1,000,000) (mass ratio of PVDF: CNTs =X:1, X=0, 0.5, 2.5, 5, 7.5) were mixed
and stirred for 24 h. The slurry was cast on a Cu foil with a thickness of 200 um (mass
ratio of PVDF: CNTs = 0/0.5:1), 500 pm (mass ratio of PVDF: CNTs =2.5:1), or 700
pum (mass ratio of PVDF: CNTs = 5/7.5:1), and vacuum-dried at 80 °C for 6 h. The as-
obtained electrodes were denoted as CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5), respectively.
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Fabrication of Cu coated with a mixture of CNTs, PEO, and PAN (CNT-5/1-PEO
and CNT-5/1-PAN). The same CNTs slurry was mixed with PEO (MW:2,000,000) or
PAN (MW:150,000) powder (mass ratio of PEO/PAN: CNTs =5:1) and heated at 80 °C
for 30 min before stirring for 24 h. The slurry was cast on a Cu foil with a thickness of
700 um and vacuum-dried at 80 °C for 6 h. The as-obtained electrodes were denoted as
CNT-5/1-PEO and CNT-5/1-PAN, respectively. The as-obtained CNT-X/1 (X =0, 0.5,
2.5,5,and 7.5) and CNT-5/1-PEO & CNT-5/1-PAN electrodes were punched into disks

of 14 mm in diameter for the electrochemical measurements.

5.2.2. Electrochemical Measurements

Two-electrode coin half cells (Li vs. CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) or CNT-
5/1-PEO or CNT-5/1-PAN). Standard CR2032 coin-type cells were assembled in an
Ar-filled glove box with H20 and O2 content below 1 ppm. For the Li||Cu coin half cell,
a 0.5 mm thick Li disc with a diameter of 16.0 mm was applied as both the counter and
reference electrode. The as-obtained 14 mm discs of CNT-X/1 (X =0, 0.5, 2.5, 5, and
7.5), CNT-5/1-PEO and CNT-5/1-PAN were employed as the working electrode. The
Celgard 2500-type polypropylene membrane with a thickness of 25 pm was applied as
the separator. 1 M LiTFSI in DOL/DME (v/v = 1:1) with 2.0 wt.% LiNOs3 additive was
employed as the electrolyte in coin half cells. 75 pL electrolyte was added to each cell.
The galvanostatic performances were conducted at 25 °C using the Land CT 2100A
system (Jinnuo Wuhan Corp, China). Li was plated galvanostatically with capacities of
1 or 3 mAh cm 2 and then stripped galvanostatically by a cut-off potential of 0.5 V vs.
Li/Li" at different current densities on the two-electrode coin half cells. CV and EIS
were tested by an electrochemical workstation (Solartron 1470E) using CR2032-type
coin cells. The voltage range of CV was chosen from 2V to -0.25V with a scan rate of

0.1 mV s’ The frequency range was set between 1 MHz and 0.01 Hz.

Two-electrode coin full cells (LFP vs. Bare Cu or CNT-0/1 or CNT-5/1). The as-

obtained 14 mm discs of bare Cu & CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) and LFP were
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employed as the current collector (in the negatrode) and the positrode. The areal loading
of the LFP positrode was 12 mg cm™, corresponding to an areal capacity of ~2 mAh
cm. The Celgard 2500-type polypropylene membrane with a thickness of 25 pm was
applied as the separator. 1 M LiTFSI in DOL/DME (v/v = 1:1) with 2.0 wt.% LiNO3
additive was employed as the alternative electrolyte in partial LFP-based coin full cells.
4 M LiFSI in DME was employed as the alternative electrolyte in partial LFP-based
coin full cells. Electrolyte injection is fixed at 75 puL in each coin cell. All coin cells
were shelved for 8 h before testing. The LFP-based full cells were galvanostatically

charged up to 4 V at 0.5C and then galvanostatically discharged to 2.0 V at 1C.

Two-electrode coin full cells (NCM 811 vs. Bare Cu or CNT-0/1 or CNT-5/1). The
as-obtained 14 mm discs of bare Cu & CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) and LFP
were employed as the current collector (in the negatrode) and the positrode. The areal
capacity of the NCM 811 positrode was ~2 mAh cm™ or 4 ~2 mAh. The Celgard 2500-
type polypropylene membrane with a thickness of 25 um was applied as the separator.
1 M LiPF¢ in EC and DMC (EC: DMC=3: 7, v/v) with 2 wt% FEC (Zhangjiagang
Guotai-Huarong New Chemical Materials Co., Ltd) as the electrolyte in NCM 811-
based coin full cells. Electrolyte injection is fixed at 75 pL in each coin cell. All coin
cells were shelved for 8 h before testing. The cycling performances of the NCM 811-
based coin full cells were tested by charging at 0.5 C and discharging at 1 C within the

voltage range from 2.6 to 4.3 V.
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5.3. Results and discussion

5.3.1. Materials characterisations

(a)

Figure 5.2. (a) High-magnification TEM and (b) selected area electron diffraction
(SAED) pattern of CNTs. (The yellow dashed circle is the diffraction ring
corresponding to (002) face of multi-wall CNTs; 10 1/nm is the reciprocal space scale,

and it represents that the length of the scale bar is 1/10 nm)
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Figure 5.3. (a) X-ray diffraction pattern and (b) Raman spectrum of CNTs.

As shown in Fig. 5.2a, CNTs with a diameter of ~10 nm are used as the conductor,
guaranteeing that the interfacial current distribution can be sufficiently subdivided by
the CNTs network. Furthermore, multiple wall structures can be found in CNTs, which
provide little storage space to store Li" and form lithiophilic LiCx on the surface of

CNT-based electrodes.”’® The interlayer spacing of CNTs within multiple walls
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calculated from the selected area electron diffraction (SAED) rings presented in Fig.
5.2b is in accordance with the result obtained from the XRD patterns (Fig. 5.3a).
However, as displayed in Fig. 5.3b, a large number of defects (In/Ic=1.5) exist in the
multiple wall structure, suggesting defect-induced stronger adsorption toward Li* may

lead to the growth of inactive Li during charging.?”’

(a) B8

i/

(b) CNT-5/1 <

Figure 5.4. (a) Top-view and (b) cross-section view SEM images of CNT-5/1. (c) High-
magnification SEM image of the cross-section view of CNT-5/1. (d) Top-view SEM
image of CNT-0/1.

The well-dispersed CNTs slurry was mixed with PVDF in NMP solvent with a certain
ratio to form a hybrid slurry, and then the mixture was cast on a Cu foil to form a coating
layer with a thickness of ~5.5 pm. CNTs network structure can be found in Fig. 5.4a.
The partial pores within the interlaced CNTs are landfilled by PVDF, which can be
further proved by the cross-section view of CNT-5/1 that shows densification and non-
porous features (Fig. 5.4b and Fig. 5.4c). On the contrary, typical porous structures
constructed by intertwined CNTs networks are verified without PVDF in Fig. 5.4d. It
is conjectured that surface electrochemical deposition rather than internal

electrochemical reaction is more likely to occur within CNT-5/1, leading to a decrease
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in the repeated formation of SEI. Meanwhile, the metal-based interface can be
completely protected by the carbon-based mixture coating layer due to the non-porosity
during cycling, which implies that the metal's interfacial current distribution and
chemical environment can be reconstructed effectively by a CNT-based mixture coating

layer.
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Figure 5.5. (a) Nitrogen adsorption and desorption isotherms and (b) the pore size

distribution data of CNT-0/1 (yellow line) and CNT-5/1(red line).

Table 5.1. Specific surface area, pore volume, and pore size of CNT-X/1 (X =0, 0.5,
2.5 and 5) and PVDF.

Sample Surface area Pore volume Average pore size
(M) (cm®/g) (nm)
CNT-0/1 191.14 1.2 25.13
CNT-0.5/1 81.76 0.63 30.67
CNT-2.5/1 21.69 0.014 2.56
CNT-5/1 13.53 0.0082 241
PVDF 8.13 0.057 27.30

To further understand the change in pore structure caused by the introduction of PVDF
over CNT-based electrodes, detailed pore structure, and surface area were characterised
by nitrogen adsorption and desorption isotherms. Fig. 5.5a illustrates that the adsorption
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quantity increases linearly with rising relative pressure to 0.9 and then exponentially to
atmospheric pressure for CNT-0/1, suggesting that a broad range of pores have been
formed. The type of the hysteresis loop of CNT-0/1 is probably attributed to H3
(IUPAC). It is further proved that CNT-0/1 possesses a broad pore size distribution
ranging from 2 to 140 nm by the pore size distribution data (Fig. 5.5b) using the BJH
model. Particularly, the pore size of 60 nm is dominant in CNT-0/1, which is also in
good accordance with the pore size observed in the SEM image (Fig. 5.4d). Inversely,
compared with CNT-0/1, the adsorption quantity of CNT-5/1 remains almost constant
with rising pressure, revealing that nearly no pores are formed. Pore size distribution
data of CNT-5/1 further confirms the non-porosity feature, which is highly in agreement
with the cross-section SEM image of the sample (Fig. 5.4b and Fig. 5.4c). With the
content of PVDF increasing (<5), CNT-5/1 also possesses the smallest specific surface
area (13.5 m? g'!), pore volume (0.00171 cm® g'), and average pore size (2.41 nm)

among other CN'T-based mixture electrodes (Table 5.1), which is ascribed to the filled

pores by PVDF.
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Figure 5.6. XPS result of CNT-5/1. (a) full spectrum, (b) C 1s, (¢) F 1s and (d) O 1s.
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(b)

Figure 5.7. EDS mapping for (a) SEM image and (b) C, (c¢) F, and (d) O elements on
the surface of CNT-5/1.

XPS analysis and EDS mapping were carried out to investigate further the chemical
composition and electronic states on the surface of CNT-5/1. Fig. 5.6a shows that the
F, C, and O elements dominate in the full spectrum. Two peaks at 291.5 eV and 287 eV
which are assigned to the -CF2- and -CHa- respectively in the Cls spectrum (Fig. 5.6b)
and one peak at 688.5 eV which is ascribed to the C-F in the F1s spectrum (Fig. 5.6¢)
of CNT-5/1 confirm the existence of PVDF. Two peaks at 288 eV and 285.5 eV
corresponding to the C=0 and C-O in the Cls spectrum (Fig. 5.6b) and one peak at 533
eV corresponding to the C-O in the Ols spectrum (Fig. 5.6d) of CNT-5/1 verify the

127 which can make CNTs more

existence of oxygen as a lithiophilic element in CNTs,
lithiophilic and decrease the Li deposition barrier.!*®2’® The uniform distribution of F,
C, and O elements over the entire coating layer is found via EDS mapping, as
demonstrated in Fig. 5.7, which also agrees with the XPS results. It is predicted that
abundant F and O elements can sufficiently interact with Li" and form robust SEI

components such as Li-F during the electrochemical deposition of Li.?**
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Figure 5.8. Surficial morphology, surface current distribution, and DMT modulus over
(a), (b), and (c) bare Cu, (d), (e) and (f) CNT-0/1, and (g), (h) and (i) CNT-5/1 through

AFM characterisation.

Figure 5.9. (a) Surface current distribution and (b) morphology of the bare Cu after

being washed by HCL.

AFM is further conducted to obtain the surface morphology, current distribution, and
DMT modulus of prepared electrodes (Fig. 5.8). Surface current distribution plays an

important role in regulating the initial Li" flux over the electrode. Non-uniform
142



interfacial current distribution can be detected in the bare Cu foil (Fig. 5.8b). When 200
mV is applied, irregular conductive sites and locally ultrahigh current with even more
than 200 nA will easily result in concentrated Li" flux and the formation of Li dendrites
during the deposition process. More importantly, after being washed by HCI (Fig. 5.9),
bare Cu foil shows a substantially improved interfacial current distribution, proving the
non-uniform interfacial current distribution on bare Cu foil is partially attributed to the
formation of CuxO or Cu(OH)x.2% In addition, even if the inert substance is eliminated

by HCI (Fig. 5.9), bare Cu foil is still difficult to show uniform current distributions.

On the contrary, uniform conductive sites are distributed on the surface of CNT-0/1 (Fig.
5.8¢) owing to the network formed by CNTs. The current keeps at nearly the same level
of ~43 nA. The above results demonstrate that CNTs possess superior conductivity and
a nano-tube morphology that makes them an optimal conductor for effectively dividing
and stabilizing the interfacial current distribution. It is worth noting that the excellent
stability of CNTs in the air also contributes to the steady and uniform interfacial current
distribution. As presented in Fig. 5.8h, CNT-5/1 performs an exceptionally similar
interfacial current distribution compared to CNT-0/1 except for the reduction of the
current by ~4 nA, which illustrates the interfacial current re-distribution induced by
CNTs cannot be dramatically affected by the introduction of non-conductive linear
polymer (PVDF). Thus, a CNT-based electrode relying on uniform interfacial current
distribution is prone to homogenise the Li" and eliminate the Li dendrites. The newly
formed surface of the CNT-based electrode remains smooth (Fig. 5.8a, 5.8d and 5.8g),
proving that CNTs and PVDF are well integrated. The lowest DMT module can be
observed in the case of CNT-5/1 in Fig. 5.8c, 5.8f and 5.81 among all electrodes, which
suggests that CNT-5/1 may exhibit the most favourable conformal capability toward Li
and efficaciously remove accumulated stress generated by Li dendrites as presented in

Fig. 5.1.
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Bare Cu foil CNT-0/1 CNT-5/1

350°C
Figure 5.10. Contact angles of Li toward (a) bare Cu foil, (b) CNT-0/1, and (c) CNT-
5/1 at 350<€.

To further determine the interaction between Li and the CNT-based mixture electrode,
the wettability between these two is measured using contact angle methods at 350°C.
Results in Fig. 5.10 manifest that the CNT-0/1 performs the largest contact angle (~99°)
due to the previously reported lithiophobic feature of carbon materials.?!” Inversely, the
smallest contact angle (~65°) can be found in the CNT-5/1, which illustrates that PVDF
probably facilitates the adaptability of surface energy between Li and CNT-based

electrodes and is beneficial to alleviating Li dendrite.
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5.3.2. Initial SEI characterisations
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Figure 5.11. EIS evolution with discharging from 2V to -0.25V at 0.1 mV-s™! over (a)
bare Cu, (b) CNT-0/1, and (c) CNT-5/1.

