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Abstract

ith the increased demand for developing energy storage
technologies, lithium-ion batteries have been considered as one of
the most promising candidates due to its high energy density,
excellent cyclic performance, and environmental benignity. Indeed, extensive
applications of lithium-ion batteries are witnessed in the market, for example, in
portable electronic equipment. However, the commercialized graphite anodes for
lithium-ion batteries exhibiting low theoretical specific capacity is far from meeting the
tremendous demands created by the fast-growing market. Therefore, enormous efforts
have been devoted to developing desirable electrode materials with better recyclability

and advanced capacity for next-generation lithium-ion batteries.

Although alloy anode materials like silicon have the highest gravimetric and
volumetric capacity, its huge volume change and low electron and ions conductivity
still hinder the broad application in other fields, such as large-scale energy storage
systems. Similar challenges also impede the wide implementation of conversion
materials in Li-ion batteries. This work is focused on employing different highly
conductive materials to improve the electrical conductivity of the entire electrode. At
the same time, the formation of the conductive framework is beneficial to accommodate

the substantial volume change of the active materials.

In Chapter 3, copper nanowires and multi-wall carbon nanotubes coated on the

surface of Cu foils built a porous substrate to support the active materials. Silicon was



deposited on the porous substrate by the template of copper nanowires and multi-wall
carbon nanotubes. The formation of copper nanowires/silicon and multi-wall carbon
nanotubes/silicon core-shell structures intrinsically reduces the volume expansion of
active materials. Meanwhile, the poles created by the intertwined copper nanowires and
multi-wall carbon nanotubes further accommodate the stress from volume change. In
addition, the copper nanowires/silicon and multi-wall carbon nanotubes/silicon core-
shell structure provide the highly efficient electrons and Li" diffusion pathways. As a
result, we have demonstrated that multi-wall carbon nanotubes/copper
nanowires/silicon delivers a high specific capacity of 1845 mAh g in a half cell at a

current density of 3.5 A g™ after 180 cycles with a capacity retention of 85.1 %.

In Chapter 4, a free-standing silicon-based anode was developed by preparing a
three-dimensional copper nanowires/silicon nanoparticles@carbon composite using
freeze-drying. Silicon nanoparticles were uniformly attached along with the copper
nanowires, which was reinforced by the carbon coatings. The three-dimensional
conductive structure allows the silicon nanoparticles to distribute evenly as well as
enhance the electrical and ionic conductivity of the whole electrode. Similarly,
considerable interspace produced by the three-dimensional structure can relieve the
stress produced by the vast volume expansion of silicon nanoparticles, which is also
restricted by the carbon coating layers during the charge and discharge processes.
Moreover, the outer layers strengthen the stability of the three-dimensional framework
and the contact between the copper nanowires and silicon nanoparticles. The

electrochemical performance of copper nanowires/silicon nanoparticles@carbon
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composite electrode has been measured, which exhibits excellent cycling performance.

In Chapter 5, a new highly conductive material, MXene nanosheets, was
introduced to promote the electrochemical performance in lithium-ion batteries. In this
chapter, the cobalt oxides were chosen as the active material for its controllable and
facile synthesis methods. Meanwhile, cobalt oxides, one of the conversion materials as
anodes for lithium-ion batteries, face similar issues with silicon. Therefore, an anode
involving cobalt oxides nanoparticles mixed with MXene nanosheets on Ni foams has
been developed. Small-size cobalt oxides nanoparticles were uniformly distributed
within the MXene nanosheets leading to high lithium ions and electrons transmission
efficiency, as well as preventing restacking of MXene nanosheets and colossal volume
change of the cobalt oxides nanoparticles. As shown in Chapter 5, cobalt oxides
/MXene composite electrode remains a stable capacity of 307 mAh g™! after 1000 cycles
when the current density approaches 5 C, which indicates the enormous potential of
cobalt oxides/MXene composite as an anode for the high-performance lithium-ion

batteries.
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Chapter 1: Literature Review

1.1 Development of energy storage systems

ince industrialization, energy resources always play a critical and

irreplaceable role in the development of human society. Energy has been

considered as the lifeblood of a country. Nowadays, the world faces two
main challenges. Firstly, fossil fuels such as coal, petroleum, and natural gas supply
about 85% of the global power consumption, which has done immeasurable and
catastrophic effects on the ecological environment and human health [1, 2]. Notably,
excess greenhouse gas (e.g., CO2) emission brings about global warming. The other
problem is the limited storage of the unsustainable fossil fuels on earth. Although fossil
fuels have been overused, it still cannot satisfy the fast-growing energy demands of the
market. Therefore, it seems to be of critical and urgent importance to considerably
develop and use environmental-friendly and sustainable energy resources to alleviate

the energy crisis and environmental issues.

Recently, the usage of clean and renewable energy resources such as water,
geothermal, solar, and wind energy for electricity production has gained a remarkable
achievement in the development of energy capture technology such as the dam,
geothermal heat pumps, solar cells, and wind turbines [3]. However, the output
fluctuating with the environment and the low energy conversion efficiency of the new
energy resources lead to the discontinuous and insufficient power supply, indicating the

reason why clean energy resources have failed to replace conventional fossil fuel so far
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[4] completely. Therefore, it is significant to developing the energy storage system for
continuous and stable power supply. For instance, electric vehicles are embedded with
batteries instead of internal combustion engines of conventional cars, which implies the
transformation from the engine propulsion to electrical propulsion reducing the
transportation emission [4, 5]. Hence, energy storage equipment with long-term
stability and high energy density plays a significant role in facilitating the development

of renewable energy and energy storage systems [6].

In this regard, batteries, which work with the mutual transformation between the
chemical energy and electrical energy [7], have attracted considerable attention for its
excellent electrochemical performance. Among the rechargeable batteries systems,
Nickel-cadmium (Ni-Cd), nickel-hydride (Ni-MH), and lead-acid (Pb-acid) batteries
were developed with mature fabrication technology and occupied extensive energy
storage market before the lithium-based batteries [8]. However, there is a memory effect
occurring with the Ni-Cd and Ni-MH batteries, and Ni-Cd and Pb-acid batteries pose a
threat to the environment due to the poisonous metal Cd and Pb. Moreover, taking the
application in electric vehicles or portable devices into account, the above batteries are
limited for their relatively low energy density and mass density. Therefore, lithium-
based batteries have been recognized as the one of the most potential energy storage
systems because of their outstanding energy density and high security, such as lithium-
sulfur (Li-S), Li metal, lithtum-oxygen (Li-Oy), and lithium-ion (Li-ion) batteries [9].
However, the severe problems involving the “shuttle effect” of the polysulfides and

uncontrollable lithium dendrites hinder the commercialization of the Li-S batteries [10].
2



Similarly, the uncontrollable growth of lithium dendrites causes unsatisfied cycling
performance and security problems for the Li metal batteries. With respect to the Li-O»
batteries, the surge of polarization occurs during the oxygen redox reactions results in
the low reversibility efficiency and capacity fading over cycling [6]. By contrast with
these batteries, lithium-ion batteries (LIBs) have a comparable volumetric and
gravimetric energy density, as well as the environmental friendliness and safety.
Consequently, LIBs have intense competitiveness in the area of portable electronics and

electric vehicles.
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Figure 1.1 Plot of gravimetric energy density vs. volumetric energy density of

various rechargeable batteries [11].