SEI formed on the current collector is highly important because it influences the
evolution of the Li deposit morphology and subsequent cycling performance. The ex-
situ EIS measurement during the first plating process is conducted to explore the SEI
evolution on the fresh bare Cu foil and CNT-based electrodes. As shown in Fig. 5.11a,
three periods (2~1.25V, 1.25~0V, and 0~-0.25V) with different shapes in Nyquist plots
of bare Cu can be seen, implying that there are three stages in SEI evolution during
plating. In the potential range of 2V-1.25V, the interfacial charge type gradually varies
from the EDL behaviour to the pseudocapacitive behaviour, which reveals that the
formation of initial SEI can break diffusion-limited behaviour on the surface of bare Cu
foil.?’° With potential decreasing to 0 V, the diameter of the semicircles in the high-
frequency regions gradually increases, representing that charge transfer resistance (Ret)
is elevated. It is inferred that the generation of negative charges on Cu’s surface intends
to repel anions and increasing adsorbed solvated Li" groups probably hinder the
subsequent Li" diffusion into the surface of the electrode. Finally, when the potential
drops to -0.25V, there is a sharp reduction in the R suggesting that fast ion
transportation channels are formed due to the Li electrodeposition and the

comparatively stable SEI formation.?%

It is found that there are also three different potential range stages (2~1V, 1~0V, and
0~-0.25V) in the case of CNT-0/1 due to the intercalation and deposition behaviour of
CNTs (Fig. 5.11b). Within 2V-1V, CNT-0/1 performs simple pseudocapacitive
behaviour. New resistance (SEI resistance/Rskr) is generated when the potential reduces
from 1V to 0 V due to the formation of intercalation-triggered SEI. Overall, the Ret of
CNT-0/1 performs more dramatic fluctuation in the potential range of 2V-0V. When Li*
begins to deposit (potential<WO0 V), the comparatively stable and new SEI is formed

based on the sharp reduction of the Rctat -0.25V. Predictably, repeated generations of

146



SEI can consume more active Li sources. Although the CNTs network is regarded as
the 3D current collector, the small space within the CNTs network is hard to
accommodate Li deposition with a large volume. Thus, most Li deposits will confront
a similar deteriorating deposition environment with Cu foil. By contrast, a similar trend
can be observed in CNT-5/1 in these two potential range stages (2~0V and 0~-0.25V)
(Fig. 5.11c) compared with bare Cu (1~0V and 0~-0.25V), implying that Li deposit is
more likely to occur on the surface of CNT-5/1 rather than intercalation in CNTs.
Probably, CNT-5/1 could show higher reversible capacity due to the lack of
intercalation/internal-deposition-induced SEI formation. The above result also
illustrates that Li deposition on the electrode surface other than inside is more beneficial
to achieving stable SEI in the CNT-based electrodes, possibly attributed to the enlarged
electrode area that leads to the growing SEI and complex deposition environment. It is
noteworthy that, among all electrodes, CNT-5/1 exhibits the minimum Rct when
discharging to -0.25V. This finding suggests that the Li deposit-derived SEI on CNT-
5/1 is superior, benefitting from the uniform current distribution and the functional filler

effect induced by PVDF during plating.
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Figure 5.12. XPS spectra of the F 1s of plated Li (1 mAh cm?at 0.5 mA cm™) on (a)
bare Cu, (b) CNT-0/1, and (c) CNT-5/1.

XPS is further carried out to verify the SEI component in bare Cu foil and CNT-based
electrodes with a plating areal capacity of 1 mAh cm™. In F 1s spectra (Fig. 5.12a-c),

Li-F and C-F signals are obtained in all electrodes, resulting from LiTFSI salt
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decomposition.'*! Li-F is well-known as an excellent SEI component owing to its high
interfacial energy toward Li and high mechanical strength. Thus, Li-F-rich SEI is more
efficient for uniform Li deposition. According to the reported literature,>** 28! the Li-F
coating can be fabricated by the in-situ reaction between Li and fluoropolymer (e.g.,
polytetrafluoroethylene or PVDF). The highest intensity of the Li-F signal in the CNT-
5/1 implies partial PVDF as a film-forming polymer is involved in the electrochemical

deposition process, forming robust SEI.
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Figure 5.13. The EIS of (a) fresh bare Cu foil and (b) fresh CNT-5/1 under different

temperatures ranging from -10°C to 40°C.

Nyquist plots regarding the fresh Cu foil and CNT-5/1 under different temperatures (-
10°C-40°C) were measured to confirm the interaction between Li" and PVDF (Fig.
5.13). It is observed that the Rct in CNT-5/1 reduces dramatically with increasing
temperature. In comparison, the EIS of the bare Cu foil keeps almost the same within
50 degrees. These results support our claim that the Rcr in CNT-5/1 is mainly due to
the interaction between PVDF and solvated Li" rather than simple contact resistance
occurring at the current collector/active material interface. Furthermore, all Ohmic
impedance data of CNT-5/1 are extremely small when the temperature rises from -10°C
to 40°C, demonstrating that PVDF cannot give rise to considerably high internal

resistance in the batteries.
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5.3.3. Morphology of Li plating
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Figure 5.14. Li deposition morphology with capacities from 0.2 to 3 mAh cm™ on the
bare Cu, CNT-0/1, and CNT-5/1. Top-view SEM images of the bare Cu, CNT-0/1, and
CNT-5/1 electrode after plating with (a), (d), and (g) 0.2 mAh cm™, (b), (e), and (h) 1
mAh cm? and (c), (f) and (i) 3 mAh cm™ of Li (The blue dashed line represents the

boundary between the spliced LM particles). The current density is 0.5 mA cm™.
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Figure 5.15. Top-view SEM images of electrodeposited Li with 3.0 mAh cm™ at 0.5
mA cm™ on (a) Cu and (b) CNT-5/1.

Fig. 5.14 exhibits morphology evolution during Li plating with capacities from 0.2 to
3 mAh cm™ on bare Cu foil, CNT-0/1 and CNT-5/1 electrodes (Li@Cu, Li@CNT-0/1,
and Li@CNT-5/1). Notably, without the help of uniform interfacial current distribution,
as mentioned in others’ work,!!3 Li" tends to deposit on spots where current strength is
pretty high, and Li grains with a size of ~2 um (Fig. 5.14a) gradually form at the
beginning of Li plating (0.2 mAh cm). Meanwhile, incomplete SEI can be formed
owing to the local high interfacial current distribution and accumulated internal stress.
After that, Li" will be continuously attracted, and accumulated internal stress will be
released in the incomplete SEI to form a local whisker protrusion (1 mAh cm™ in Fig.
5.14b). Furthermore, tips-effect??’ also further intensifies the formation of dendrite-like
Li. Finally, the mossy-type (whisker and dendrite) Li network can be affirmed with a
capacity growing to 3 mAh cm? in Fig. 5.14c. Fig. 5.15a further confirms the

generation of dendrite-like Li in a large area over the bare Cu.

Fig. 5.14d-f reveals that insertion/adsorption toward Li" contributes to the main
capacity at the initial of plating (0.5 mAh cm?) in CNT-0/1. Li does not deposit in the
form of flocculent-type Li until it reaches the areal capacity of 0.5 mAh cm? (Fig.
5.14d-e), implying the intercalation behaviour of Li in CNTs may not be conducive to
the subsequent deposition of Li. Compared with Li deposition on Cu foil, the side
reactions occurring on the carbon-based 3D surface may negatively affect subsequent

Li deposition, which implies that the further application of carbon materials with a large
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surface area in LMRBs requires more careful consideration. Isotropic surface growth
and local whisker protrusion can be found on CNT-0/1 as well when capacity is further
increased to 3 mAh cm (Fig. 5.14f), proving the formation of incomplete SEI upon
deposited Li or the SEI may easily be interrupted by Li deposits on CNT-0/1.>> The
above result is possibly due to the fact that SEI originated from the insertion/adsorption
of Li" in CNTs can greatly affect subsequent Li plating. Therefore, achieving a uniform
interfacial current distribution is crucial for homogenizing Li deposition, and creating
a favourable deposition environment, such as an excellent SEI, is equally important for

uniform Li plating.

Fig. 5.14g reveals that the size of Li grains can horizontally grow to more than ~10 um
with a capacity of 0.2 mAh cm™. With a further increase of capacity, large Li particles
gradually become crowded and then splice into a dense and dendrite-free bulk (Fig.
5.14h-1), which is further proved by the image with a larger view (Fig. 5.15b). The
above results can be attributed to the uniform interfacial current distribution (Fig. 5.8h),
Li-F-rich SEI, and internal stress release in the horizontal direction to the current
collector surface. More importantly, the potential curve (Fig. 5.14g-1) shows that the
insertion/adsorption of Li" in CNTs almost disappears due to the blocking effect from
PVDF toward Li*. Thus, insertion/adsorption-induced side effects (e.g., generation of
unstable SEI) can be effectively avoided in CNT-5/1.
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Figure 5.16. Cross-section view (a) bare Cu with related EDS mapping of (b) F, (c) C,
and (d) Cu, and cross-section view of (¢) CNT-5/1 with related EDS mapping of (f) F,

(2) C and (h) Cu after Li plating with an areal capacity of 3 mAh cm™.

Ex-situ FIB-SEM characterisation was further carried out to detect the specific
morphology of the deposited Li on bare Cu and CNT-5/1 with a plating areal capacity
of 3 mAh cm (Fig. 5.16). Fig. 5.16a presents that the porous and dendrite-like structure
of electrodeposited Li is generated on bare Cu foil. Besides, remarkably thick SEI
wrapping on dendrite-like Li is attributed to the uneven Li" deposition and electrolyte
decomposition and the formation of by-products, resulting in poor cycling stability and
a dramatic drop in CE.?** Corresponding EDS mapping result (Fig. 5.16b-d) illustrates

that C and F can hardly be found, while Cu accounts for the biggest element distribution
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in Li@Cu, which strongly supports our previous claim and other researchers’
findings®®% 282 that Cu will be electrochemically corroded during plating. In striking
contrast, dense and dendrite-free Li plating can be observed in Li@CNT-5/1 (Fig.
5.16e). More notably, F exhibits obvious gradient distribution characteristics compared
to the C element (Fig. 5.16f-h), which strongly verifies that partial PVDF may be
electrochemically reduced with deposited Li or uniform interfacial current distribution
promotes the reductive decomposition of even anions flux in the electrolyte to form Li-
F. This finding is also proved by the XPS result in Fig. 5.12c¢. In addition, nearly no Cu
element can be found in Li@CNT-5/1 (Fig. 5.16h), which indicates that CNT-5/1 can
effectively prevent Cu from electrochemical corrosion. Our results support the notion
that a uniform interfacial current distribution, soft-substrate-induced stress mitigation,

and favourable SEI in CNT-5/1 are crucial for achieving dendrite-free Li.

Li deposition

Figure 5.17. Top-view SEM images of fresh CNT-based electrodes with different
PVDF contents (CNT-X/1 (X =0, 0.5, 2.5, 5 and 7.5)) (upper), and Li plated electrodes

with 1 mAh cm™at 0.5 mA cm™ (down).
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Figure 5.18. (a) EIS of the fresh CNT-based electrodes added with different PVDF
contents (CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5)). (b) applied fitting resistance model:
R1:Ro (Ohmic resistance); R2: Ret (Charge transfer resistance); CPE1: Constant phase

element (Conventional double-layer and passivation film capacitance); Wol: Warburg

(Li* diffusion resistance)

Table 5.2. Fitting resistance data of fresh CNT-based electrodes with different PVDF

contents (CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5)) in Li||Cu coin half cell.

Sample R1 (Q) R2 (Q) WOI1-R (Q)
CNT-0/1 1.32 33.54 -
CNT-0.5/1 1.214 41.37 -
CNT-2.5/1 1.669 48.85 189.4
CNT-5/1 2.927 75.01 267.9
CNT-7.5/1 2.263 107.7 291.6

A comparison of electrochemical deposit morphology on CNT-based electrodes with
different PVDF contents (CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5)) is further explored (Fig.
5.17). The typical porous structure can be found in CNT-0/1 and CNT-0.5/1 when
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introducing a very small amount of PVDF or not. Then, there is a significant reduction
in porosity with PVDF content growing, verifying that PVDF can make electrode
densification and reduce the space for transportation of Li" inside the CNTs network.
In addition, augmented Ret elucidates that the interaction between solvated Li* and
PVDEF is further enhanced due to the increasing amount of PVDF (Fig. 5.18 and Table
5.2). These top-view SEM images about CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) are in
good accordance with the surface area presented in Table 5.1. The deposition
morphology of Li on CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) can be classified into two
categories. When X is smaller than 2.5, the deposited Li shows the flocculent-type
morphology, while Li is deposited much more flatly with a dendrite-free morphology
when X reaches 5 and 7.5. The above results confirm that the introduction of PVDF
with a suitable proportion (X>2.5) can effectively avoid the intercalation of Li* in CNTs

and induce horizontal internal stress release in deposited Li.
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Figure 5.19. t/tmax-1/1(max)? plots of the (a) fresh CNT-5/1 and (b) fresh bare Cu foil
under different voltages (-0.2V, -0.3V, and -0.5V).

Fig. 5.19 demonstrates that CNT-5/1 follows progressive nucleation mode, while Cu

foil obeys instantaneous nucleation mode,?*?

which further implies Li intends to
continuously grow based on the initially formed nucleus on CNT-5/1 and the growing

Li particles begin to splice when they touch the adjacent ones.
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Figure 5.20. Lithiation capacity (>0V) of the CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5) at
(@) 0.5 mA cm2and (b) 2 mA cm?,

Comparing the lithiation capacity (>0V) of different CNT-based electrodes is highly
feasible to understand the area of CNTs exposed to the electrolyte. Fig. 5.20 shows that
the lithiation capacity of CNT-based electrodes exhibits a generally decreasing trend
with the content of PVDF increasing at 0.5 mA cm2and 2 mA cm2, CNT-0/1 and CNT-
0.5/1 have the first and second largest lithiation capacity, respectively, while CNT-5/1
shows the smallest one, confirming the extra area of CNTs contacting electrolyte can

be effectively shielded via introducing a certain amount of PVDF.
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Figure 5.21. The electrical resistance of CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5).
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Figure 5.22. Optical photographs of Cu foil with half coated with CNT-5/1 (a) before
and (b) after Li plating. SEM images of electroplated Li on (c) bare Cu and (d) CNT-
5/1 coated Cu.

It cannot be denied that electric resistance is enhanced when introducing PVDF into the
CNTs network (Fig. 5.21). Therefore, the effect of conductivity between CNT-based
electrodes and bare Cu foil on the Li plating process should be clarified. Fig. 5.22a-b
illustrates that electric resistance in the CNT-based electrodes has no great effect on the
Li deposition process. Li" does not deposit preferentially on the current collector where
there is low resistance. Also, porous dendrite-like Li can still be found on the uncoated
Cu foil (Fig. 5.22¢). In contrast, Cu coated with CNT-5/1 induces a planar deposition
manner (Fig. 5.22d), proving that CNT-based electrodes can efficaciously inhibit the

formation of dendritic Li.
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Figure 5.23. Top-view SEM images of fresh CNT-based electrodes added with (a) PEO,
(b) PAN, and (c) PVDF. (d) comparison of CE of Li plating on/stripping from the above

electrodes with a capacity of 1 mAh cm? at 2 mA cm™.

Difterent polymers such as PAN and PEO were added into CNTs (PAN or PEO: CNTs=
5:1, m:m) as a comparison with PVDF (Fig. 5.23). The addition of PEO to CNT-based
electrodes results in a porous structure, as illustrated in Fig. 5.23a. This differs from the
structure obtained using PVDF in the electrode. Such a porous structure may induce
enhanced swelling of PEO by the electrolyte. That is why a considerable fluctuation of
CE of'the cell with the PEO-containing electrode at the first 5 cycles exists. No apparent
morphology differences exist in the CNT-based electrode added with PAN or PVDF
(Fig. 5.23b-c). However, the PAN-containing electrode shows inferior cycling
performance compared with PVDF, further confirming PVDF is an ideal robust SEI
film-forming polymer relying on the electrochemical formation of Li-F and excellent

electrochemical stability in the battery (Fig. 5.23d).
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5.3.4. Half-cell electrochemical performances of CNT-based electrodes
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Figure 5.24. Comparison of CE of Li plating on/stripping with a capacity of (a) 1 mAh
cm?and (b) 3 mAh cm™at 0.5 mA cm™ over bare Cu, CNT-0/1, and CNT-5/1. (c) CE
of Li plating on/stripping from Cu coated with CNTs and PVDF with mass ratio
(PVDF/CNTs) from 0 to 7.5 with a capacity of 1 mAh cm™?at 2 mA cm™.
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Figure 5.25. Comparison of CE of Li plating on/stripping over bare Cu foil, CNT-0/1
and CNT-5/1 with 1.0 mAh cm™at (a) 1 mA cm™, (b) 2 mA cm™ and (c) 3 mA cm™.

In this chapter, 1 M LiTFSI in DOL/DME (v/v = 1:1) with 2.0 wt.% LiNO3 was directly
utilized in the half cells. it was reported in the literature that ether-based electrolytes
have lower dielectric constants,?®* 285 which may enable them more sensitive to the
current density distribution in the current collector. That is to say, a more uniform
current density distribution on the current collector may be more appropriate for ether-
based electrolytes. Moreover, considering that this ether-based electrolyte exhibits
better compatibility with LM deposition/dissolution, thus electrolyte composition
consisting of 1 M LiTFSI in DOL/DME (v/v = 1:1) with 2.0 wt.% LiNO3 was directly

utilized in the half cells.