1.2 Working principle of lithium-ion batteries

Initially, lithium metal thrusted into the research spotlight for its extraordinarily
high specific capacity of 3860 mAh g !, low density of 0.51 g cm?, and the lowest
reduction potential of -3.04 V (vs. Ho/H") [12, 13]. However, over the past 40 years,
lithium metal batteries have not come into commercialization, which is mainly ascribed
to severe safety issues caused by the growth of Li dendrites and the short cycling
lifespan resulting from the modest Coulombic efficiency. The LIBs realized the
commercialization at Sony Corporation in 1991, which was developed on the
fundamental research results of John Goodenough [14]. During the commercialization,
the company employed lithium cobalt oxide (LiCoO>) and lithiated graphite (LiC6) as

the cathode and anode in LIBs, respectively [7].

The configuration of a lithium-ion battery consists of shells, separator, electrolyte,
cathode, and anode with the typical shapes such as coin, cylindrical, prismatic, and

pouch cells, as shown in Figure 1.2.
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Figure 1.2 Different shapes of Li-ion batteries, including coin, cylindrical,

prismatic, and pouch cells [11].

Figure 1.3 illustrates the operating mode of LIBs, where LiCoO; (left electrode in
the figures) and graphite (right electrode in the figures) are cathode and anode materials,
respectively, in the schematic diagram. The battery works when the lithium-ions carried
by the electrolyte back and forth between cathode and anode through a separator. A
battery exhibits an initial state of completely discharged, namely the cathode full of Li-
ions (Figure 1.3a) [4, 15]. Thus, the battery starts with charging. During the charging
process, lithium-ions detach from the cathode (LiCoO) and are embedded in the
interlayer of the anode (graphite). Meanwhile, the electrons transfer in the same
direction through the external circuit. Therefore, the current in the external circuit flows

from the negative electrode to the positive electrode (Figure 1.3b). On the contrary,



during the discharging process, both lithium-ions and electrons migrate in the reversed
direction. In this way, the current flows from the positive electrode to the negative
electrode with lighting a bulb (Figure 1.3d). The corresponding electrochemistry
reactions occurring during the intercalation and de-intercalation process are expressed

as follows,

Cathode: LiCoO, = xLi" +xe +Li,_,CoO, (1)

Anode: C,+xLi" +xe” =Li,C, (2)

Overall reaction: LiCo0O,+6C = Li,C,+Li, ,CoO, (3)



Figure 1.3 Scheme of lithium-ion batteries at the stages of the completely
discharged (a), the charging process (b), the completely charged (c), and the

discharging process (d) (cathode is LiCoO- and anode is graphite) [11].

1.3 Cathode materials of lithium-ion batteries

The cathode is taken as one of the critical components in LIBs. Concerning the
energy density, he materials with high theoretical specific capacity and working
potential, low cost, excellent electrochemical stability, and superior electronic and ionic
conductivity could be selected as the cathode for the LIBs [16]. Today, accessible
cathode materials can be divided into three categories based on their crystal structures,

such as layered, spinel, and olivine.



1.3.1 Layered cathode materials

The layered lithiated transition metal oxides LiMO> (M=Co, Ni, and Mn) have
been widely applied as the cathode in LIBs. Figure 1.4a illustrates the layered structure
of LiMO,, where the Li-ions intercalate between the interlayers of the MOg. Although
the theoretical capacity is 274 mAh g!, the practical capacity only achieves half of the
theoretical capacity. On the other hand, only half of Li-ions are contrived to escape from
the cathode to the anode during the charging process, which is ascribed to the unstable
structure of Li, ,CoO,and considerable irreversible reaction, if x exceeds 0.5. Over
the past 30 years, LiCoO» has dominated the market of rechargeable LIBs for its cycling
stability and safety performance [17]. However, the high cost of rare materials Co, low
thermal stability, and attenuation in capacity at large current densities on a long-term
cycling urge researcher to improve the properties of LiCoO; or develop the competitive
candidates. For instance, cycling performance, rate capability, and intrinsic thermal
stability of cathode materials can be enhanced by surface coatings such as carbon and
metal oxides [18-20]. The coating layers not only improve the electronic conductivity
but also provide a protective layer to prevent Co from dissolving in the electrolyte [21].
In addition, Ni and Mn are used to substitute the Co in LiMO,. However, the
complicated synthesis method and the thermal instability hinder the practical
application of LiNiO; and LiMnOz [22]. Then, Delmasa and his group made impressive
progress in synthesis LiNii.yCoyOz, in which LiCoO. and LiNiO, form a
complementary relationship [23]. After that, the electrochemical performance of the

cathode can be further enhanced by the new generation layered ternary materials such
8



as Li[NixCoyMn;]O2 (NCM) and Li[NixCoyAl;JO2 (NCA) with a higher specific
capacity, improved thermal stability, and lower cost [24-26]. The concentration of Ni,
Co, and Mn in the cathode materials makes a defining difference in thermal stability,

capacity retention, and specific discharge capacity (Figure 1.5).

MO, M=Ni/Co/Mn

L

C

Figure 1.4 Structures of cathode materials: (a) Layered structure (LiMOy,
M=Ni/Co/Mn), (b) spinel structure (LiMn20s), and (c) olivine structure

(LiFePOg) [27].

1.3.2 Spinel cathode materials

Figure 1.4b shows the cathode materials with spinel structure such as LiMn2Oa.
Compared with LiCoO», LiMn2O4 exhibits higher working potential around 4V, low

cost, and stable structure. Besides, it demonstrates that the spinel structure of LiMn2O4



could provide a highly efficient Li* diffusion channel, leading to outstanding rate

capability. However, the safety problems may occur when the LiMn,Os-based LIBs

work at the high temperature, which is ascribed to the soluble Mn in the electrolyte,

Jahn-Teller distortion induced by large amount of Mn*" in LiMn,O4[28], and

decomposes of the electrolyte.
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Figure 1.5 The effect of different contents of Ni, Co, and Mn elements in

LiNixOyMn,O> on thermal stability, specific capacity, and capacity retention [29].
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1.3.3 Olivine cathode materials

In Figure 1.4c, LiFePOy is one kind of cathode materials with olivine structure.

LiFePOs has attracted great attention since Goodenough discovered it because of its

low cost, excellent electrochemical properties, and non-toxicity [30]. Nevertheless,

some noticeable problems include low electronic and ionic conductivity and modest

working potential (3.4 V), which leads to poor rate capability and low energy density,

respectively. Recently, popular approaches involve size minimization to increase Li*

diffusion efficiency [31]. Surface coating with conducting materials and meal-ions

doping also are effective methods to improve the electronic conductivity [32]. All

methods above are beneficial to the rate capability of batteries but at the expense of the

production cost. Moreover, as far as improving working voltage is concerned, the

transition metal redox such as Co, Mn, and Ni elements could take the place of Fe

element [33, 34].

Table 1.1 Summary of the cathode materials with corresponding categories, capacity,

working potential, and Li* diffusion coefficient [35, 36].

. . Li
Theoret-lcal Actual Worklflg diffusion
Name Structures capacity ] potential .
(mAh g) capacity V) coefficient
(m**$™)
LiCoO, layered 274 140 3.7 1012~10!
LiNixCoyMn,O layered 275 1 3.5 1011~101°
LiMn,04 spinel 148 120 4.0 10°14~1012
LiFePO4 olivine 160 150 3.4 1015~1012
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1.4 Anode materials of lithium-ion batteries

By contrast with cathode materials, anode materials also play a decisive role in the

electrochemical performance of LIBs. Generally, a practical and ideal anode should

possess the following characteristics: (1) a low working potential; (2) high gravimetric

and volumetric capacity; (3) high Coulombic efficiency; (4) high ionic and electronic

conductivity; (5) small volume change during the lithiation/delithiation process; (6)

excellent structural stability; (7) low cost, safety, and environmental benignity. These

conditions are the criteria for researchers and developers to select suitable anode

materials for LIBs.
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Figure 1.6 Illustration of various anode materials with corresponding working

voltage and specific capacity [37].

Figure 1.6 shows the redox potential and the correlated gravimetric capacity of

various anode materials. Li metal has a huge advantage in both specific capacity
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(3860 mAh g') and working potential (0 V versus Li*/Li). Unfortunately, the severe
safety problems associated with the internal short circuit resulting from the
uncontrollable growth of the lithium dendrites limit the widely practical application in
LIBs. Therefore, the upsurging demand for LIBs with high energy density and cycling
stability urges people to develop more advanced anode materials, e.g., graphite,
semiconductor, or transition metal oxides, as shown in Figure 1.6. All the anode
materials can be classified into three categories corresponding to their lithiation and
delithiation mechanisms, namely intercalation, alloy, and conversion, as displayed in

Figure 1.7 [38].

Table 1.2 Summary of the anode materials with relevant properties [38-42].

Theoretical Theoretical .
L. . Working Volume
Anode Lithiated specific charge ) . L.
. . . potential variation
material phase capacity density V) (%)
(mAhg') (mAh cm?®) °
Li Li 3862 2047 0 100
C LiCs 372 837 0.05 12
Li4TisO12 Li7Ti5012 175 613 1.55 1
TiO, LiosTiO2 335 1280 0.8 <4
Si Li4.4Si 4200 9786 0.4 420
Sn Liz4Sn 994 7246 0.6 260
Ge Lis.aGe 1625 7367 0.5 272
Sb LisSb 660 4422 0.9 200

13
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Figure 1.7 Three categories of lithiation and delithiation mechanisms for

different anode materials [39].

1.4.1 Intercalation mechanism

Generally, carbon-based and titanium-based anode materials abide by the
intercalation mechanism [40]. Commonly, these materials have large interlayer spacing
or lattice spacing, which is beneficial for the insertion and extraction of Li" between the

interlayers or within the lattice framework, respectively [41]. According to the

14



intercalation mechanism, the amount of Li-ions inserted into the anode is limited. On
the other hand, there is little volume change occurring in the anode materials during the
charge/discharge procedure. Therefore, these anode materials possess relatively low

specific capacity but high capacity retention and excellent cycling performance.

1.4.1.1 Carbon-based anode materials

For instance, graphite, one of the carbon-based materials, has been put into highly
commercial production due to its safety, stability, low cost, and small working potential
(0.05 V) [42]. Typically, every six carbon atoms encompass one Li atom, as described
by Equation (2). In this case, the theoretical specific capacity of graphite is restricted to

372 mAh gl

Graphene, one atomic sheet of graphite, is extremely attractive due to its large
specific surface area (2630 m? g'!), excellent conductivity (~15000 cm? V! s7), and
thermal conductivity (5300 W m™ K") [43, 44]. However, there are several limitations
for graphene to become an ideal anode material in LIBs. Firstly, a lot of functional
groups on the surface of graphene negatively affect the conductivity. Furthermore, the
van der Waals force will cause the graphene layers to stack up, which hinders Li-ions
transporting in the anode materials. Therefore, researchers prefer to combine graphene

with other active materials as a composite anode for LIBs.
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1.4.1.2 Titanium-based anode materials

Titanium-based anode materials (e.g., TiOz and LisTisO12) follow the intercalation
mechanism. Nevertheless, the capacity depends on the crystallinity, particle size,
structure, and surface area rather than the interlayer spacing (Equation (4) and (5)) [45].
TiO> and LisTisO12 exhibit the theoretical capacity of 167 and 175 mAh g™ [46],
respectively, which is inferior to the carbon-based anode materials. Besides, titanium-
based anode materials have no superiority in electronic conductivity (10" '>~10" S em
1. In terms of operating potential, TiO, and LisTisO12 are 0.8 and 1.55 V (versus Li/Li),
exceeding that of the carbon-based anode leading to a smaller output voltage. However,
the stable working potential results in extremely high safety performance and prolonged

cycling life.

Li,Ti.O, +3Li* +3¢" =Li,Ti,.0, (4)

TiO, +xLi" +xe” = Li,TiO,  (5)

Further research work to enhance the electrochemical performance of titanium-
based LIBs focuses on structural transformation and modification by other conductive
materials. For example, titanium-based materials contrived into nanotubes and
nanoparticles exhibit excellent cycling performance [47, 48]. Moreover, TiO, and
Li4TisO12 can deliver higher capacity and superior rate performance by doping highly
conductive materials like Sb [49], Br [50], and Ag [51] or being encapsulated by carbon

[52, 53].
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1.4.2 Alloy/de-alloy mechanism

Over the past twenty years, the alloy/de-alloy anodes have attracted considerable
attention for their distinguished theoretical specific capacities that are 2-20 times larger
than that of intercalation materials, which is attributed to the alloy/de-alloy mechanism.
During the lithiation process, the anode M together with the Li" diffusing from the
cathode form the lithium alloy LixM, as expressed by Equation (6). During the
delithiation process, the alloy LixM oxidizes, while Li-ions release from the anode and

move to the cathode through the electrolyte.

M+xLi"+xe" =LIi,M  (6)

Anode materials M complying with the alloying/de-alloying mechanism contain
group IV and V elements such as silicon (Si), germanium (Ge), tin (Sn), antimony (Sb),
aluminum (Al) as well as the relative metal oxides like Si0, SnO, and SnO,. Here, Si
is taken as an example for explanation. Concerning Si, one Si atoms, on average,
accommodate 4.4 Li atoms to form the Li-Si alloy (Li22Sis) [54]. Hence, among the
various anode materials, Si possesses the highest theoretical gravimetric capacity of

4200 mAh g! and a volumetric capacity of 9786 mAh cm™ [55].

Apart from the high theoretical capacity, the alloy anodes have advantages in
suitable delithiation voltage. For example, the delithiation voltages of Mg, Al, and Si
locate at 0.1V, 0.3V, and 0.4 V with reference to Li*/Li, respectively, which is very

close to that of graphite and lower than most anode materials. The suitable working
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potential promises a high energy density of LIBs. Meanwhile, it is not easy for Li-ions
to escape from Si anode and form dangerous lithium dendritic crystal. It is worth noting
that most alloy materials are equipped with high electrical conductivity, such as Ge that
is 10* times larger than Si (10 S cm™) [56]. As far as Si is concerned, the electrical
conductivity is a deficiency in contrast with other alloy materials. Furthermore, the
reserves of various anode materials on the earth cause the unequal production cost.
Especially, the storage of silicon ranks second in the world and is friendly to the
environment. By comparison, the cost of using Ge as an anode for LIBs is more

expensive than Si.
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Figure 1.8 Challenges for Si-based anode: (a) Material pulverization; (b)
Uncontrollable growth of SEI layers; (c) The detachment between active

materials and current collector [57].