The CE and long-term electrochemical stability in a half cell composed of different
working electrodes (bare Cu foil and CNT-based electrodes) coupled with Li foil as the

counter electrode are further investigated. Among all electrodes, as reported in the
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literature,'® Cu foil shows the most serious decay in CE with current density varying
from 0.5 mA cm™ to 3 mA cm™ at | mAh cm™ as displayed in Fig. 5.24a, Fig. 5.24c
and Fig. 5.25. With current density increasing from 0.5 mA cm™ to 3 mA cm™ at 1 mAh
cm™, CE of bare Cu foil drops rapidly from more than 97% for ~40 cycles to around
90% for only 5 cycles before overcharge takes place, which may be ascribed to the
uncontrolled Li dendrite/whisker-induced electrolyte depletion and generation of by-
products (Fig. 16a) owing to the lack of uniform interfacial current distribution. CNTs-
coated Cu maintains comparatively stable CE (~94% within 20 cycles) at high current
density (3 mA cm?), implying uniform interfacial current distribution improves Li
deposition. However, apparent overcharge or CE fading is still found in CNT-0/1 due
to the lack of stable SEI film-forming polymer and large surface area-induced
overgrowth of SEI. In comparison, the CNT-5/1 cell maintains the most stable CE with
a larger than the average of 97% within 400 cycles and CE with a larger than the average
of 93.5% within 60 cycles at 0.5 mA cm™ (Fig. 5.24a) and 3 mA cm (Fig. 5.25¢) with
a capacity of 1 mAh cm™, respectively. A larger deposition capacity (3 mAh cm™) is
carried out to investigate its practical application in full cells (Fig. 5.24b). CNT-5/1 still
exhibits superior cycling performance and the highest CE of 98.5% in the first 20 cycles
at 0.5 mA cm™.

A comparison of cycling lifetime on CNT-based electrodes with different PVDF
contents (CNT-X/1 (X =0, 0.5, 2.5, 5, and 7.5)) was conducted (Fig. 5.24c). Increasing
the PVDF content in CNT-based electrodes effectively prolongs their cycling lifetime
and improves their CE value. Fig. 5.24c illustrates that CNT-5/1 maintains the highest
CE value in all CNT-based electrodes, which indicates the mass ratio of
PVDF/CNTs=5/1 is probably the best proportion to achieve the dendrite-free and high
reversible Li deposition owing to the least surface area (Table 5.1), PVDF-induced

favourable SEI and comparably appropriate interface impedance.
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Figure 5.26. (a) Top-view and (b) cross-sectional view SEM images of Cu coated with
PVDF only (Cu@PVDF). (c) Top-view SEM image of Li plated Cu@PVDF with a
capacity of 1 mAh cm2at 0.5 mA cm™. (d) EIS of the fresh CuU@PVDF electrode. (e)
CE of Li plating on/stripping from bare Cu, Cu@PVDF, and CNT-5/1 with a capacity

of 1.0 mAh cm?at 2.0 mA cm™.

Cu foil was coated with only PVDF (Cu@PVDF) to check the function of CNTs. Pores
are observed in the top-view SEM images (Fig. 5.26a-b) of Cu@PVDF, approving that
the PVDF coating layer is not completely dense. Flat Li deposits can be observed on
the Cu@PVDF (Fig. 5.26¢), revealing that PVDF plays a crucial role in facilitating
dough-type Li deposits owing to the internal stress release in the horizontal direction to
the current collector surface.?** The rather large Re: (Fig. 5.26d) elucidates that the
interfacial impedance between solvated Li* and PVDF may greatly increase, which may
affect the electrochemical redox of Li". It is concluded that CNTs can help adjust the
formation of pore structure and reduce the barrier in the redox ability of Li" via the
uniform interfacial current distribution. As a result, Cu@PVDF can keep only short
cycling times (~20 cycles) even with high CE because of an extremely high barrier in
the redox ability of Li" without a uniform current distribution contributed by CNTs (Fig.
5.26¢).
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Figure 5.27. (a) Comparison of potential profiles of Li plating on/stripping from bare
Cu, CNT-0/1, and CNT-5/1 with a capacity of 1 mAh cm™at (a) 0.5 mA cm™, (b) 1 mA

cm?, (¢) 2 mA cm™ and (d) 3 mA cm™.
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Figure 5.28. Cycling performance of Li@Bare Cu and LI@CNT-5/1 at 1mA cm2 with
1mAh cm™. Li is pre-deposited on bare Cu and CNT-5/1 with 5 mAh cm to fabricate

Li@Bare Cu and LI@CNT-5/1, respectively.
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Similarly, as displayed in Fig. 5.27a, CNT-5/1 performs the most stable overpotential
(<20 mV) over long-term cycling (more than 1500 h) at 0.5 mA cm™ with a capacity of
1 mAh cm™. Notably, the overpotential of CNT-5/1 keeps the highest value before
stabilizing at ~20 mV in the first 10 cycles among 3 electrodes, which is attributed to
the fact that there is an obvious film-forming process derived from the electrochemical
reduction of PVDF and Li in CNT-5/1. Thus, this film-forming-induced polarisation
reveals that the strong complexation between solvated Li" and PVDF can facilitate
planar Li deposition. For example, it has been reported that cyanide is used to increase
polarisation in the electroplating industry to improve the flatness and brightness of the
electroplated metal.?3® Similar behaviour in CNT-5/1 can be found at different current
densities (Fig. 5.27b-d). The cycling performance of symmetrical cells using LI@CNT-
5/1 was measured to reveal the long-term stability of CNT-5/1 further. Li was pre-
deposited on the bare Cu and CNT-5/1 with a capacity of ~5 mAh cm™ to fabricate
Li@Bare Cu and LI@CNT-5/1, respectively. As shown in Fig. 5.28, the LIQCNT-5/1-
based symmetric cell also exhibits superior cycling performance with a much smaller
overpotential than the Li@Bare Cu-based one at 1 mA cm2 with an areal capacity of 1

mAh cm™2,
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Figure 5.29. Potential profiles at the 4" cycle of Li plating/stripping with an areal

capacity of 1 mAh cm™at 2 mA cm™ on (a) bare Cu, (b) CNT-0/1, and (c) CNT-5/1.

The Li dendrite/whisker-induced overcharge phenomenon in half cells with bare Cu or

CNT-0/1 electrode during the stripping process can be seen in Fig. 5.29a-c since
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continuous side reactions between porous Li dendrites and electrolytes contribute to the

spurious capacity, further confirming dense Li deposition can be achieved in CNT-5/1.
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Figure 5.30. EIS of (a) bare Cu and (b) CNT-5/1 after 10, 30, and 50 cycles with an
areal capacity of 1 mAh cm?2at 1 mA cm™. (c) applied fitting resistance model: R1:Ro
(Ohmic resistance); R2: Rser (Migration resistance of Li* through the SEI); R3: Ret
(Charge transfer resistance); CPE1/CPE2: Constant phase element (Conventional

double-layer and passivation film capacitance).

Table 5.3. Fitting resistance data of galvanostatic plating/stripping in symmetrical cells

using CNT-5/1 or Cu foil with an areal capacity of 1.0 mAh cm™ at 1 mA cm™.

Sample R1 (Q) R2 (Q) R3 (Q)
CNT-5/1-10t 4.243 10.42 25.51
Bare Cu foil-10%" 3.481 27.52 61.08
CNT-5/1-30t 2.926 6.39 25.99
Bare Cu foil-30%" 3.669 21.44 50.6
CNT-5/1-50t 1.848 5.068 24.44
Bare Cu foil-50t" 3.588 10.7 34.98

Cycling performance is strongly decided by the stability of SEI on the electrode
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materials. Thus, the interfacial stability of the SEI was further investigated by EIS (Fig.
5.30a-b). After 10, 30, and 50 cycles, CNT-5/1 exhibits smaller semicircles in the high-
frequency and medium-frequency ranges than bare Cu foil (Table 5.3). These results
indicate that the SEI formed on CNT-5/1 has a smaller interface impedance, such as Ret
than the SEI formed on the Cu foil. This result confirms that a uniform current
distribution and PVDF introduction can facilitate the formation of a stable SEI layer

with low resistance during Li deposition/dissolution.
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Figure 5.31. F 1s, C 1s, and O 1s XPS spectra of (a, b), (¢, d), and (e, f) bare Cu and
(g, h), (1, )), and (k, 1) CNT-5/1 electrodes with 30 cycles of Li plating/stripping with a

capacity of 1 mAh cm™at 1 mA cm? before (a, c, e, g, i, and k) and after the 30s of
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etching (b, d, f, h, j, and ).

Figure 5.32. Top-view SEM images of (a) CNT-5/1 and (b) bare Cu after 30 cycles of

Li plating/stripping with an areal capacity of 1.0 mAh cm™ at 1.0 mA cm™.

After 30 cycles, the interfacial SEI component was further investigated (Fig. 5.31).
There 1s an apparent growth of the Li-F intensity in the interior of SEI than that on the
surface in both Cu and CNT-5/1 after 30 cycles. Compared to the bare Cu, CNT-5/1 has
a higher Li-F intensity in the internal SEI component, which is more favourable for
good cycling performance. This result is in accordance with the EIS results (Fig. 5.30).
Furthermore, more carbonaceous components (e.g., C-C/C-H) and more oxygenated
components (e.g., C=0 or Li-O) can be observed in the Cls and Ols spectra of bare
Cu, which is ascribed to the more electrochemical side reactions between Li and
electrolyte on the bare Cu foil. Morphology of CNT-5/1 and bare Cu after 30 cycles
(Fig. 5.32a-b) with an areal capacity of 1 mAh cm™ at 1.0 mA cm™ was characterised.
Apparent dendrite-like “dead Li” continuously accumulates on the Cu foil during the
plating/stripping processes, resulting in increased internal resistance, huge electrolyte
consumption, and capacity fading. In comparison, only little bulk-like “dead Li” is
discerned in CNT-5/1 after 30 cycles, revealing the essential role that the CNT-based
electrode plays in suppressing the formation of Li dendrites. The generation of SEI
involving a reaction between Li and CNTs or PVDF can be regarded as the dominant

form of irreversible Li during cycling.
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Figure 5.33. The summary diagram of the relationship between cycling performance,
resistance, surface area, and CNT contents. Dots are original data, and solid lines are

rough-fitting curves.

The relation between the cycling performance, resistance and surface area, and different
CNTs contents are further clarified in Fig. 5.33. The cycling performance in CNT-based
electrodes strongly depends on the surface area and PVDF-induced impedance (Rct).
Low impedance may lead to a high reaction rate, easily resulting in Li dendrite as a
result of a diffusion-limited rate. By contrast, high impedance usually gives rise to a
reaction-limited rate. But it can enhance the barrier of Li" redox. Thus, comparatively
appropriate impedance is key to balancing reaction-limited and diffusion-limited rates
for CNT-5/1. The huge specific surface area in the current collector of LMFRBs can
consume too much active Li and electrolyte, dramatically reducing discharging capacity.
In addition, a large specific surface area often implies spatial structure distribution with
small pores. Li deposition/dissolution may be highly affected by pore size.?’ The

requirement of specific energy and tip-effect?’*

may limit the inside space usage in the
3D current collector. Most Li may still undergo host-free deposition, which does not
help establish stable SEI and release the accumulated internal stress. Therefore, the

current collector of LMFRBs with the appropriate specific surface area also plays a

relatively important role in battery performance.
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5.3.5. Full-cell electrochemical performances of CNT-based electrodes

Ether-based electrolyte Ester-based electrolyte

0.5C Charge
™ 1C Discharge

125

125(b) 5, 400
350

(@)% 0o

anf 100

af 100

(2]
[=]
=]

2504 ﬁ @ Bare Cu 4M LiFSHDME | 75 +75
200 ~ %@, @ CNT-514M LIFSHDME

L I = Bare Cu4mAhcm? |50
® CNT-5/1 4mAh cm™
= Bare Cu2mAhcm® [ o5
CNT-5/1 2mAh cm?

CE (%)

0.5C Charge

Discharge Capacity (mAh
3

Discharge Capacity (mAh
@
o

0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Cycle Cycle

Figure 5.34. (a) Cycling performance of bare Cu and CNT-5/1 paired with high areal
capacity LiFePOs positrodes (~1.7 mAh cm™) in the ether-based electrolyte. (b)
Cycling performance of bare Cu and CNT-5/1 paired with high areal capacity NCM811

positrodes (~2 mAh cm™ and ~4 mAh cm™) in the esters-based electrolyte.

In this chapter, 4 M LiFSI in DME electrolyte was employed in the full cell. It is
reported that the high-concentration ether-based electrolyte can better suppress dendrite
growth and increase the voltage window of the battery.'*® Therefore, a 4 M LiFSI in
DME electrolyte was employed in the full cell.'* Additionally, a full cell test was
conducted using 1 M LiPF¢ in a mixed solution of EC and DMC with 2 wt% FEC, to

evaluate its performance in the ester-based electrolyte.

To obtain the practical performance of CNT-based electrodes in full cells, long-term
cycling of LMFRBs assembled with bare Cu foil or CNT-5/1 and LiFePOas (~1.7 mAh
cm?) positrodes were tested in electrolyte with a high concentration of Li salt in ether
electrolyte. Fig. 5.34a displays that the full cell composed of bare Cu foil capacity
retention undergoes a sharp drop to less than 5% within 40 cycles. In contrast, the full
cell with CNT-5/1 shows much higher capacity retention of ~34% after 40 cycles. The
practical performance of a CNT-based electrode in full cells composed of NCM811
positrode with a larger areal capacity (2 mAh cm™and 4 mAh cm™) in the esters-based

electrolyte was further investigated. Full cells assembled with CNT-5/1 still perform
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better cycling performance compared to bare Cu (Fig. 5.34b). Thus, uniform current
distribution and soft-substrate-induced internal stress release in the horizontal direction

and favourable SEI can contribute to the long cycling performance of CNT-5/1.
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Figure 5.35. (a) Cycling performance of bare Cu, CNT-0/1, CNT-5/1, and CNT-5/1with
pre-activation capacity of 2 mAh cm™at 0.5 mA cm™ for 2 cycles paired with LiFePO4
positrodes (~1.7 mAh cm™) in the ethers-based electrolyte. (b) Cycling performance of
bare Ni foil and Ni foam paired with LiFePO4 positrodes (~1.7 mAh cm™) in the esters-

based electrolyte.

The large surface area of CNTs leading to serious capacity fading is clarified upon
common ether-based electrolytes. Full cells containing CNT-0/1 show a sharp decline
in capacity retention within the first 10 cycles due to the formation of significant
amounts of irreversible Li (Fig. 5.35a). The pre-activation process in CNT-5/1 is carried
out so that the influence on discharge capacity due to the generation of initial SEI can
be eliminated. Firstly, Li||[CNT-5/1 cell is assembled and cycled 2 times with 2 mAh
cm? at 0.5 mA cm to pre-form SEI on CNT-5/1. Then, full cells assembled with pre-
activated CNT-5/1 current collector and LiFePOs positrode are tested. It is found that
after the pre-activation process, the discharge capacity of CNT-5/1 promotes
dramatically by ~20 mAh g™! within 50 cycles compared with the pristine one, which
implies when the capacity is further increased, the SEI can still support a good cycling

performance, and the generation of SEI can be regarded as the dominant form of
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irreversible Li on the CNT-5/1 (Fig. 5.35a). To specifically uncover capacity fading
caused by large surface area in LMFRBs, Ni foil and Ni foam are used as 2D and 3D
current collectors, respectively. It is widely reported that Li dendrites can be eftectively
alleviated by a 3D current collector relying on reduced local current density.!% 287
However, the discharge capacity of Ni foil-based LMFRBs (typical 2D current collector)
is higher than that of Ni foam-based LMFRBs (3D current collector) during cycling in
Fig. 5.35b, indicating that SEI proliferation caused by a large surface area in 3D current
collector will affect seriously discharge capacity and cycling performance of LMFRBs.
It can be conjectured that there may be different forms of irreversible Li in Ni foil
(“dead Li” is dominant) and Ni foam (SEI proliferation is dominant) during cycling.
Thus, the above result reflects that in LMFRBs, we cannot focus only on dendrite
elimination but also on capacity fading due to SEI proliferation in the current collector
design. Thus, the appropriate surface area in the current collector is more important for

the practical application of LMFRBs, confirming that reducing the surface area of

CNTs is a viable method to improve its practical application in LMFRBs.