Although alloy anodes possess remarkable advantages compared with the
intercalation anodes, there are still some barriers that hinder their mature
commercialization. Firstly, the considerable volume expansion during lithiation and
delithiation cycling processes leads to cracking and pulverization on the alloy anodes,
as shown in Figure 1.8a and Figure 1.8¢ [58]. Among the alloys materials, Al has a
relatively low volume expansion that is actually 96 times larger than that of the titanium
(1%). More interesting, Si will expand and contract by 400% during the charging and
discharging processes, which is ascribed to the large capacity of Li-ions [59]. The vast
volume change eventually causes the cracking and pulverization of materials over long-
term cycles, as well as the separation between the active materials and the detachment
between active materials and current collectors [60]. It indicates that alloy anodes

undergo the fading in the capacity over long-term charging/discharging cycling.

Alloy anodes must face another challenge of the unstable growth of the solid-
electrolyte interphase (SEI). The SEI layer, locating the interface between active
materials and the electrolyte, consists of the decomposition products of the organic
electrolyte. If the voltage is lower than 1 V with respect to Li*/Li, the organic electrolyte
will decompose at the surface of anode materials and generate the SEI layers [57]. Since
SEI films are ionically conducting and electronically insulating, it could prevent the
excessive formation of SEI films on the surface of anodes. However, the massive
volume expansion of Si anode at lithiation state damages SEI films, as illustrated in
Figure 1.8b. In this circumstance, the bare surface of active materials recontacts the

electrolyte companying by the generation of SEI layers. As a consequence, the SEI
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layers become thicker and thicker during the lithiation and delithiation cycling
processes at the expense of the Li-ions in the electrolyte and electrical conductivity of
the electrode. Additionally, the increased thickness of SEI films is equivalent to the

extended Li" diffusion distance, implying a lower diffusion efficiency of Li-ions.

To solve these issues, one simplified approach is to contrive the nanostructured Si
materials to accommodate the considerable volume change, such as silicon
nanoparticles (Si NPs) [61], silicon nanowires (Si NWs) [62], and silicon nanotubes
(S1 NTs) [63]. Except that, the outer shell is widely used to not only restrict the massive
volume expansion but also stabilize the formation of SEI layers. For instance, Cui et al.
constructed the silicon particles sheathed by amorphous titanium oxide (Si@a-TiO)
core-shell structure as an anode [64]. The self-healing a-TiO> film plays the role of an
artificial SEI, which attenuates the expansion of silicon and reinforces the anode with
excellent Coulombic efficiency. However, the electrochemical performance of Si@a-
TiO: at high current density is unsatisfied due to low Li" diffusion efficiency and
inferior electrical conductivity. It is necessary to apply highly conductive materials in

the anode to improve the rate performance of the LIBs.

1.4.3 Conversion mechanism

The conversion mechanism could be manifested by the following Equation (7).

MN, +zLi"+z&" =xM+Li,N,  (7)

M represents metal elements such as Fe, Co, Mn, Ni, and Cu, while N refers to O,
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P, S, N, and Sb elements [37, 65]. It is found that transition metal compounds follow
the conversion mechanism when they act as the anode in LIBs, including oxides,
phosphides, sulfides, and nitrides. The reversible lithiation and delithiation processes
involve the generation and decomposition of lithium compounds (Li,Ny) and the
corresponding oxidation and reduction of transition metal oxides (MxNy). The
conversion anode materials exhibit excellent theoretical capacity ranging from 500-
1800 mAh g'!' [38, 66] that considerably exceeds that of intercalation anode materials.
Moreover, the working potential is commonly larger than 0.5V (vs. Li"/Li), resulting in
LIBs with more safe performance than the commercialized graphite-based batteries.
Furthermore, the preparation for conversion materials is facile and controllable. Even
though these advantages make the conversion anode materials strong competitive with
the intercalation or alloy anode materials, some intrinsic issues should be solved to

enhance their electrochemical performance.

Similar to alloy materials, the conversion materials, especially metal transition
oxides, suffer huge volume expansion during lithiation and delithiation processes.
Besides, the poor electrical conductivity and serious voltage lag phenomena impede the

transition metal oxide becoming an ideal anode in LIBs [67].

Therefore, to address these challenges, researchers often put forward the strategies
in respect of restructuring conversion materials into nanoscale and compounding them
with other complementary materials. Here, take cobalt oxides (Coz04) as an example.
The double metal oxides, such as NiCo.04 and ZnCo0204, were applied to relieve the
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volume expansion and increase electrical conductivity [68, 69]. Normally, the
complemental materials involve carbon nanotube, graphene, and metal materials that
feature high electrical conductivity and strong mechanical strength. Prof. Cheng and
his research group designed an anode with CosO4 anchored on graphene, which
displayed excellent electrochemical performance with superior reversible capacity and
excellent cycling stability and rate capability [70]. Li and co-workers also synthesized
porous Co304 sheets on graphene foams, which exhibited excellent flexibility and
mechanical strength with a high specific capacity of 790 mAh g* after 100 cycles at a

current density of 0.1 C [71].

1.5 Highly conductive materials introduced in anodes

The main challenges for the alloy materials and conversion materials involve the
huge volume expansion and low electrical conductivity. Therefore, the methods to
tackle these problems are almost identical. For example, most active materials are
constructed into nanoscale to relieve the stress from the volume expansion. On the other
hand, highly conductive materials are introduced to improve the electrical conductivity

of the entire electrode, including metal, carbon, and so on.

1.5.1 Metal materials

Although the employment of metal materials will increase the production cost of
the Li-ion batteries, the improvement in electrical conductivity by using metal materials

is considerable. The recent strategy to tackle this challenge is to prepare active materials
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directly on the conductive substrates such as copper foam [72, 73], nickel foam [74],
carbon cloth [75, 76], and so on. A three-dimensional (3D) conductive network not only
improves the electrical conductivity by providing the fast transport paths for electron
and ions but also provides an excellent cycling life span by accommodating the volume
expansion of active materials and anchoring them from falling off the substrate [77].
Hongxiang Wang and co-workers combined the Cu/amorphous Si (a-Si) core-
shell nanowires with the flexible copper foam as a binder-free anode used in LIBs. The
anode showed an excellent stable performance with only 0.03 % average capacity loss
per cycle at 1 A g'! after 1000 cycles [78]. It is noted that the core-shell nanowires
structure has been increasingly developed to further ameliorate the electrochemical
performance of Si-based LIBs, such as Cu-Si [73, 79, 80] and Sn-Si [81] featuring
conductive metal as the core part. Zhang’s group directly deposited Si film on Cu NWs
anchored on a porous nickel foam and subsequently coated the Cu/Si core-shell
nanowires with Ge films [82]. After 3000 cycles, Cu/Si/Ge composite retained a high
specific capacity of 1523 mAh g at a particular current density of 1 A g™!. These
previous studies indicate that the electrochemical performance of Si-based anodes
could be improved by constructing the metal/Si core-shell structure on a porous and

flexible substrate.
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1.5.2 Carbon-based materials

Carbon such as graphene and carbon nanotube is used to encapsulate
nanostructured Si, as shown in Figure 1.9. The application of carbon nanotube prevents
the pulverization of active materials. Yu’s group reported a porous custard-apple-like
Si@C structure, which maintains an excellent reversible capacity of 900 mAh g! at
high current density (2 A g'') with a long cycling life of over 4000 cycles [83]. Besides,
Kung’s group combined the Si with graphene as an anode for LIBs with the improved
electrochemical performance [84]. The carbon nanotube and graphene involved in the
anode could restrain the considerable volume changes. More importantly, the poor
conductivity of the electrode is enhanced with highly efficient electrons and Li"
diffusion pathways. It is worth noting that two-dimensional (2D) graphene functions as
the flexible support for uniform distribution of nanosized active materials will further

relieve the stress caused by volume expansion.
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Figure 1.9 (a) Scheme of synthesizing the Si NPs@CNTSs. (b) The controllable

growth of SEI layers on the Si NPS@CNTSs electrode [85].

1.5.3 Two dimensional MXene

Recently, there is considerable scientific interest in the newly available family of
MXenes materials. An analog as graphene, this 2D layered material with the structure
of transition metal carbides, or nitrides exhibits superior electronic conductivity, large
interlayer spacing for highly efficient Li* diffusion pathways, and environmental
benignity, making it useful as energy storage materials [86]. Gogotsi et al. discovered
a novel 2D transition-metal carbide TisC2Tx (one type of MXene), where T represents
the functional groups (-OH, -F, and -O) on the surface. They applied it in transparent

and flexible energy storage [87-89]. Their MXene was obtained by removing a group

25



element (1A or IVA) layer using HF from the original MAX phases [90]. M is a
transition metal and A is a group 13 or 14 elements of the periodic table. X is C or N.
After etching, the MXene was delaminated into few layers leaving large intercalation
spacing to enhance Li* diffusion. Long-term cycling stability and excellent rate
capability were demonstrated by numerous excellent work [91, 92]. However, due to
their ordinary theoretical capacity of 126.4 mAh g* at 1 C [93], the challenges remain

for their practical applications of energy storage in the near future.

In this way, researchers focus on integrating MXene with the active materials to
improve the electrochemical performance of LIBs. Zhang ef al. employed MXene as a
matrix to support amorphous Si as anode for LIBs, which exhibited a high specific
capacity of 557 mAh g! after 500 cycles at the current density 1 C of and excellent
cycling stability [94]. Moreover, Zhang et al. reported a sandwich-like structured
Sn/SnO,/MXene composite as an anode that achieved impressive progress in the

electrochemical performance of LIBs [95].

1.6 Objectives

To satisfy the increasing demand for reliable energy storage systems, LIBs have
attracted significant attention for their high energy density, excellent cyclic
performance, and environmental benignity. Although LIBs have occupied a part of the
market, such as hybrid electric vehicles, portable electronic equipment, and other
energy storage fields, many fundamental issues are required to be solved. The alloy

materials and conversion materials with a high gravimetric and volumetric capacity still
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face the challenges involving the massive volume expansion and the low electrical

conductivity impede their broad application in the energy storage fields.

The objectives of the thesis are to address the challenges above and improve the
electrochemical performance for LIBs. In the thesis, Si and Co3O4 were taken as
examples to verify the feasibility of the solutions. Si has been considered as one of the
most potential anode materials for its largest specific capacity. In Chapter 3, multi-
walled carbon nanotubes (MWCNTs)/copper nanowires (Cu NWs)-coated on the Cu
foils were used as a 3D porous substrate for Si deposition. The highly conductive
Cu NWs cooperating with robust MWCNTS improve not only the inferior electronic
conductivity of the Si active material but also the total frame stability. Furthermore, the
three-dimensional structure creates numerous voids on the surface of the Cu foils. Such
a porous structure of the modified current collector offers flexible volume expansion of
active materials during lithiation/delithiation processes. Interestingly, silicon was
deposited by the template of CuNWs and MWCNTs to form Cu NWs/Si and
MWCNTSs/Si  core-shell structures simultaneously, which could minimize the
deformation strain and significantly improve the long-term cycling performance in a

real battery.

In Chapter 3, it is demonstrated that the highly conductive Cu NWs applied in the
electrode of Si-based LIBs can enhance the cycling performance by increasing the
electrons diffusion efficiency. However, the current collector (Cu foils) used in Chapter
3 accounts for a majority of the weight of the whole electrode, which is not beneficial
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to the application in portable or wearable electronic devices. Therefore, in Chapter 4,
Cu NWs were introduced to build a 3D conductive framework to support the Si NPs
with carbon outer layers as a free-standing anode for LIBs. The 3D framework created
by the intertwined Cu NWs accompanying the thin-film carbon shell not only allows
the Si NPs to distribute uniformly but also provides an efficient transmission pathway
for electrons and ions. Meanwhile, considerable interspace left by the 3D structure can
relieve the stress produced by the vast volume expansion of Si NPs. In addition, the
Cu NWs@C core-shell structure strengthens the stability of the 3D framework.
Meanwhile, the carbon layer encapsulating Si along Cu NWs enhances the contact
between the Si NPs and Cu NWs, leading to excellent electrochemical performance of

the Cu NWs/Si NPs@C composite electrode.

In Chapter 5, two-dimensional layered MXene, similar to graphene, was used to
improve the electrochemical performance of anodes for LIBs. MXene is endowed with
high electrical conductivity as well as high strength with a stable structure. Therefore,
a facile strategy for preparing Co30s nanoparticles incorporated with MXene
nanosheets on Ni foams has been developed. Four distinguishing features were
achieved for this Co304/MXene composite electrode: (i) The large interlayer spacing of
MXene nanosheets allows the Co3O4 nanoparticles to distribute uniformly, functioning
as a flexible buffer to restrain the volume expansion. (ii) The intercalation of Co3O4 in
MXene nanosheets prevents not only the agglomeration of Co3O4 nanoparticles but also
the stacking of MXene nanosheets. (iii) The MXene provides a 3D framework to

enhance electrons and Li" transmission efficiency. (iv) The mass loading of anode
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materials on Ni foam increases significantly due to the considerable Co304
nanoparticles attached to the MXene nanosheets, which offers a large surface area in

the nanoscale.

Concerning each composite electrode, various characterization techniques, such
as XRD, Raman, SEM, and TEM, were conducted to investigate the morphology and
structure of the composite. Moreover, the electrochemical measurement was performed
on each as-prepared composite electrodes in three chapters to analyze their
electrochemical performance. The corresponding specific capacity of the composite
electrodes was measured at constant current density over long-term cycling and at

various current densities to investigate the rate capability of batteries.
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Chapter 2: Experimental section

he experimental section mainly consists of the introduction to the
various characterization or testing techniques. The principle of the

characterization techniques and testing methods are involved.

2.1 Structural and physical characterization

The structural and physical characterization of materials involve X-ray diffraction,
Raman spectrometer, scanning electron microscopy, energy-dispersive X-ray

spectroscopy, and transmission electron microscopy.