5.4. Conclusions

It has been concluded that the implementation of a CNT network can effectively
establish a uniform and well-subdivided current distribution in the nanoscale, resulting
in a uniform Li" flux and preventing localized ion concentration voids. Meanwhile, the
introduction of PVDF can lower the porous structure of the electrode to reduce the
CNT-induced side effects (including SEI proliferation and severe Li dendrite growth),
and PVDF serves as a Li-F-rich SEI film-forming polymer to facilitate the internal
stress release in the horizontal direction to the current collector surface in deposited Li.
The synergistic effect between CNTs and PVDF contributes to improved Li
deposition/dissolution behaviours, resulting in stable cycling performance of the
LMFRBs. Our findings suggest that using a 2D-type current collector with uniform

current distribution and soft substrate provides a viable choice for applying LMFRBs.
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Chapter6

Free-standing and Low-Density Composite of Graphene

and PVDF as Promoting Current Collector for Reversible

Lithium Deposition

This chapter displays a method for the preparation of novel free-standing
graphene/PVDF composite carbon-based current collectors (CBCCs). Graphene sheets
are tightly stacked to reduce the surface area and suppress lithiation. PVDF facilitates
the formation of the sturdy free-standing film and hinders Li" insertion and electrolyte
penetration to reinforce the mechanical strength of the CBCCs. The Li-F-rich SEI can
improve the stability of SEI and minimise electrolyte decomposition owing to PVDF’s
introduction. Cu tabs can be bonded firmly to the CBCCs with acceptable resistance,
promising practical application. Therefore, basic requirements such as high
conductivity, sufficient mechanical strength, viable tab welding, and improved Li

deposition and dissolution in cells have been satisfactorily achieved using this CBCC.

6.1. Introduction

The current collector as an essential component is worth focusing on in LMFRBs since
they can highly impact the reversibility of Li deposition. Not only can the current
collector play a role in conducting electrons, but also directly affects the Li deposition

behaviour on the substrate.?4%- 2°%

Cu foils are a commonly used current collector in LIBs and, indeed function well due

to their high conductivity and good mechanical property. However, as we found in

172



Chapter 5, Cu foil is inappropriate to serve as a suitable deposition substrate for Li in
LMFRBs as it is prone to be corroded by air or electrolyte, which will destroy the
formation of a robust SEI and increase the irreversible capacity. Non-uniform current
distribution on the Cu foil can further exacerbate Li deposition. Additionally, it is
commonly overlooked that galvanic corrosion between the metal-based current
collector and electroplated Li in the presence of electrolyte leads to Li dissolution and
reduction of cell capacity.?’”> Equally important, the heavy Cu foil can impair the
specific energy of the LMFRBs. For past years, researchers have employed numerous
strategies to modify Cu foil, such as plating a tin layer,?>® growing multilayer graphene
via chemical vapour deposition,?®® and coating PAN fibre array via electrospinning.'*
However, these strategies are too complicated to apply in the industry. Meanwhile, the
mass loading and thickness of modified current collectors can hardly meet the specific
energy requirement at the cell level.*® For example, the weight of CNT-5/1 (Chapter 5)

is not relatively light (~20 mg/cm?) because of the Cu substrate.

It has been extensively proposed that highly conductive and light-weight carbon-based
current collectors (CBCCs) such as graphene paper,® carbon cloth,!'! or carbon
nanotubes (CNTs) films?’° can replace Cu foil in LIBs with the advantage of raising
specific energy. Furthermore, carbon materials perform better resistance toward
corrosion by air or electrolyte,?®% 27> better heat dissipation (high thermal conductivity)

capability, and more uniform current distribution than metal-based current collectors.?*°

Nevertheless, the implementation of CBCC:s is still hindered due to two inherent issues.
Unlike metallic materials that melt at high temperatures, carbon materials are difficult
to be melted. Consequently, the conventional welding process does not apply to
connecting carbon materials and metal tabs, which poses a big problem for the practical
application of CBCCs. The other issue is related to the deposition behaviours of Li on
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carbon substrates. Firstly, due to their lithiophobic property,”’ pure carbon substrates

for stable Li deposition/dissolution are challenging. Because the basal plane of graphitic
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carbon materials has a high energy barrier for Li nucleation, Li deposits tend to form a
dendritic morphology, leading to fragile SEI.>!7 Secondly, the intercalation-induced and
deposition-induced SEI growth on carbon materials with large surface area (e.g., CNTs
or carbon cloth) consumes a large part of the limited Li inventory in LMFRB, leading
to severe capacity fading, especially in the initial cycles.?’! Thirdly, it is found that Li"
insertion (lithiation) in graphitic carbon materials will easily give rise to degradation of
the mechanical properties.?*> Also, electrolytes penetrate the body of CBCCs, usually
leading to dramatic volume expansion. Thus cracking or even pulverisation of CBCCs
may occur during cycling, which makes it difficult to sustain a long cycling life.?>> In
addition, the Li" intercalation-induced SEI may hurt subsequent Li deposition. Thus,
ideally, CBCCs should preferably possess a relatively small effective surface area to
reduce the lithiation behaviour as much as possible. CBCCs should also have good
mechanical strength to satisfy long-term cycling. Meanwhile, robust SEI on carbon
materials should also be built. Finally, it is necessary to achieve a stable connection

with low resistance between CBCCs and metallic tabs for practical applications.

Inspired by what we have done in Chapter 5,2°* we propose a simple strategy of using
polyvinylidene fluoride (PVDF) as an excellent binder/film-forming additive in the
graphene slurry to cast the free-standing graphene-based current collector after partially
etching Cu substrate (Fig. 6.1a) in this chapter. CNTs with 1D structure are replaced by
Graphene sheets with 2D structure and high electrical conductivity. It is because
Graphene sheets can be tightly stacked, which considerably reduces the
electrochemically reactive surface area to improve the initial CE and decrease the
formation of extra SEI. Meanwhile, the lithiation behaviour of graphene can also be
effectively hindered, bringing about benefits to the mechanical strength of the current
collector. PVDF can not only sufficiently bind the graphene sheets to form the sturdy
free-standing film but also hinder the Li" insertion in graphene sheets to maintain good
mechanical properties for the CBCCs during cycling. Meanwhile, the Li-F components

derived from the partial reduction of PVDF by the deposited Li in SEI can promote Li
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deposition/dissolution, declining the lithiophobility-induced fragile SEI and improving
the Li reversibility of LMFRBs. Also, this SEI can further minimise the electrolyte
decomposition owing to PVDF’s low Fermi level, which can suppress electron transfer
to the electrolyte. It is also worth mentioning that by partially etching Cu substrate, Cu
tabs can be bonded firmly to the graphene-based current collectors with acceptable
resistance, guaranteeing its practical application in pouch cells. Therefore, it is shown
in Fig. 6.1b that Li deposits on the Cu foil with apparent Li dendrites due to the
continuous formation of fragile and unstable SEI. Ultimately, “dead Li” which can
highly block the Li* passing to the surface of Cu, will be formed after cycles, leading
to the failure of the battery. Higher resistance to corrosion by air or electrolyte and a
more uniform current distribution guarantee a more stable deposition environment on
the graphene-based current collector. Meanwhile, PVDF-induced Li-F-rich SEI triggers
uniform Li" flux and achieves dendrite-free deposits (Fig. 6.1c). Thus, improved Li
deposition/dissolution behaviour and high specific energy are delivered using this free-

standing CBCC simultaneously.
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Figure 6.1. (a) Schematic illustration showing the preparation process of free-standing
Gra-5/1. Schematic diagrams showing the morphology of electrodeposited Li and
“dead Li” after cycling on (b) bare Cu foil and (c) Gra-5-1.

6.2. Experimental section

6.2.1. Electrodes preparation

Fabrication of the graphene/PVDF composite current collectors (Gra-X/1).
Graphene powder which was stored in an oven at 80 °C for at least 24 h before use, and
PVDF (MW:1,000,000) solution (6 wt% in NMP) (mass ratio of PVDF: graphene =X:1,
X=1, 5, and 10) were mixed to make the graphene slurry. The slurry with a thickness
of 100 um (mass ratio of PVDF: graphene = 1:1) or 700 um (mass ratio of PVDF:
graphene =5:1) or 1000 pm (mass ratio of PVDF: graphene = 10:1) was respectively
cast on a Cu foil and vacuum-dried at 80 °C for 6 h. The as-obtained electrodes were

denoted as Gra-X/1-Cu (X = 1, 5, 10), respectively. The graphene current collector
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without PVDF (denoted as Gra-0/1-Cu) was also prepared by mixing graphene, CMC,
and SBR with a weight ratio of 90 : 5 : 5 to form a homogeneous slurry which was then
cast with a thickness of 100 pm on Cu foil and vacuum-dried at 80 °C for 6 h. The as-
prepared graphene-based electrodes were soaked in a solution containing 1M FeCls and
HCI (37 wt%) with the same volume ratio to partially remove the Cu substrate, followed
by washing three times with deionised water and vacuum-dried at 80 °C for 6 h. The
as-prepared free-standing graphene-based current collectors were denoted as Gra-X/1

(mass ratio of PVDF: graphene =X:1, X=0, 1, 5, 10).

Fabrication of the composite current collector of graphene and PAN (Gra-5/1-
PAN-Cu). Graphene powder was stored in an oven at 80 °C for at least 24 h before use,
and PAN (MW:150,000) solution (6 wt% in NMP) (mass ratio of PAN: graphene =5:1)
was mixed to make the graphene slurry. The slurry with a thickness of 700 um was cast
on a Cu foil and vacuum-dried at 80 °C for 6 h. The as-obtained electrodes were denoted

as Qra-5/1-PAN-Cu.

The as-prepared Gra-X/1-Cu or Gra-X/1 (X =0, 1, 5, and 10) or Gra-5/1-PAN-Cu were
punched into 14 mm discs or cut to 47 mm x 57 mm or 64 mm x 74 mm sheets,
respectively for application as the current collectors in coin-type or pouch-type cells.
Other CBCCs such as carbon cloth (Suzhou Sinero Technology Co., Ltd.), CNTs film
(Nanjing Yuanchang New Materials Co., Ltd.), expanded graphite paper (Hefei Aoqi
Electronic Technology Co., Ltd.), graphene paper (prepared by vacuum filtration of
aqueous graphene slurry), and graphite paper (Ningbo Morsh Technology Co., Ltd.)

were punched into 14 mm discs or cut to 47 mm x 57 mm sheets.

6.2.2. Electrochemical Measurements

Two-electrode coin half cells (Li vs. Gra-X/1 or Gra-X/1-Cu (X =10, 1, 5, and 10)
or Gra-5/1-PAN-Cu). Standard CR2032 coin-type cells were assembled in an Ar-filled

glove box with H20 and Oz content below 1 ppm. For the Li||Cu or Li||C coin half cell,
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a 0.5 mm thick Li disc with a diameter of 16.0 mm was applied as both the counter and
reference electrode. The as-obtained 14 mm discs of Gra-X/1 or Gra-X/1-Cu (X =0, 1,
5, and 10) or Gra-5/1-PAN-Cu were employed as the working electrode. The Celgard
2500-type polypropylene membrane with a thickness of 25 um was applied as the
separator. 1 M LiPFs in fluoroethylene carbonate and Ethyl Methyl Carbonate (FEC:
EMC=1: 5, v/v) (Zhangjiagang Guotai-Huarong New Chemical Materials Co., Ltd) was
employed as the ester-based electrolyte in Li||Cu or Li||C coin half cells. 75 uL
electrolyte was added to each cell. All coin cells were shelved for 8 h before testing.
The batteries were first cycled at 0-3.0 V (versus Li/Li*) at 0.1 mA cm for ten cycles
to remove surface contamination in Li||Cu or Li||C coin half cell. The galvanostatic
performances were conducted at 25 °C using the Land CT 2100A system (Jinnuo
Wuhan Corp, China). Li was plated galvanostatically with capacities of 1 or 3 mAh
cm 2 and then stripped galvanostatically with a cut-off potential of 0.5 V vs. Li/Li" at
different current densities. CV and EIS were tested by an electrochemical workstation
(Solartron 1470E) using CR2032-type coin cells. The voltage range of CV was chosen
from 2 V to -0.25 V with a scan rate of 0.1 mV s™!. The frequency range was set between

1 MHz and 0.01 Hz.

Two-electrode coin full cells (LFP or NCM 811 vs. Cu or Gra-X/1 or Gra-X/1-Cu
(X=0,1, 5, and 10)). For Cu or Gra-X/1 or Gra-X/1-Cu (X =0, 1, 5, and 10) ||LFP or
NCM 811 coin full cells, the as-prepared 14 mm discs of Cu or Gra-X/1 or Gra-X/1-
Cu(X=0,1,5and 10) and LFP or NCM 811 were employed as the current collectors
and positrodes, respectively. Celgard 2500 was used as the separator (25 pum). The
electrolyte used herein was 1 M LiPFs in a mixed solution of FEC and EMC (volume
ratio of 1:5). Electrolyte injection was fixed at 75 pL in each coin cell. All coin cells
were shelved for 8 h before testing. The cycling performances of the LFP-based full
cells were galvanostatically charged up to 4 V at 0.5 C and then galvanostatically
discharged to 2.0 V at 1C. The NCM 811-based full cells were galvanostatically

charged up to 4.3 V and then galvanostatically discharged to 2.6 V at various rates from
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0.1 C to 2 C. Cycling performances of the cells were tested by charging at 0.1 C and
discharging at 0.2 C within the voltage range from 2.6 to 4.3 V.

Pouch cells (NCM 811 or LR-NCM 114 vs. Gra-5/1 or Gra-5/1-Cu or Gra-5/1-
PAN-Cu). Gra-5/1, Gra-5/1-Cu, or Gra-5/1-PAN-Cu with a size of 47 mm x 57 mm or
64 mm x 74 mm were employed as the current collectors. As-prepared NCM 811
electrodes with 43 mm x 53 mm were applied as the positrode. Celgard 2500 was used
as the separator (25 um). Pouch cells are fabricated in the ultra-dry clean room (Dew
point: below -45°C, cleanliness level: 100,000) at room temperature. 1 M LiPF¢ in
FEC/EMC=1:5 by volume was used as the electrolyte (6 g Ah™!). Alternatively, lithium
bis(fluorosulfonyl)imide (LiFSI), DMC, and 1,1,2,2-Tetrafluoroethyl-2,2,3,3-
tetrafluoropropylether (TTE) in a molar ratio of 3:4:1 with 1wt% lithium
difluoro(oxalato)borate (LiIDFOB) were used as a modified electrolyte. After injecting
the electrolyte, full cells were at least stored for two days to achieve full infiltration of
electrolytes into pores of separators and positrodes. The NCM 811-based pouch cells
were galvanostatically charged up to 4.3 V and then galvanostatically discharged to 2.6
Vat 0.1 or 0.2 C. The LR-NCM 114-based pouch cells with a positrode size of 62 mm
x 72 mm were galvanostatically charged up to 4.6 V at 0.1C and then galvanostatically
discharged to 2.6 V at 0.1 C. Pouch cells were subjected to 100 kPa pressure during
charging/discharging.
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6.3. Results and discussion

6.3.1. Physical characterisations of Graphene-based current collectors
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Figure 6.2. (a) Raman spectra and (b) X-ray diffraction pattern of graphene powders.

Highly conductive graphene nanosheets prepared by an intercalation and exfoliation
method without an oxidation process were used as the raw material to prepare the
CBCC. The graphitic structures of graphene materials were characterised by Raman
spectroscopy and X-ray diffraction (Fig. 6.2a-b). Two sharp peaks at 1321 and 1584
cm tin Fig. 6.2a are indexed as the D and G bands, respectively. A low-intensity ratio
of 0.32 between the two bands (Io/lc) indicates the well-ordered graphitic structure,
confirming the high electric conductivity of graphene materials. The XRD result (Fig.
6.2b) verifies the multilayer structure of the graphene materials as reflected by the

characteristic (002) diffraction peak of graphite centred at 26.2<(d=0.34 nm).
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N

Figure 6.3. (a) Top-view of normal-magnification and (b) High-magnification SEM
images of Gra-5/1. (c) FIB cross-section view of normal-magnification and (d) High-
magnification SEM images of Gra-5/1. (e) Top-view and (f) cross-section view of SEM

image of Gra-0/1.

Figure 6.4. Optical photographs showing the appearance and weight of bare Cu (left)
and Gra-5/1 (right).

The graphene powders were mixed with PVDF in NMP solvent with a certain ratio to
form a homogeneous slurry. Then the mixture was cast on a Cu foil, as illustrated in

Fig. 6.1a, to form a coating layer after drying. Finally, the free-standing graphene-based
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current collector was prepared by etching the Cu foil using FeCls solution. Wrinkled
graphene sheets are observed on the surface of Gra-5/1 (Fig. 6.3a). A magnified SEM
image (Fig. 6.3b) shows that PVDF is attached tightly to the surface of graphene, which
guarantees that Li"/metal can react with PVDF during deposition and mitigate the
lithiophobic property of carbon materials. The cross-section view of Gra-5/1 in Fig.
6.3c-d shows that the thickness of the as-prepared Gra-5/1 is ~9 pm. Graphene sheets
with warping edges can be observed in Fig. 6.3a, possibly owing to the introduction of
PVDF or the use of NMP solvent in the slurry compared to Gra-0/1 in Fig. 6.3¢ (using
water as the solvent). The graphene-only coating layer with the same thickness of ~9
um (see Fig. 6.3f) was fabricated to make a comparison. Notably, the thickness of
graphene-based composite electrodes can be easily controlled on a small scale (<10 pm)
by adjusting the coating thickness, which is beneficial to further improve specific
energy without sacrificing cost. On the contrary, the thickness and cost of conventional
Cu foil are typically inversely proportional, especially on a small thickness scale (<6
um).? Fig. 6.3c also manifests the homogeneous mixing of graphene sheets and PVDF.
In addition, there are very few pores in the magnified FIB cross-section view of Gra-
5/1 in Fig. 6.3d, approving that the obtained Gra-5/1 is non-porous and can prevent Li"
inserting/depositing into the CBCC interior. The small surface area of Gra-5/1 can also
suppress large irreversible Li consumption due to SEI formation. As shown in Fig. 6.4,
Gra-5/1 (~2.5 mg cm™) is almost 8 times lighter than the conventional Cu foil of the
same size (47 mm x 57 mm), which is helpful to increase the specific energy of the

battery.
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Figure 6.5. (a) XPS spectra of the F 1s over the fresh Gra-5/1. EDS mapping of the (b)

cross-section view for (¢) C, (d) F, and (e) Cu element of Gra-5/1.

XPS analysis and EDS mapping were carried out to investigate further the chemical
composition and electronic states on the surface of Gra-5/1 (Fig. 6.5). One peak at 688.5
eV in the F1s spectrum of Gra-5/1 (Fig. 6.5a), which is ascribed to the C-F and proves
the existence of PVDF. The uniform distribution of F and C elements over the entire
coating layer is found via EDS mapping, as demonstrated in Fig. 6.5b-e, which also
agrees with the XPS results. It has been verified that F atoms can interact with Li* to

form robust SEI components such as Li-F during the electrochemical deposition?**,
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Figure 6.6. (a) Specific tensile strength and (b) specific shear strength of Cu, Gra-5/1,
and graphite paper. The inset photograph of (a) shows the flexibility of the Gra-5/1.

Mechanical properties of Gra-5/1 were also investigated to evaluate its adaptability to
the manufacturing procedures of practical cells (Fig. 6.6). Though the tensile and shear
stress of the CBCCs are lower than that of Cu foil (Fig. 6.6), the mechanical strength
of the as-prepared Gra-5/1 (0.75% at a tensile stress of 15 MPa and 6.5 mm at a shear
stress of 0.03 N) is sufficient to withstand the changes of the mechanical stress in the
battery during charging/discharging, as well as the production process. Interestingly, in
comparison with the graphite paper (1.65% at a tensile stress of 10 MPa and 5.5 mm at
a shear stress of 0.025 N) which is produced by carbonisation and graphitisation of
polyimide polymers film at high temperatures (Fig. 6.6a-b), the free-standing Gra-5/1
shows better mechanical properties, which is ascribed to the PVDF molecules that bond
graphene sheets. The excellent flexibility of Gra-5/1 is demonstrated by a bending

process with 180 degrees, as shown in the inset of Fig. 6.6a.
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Figure 6.7. DMT modulus over (a) bare Cu, (b) Gra-0/1, and (c) Gra-5/1 through AFM
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characterisation.

To characterise surface stiffness distribution, more mechanical characterisation, such
as DMT modulus, is collected through AFM over bare Cu, Gra-0/1, and Gra-5/1 (Fig.
6.7a-c). Gra-0/1 has the remarkably highest micro stiffness (Young’s modulus of 112.1
GPa), confirming the excellent mechanical properties of graphene materials.?®

Interestingly, the incorporation of PVDF decreases Young’s modulus of Gra-5/1 to 96.7

GPa (Fig. 6.7b-c) owing to the soft nature of PVDF while keeping good flexibility.
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Figure 6.8. TGA and relevant derivative curves of the Gra-5/1.
The thermal stability of graphene-based current collectors is evaluated by TGA (Fig.

6.8). Gra-5/1 can withstand temperatures up to 400 °C in an air atmosphere, which is

far beyond the normal operating temperatures (<60 °C) of batteries.
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Figure 6.9. Resistance of Gra-X/1-Cu (X =0, 1, 5, and 10), Gra- 5/1, and bare Cu foil.

The resistance of CBCCs is an important parameter affecting the battery's energy
conversion efficiency and thermal management. Fig. 6.9 shows that the resistance of
different graphene-based current collectors strongly depends on the PVDF mass ratio.
Specifically, Gra-0/1 with no PVDF exhibits excellent electrical conductivity
(resistance of ~2 Q). As the proportion of PVDF increases, the electrode resistance
increases slowly to ~24 Q (Gra-5/1). When the PVDF/graphene mass ratio reaches 10
(Gra-10/1), the resistance increases sharply to about 138 Q. Predictably, Gra-10/1 may

not be suitable as the current collector, as it may substantially increase the battery's

internal resistance.
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Figure 6.10. (a) Contact resistance between different current collectors and metallic

tabs using different connecting methods. The inset optical photographs show the
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appearance of different samples. (b) Optical photograph showing the tabs welded on

the Gra-5/1 in a practical pouch cell.

The stable connection between carbon and metallic materials with low resistance
should be first considered to apply the CBCCs in practical pouch cells. Inspired by our

previous coating operations on Cu foils,>*

we found strong adhesion and acceptable
contact resistance between PVDF-containing conductive carbon coatings and Cu foil.
Therefore, we decide to leave a small piece of metallic Cu on the end of the graphene-
based current collector via the coating and etching process to enable tab welding of the
CBCCs. The contact resistance between Gra-5/1 and Cu (Fig. 6.10a) is almost
equivalent to the contact resistance between Gra-5/1 and welded metallic tab (Fig.
6.10b), verifying the reliability of this design in practical pouch cells. The connection
resistances using alternative connection strategies (such as using a Cu sticker or silver
paste as binding materials between metallic tabs and graphite paper) were also tested
(Fig. 6.10a), all of which fall in an acceptable level for pouch cell applications.

Considering the cost and convenience of fabricating multi-layer pouch cells, tab

connection by ultrasonic welding was adopted in our experiments.

Overall, this free-standing CBCC is qualified to undertake the basic function of the

current collector and show certain processability and practical application potentials in

pouch cells.
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6.3.2. The adaptability of Graphene-based electrodes to cell operating

conditions

(a) (b)

Figure 6.11. Contact angles of electrolyte toward (a) Cu foil and (b) Gra-5/1.

To further estimate the feasibility of the as-fabricated Gra-5/1 as the current collector
in practical cells, its adaptability, including wettability in the electrolyte was clarified.
The contact angle of the electrolyte on both Cu foil and Gra-5/1 was measured (Fig.
6.11a-b) to understand better the interaction between the electrolyte and the
graphene/PVDF composite current collector. Results show that Gra-5/1 demonstrates
considerably better wettability (contact angle of 4°) toward carbonate ester electrolyte
than Cu foil (contact angle of 23.5°). It was reported that the electrolyte wettability is
closely related to the uptake amount of liquid electrolyte and then influences the
distribution of Li* flux over the surface of the current collector during cycling.'?’
Therefore, such a superior electrolyte wettability is beneficial for uniform Li* flux and

mitigating uneven Li deposition.
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Pristine Soaking for 15h

Figure 6.12. Cross-section views SEM images of (a), (b) Gra-5/1, (c), (d) graphene
paper and (e), (f) carbon nanotube film before soaking and after soaking in the

electrolyte solution for 15h, respectively.

Another typical parameter for characterizing the stability of materials is swelling
behaviour, as electrolyte penetration may cause the expansion of CBCCs and strength
reduction. Thus, to further evaluate the stability of Gra-5/1 in the electrolyte, the
swelling behaviour of Gra-5/1 was measured by soaking it in the electrolyte solution
for 15h. Fig. 6.12a-b illustrates there is no apparent swelling in Gra-5/1, implying
PVDF can keep Gra-5/1 stable in the electrolyte by preventing the electrolyte from
entering the interior of the current collector. The swelling behaviours of other CBCCs,
such as graphene paper and CNTs film, are obtained to compare with Gra-5/1. Inversely,
there is apparent swelling in both CBCCs, as illustrated in Fig. 6.12c-f. The volume of
graphene paper expands by ~30%, and the volume of CNTs film increases by 50%,
verifying that PVDF can shield the invasion of electrolytes into the interior of carbon

frameworks.
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Figure 6.13. (a) Potential profiles of Li plating on the 2D current collector: bare Cu
foil, Gra-0/1-Cu, Gra-5/1-Cu, Gra-5/1, and the graphene paper at 0.5 mA cm?2. (b)
Potential profiles of Li plating on the 3D current collector: carbon cloth and carbon

nanotube film with an areal capacity of 3.5 mAh cm? at 0.5 mA cm™.

Lithiation/intercalation behaviour is rather common in graphite-type materials, but it
will damage the mechanical strength of CBCCs.*? Thus, the lithiation behaviour of
Gra-5/1 and other free-standing CBCCs is investigated (Fig. 6.13a-b). Interestingly,
Gra-0/1, Gra-5/1, and graphene paper show similar metal-deposition-like behaviour
without apparent lithiation potential (Fig. 6.13a), proving that there is nearly no Li"
intercalation behaviour. It is probably because that horizontally stacked graphene can
forcefully hinder Li" intercalation into carbon interlayer. This is a good signal for the
CBCCs to maintain their mechanical strength. However, commercial carbon cloth and
CNTs film have apparent lithiation behaviour (Fig. 6.13b), implying that their
mechanical strength can be largely affected during cycling. The potential profile of Li
plating on CNT/PVDF composite electrode (CNT-5/1) reveals that PVDF can reduce

the Li" insertion/deposition in the internal CBCCs (Fig. 5.20).
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Figure 6.14. Optical photograph of (i) the carbon cloth, (ii) carbon nanotube film, (iii)
graphene paper, and (iv) Gra-5/1 after (a) 20 cycles of direct deposition/dissolution and
(b) 30 cycles with Li foil covering on the upper surface at 0.5 mA cm™ with a capacity

of 3.5 mAh cm™.

Figure 6.15. The optical photograph shows the flexibility of Gra-5/1 after 100 cycles

of deposition/dissolution in a full pouch cell.

To explore the stability of Gra-5/1 after cycling, we assembled Li||C coin half cells
using commercial carbon cloth, CNTs film, graphene paper, and Gra-5/1, respectively,
as CBCCs to make a comparison. Fig. 6.14a shows that carbon cloth, CNTs film, and

graphene paper fragmented after cycling. Breakage of carbon cloth and CNTs film can
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be ascribed to the fact that lithiated CBCCs are too stiff to endure the volume change
of Li deposit, which deteriorates their mechanical strength. The toughness reduction in
graphene sheets is probably due to the volume expansion caused by electrolyte
infiltration. In contrast, intact Gra-5/1 can be maintained after cycling, strongly
confirming that no intercalation behaviour and PVDF-induced -electrolyte

shield/structural reinforcement can maintain the mechanical strength of CBCCs.

Furthermore, CBCCs covered with Li foil were tested to investigate the stability of Gra-
5/1 toward Li, as shown in Fig. 6.14b. Similarly, only Gra-5/1 can keep the most
favourable mechanical strength and electrode integrity after 30 cycles with a capacity
of 3.5 mAh cm? at 0.5 mA cm? due to the PVDF-induced sturdy structure and
minimum Li" intercalation. Afterwards, the flexibility of cycled Gra-5/1 was verified
by a simple bending process, as shown in Fig. 6.15. Results show that similar to the
fresh Gra-5/1 (Fig. 6.6a), the cycled Gra-5/1 still maintains excellent flexibility after
100 cycles in a pouch cell, which elucidates that this free-standing graphene-based

composite current collector is strong enough to endure the Li deposition/dissolution.
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Figure 6.16. Potential profiles showing the capacity difference in comparison of
galvanic corrosion before and after standing for 100h over the bare Cu and Gra-5/1 with

plating Li at 0.01 mA cm™/0.5 mA cm™ and stripping Li at 0.01 mA cm™.
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The Li||Cu and Li||C coin half cells were assembled, respectively, to further confirm the
galvanic corrosion between the metal-based current collector and electroplated Li in
the presence of an electrolyte, which can result in Li dissolution and reduction of
delivered capacity.?’® The electroplated Li was allowed to stand for Oh and 100h before
charging. Fig. 6.16 shows that after standing for 100 hours, the capacity of both cells
declines significantly, revealing that there are obvious side reactions between
electroplated Li and electrolyte. Furthermore, Gra-5/1-based cells perform lower
capacity reduction (by ~30%) than Cu-based cells, which strongly verifies the
application of Gra-5/1 can effectively avoid metal-induced corrosion behaviour.
Therefore, the Gra-5/1 current collector has high stability and reliability toward

electrolyte and LM, indicating that it can be applied in pouch cells.

6.3.3. SEI and Li deposit characterisations
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Figure 6.17. (a) Simulation result of Fermi energy level over Li, graphene, PVDF, and
Cu. (b)Mechanism of lower Fermi level in suppressing electron transfer to the

electrolyte on the Cu and Gra-5/1.