2.1.1 X-ray diffraction

X-ray diffraction (XRD) has been considered as one of the most efficient
techniques to investigate the crystalline structure of the materials. The XRD system
used in this thesis was D8 Advance made by Bruker using a Cu Ka radiation source.
During the measurement, the working voltage is 40 kV, and the current is 40 mA. XRD
is composed of an X-ray generator, goniometer, X-ray detector, and X-ray control
system. The X-ray beams originate from metal anode materials when they are struck by
high-speed moving electrons. Today, Cu is regarded as one of the most popular metal
anode materials used in XRD, compared with others such as Cr, Fe, Co, Mo, and Ag.
The X-ray generation process occurs in a vacuum diode where cathode materials are
heated and release thermal radiation electrons that move to anode with high speed under

the high-voltage electric field [1]. X-rays beams (A=1.5406 A) arrive at the surface of
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a sample through a monochromator with an incident angle of 6. Meanwhile, the X-ray
beam interacts with the electrons of the sample. Contrary to ordinary visible light with
low energy, the X-ray beam with high energy could penetrate the sample with a certain
depth. Thus, the X-rays will diffract and reflect at considerable parallel planes. As
illustrated in Figure 2.1, all reflected X-ray beams at different lattice planes travel in
parallel with varying path lengths. Constructive interference occurs when the path
lengths equal to an integer multiple (n) of the electromagnetic radiation wavelength (1)

[2]. In summary, the reflection of X-ray beams abides by Bragg’s law (Equation (8))

[3].

nA=2dsin@ (8)

In Equation (8), d stands for the lattice spacing, which is the distance between two
atomic planes, and 20 represents the diffraction angle. Notably, the lattice spacing (d)

is a significant parameter consistent with the crystal structure and atomic composition.
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Figure 2.1 Illustration of atomic-scale crystal lattice planes following Bragg’s

law [2].

At the receiver terminal, the detector transfers the diffracted X-rays to diffracted
patterns, including the intensity with corresponding diffraction angles. The crystalline
size of sub-micrometer particles can be calculated by the Scherrer Equation (9)

according to the XRD pattern [4].

_ K1
pcosd

9)

L is the average crystallite size, K is relative to the shape of the grains, and f is the

breadth at half of the maximum intensity.
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2.1.2 Raman spectroscopy

The Raman spectra used in the experiment is the HORIBA HR800 Raman system
with a laser wavelength of 532 nm. Raman spectroscopy is a technique used to
investigate the structure of the molecule. The analysis depends on the vibrational and
rotational modes of molecules or other low-frequency modes of the system by
measuring the frequency shift between the monochromatic incident light and inelastic
scattering light [5]. The frequency shift, also known as Raman shift, only occurs when
the incident photon has an inelastic collision with the molecule of the sample. The
elastic collision brings about a reflected light with the same frequency as the incident
light without any energy exchanges, namely Rayleigh scattering [6]. On the contrary,
the inelastic collision occurs when the incident photon hits a molecule of the sample
resulting in the excitation of the molecule to a virtual energy state after energy
exchanges. Then, the molecule emits a photon and returns to a specific energy state that
is different from the original one. Therefore, the inelastic scattering illustrates that the
photon emitted by scattering light has higher or lower frequency compared with the
incident photon corresponding to stokes and anti-stokes Raman scattering, respectively,

as shown in Figure 2.2.
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Figure 2.2 Diagram of the Raman scattering [7].
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2.1.3 Scanning electron microscopy

The scanning electron microscopy (SEM) has been regarded as one of the most
practical instruments for the determination and analysis of the morphology and
structure of samples. SEM is widely used in various scientific fields and industry
departments for its high resolution and three-dimensional imaging of objects [8]. For
example, the resolution of commercial SEM achieves 10 nm, while the SEM for the
scientific field is generally endowed with a high-revolution of 2.5 nm. Figure 2.3
illustrates the schematic diagram of the SEM. An electron beam emitted by an electron
gun transforms into a focused beam of the electron (~5 nm, diameter) on the surface of
the specimen through a Wehnelt, and two or three condensers. The high-energy electron
beam interacts with the specimen producing secondary electrons, backscattered
electrons, absorption electrons, Auger electrons, cathodoluminescence, X-rays
emission, and transmitted electrons [9]. All products could be considered as the signals
carrying the characteristic information of the morphology and structure of the samples.
These signals are collected by a receiver and sent to the image tube through an amplifier.
One light spot on the image tube corresponds to one point on the sample. All
characteristics are transferred to the image by the electron beam scanning the surface
of the sample. In this thesis, the SEM was conducted by the JEOL JSM-6510 and

Hitachi Regulus 8230.
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Figure 2.3 Structure and working principle of the SEM (BSE: backscattered
electrons; SE: secondary electrons; SC: specimen current; EBIC: electron-beam-

induced current; X: x-rays; CRT: cathode-ray tube) [10].
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2.1.4 Transmission electron microscopy

Transmission electron microscopy is an analogical technique as SEM to
characterize the morphology, structure, and elemental composition of samples.
Contrary to SEM, transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) can provide much higher magnification,

even up to the atomic level.

The imaging principle of the TEM is divided into three categories according to the
reaction of the incident electron beam when it interacts with the specimen. Firstly, if
the sample is thin enough with a thickness of less than 10 nm, the electron beam could
penetrate the sample with ignorable changes in amplitude. Hence, the changes in the
phases of the electron beam carry the characteristic information of the specimen.
Secondly, the diffraction of the electron beam occurs with the various amplitudes
corresponding to the different locations on the sample. Finally, if the specimen has a
large density, the scattering of the electron beam dominates within the different
reactions. The receiver collects image information depending on the scattering angles.
The large scattering angle indicates the scan part with larger weight and thickness,
which implies that little electron beam could penetrate this area. As a consequence, the
image relative to this part on the screen is darker. By contrast, the region with high

brightness implies the part of the sample has a thinner thickness and smaller weight.

Compared with other characterization techniques, the sample preparation for TEM

is more complicated. Normally, the sample suspension should be diluted to make sure
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that the thickness of the testing sample ranging from 100 to 200 nm, which is thin
enough for electron penetrating. Then, the suspension is dropped onto the films of
carbon or copper grids. Regarding various materials, the preparation methods consist

of tissue sectioning, mechanical milling, ion etching, and so on.

In the experiment, TEM machines with the type of Tecnai G2 F20S and FEI Talos

F200x were applied to characterize the morphology and crystal structure of samples.
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2.1.5 Energy-dispersive X-ray spectroscopy

Generally, the energy-dispersive X-ray spectroscopy (EDX) cooperates with SEM
and TEM to determine the elemental composition and distribution in the sample. It
analyzes the various elements depending on the corresponding energy of X-rays emitted
from the specimen. As shown in Figure 2.4, when the high-energy incident electron
beam strikes an atom, it excites an electron from the inner shell of the atom, leaving a
vacancy. Another electron with higher energy from the outer shell is attracted to fill the
hole at a lower energy level. During the transfer process, the electron releases energy
in the form of X-rays [9, 11]. Therefore, the energy and number of X-rays are significant

parameters to determine the elemental constituents in the sample.

primary e- beam

characteris‘tric X-rays

»

Figure 2.4 lllustration of the X-ray generation procedure [12].
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2.2 Assembly and dismantlement of coin-type batteries

The common electrodes were prepared by mixing and stirring. The active
materials, conductive agent (super-p), and adhesives (polyvinylidene fluoride, PVDF,
or sodium alginate) were mixed according to the mass ratios of 8:1:1 by manual stirring.
Then, the dispersing solution (N-Methyl-2-pyrrolidone, NMP, or DI water) around 4
times heavier than the active materials was added into the mixed powder. The whole
mixture was magnetically stirred at the speed of ~800 rpm for 6 h. After that, the
homogeneous slurry was coated onto the current collector like copper foils by a spreader.
The product was dried in a vacuum oven at 80 °C for 12 h. The thickness of the
electrode was measured in the range of 10-100 um, which excluded the thickness of
copper foils around 11-13 pum. Then, the electrodes were punched into discs with a
diameter of 13 mm by a punch with the mass loading of active materials about 1-

8 mg/cm?.