The property and composition of SEI have a strong effect on Li plating/stripping
behaviours. Electronic insulation is one of the most important properties of SEI that can
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prevent electrolyte reduction. It was reported that the electron insulating property of the
SEI relies on the thickness (d) of SEI and Fermi level (E¢) of the electrode surface, as

shown in equation (6.1):%%7

16EfAE, _A™d HoE
=—L e ‘ (6.1)

T (Ef+4E)?
where T is the electron tunnelling probability for complete electron insulation (namely,
T = e°),%7 AE: represents the electron tunnelling barrier, m is the mass of an electron,
and h is Planck’s constant. Thus, the calculation of Er was conducted to investigate the
SEI stability of graphene-based electrodes, especially toward electrolytes (Fig. 6.17a).
Based on tunnelling theory in quantum mechanics, the disparity in the SEI thickness
between Cu foil and Gra-5/1 can be clarified further. It is found that Li has the highest
Er of -2.65 eV,?® which is higher than graphene (-4.28 eV) and bare Cu (-4.65 eV).%*
300 Thus, the electrolyte is easily reduced by Li via transferring electrons to the lowest
unoccupied molecular orbital (LUMO) of the electrolyte. Notably, PVDF has the lowest
Er (-5.90 eV), reflecting that PVDF has the highest antioxidant capability. Fig. 6.3b
shows that PVDF is mainly attached to the surface of Gra-5/1 in the form of a thin film.
Thus, the Er of the Gra-5/1 surface approximately equals the Er of PVDF, which initially

provides a relatively stable electrode interface. Equation (1) can be simplified as

T~e~%A4Et  through the Wentzel-Kramers—Brillouin approximation in quantum

tunnelling theory.?”- 27 It is found that since AE; increases with decreasing Ex, lower Er
means that electro-insulation can be achieved with a smaller thickness of SEI. In other
words, the electrode with lower Eris more likely to suppress the electron tunnelling
behaviour. Therefore, Gra-5/1 performs the best interfacial compatibility toward the
electrolyte because it can suppress electron transfer to the LUMO of the electrolyte (Fig.
6.17b).%7 Briefly, Gra-5/1 can alleviate electrolyte decomposition, limit SEI growth
and facilitate the formation of excellent SEI owing to the lower Ef-induced reduced

electron tunnelling probability.
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Figure 6.18. EIS evolution with discharging from 2V to -0.25V at 0.1 mV-s™! over (a)
bare Cu, (b) Gra-0/1-Cu, and (c) Gra -5/1-Cu.

The EIS in the first plating process was measured to explore the SEI evolution on the
fresh electrode of bare Cu, Gra-0/1-Cu, and Gra-5/1-Cu. As shown in Fig. 6.18a-c, there
are three evident potential ranges (2 - 1.5V, 1.5-0V, and 0 - -0.25 V) in the Nyquist
plots of bare Cu and Gra-0/1-Cu, implying that there are three glaring changes in SEI
varies from the EDL behaviour to the pseudocapacitive-like behaviour, which reveals
that the formation of initial SEI can break diffusion-limited behaviour on the surface of
Cu and carbon.?’”® With potential decreasing to 0 V, the diameter of the semicircles in
the high-frequency region of the Nyquist plots gradually increases, representing that
Ret 1s elevated. It is inferred that the precursor of SEI derived from the fast reaction
between reduced Li" and electrolyte or adsorption of active cationic clusters probably
hinders the Li* diffusion into the surface of the electrode and becomes densified.?*
Finally, when the potential drops to -0.25 V, there is a sharp reduction in the R,
suggesting that the fast ion transportation channels are formed due to the formation of
comparatively stable SEI. By contrast, only two distinct stages (2 -0V and 0 - -0.25 V)
can be observed in Gra-5/1-Cu. The Ret gradually increases when discharging to 0 'V,
implying that PVDF is involved in the Li" reduction process during the formation of
initial SEI. Notably, the Rct of Gra-5/1-Cu is the smallest among all electrodes when

discharging to -0.25 V, revealing that PVDF plays a critical role in the evolution of
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stable SEI.
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Figure 6.19. XPS spectra of the F 1s of plated 1 mAh cm™ Li at 0.5 mA cm™ on (a)
bare Cu, (b) Gra-0/1-Cu, and (c) Gra-5/1-Cu.

XPS was further conducted to verify the SEI component in Cu foil and Gra-5/1-Cu with
Li plating areal capacity of 1 mAh cm™. In F 1s spectra (Fig. 6.19a-c), Li-F and C-F
signals are observed in all electrodes, resulting from the decomposition of FEC or
LiPFs.22 Li-F is well-known as an excellent SEI component owing to its high
interfacial energy toward Li and high mechanical strength, which helps suppress Li
dendrites. Thus, Li-F-rich SEI is more efficient for uniform Li deposition. According
to the literature,?** 28! the Li-F components can be obtained by the in-situ reaction
between Li and fluoropolymer (e.g., polytetrafluoroethylene or PVDF). Thus, it is
inspired that the highest intensity of the Li-F signal (95.7%) in the Gra-5/1 implies
partial PVDF as a film-forming polymer could be involved in the electrochemical
deposition process and result in the formation of robust SEI. Li-F is also widely
suggested to prevent electron tunnelling due to its low solubility and wide band gap
(8.9 eV), which verifies that Gra-5/1 can suppress electron transfer to the electrolyte.
In contrast, the lowest intensity of the Li-F signal (73.7%) for bare Cu confirms the

formation of comparatively unstable SEI.
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Figure 6.20. Top-view and cross-section view SEM images and corresponding EDS
mapping for C, O, F, and Cu elements of (a, b, e) bare Cu, and (c, d, f) Gra-5/1-Cu with

a plating areal capacity of 3 mAh cm™. The current density is 0.5 mA cm™.

Ex-situ FIB-SEM characterisation was further carried out to investigate the morphology
of the deposited Li on bare Cu and Gra-5/1-Cu with a plating areal capacity of 3 mAh
cm? (Li@Cu and Li@Gra-5/1-Cu) (Fig. 6.20a-d). Fig. 6.20a and Fig. 6.20b present
that the porous and dendritic structure of electrodeposited Li is generated on bare Cu
foil, which can accelerate the capacity attenuation in Cu-foil-based LMFRBS. Besides,
remarkably thick SEI covering on porous dendrite-like Li is attributed to the uneven
Li" deposition and electrolyte decomposition due to the SEI with a higher electron
tunnelling probability, as well as the formation of by-products, resulting in poor cycling
stability and a dramatic drop in CE.?** Related EDS mapping result (Fig. 6.20¢)

illustrates that F and C are subordinate, while O and Cu account for the two most
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significant elements in Li@Cu. The high content of Cu strongly supports our previous
claim that Cu can be easily electrochemically corroded during plating, while the strong
signal of O (mainly originated from electrolyte decomposition) implies that Li dendrites
accelerate the electrolyte decomposition and increase irreversible Li capacity. In
striking contrast, Fig. 6.20c shows that Li particles tend to splice into dense and
dendrite-free bulks on Gra-5/1-Cu, which can reduce the contact area between
electrolyte and Li. The dense and dendrite-free cross-section view of Li plating can also
be observed in Fig. 6.20d. More notably, the F element is comparatively dominant in
the case of Gra-5/1-Cu (Fig. 6.20f), which highly supports that partial PVDF can be
electrochemically reduced by Li to form extra Li-F. This finding is also in accordance
with the XPS result in Fig. 6.19c¢. In addition, nearly no Cu element can be found in
Li@Gra-5/1-Cu, which indicates that Gra-5/1 can effectively prevent Cu from
electrochemical corrosion. The result above confirms our hypothesis that PVDF-
induced favourable SEI and lower Ef-induced shielding of side reaction can achieve

uniform dendrite-free Li deposit on Gra-5/1.
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Figure 6.21. LM deposition morphology evolution with capacities from 0.2 to 1 mAh
cm on the bare Cu and Gra-based electrodes. Top-view SEM images of the (a) bare
Cu, (b) Gra-0/1-Cu, and (c) Gra-5/1-Cu electrode after plating with 0.2 mAh cm?, 0.6
mAh cm™ and 1.0 mAh cm™ of Li. The current density is 0.5 mA cm™.
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5/1-Cu.

The basic interfacial electrochemical characterisation of the newly prepared electrode
was carried out to explore the evolution of Li deposition, which plays an essential role
in the following cycle. Fig. 6.21 exhibits morphology evolution during Li plating with
capacities from 0.2 to 1 mAh cm™ on bare Cu foil, Gra-0/1-Cu, and Gra-5/1-Cu (Li@Cu,
Li@Gra-0/1-Cu, and Li@Gra-5/1-Cu). As Li" tends to deposit on spots with high
electric strength, slender dendrite-like Li is easy to find (0.2 mAh cm™) on bare Cu, as
shown in Fig. 6.21a, due to the uneven electric field distribution of Cu foil. As a result,
incomplete SEI can be formed owing to the non-uniform Li deposition and
continuously attract Li* to form local whisker protrusion (0.6 mAh cm). Furthermore,
tips-effect®?’ also further intensifies the formation of dendrite-like Li. Finally, the
mossy-type (whisker and dendrite) Li network can be observed when the plating
capacity grows to 1 mAh cm™. Fig. 6.21b reveals that larger Li particles are observed
on Gra-0/1-Cu than Cu foil. However, with discharging capacity increasing to 0.6 mAh
cm?or 1 mAh cm, mossy-type (whisker and dendrite) Li networks still form due to
the lack of robust SEI. Similar to Gra-0/1-Cu, Fig. 6.21c reveals that Li can horizontally
grow with small particles with diameters of ~2 um on Gra-5/1-Cu with a capacity of

0.2 mAh cm™. Li particles become crowded and spliced into a dense, dendrite-free
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plane when the plating capacity increases. Fig. 6.22 demonstrates that the Gra-5/1-Cu
follows the progressive nucleation form. While, Cu foil obeys instantaneous nucleation
form,?®3 which confirms that Li intends to continuously grow on the formed nucleus in

Gra-5/1 and grow into a whole.

In brief, Cu as a deposition substrate possesses a higher Fermi energy level and lower
anti-corrosion toward air/electrolyte, which can further deteriorate the electric field
distribution and hinder the establishment of stable SEI. Thus, it is not an appropriate
current collector to deposit Li. Meanwhile, lacking film-forming polymer makes it
more difficult to stabilise Li deposition. While Gra-5/1 with high anti-corrosion not
only preferably guarantees a good deposition environment but also facilitates the
formation of robust and electron-retarding SEI with the assistance of PVDF with the
lowest Fermi energy level. Thus, extra electrolyte decomposition and Li inventory

consumption can be impeded, resulting in uniform dendrite-free Li deposition.
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6.3.4. Electrochemical performances of Graphene-based electrodes of half

and full cells
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Figure 6.23. Comparison of CE of Li plating on/stripping with the capacity of 1 mAh
cm™at (a) 1 mA cm? and (b) 2 mA cm™ and with the capacity of (c) 3 mAh cm™ at 1

mA cm? over bare Cu, Gra-0/1-Cu, and Gra-5/1-Cu under ester-based electrolyte.

In this chapter, considering that ester-based electrolytes have a higher dielectric
constant and better practical significance, electrolytes consisting of 1 M LiPFs in the
mixture of FEC and DMC with 2 wt% FEC were used in all cells, and EC was

eliminated to further improve the wettability of the electrolyte and stability.?*?

CE and long-term electrochemical stability of half cells containing different working
electrodes (Cu foil and graphene-based electrodes) coupled with Li foil as the counter
electrode was tested. Cu is not etched in the graphene-based electrodes to eliminate the
influence of internal stress in the coin cells. Among all electrodes, Cu foil shows the

most severe decay in CE, with current density varying from 1 mA cm™ to 2 mA cm™ at
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1 mAh cm? (Fig. 6.23a-b). With current density increasing from 1 mA cm™ to 2 mA
cm?, CE of bare Cu drops rapidly from an average of ~94% for ~30 cycles to around
90% for only 10 cycles before significant dropping, which may be ascribed to the
dramatic enhancement of internal resistance resulting from accumulated “dead Li” or
uncontrolled Li-dendrite-induced electrolyte depletion (Fig. 6.20) due to the fragile SEI
resulting from higher electron tunnelling probability. Gra-0/1-Cu keeps comparatively
stable CE with an average of ~94.5% within 80 cycles at | mA cm™ with a capacity of
1 mAh cm? (Fig. 6.23a), which implies that the high anti-corrosion ability of graphene
and uniform electric field contribute efficaciously to improved Li deposition behaviour.
However, apparent fading in CE is still found in Gra-0/1-Cu due to the lack of stable
SEI film-forming polymer. In comparison, the Gra-5/1-Cu cell maintains the most
stable CE with an average value of ~ 96% for more than 250 cycles at 1 mA cm™ and
~95% for around 100 cycles at 2 mA cm™ with a capacity of 1 mAh cm™ (Fig. 6.23a-
b). A larger deposition capacity (3 mAh cm™) was employed to test their practical

application in full cells (Fig. 6.23c). Gra-5/1-Cu still exhibits superior cycling

performance at 1 mA cm™ with the highest CE (~98%).
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Figure 6.24. Comparison of Li plating/stripping potential profiles on Cu foil and Gra-

5/1-Cu at different current densities ranging from 0.5 to 3 mA cm with 1 mAh cm™,

Potential hysteresis and reversibility were studied using bare Cu foil and Gra-5/1-Cu in
half cells (Fig. 6.24). The potential hysteresis of Gra-5/1-Cu only grew from ~25 mV

to ~70 mV, with current density increasing from 0.5 to 3 mA cm™. In contrast, Cu foil
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shows dramatic hysteresis change by ~200 mV. The above results ultimately prove that
the Gra-5/1 electrode can actively form excellent SEI and mitigate the side reactions to

stabilise Li deposition.
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Figure 6.25. (a) Top-view SEM images, (b) EIS, and (c) related CE of Li plating
on/stripping with the capacity of 1 mAh cm™at 2 mA cm™ over fresh Gra-X/1-Cu (X =
0, 1, 5, and 10).

A comparison of cycling lifetime on graphene-based current collectors with different
PVDF contents (Gra-X/1 (X =0, 1, 5, and 10)) is shown in Fig. 6.25a-c. Augmented
Rt elucidates that the interaction between Li* and PVDF is enhanced due to the
increasing proportion of PVDF (Fig. 6.25b), which is consistent with the resistance
results (Fig. 6.9). The results of cycling lifetime in Fig. 6.25¢ show that, with PVDF
content growing (within 0-5), cycling lifetime is efficiently prolonged, and CE value is
improved in graphene-based electrodes. Nevertheless, when PVDF content is further
increased (Gra-10/1-Cu), the worst cycling lifetime and the lowest CE value can be
found, confirming that too much PVDF can hinder Li* reduction and substantially affect
the electrochemical performance of the cell due to the high resistance (Fig. 6.9). Fig.

6.25c also illustrates that Gra-5/1-Cu maintains the highest CE value among all
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graphene-based electrodes, which indicates that the mass ratio of PVDF/graphene=5/1
is probably the best proportion to achieve the dendrite-free and high reversible Li
deposit owing to the comparably appropriate interface impedance and electronic
conductivity of the material. Low impedance may lead to a high reaction rate, easily
resulting in Li dendrite as a result of a diffusion-limited rate. By contrast, high
impedance usually gives rise to a reaction-limited rate. Although a lower reaction rate
can distribute Li ions evenly on the surface of the electrode, a large amount of PVDF
can highly enhance the barrier of Li" redox, leading to enhanced internal resistance and
great energy consumption. Thus, comparatively appropriate impedance is key to

balancing reaction-limited and diffusion-limited rates for Gra-5/1.

Another possible point is relevant to the electronic conductivity of the material. Fig.
6.10 shows that when the PVDF/graphene mass ratio reaches 10 (Gra-10/1), the
resistance increases sharply to about 138 Q. Fig. 6.25a shows that graphene materials
are almost entirely covered by PVDF on Gra-10/1, revealing conducive areas are highly
shielded by PVDF. This condition is also similar to the Cu@PVDF electrode (Fig. 5.26).
During only several cycles, this limited conducive area can be gradually blocked by
accumulated isolated “dead Li”, leading to the lowest CE. A similar electrochemical

performance of Cu@PVDF can also be found in Fig. 5.26.
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Figure 6.26. Comparison of CE of Li plating on/stripping with 1 mAh cm?at 1 mA
cm? over (a) bare Cu, Gra-0/1-Cu, Gra-5/1-Cu, and Cu foil washed with HC1 and (b)
over Gra-5/1-Cu and Gra-5/1-PAN-Cu. (c¢) Cycling performance of pouch cell
assembled with Cu foil, Gra-0/1-Cu, Gra-5/1-Cu, and Gra-5/1-PAN-Cu current

collectors and high areal capacity NCM 811 positrodes (~ 4 mAh cm™2).