The assembly of 2032-type coin-cells was completed in an argon-filled glove box
(Vigor Sci-Lab). The cell consists of a cathode shell, cathode, separator, anode, and
anode shell, which were assembled in sequence. Typically, the as-prepared electrodes
plays a role as a working electrode, and the metallic lithium foil acts as both the counter
and reference electrodes. The separator is the polypropylene—polyethylene—
polypropylene trilayer membrane (Celgard 2325). Furthermore, the electrolyte of 1 M
LiPFs dissolved in a mixture of dimethyl carbonate (DMC) and ethylene carbonate (EC)

(1:1 by volume) was employed. Finally, the coin cells were sealed by a sealing machine
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and stood still for 24 h to make sure that the electrodes were adequately infiltrated in

the electrolyte.

After cycling performance testing, the coin cells were sent to the glove box again.
An iron clamp was employed to dismantle the coin cell. The electrode was taken out
and slightly washed using DMC. Then, the electrode was dried under the atmosphere
of argon in the glove box for 12 h. Eventually, the electrode was sealed in a plastic bag

and sent to SEM for morphology and structural characterization.

2.3 Electrochemical testing

2.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a useful and popular electrochemical technique to
investigate the electrochemical behavior in both anode and cathode materials during the

lithiation and delithiation procedures of LIBs [13].
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Figure 2.5 (a) The voltage sweeps between V1 and V2 with a fixed speed for CV

testing. (b) The CV curves for graphite-based LIBs [14].
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The controlling potential applied across the anode and cathode sweeps linearly
versus time in the form of the triangular wave, as shown in Figure 2.5a. The applied
voltage starts at V; and increases linearly. When it reaches the fixed potential V>, it
turns back with the same scan rate and returns to the initial potential Vi, which is
recorded as a cycle. In this thesis, CV was conducted at a scan rate of 0.1 mV s in a
fixed potential range on an Autolab electrochemical workstation (PGSTAT302N). The
potential set for the silicon-based anode and the Co3O4-based anode are in the ranges
0f 0.01-2 Vand 0.01-3 V, respectively. Typically, the applied voltage starts at the open-
circuit potential (OCP) and sweeps in the negative direction until it reaches 0.01 V.
Subsequently, the applied voltage increased to 2 V or 3 V by the step of 0.1 mV s™!. It
turns back with the negative scan rate to the initial potential, which is considered as a

scanning circulate.

The current response is measured versus the applied potential for several cycles, as
plotted in Figure 2.5b. A representative CV plot has several cathodic and anodic peaks
with corresponding potentials and currents. As fas as the LIBs are concerned, the total
number of cathodic and anodic peaks is consistent with the electrochemical reactions
occurring in the electrodes. Furthermore, during the first scan, the CV plot exhibits the
broad peaks indicating the irreversible reaction, such as the formation of the SEI layer.
Generally, during the reduction process, the Li-ions transfer from the anode to cathode,
realizing the lithiation of the cathode. Conversely, during the oxidation process, the Li-
ions move from the cathode to anode, namely the delithiation procedure. Taking the
silicon-based LIBs as an example, the cathodic and anodic peaks represent the alloying
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and de-alloying stages of the silicon and Li-ions, respectively. Besides, except for the
first cycle, the shape of the following periods seems identical due to the reversibility of

the redox reaction.

To analyze the electrochemical kinetics of the electrode, the electrodes were
scanned at various scan rates, such as 0.2, 0.4, 0.8,1.2, 1.6, and 2.0 mV s!. According
to cathodic and anodic peaks, the ratios of the diffusion and capacitive-controlled

capacity contributions could be obtained.
2.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique to
measure the dielectric and transport properties of Li-ion battery according to its
frequency response [15]. Contrary to the pure resistors, the impedance of the battery is
dependent on frequency. EIS can measure the response current in the form of a sinusoid
with the same frequency and different phases when the applied voltage is a sinusoidal
signal with a small amplitude. The impedance of the Li-ion battery can be expressed as
the Equation (10) [15, 16].

U, sin(wt) _7 sin(wt)
l,sin(Wt+¢@)  ° sin(wt + )

=Z,exp(j@) = Z,[cos(p) +sin(je)]  (10)

R
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® 1+ 0’RC,}
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? “Lror,cy 2
ct dl
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The typical Nyquist plot of the impedance is displayed as Figure 2.6, where Z’
and -Z”* act as X and Y-axis representing the real and imaginary parts of the impedance,
respectively. The plot is composed of four parts, including Rg, Ret, Cai, and Zvw, which
corresponds to various transmission of Li-ions in the battery. Rg represents the electrical
resistance of the electrolyte, which implies the diffusion efficiency of the Li-ions in the
electrolyte. At high frequency, there is a semi-circle illustrating the charge transfer at
the electrode/electrolyte interface. Therefore, Rc: is the charge transfer resistance of the
interface between the electrode and electrolyte, which is in parallel with the Cai. At the
same time, Cq is the double layer charging at the electrode surface. At lower frequency,
Zy stands for the Warburg impedance indicating the Li-ions diffusing in the working
electrode materials [17, 18]. These electrical parameters have been summarized in

Equation (11) and (12) with the corresponding circuit model shown in Figure 2.6.

In the experiment, EIS tests were also conducted on an Autolab electrochemical
workstation over a frequency range of 100 kHz to 0.01 Hz with an ac voltage amplitude

of 2 mV.
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Figure 2.6 Simplified equivalent electrical circuit of the lithium-ion batteries

and the corresponding Nyquist plot [15].

2.3.3 Galvanostatic cycling

The galvanostatic cycling is a typical and useful technique to investigate the
electrochemical performance and cycling stability of the LIBs. It is conducted by
applying a constant current to a cell and measuring the transient voltage. In other words,
the LIBs charge and discharge at the constant current within a fixed working potential.
As a result, the specific capacity that stands for the total charges stored in the cell is
depending on the current density, voltage, and mass loading of the active materials.

Commonly, the current density is selected as the fixed number, such as 1 A g,
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Moreover, the current density could be expressed as the theoretical capacity (mAh g™)
divided by hours (h). 1 C (mA g') indicates that it takes 1 hour to fully charge or
discharge a cell using the current rate of 1 C. By comparison, C/10 means it spends 10
hours to achieve the same state by the current density of C/10. Therefore, the current

density determines the charge and discharge speed of a cell.

Concerning the theoretical capacity, it is calculated by the Equation (13) [19].

nF _
cheoretical = m( mAh g 1) (13)

n is the amount of Li" per formula unit of the electrode material. F is Faraday

constant (96485 C mol!). M is the molecular weight of the electrode material [20].