To clarify the effect of copper oxide or hydroxide which comes from a side reaction
between air and Cu on the surface of bare Cu on the cycling performance, the Li||Cu
cell was assembled using Cu foil washed with HCI. Fig. 6.26a shows the cycling
lifetime is prolonged, but the CE of the initial cycle for the washed Cu is drastically
reduced to 85%. Thus, such a poor CE indicates that the limited active Li in LMFRBs
will be significantly consumed by washed Cu. It also verifies the fact that poor cycling
of Cu foil is due to the lack of robust and insulating SEI, other than surface contaminant
only. In addition, compared with Gra-0/1-Cu, higher initial CE can be found in Gra-
5/1-Cu, strongly confirming that PVDF can prevent Li" from entering the internal area
of Gra-5/1 and decrease the formation of initial irreversible Li. The graphene-based
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current collector using PAN instead of PVDF was prepared (Gra-5/1-PAN-Cu) to
explore further the polymer's function (Fig. 6.26b). The Gra-5/1-PAN-Cu also achieves
a relatively long cycling lifetime (>140 cycles). However, the CE within the first 30

cycles is lower than Gra-5/1 by ~3%, confirming that PVDF is an ideal film-forming

additive.
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Figure 6.27. () Cycling performance of LM-free coin full cell assembled with bare Cu,
Gra-0/1-Cu, Gra-5/1-Cu, and CNT-5/1 with an areal capacity of ~2 mAh cm™2. (b)
Cycling performance of full cells assembled with bare Cu, Gra-0/1-Cu, and Gra-5/1-
Cu with an areal capacity of ~4 mAh cm™2. (c) The rate capability of full cells assembled

with bare Cu and Gra-5/1-Cu from 0.1 C to 2 C with an areal capacity of ~4 mAh cm™2,

To evaluate the performance of Gra-5/1-Cu in full cells, long-term cycling and rate
performance of coin full cells assembled with bare Cu foil or Gra-0/1-Cu or Gra-5/1-
Cu and LiFePO4 (~ 2 mAh cm2) (Fig. 6.27a) or NCM 811 (~4 mAh cm™2) positrode
(Fig. 6.27b-c) were tested. Fig. 6.27a shows that the capacity retention of the LFP-based

full cell composed of Cu foil undergoes a sharp drop to less than 15% after only 20
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cycles. A slightly improved cycling stability of 45% capacity retention at 20 cycles with
a mitigated capacity fade rate was obtained with Gra-0/1-Cu, likely due to the more
uniform electric field distribution. In contrast, the cycling stability of the LMFRBs was
dramatically improved to ~65% capacity retention after 20 cycles with Gra-5/1-Cu,
demonstrating its efficacy in stabilizing the Li deposition/dissolution in a full cell. In
addition, the capacity retention of Gra-5/1-Cu is always higher than that of CNT-5/1
during cycling, verifying CNTs can induce more capacity loss because of large
electrochemically reactive surface area. Similarly, the Cu and Gra-0/1-Cu-based full
cells show significantly fast capacity fade to ~45% and ~57% capacity retention,
respectively, with an areal capacity of 4 mAh cm2 (Fig. 6.27b). By striking contrast,
Gra-5/1-Cu still maintains the highest capacity retention of ~71%. Gra-5/1-Cu also
performs better rate capability than bare Cu foil, as illustrated in Fig. 6.27c. Especially
at a high rate of 2 C, the cell using Gra-5/1-Cu still delivers a high specific capacity of~
76.9 mAh g, much higher than that of a bare Cu foil cell (~ 46.9 mAh g1). The higher
discharge capacity at high rates is ascribed to the PVVDF-induced stable SEI and uniform

Li deposition.
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Expanded graphite paper
Figure 6.28. Optical photograph of the fresh (a) graphite paper, (b) graphene paper, and
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(c) expanded graphite paper. (d) Comparison of CE of Li plating on/stripping with 1
mAh cm™ at 2 mA cm™ over the Gra-5/1, graphite paper, graphene paper, and expanded
graphite paper. (e) Cycling performance of coin full cell assembled with Gra-5/1,
graphite paper, graphene paper, and expanded graphite paper current collectors and

high areal capacity NCM 811 positrodes (~ 4 mAh cm™).

To further investigate the advantage of Gra-5/1 as a CBCC in Li deposition/dissolution,
coin half/full cells were assembled using graphite paper, graphene paper, and expanded
graphite paper as pristine 2D CBCCs with no PVDF (Fig. 6.28a-c). Fig. 6.28d shows
that the cell with Gra-5/1 delivers the longest cycling lifetime (>180 cycles) and the
highest CE with 1 mAh cm™ at 2 mA cm™. Meanwhile, the cell with Gra-5/1 achieves
the highest capacity retention after 50 cycles, as shown in Fig. 6.28e. Thus, Gra-5/1 can
achieve the in-situ construction of the favourable SEI and facilitate the Li

deposition/dissolution with the help of PVDF.
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Figure 6.29. (a) Cycling performance and in-situ (b) discharge and (c) charge internal
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resistance profiles of pouch cells assembled with bare Cu, Gra-0/1-Cu, Gra-5/1-Cu, and

Gra-5/1 and high areal capacity NCM 811 positrodes (~ 4 mAh cm™2).

To further verify the practical applicability of the Gra-5/1 as the CBCC, we assembled
pouch cells by using an NCM811 positrode with a high areal capacity (~4 mAh cm™2)
with a designed capacity of ~ 0.16 Ah and normal ester-based electrolyte mass of~ 0.96
g (Fig. 6.29a). Cu foil||[NCM 811 cells show the fastest capacity retention and CE decay
within the first 40 cycles at 0.2 C, while both Gra-5/1-Cu and Gra-5/1||NCM 811 cells
can maintain similar capacity change and the highest capacity retention within the first
40 cycles under the same condition, which confirms the fact that Cu substrate does not
affect the electrochemical behaviour of Gra-5/1. The Gra-5/1-PAN-CU|[NCM 811
pouch cells were also assembled, which display much worse capacity retention than
PVDF-based Gra-5/1-Cu within 40 cycles (Fig. 6.26¢), verifying that PVDF is an ideal
film-forming additive. Fig. 6.29b-c compares the internal resistances of pouch cells
during cycling, which are in-situ monitored to demonstrate the electrochemical
resistances of cells during cycling. In the first 40 cycles, the internal discharge
resistance of Cu foil|[NCM 811, Gra-0/1-Cu|[NCM 811, Gra-5/1-Cu||[NCM 811, and
Gra-5/1||[NCM 811 pouch cells show a similar rising trend (increasing from ~ 0.6 to ~
1 Q). Nevertheless, the internal discharge resistance of Cu foil|[NCM 811 cell suffers
from a dramatic increase to ~ 20 Q after 50 cycles, while other cells only gradually rise
to ~ 1.1 Q after 50 cycles. It is because increasingly accumulated “dead Li” on Cu foil
can result in soaring internal resistance. What’s more, Fig. 6.29¢ shows that the PVVDF-
induced resistance can be forcefully alleviated after the activation procedure, possibly
owing to the formation of crystal seed. Thus, the internal resistance of pouch cells

cannot be highly affected due to the introduction of PVDF.
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PVDF+Gra Cu sticker silver paste

Figure 6.30. Optical photograph of (a) large-scale production of Gra-5/1 and (b) related
pouch cell scale electrode (47 mm x 57mm). (c) Optical photograph of graphite paper
in pouch cell. Optical photograph of welding condition over the (d) Gra-5/1 and

graphite paper using (e) Cu sticker and (f) silver paste.
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Figure 6.31. (a) in-situ charge and discharge internal resistance profiles and (b) cycling
performance of pouch cell assembled with Gra-5/1 and graphite paper current collectors
using silver and Cu sticker for the welding process and high areal capacity NCM 811
positrodes (~ 4 mAh cm™).
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Based on the above-suggested tab welding technique on carbon materials (Fig. 6.10),
the related carbon-based pouch cells are assembled to test their practical operation
condition, as shown in the preparation procedure in Fig. 6.30. Fig. 6.31a shows that the
carbon-based pouch cells do not suffer from dramatic internal resistance during cycling
after the activation procedure, verifying that the above tab welding technology is
suitable for the multi-layer CBCCs in the pouch cell. Furthermore, Fig. 6.31b reveals
that Gra-5/1 maintains the highest capacity retention of 83.4% after 24 cycles. In
comparison, graphite paper only keeps 74.5% capacity retention, demonstrating that
the PVDF can efficaciously facilitate the formation of favourable SEI. Overall, it is
worthy of further widening the application of CBCCs in the practical application of
LMRBs due to the acceptable charge and discharge internal resistance of the above-

suggested tab welding technology.
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Figure 6.32. The discharge capacity and Charge and discharge energy profiles of a
pouch cell assembled with Gra-5/1 and high areal capacity NCM 811 positrodes (~ 4
mAh cm2) using the modified (a) and (b) rich electrolyte (E/C: ~12ul mAh™?) and (c)
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lean electrolyte (E/C: ~6ul mAh™); (d) Optical photo of the pouch cell.
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Figure 6.33. Optical photographs of the (a) front and (b) back surface of Gra-5/1
current collector (64 mm x 74 mm) used in pouch cells. (c) The mass of the naked
pouch cell without packaging, and (d) the thickness, (e) appearance, and (f) the voltage
profile for the first 3 cycles of the pouch cell assembled with Gra-5/1 and high areal

capacity LR-114 positrodes (~ 6 mAh cm™2).

To further improve the electrochemical performance of Gra-5/1 in LMFRBs, we
assembled pouch cells by using an NCM811 positrode with a capacity of ~4 mAh cm™
with a designed initial capacity of ~ 0.38 Ah. we applied local high-concentration
electrolytes (TTE as diluent) as a modified electrolyte design (electrolyte to capacity
ratio (E/C) of ~12 ul mAh™Y). Local high-concentration electrolytes can reduce contact
between Li and solvent.?*% 3% Also, TTE can decrease the side reaction between Li and
solvent and meanwhile ensure the wettability of the electrolyte. LiFSI as high chemical

stability lithium salt is dissolved in DMC (molar ratio of 3:4) to further widen the
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window of voltage. Also, 1wt% LiDFOB and FSI" contribute to forming excellent SEI
containing Li-F and robust CEI on the LMNE and the positrode. Fig. 6.32a-b shows
that the pouch cell with Gra-5/1 delivers 79% capacity retention and 81% energy
retention after 50 cycles, respectively. Fig. 6.32c-d illustrates that Gra-5/1 still performs
80% capacity retention after 40 cycles, even at the lean electrolyte condition (~6 pl
mAh™). The 2.6 Ah level multi-layer LMFRBs with high specific energy and energy
density (386 Wh/kg and 927.5 Wh/L) were assembled where LR-NCM 114 positrode
(6 mAh cm) with a size of 62 mm x 72 mm paired with Gra-5/1 (64mm x 74mm) (Fig.
6.33 and Table 6.1). The pouch cell achieves the discharge energy of 9.3 Wh,
demonstrating that Gra-5/1 possesses excellent potential in the practical application of

LMFRB:s.

Table 6.1. Pouch cell details assembled with Gra-5/1 and high areal capacity LR-114

positrodes (~ 6 mAh cm™2).

Items Parameter
Pieces of the positrode 5
Pieces of Gra-5/1 6
Mass of cell stack/g 13.865 g
Mass of electrolyte (2.4g/Ah)/g 643 ¢
Total mass (no gas bag)/g 24103 g
Total capacity/Ah 2.601 Ah
Total energy/Wh 9.3045 Wh

The specific energy of cell stack (with electrolyte)/Wh/kg  458.46Wh/kg
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The specific energy (no gas bag)/Wh/kg 386Wh/kg

The energy density (no gas bag) /Wh/L 927.5Wh/L

6.3.5. Failure analysis of Graphene-based electrodes
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Figure 6.34. (a) CE of Li plating on/stripping with 1 mAh cm™ at 1/0.1 mA cm™ over
Cu foil and Gra-5/1 under lean electrolyte conditions (~20 uL). Top-view SEM images
of (b) bare Cu and (c) Gra-5/1 after 30 cycles with 1 mAh cm™at 2 mA cm™. Inset (b)

and (c) shows the optical photograph of cycled Cu and Gra-5/1.

Failure analysis on Cu foil and Gra-5/1-based batteries were conducted to understand
their failure mechanism. Generally, there are three main causes for the failure of
LMRBs: 1. depletion of electrolyte; 2. dramatic increase of the internal impedance due
to the accumulation of “dead Li”; 3. loss of Li inventory.®2 For LMFRBs, the loss of
Li inventory is accompanied by two possible factors (1. formation of by-products (such
as SEI) caused by the reaction between Li and the electrolyte and 2. formation of “dead
Li” which originates from the fracture of Li dendrites during dissolution) usually leads
to serious capacity degradation.®®? Therefore, Li||Cu or Li||C half cells with lean
electrolyte (~20 pL) and unlimited Li source were assembled to distinguish between
factors 1 and 2. Meanwhile, different current densities were applied to control the Li"
diffusion rate. Fig. 6.34a shows that the CE of Cu foil decreases obviously after 20

cycles, but after applying a small current density, the CE rises back. The Cu foil also
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exhibits a similar downward trend as shown in the flooded electrolyte condition (Fig.
6.23a). Then, when a larger current density is applied again (1 mA cm-2), the downward
trend of CE does not stop, demonstrating increasing internal resistance is the main
factor that causes capacity decay. This growing internal impedance is probably caused
by the continuous accumulation of “dead Li”. For the Gra-5/1, the CE fluctuates
regularly with the increase or decrease of the current density in the first 100 cycles, but
after 100 cycles, the current density has almost no effect on the CE, and the CE
fluctuates violently. While Gra-5/1 can run for more than 250 cycles in the flooded
electrolyte condition (Fig. 6.23a). Thus, this indicates that electrolyte depletion may be
the main cause of the battery failure. This electrolyte depletion is highly ascribed to the

formation of by-products for the Gra-5/1.

In summary, for LMFRBs, the loss of Li inventory in Cu-based cells is mainly because
of the formation of “dead Li”, while the loss of Li inventory in Gra-5/1-based cells is
mainly due to the generation of by-products. As is expected, when the Li source is
sufficient, in the lean electrolyte condition, the accumulation of “dead Li” is still the
main reason for the failure of the Cu-based half cell, and the failure of the Gra-5/1-
based half cell is more likely due to the depletion of the electrolyte. These results also
confirm that Li dendrite can be efficaciously alleviated on Gra-5/1. Morphology of bare
Cu and Gra-5/1 after 30 cycles (Fig. 6.34b-c) with an areal capacity of 1 mAh cm™ at
2.0 mA cm? was characterised. Apparent dendrite-like and porous “dead Li” is
confirmed on the bare Cu, contributing to increased internal resistance and dramatic
capacity fading. In solid comparison, only little bulk-like and dense “dead Li” is
discerned in Gra-5/1 after 30 cycles, verifying depletion of electrolyte (lean electrolyte)
or the formation of by-product (flooded electrolyte) could be more tightly related to the

capacity decay.
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Figure 6.35. (a) The optical photographs of bare Cu and Gra-5/1, and top-view SEM
images of the (b) bare Cu and (c) Gra-5/1 after 100 cycles in pouch cells.

The morphology of bare Cu and Gra-5/1 after cycling was characterised to clarify how
they lose their capacity in pouch cells, as illustrated in Fig. 6.35a-c. Fig. 6.35a shows
that cleaner and fewer by-products/“dead Li” can be found in the Gra-5/1 after 100
cycles compared with Cu foil, proving that PVDF-induced robust SEI can impressively
suppress the generation of Li dendrites. The bare Cu and Gra-5/1 were investigated
further via SEM. In the LMFRBs, the electrochemically inactive Li species (irreversible
capacity) are mainly composed of “dead Li” and by-products. Fig. 6.35b confirms that
the irreversible capacity of Cu-based pouch full cell is mainly ascribed to the formation
of “dead Li”. While considering the high CE of Li||C coin cell (Fig. 6.23c) and reduced
“dead Li” (Fig. 6.35c), the loss of capacity of the Gra-5/1-based pouch full cell is
probably due to the by-products and the generation of a small part of “dead Li”. Thus,
in the practical application, Gra-5/1 contributes to the improvement of cycling
performance mainly due to the PVDF-triggered robust SEI alleviating the formation of
Li dendrite. How to decrease the by-products/side reaction between Li and electrolyte,

especially under lean electrolyte conditions, is the main challenge for Gra-5/1.
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Figure 6.36. EIS of (a) the bare Cu and (b) Gra-5/1 after 10, 30, and 50 cycles with an

areal capacity of 1 mAh cm?at 2 mA cm™. (c) applied fitting resistance model: R1:Ro
(Ohmic resistance); R2: Rser (Migration resistance of Li" through the SEI); Wol:
Warburg (Li" diffusion resistance); CPEI/CPE2: Constant phase element

(Conventional double-layer and passivation film capacitance)

Electrochemical performance is firmly determined by the electrode materials' stability
of SEI. SEI properties such as conductivity and composition on the Gra-5/1 were further
collected via EIS (Fig. 6.36) and XPS (Fig. 6.37-6.38) characterisation after cycling.
Compared with the bare Cu foil, smaller semicircles in the high-frequency region are
obtained in Gra-5/1 after 10, 30, and 50 cycles (Table 6.2), reflecting that the SEI
formed on Gra-5/1 possesses a smaller interface impedance and a smaller Ret than that
of the Cu foil. The closer frequency may coincide with SEI resistance (Rsgr) and Ret.
This result confirms that introducing PVDF can facilitate stable SEI formation with low
resistance during Li deposition/dissolution. While higher resistance in SEI formed on

Cu foil also renders a negative effect on its electrochemical performance.

Table 6.2. Fitting resistance data of the galvanostatic plating/stripping in symmetrical

cells using Gra-5/1 or Cu foil with an areal capacity of 1.0 mAh cm™ at 2 mA cm™.
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Sample R1 (Q) R2 (©)

Gra-5/1-10t 3.035 34.37
Bare Cu foil-10t 2.953 38.57
Gra-5/1-30t 4.336 59.28
Bare Cu foil-30t 5.188 72.3
Gra-5/1-50" 5.335 45.07
Bare Cu foil-50t" 7.493 64.84
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Figure 6.37. XPS full spectrum at various depths of Li plating on/stripping with 1 mAh
cm?at 2 mA cm over the (a), (b) bare Cu, and (c), (d) Gra-5/1 after 50 cycles.
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Figure 6.38. XPS spectra at different etching depths (0s and 30s) of the (a) F 1s, (b) C
Is, (¢) O 1s, and (d) Li 1s of Li plating/stripping with 1 mAh cm™ at 2 mA cm? over
the bare Cu and Gra-5/1 after 50 cycles. (e) Illustration of the SEI compositions on the
bare Cu (top) and Gra-5/1 (down).

To identify the chemical composition and stability of SEI, the half cells were evaluated
after the 50th stripping/plating cycle (1 mAh cm 2 at 2 mA cm 2), and the interfacial
SEI component was further investigated (Fig. 6.37 and Fig. 6.38) at different depth and
is displayed graphically via XPS. The surface SEI of bare Cu is mainly composed of
organic (C—C/C-H) (Fig. 6.38b) and inorganic (Li2CO3) (Fig. 6.38c) substances.
However, Gra-5/1 shows strong peaks of Li-F (Fig. 6.38a) and RCOOLI (Fig. 6.38d).
Li-F is well-known as a favourable SEI component for its high interfacial energy toward
Li and high mechanical strength.>® Therefore, it efficiently suppresses dendrite growth
and contributes to uniform Li deposition. There is a more apparent growth in the
intensity of Li-F after 30s’ sputtering than the external SEI composition (F1S of Fig.
6.38a) in the Gra-5/1 compared to the bare Cu, implying the PVDF dispersed in

graphene can facilitate the formation of Li-F and help achieve uniform Li
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deposition/dissolution. Notably, the top surface of the SEI formed in the Cu foil has
much stronger C—C/C-H (284.8 eV), C-O (286.2 eV), and C=0 (289.5¢V) signals
compared with Gra-5/1, demonstrating the tremendous electrochemical degradation of
organic solvent during cycling (Cls of Fig. 6.38b). While the C—C/C-H signal in the
internal SEI dramatically reduces, which verifies unstable SEI formed on Cu cannot
effectively stop massive electrolyte decomposition contributing to the external higher
content of C—C/C—H. The stronger and similar C=0 signals can be found in bare Cu
before and after Ar sputtering (Ols Fig. 6.38c) compared to the Gra-5/1"s, indicating
that both internal and external parts of the SEI contain more organic components
resulting from electrolyte decomposition. Therefore, it is indicated that numerous side
reactions between the electrolyte and Li can be foreseen in Cu-foil-based LMFRBS,
accelerating the dendrite formation and capacity attenuation. Compared to Gra-5/1,
bare Cu shows a lower RCOOLIi content and higher Li2COs in LilS (Fig. 6.38d),
implying that the RCOOLIi may help Gra-5/1 reduce the electrolyte decomposition. The
internal SEI of Gra-5/1 has stronger C=0 signals than the external SEI, revealing that
the electro-reduction of electrolytes may be efficiently inhibited by RCOOLIi besides
the Li-F. Fig. 6.37 shows a gradually decreased content of C-C/C-H and Li2COs3, an
increased amount of Li-F over Gra-5/1, and both increased amounts of Li-F and Li2CO3
and decreased content of C-C/C-H for bare Cu along with the depth of SEI, suggesting
the organic-inorganic feature of hybrid SEI as illustrated in Fig. 6.38e. It is mainly due
to the PVDF-induced Li-F enriched SEI and high electron-retarding ability, which can
be crucial in improving Li cycling. While vulnerable SEI on Cu will facilitate the

formation of Li dendrites and “dead Li”.

Briefly, apparent Li dendrites are deposited on Cu owing to the fragile and unstable SEI.
Ultimately, “dead Li” which can highly hinder the Li" transporting, will be formed after
several cycles, resulting in exponential failure (increased internal resistance in half cell
and capacity fading in the full cell) of the battery. While PVDF-induced Li-F-rich and

electron-retarding SEI triggers uniform Li" flux and mitigates the formation of Li
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dendrites on Gra-5/1. Thus, electrolyte depletion or the formation of by-products can

lead to slow capacity decay of Gra-5/1-based LMFRBs.

6.4. Conclusions

In brief, a free-standing graphene-based current collector with a Cu tab to replace Cu
foil and achieve practical application of CBCCs is fabricated. Not only can PVDF
improve the mechanical strength of CBCCs, but it can also be considered an excellent
film-forming polymer to help form favourable and highly insulating SEI. Graphene
sheets not only have excellent electric conductivity but also provide a small surface
area and hinder Li" insertion due to the tightly stacked 2D structure. The as-prepared
Gra-5/1 satisfies the basic requirement of current collectors, such as high conductivity,
sufficient mechanical strength, and viable tab welding, and also performs improved Li
deposition/dissolution behaviour in pouch cells compared with Cu foil. It is believed
that this free-standing CBCC with low density can furnish profound significance to

practically achieve high specific energy of LMFRBs with high reversibility.

222



Chapter7

Conclusions and Prospect

This chapter mainly concludes the experimental result and discussion of different
chapters and lists unresolved issues that require further attention in the future and
provides promising suggestions about how to effectively improve the electrochemical

performance of LMRBs or LMFRBs.

7.1. Conclusions

This thesis aims to achieve uniform Li deposition/dissolution and improved
electrochemical performance by regulating Li" and electrons strategies. As for ion
regulation, PCNM materials are applied to homogenise Li" flow on the surface of the
LMNE and accommodate Li growth. To slow down the direct contact of LM toward
electrolyte and alleviate the interface side reaction, Li-F-rich SEI is built on Li@PCNM
electrode in advance via solvent modification. As for electron regulation, Cu foil is
modified by a CNT/PVDF coating layer to realise uniform interfacial current
distribution and simultaneously facilitate Li-F-rich SEI formation. To enhance the
specific energy and improve the application of CBCCs, the free-standing
graphene/PVDF composite current collector is prepared to replace Cu foil directly. The

details are listed below.

Chapter 3. The influence of g-C3N4 morphology on Li deposition/dissolution
behaviour has been first investigated. The 2D SCN layer could not accommodate Li
growth and performed weak mechanical strength to absorb the increased stress resulting
from the growing Li dendrites. The large pore size limited the efficient interaction

between Li" and nitrogen atoms in the 3D-like BCN layer. In comparison, the 3D
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porous framework of the PCNM coating layer containing both nano- and micro-pores
was more favourable for physical regulation of Li deposition to rapidly absorb the stress
change and guide Li growth, resulting in suppression of volume variation. Meanwhile,
nanopores in PCNM can facilitate chemical interaction between Li" and N-containing
functional groups, leading to more homogeneous Li" distribution based on the Debye-
length law. The above physical-chemical synergic regulation strategy can promote
dendrite-free Li plating. This research provides novel insight into the rational structure
design of lithiophilic materials for modifying LMNEs toward stable and long-life
LMRB:s.

Chapter 4. The influence of different solvents (DMF, NMP, and DMAC) of PCNMs
slurry on the composition of LM surfaces and related electrochemical performance
have been first evaluated. DMF is not suitable as the solvent of PCNMs slurry because
of the severe side reactions between DMF and LM. Although NMP is pretty stable with
LM, it can hardly provide any extra help for the in-situ formation of Li-F-rich SEI on
LM. DMAC not only keeps stable with LM but also effectively facilitates the formation
of Li-F during coating via a self-driven chemical reaction between PVDF and LM. This
facilitated reaction may be attributed to the distinctive solvation structure formed by
DMAC with PVDF and moderate structural stability toward LM. Thus, the
electrochemical performance of symmetric half cells and full cells, especially for long-
term cycling which depends on a more stable interface on Li@PCNM-DMAC, is highly

enhanced.

Chapter 5. A uniform and sufficiently subdivided current distribution in the nanoscale
can be efficaciously formed by the CNTSs network to induce uniform Li" flux and avoid
the local ion concentration void. Meanwhile, the introduction of PVDF can lower the
porous structure of the electrode to reduce the CNT-induced side effects (including SEI
proliferation and severe Li dendrite growth), and PVDF serves as a Li-F-rich SEI film-

forming polymer to facilitate the internal stress release in the horizontal direction to the
224



current collector surface. The synergistic effect between CNTs and PVDF contributes
to improved Li deposition/dissolution behaviours, resulting in stable cycling
performance of the LMFRBs. Our research has revealed that the utilization of a 2D-
type current collector with a uniform current distribution and a soft substrate could

provide a feasible option for the application of LMFRBs.

Chapter 6. A free-standing graphene-based current collector with a Cu tab is fabricated
to replace Cu foil and is applied in pouch cells. Not only can PVDF improve the
mechanical strength of the current collector, but it can also be considered an excellent
film-forming polymer to help form favourable and highly insulating SEI. Graphene
sheets with excellent electric conductivity also provide a small surface area and hinder
Li" insertion due to the tightly stacked 2D structure. The as-prepared Gra-5/1 satisfies
the basic requirement of current collectors, such as high conductivity, sufficient
mechanical strength, and viable tab welding, and also performs improved Li
deposition/dissolution behaviour compared with Cu foil. This free-standing CBCC with
low density can furnish profound significance to further practically achieve high

specific energy of LMFRBs with high reversibility.

7.2. Prospect

In Chapter 3, the formation of large pore sizes (>2 um) in PCNMs for accommodating
LM is not precisely discussed. There is a lack of a specific relationship between the size
of micropores and the ability to accommodate LM deposition. When the size of
micropores is too small, LM may be difficult to enter these pores and grow, ultimately
depositing outside the coating layer; If the pore size is too large, it may be difficult to
achieve the localized growth of LM. Therefore, further analysis and exploration are
needed in the future on how to limit the growth of LM and suppress volume expansion

with a suitable micropores size.
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Molecular simulation technology is an important characterisation technique for
exploring chemical reaction pathways and reaction mechanisms at the micro level of
molecules. In Chapter 4, the instability mechanism of DMF toward LM and the
mechanism of DMAC promoting the self-driven reaction between PVDF and LM
should be further elaborated through molecular simulation technology. Constructing
molecular models of solvents, LM, and PVDF to simulate the formation or
disappearance of molecular bonds in practical situations can provide a more convincing

mechanism explanation.

In addition, in chapters 3 and 4, There are many problems with the engineering scale-
up of PCNMs coating layers on LM, such as the control of the coating process. As is
well known, it is necessary to ensure high specific energy for LMRBs by low N/P
(Negative capacity/Positive capacity), and at the same time, low N/P can further reduce
the side reaction between LM and electrolyte, thereby improving the battery cycling
life.2*® Thus, we need to use thinner Li foil (<40pm) to assemble the battery. It will be
a challenge for PCNMs coatings to be uniformly double-sided coated on thinner Li foils.
Also, it is difficult for thinner Li foil to peel off from the coating substrate due to its
soft property and strong adhesion. Therefore, during the coating process, it is necessary
to avoid many engineering problems such as Li foil perforation, damage, uneven
coating layer, and drop of Li tab. The concentration of coating slurry and the selection
of appropriate equipment may be the main entry points to address this engineering

problem in future work.

In Chapter 5, both the uniform current distribution and accumulated internal stress
release in the horizontal direction to the current collector caused by the soft substrate
layer have a positive impact on achieving dendrite-free Li deposition. However, their
influence weights should be further analysed/quantized through specific
experiments/advanced characterisation techniques. In addition, the impact of these

optimizations on the battery cycling process should be further explored and explained.
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In Chapter 6, although etching copper foil can solve the problem of welding problem
in the carbon-based current collector and obtain free-standing carbon-based current
collectors for the application of pouch cells, the operation process is more dangerous
due to the use of hydrochloric acid during the etching process. So, to produce Gra-5/1
on a large scale, a safer and more feasible preparation strategy should be developed.
For example, graphene material can be considered to be coated on a polymer film (e.g.,

PET), dried, and directly removed from the film to obtain the free-standing Gra-5/1.

In addition, in Chapter 6, it is necessary to further improve Gra-5/1’s cycling
performance in LMFRBs. It is an ideal strategy to consider developing a solid-state
electrolyte that is suitable for the G-5/1, as it can basically eliminate capacity loss
caused by side reactions between LM and electrolyte. Also, the solid-state electrolyte
has a high Young's modulus that can suppress the growth of Li dendrites, improving

reversible Li deposition.

Last but not least, in LMRBs or LMFRBs, ions and electrons regulation strategies are
indeed effective ways to alleviate Li dendrite growth. However, single ions or electrons
regulation is difficult to alleviate the capacity loss of the battery. The capacity loss of
LMRBs or LMFRBs usually comes from the “dead Li” caused by Li dendrites, the
formation of by-products that originated from the side reaction between LM and the
electrolyte, and Li inventory consumption caused by the side reactions of the positrode.
In addition, the accumulation of “dead Li”-induced internal resistance and the serious
consumption of electrolytes caused by the continuous generation of by-products will
lead to the failure of batteries. Therefore, in addition to the Li dendrites, more attention
should be paid to the side reactions between LM and electrolytes. A synergy strategy
should be applied to improve the electrochemical performance of LMRBs or LMFRBs:
Combining alleviating the growth of Li dendrites and deactivation treatment of the

surface of the LMNE.
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