In this thesis, galvanostatic charge/discharge cycling tests were performed on a
battery testing system (Neware CT-4008) in the voltage range of 0.01-2.0 V versus
Li*/Li at different current densities. Usually, three discharge/charge cycles at smaller a
current density are conducted in advance for the activation of the battery. Then, the

cycling test at a specified current density follows.
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2.3.4 Rate capability

Rate capability measurement was conducted to investigate the cycling
performance of Li-ion battery at various current densities. During the measurement, the
current densities are designed as steps while the potential is fixed between the working
range. Similarly, the current densities could be defined as a series of specific values
such as 0.1, 0.2, 0.5, 1, 2, 5, 10, and 0.1 A g'. Each step undergoes the same
discharge/charge cycles, except that when the current density returns to the initial rate,
the battery will be tested over long-term cycling. Also, the current rates can be decided
according to the theoretical capacity, namely 0.1 C,0.5C,1 C,2C,5 C,and 0.1 C. The
specific capacity of the LIBs responds diversely to the various current densities. For
instance, large current density means high charge/discharge speed, which indicates that
a portion of Li-ions is not able to insert and extract in the electrode materials, leading
to a smaller specific capacity. The factors causing the different rate performance include
the electrical and ionic conductivity of the electrode materials, the size of active
materials, Li-ions diffusion channels, and so on. Hence, rate capability measurement is
a powerful method to investigate the electrochemical performance of the electrode

materials.
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Chapter 3: MWCNTSs/Cu NWSs/Si composite as an anode material for

lithium-ion batteries

3.1 Introduction

n this section, MWCNTs/ Cu NWs-coated on the Cu foil used as a three-

dimensional porous current collector for Si active material has been

developed to tackle the problems of silicon-based LIBs. The 3D porous
MWCNTs/Cu NWs-coated Cu foil functions as a template for the subsequent
deposition of the amorphous Si layer through a plasma-enhanced chemical vapor
deposition (PECVD). The highly conductive Cu NWs cooperated with robust
MWOCNTSs improve not only the inferior electric conductivity of the Si active material
but also the total frame stability. Furthermore, the three-dimensional structure creates
numerous voids on the surface of the Cu foils. Such a porous structure of the modified
current collector offers flexible volume expansion during lithiation/delithiation
processes. Interestingly, the composite exists in the form of Cu/Si and MWCNTs/Si
core-shell structure simultaneously, which minimizes the deformation strain and
dramatically improves the long-term cycling performance in a real battery. By adjusting
the number of spin-coating, different layers of MWCNTs/Cu NWs were achieved,
which has a significant impact on the cycling performance of electrodes. Also, the
weight ratio of MWCNTs and Cu NWs has been proved as an essential factor affecting
the cycling lifespan of electrodes. As a result, a half cell has been obtained without
anycondctive additives or binder, which exihibts a high specific capacity of
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1845 mAh g'! in a half cell at a current density of 3.5 A g! after 180 cycles with a
capacity retention of 85.1 %. The demonstrated three-dimensional MWCNTs/Cu NWs
current collector coupled with Si active material might inspire new material

development on high-performance LIBs.

3.2 Experimental section

3.2.1 Synthesis of Cu NWs

Figure 3.1 Schematics for preparing the Cu NWs.

Initially, Cu NWs were synthesized according to a hydrazine-assisted reduction
approach reported by Chang’s group with some adaption [1]. Firstly, an aqueous
solution of NaOH (322 mL, 15 M) was prepared in a bottle by magnetic stirring. There

was tremendous heat produced when NaOH was mixed with deionized water (DI).
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After the NaOH aqueous solution cooling down to the ambient temperature,
CuS04-5H>0 (28 mL, 0.1 M) solution was dropped into the NaOH solution avoiding
the formation of copper oxides. Then, ethylenediamine (EDA) (2.6 mL, 99 wt. %) were
added with constant stirring for 10 min to form a stable and royal blue solution. After
that, 469 pL of hydrazine (N2H4) (35 wt. %) was slowly added and a transparent
solution was obtained after further10 min vigorously stirring. Subsequently, the bottle
was sealed and left still in an oil bath at 65 °C for 4 hours. It is clear that a slice of
Cu NWs floating over the reaction solution, as shown in Figure 3.1. Cu NWs were
collected by centrifugation (8500 rpm for 10 min) and rinsed four times with deionized

(DI) water and ethanol. Eventually, they were dried in a vacuum oven at 80 °C for 12 h.

3.2.2 Preparation of Cu NWs and MWCNTs suspension

The suspension of CuNWs dispersed in isopropyl alcohol (IPA) with a
concentration of 25 mg/mL was prepared by ultrasonication for 1 h. Concurrently,
MWCNTs were dispersed in IPA (1 mgmL™) with ultrasonic treatment for 3 h.
Subsequently, both MWCNTs and Cu NWs suspension were mixed by different weight
ratios of MWCNTs and Cu NWs (MWCNTs: Cu NWs = 1:0, 1:1, 1:5, 1:10, 1:15, 1:50,

and 0:1, w/w) with continuous stirring to achieve a homogenous suspension.

3.2.3 Fabrication of porous current collector

For the porous MWCNTs/Cu NWs-coated current collector, the as-prepared
mixture was spin-coated onto the Cu foils (2 cm % 2 cm), which had been pre-sonicated

in acetone and ethanol to remove impurities on the surface. The parameters for spin-
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coating were set around 3000 rpm for 20 s. The desired layers of MWCNTs/Cu NWs
on Cu foils were obtained by repeating spin-coating with different cycles. Between each
spin-coating period, the substrates were dried in a vacuum oven at 80 °C for 10 min.
Besides, pure Cu NWs and pure MWCNTs dispersed in IPA were respectively spin-

coated on the Cu foils as the control groups following the same procedure (Figure 3.2).
3.2.4 Deposition of Si layer on MWCNTs/Cu NWs-coated Cu foils

The amorphous Si layer was deposited on the porous MWCNTs/Cu NWs-coated
Cu foil by PECVD. During the deposition, the temperature was kept at 100 °C for
90 min under a flow of 35.5 sccm SiHs with the chamber pressure of 188 mTorr and
RF power of 11 W. The mass loading of Si weighted between 0.12 and 0.18 mg cm™.
Eventually, the as-prepared electrodes were annealed at 450 °C under 46 sccm H» flow
(1.4 Torr) for four hours in low-pressure chemical vapor deposition (LPCVD), in order

to reduce the copper oxide (produced during the preparation process) to copper.

—

| Spin-coating PECVD

Cu foil- MWCNTs/Cu NWs Cu foil-MWCNTs/Cu NWs-Si (MCS)

MWCNTs ;x;lution
Figure 3.2 Schematic illustration showing the preparation procedure of the

MWCNTs/Cu NWs/Si (MCS) composite electrode.
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According to different pre-coating materials, the samples were labeled with
different abbreviations. PCS and PMS represent pure Cu NWs/Si (MWCNTs: Cu NWs
= 0:1) and pure MWCNTs/Si (MWCNTs: Cu NWs = 1:0) anodes. MCS1, MCSS5,
MCS10, MCS15, and MCS50 stand for the MWCNTs/Cu NWs/Si composites with 1:1,

1:5, 1:10, 1:15, and 1:50 different weight ratios of MWCNTs and Cu NWs, respectively.

3.3 Results and discussion

3.3.1 Characterization of pure Cu NWs/Si

Figure 3.3 SEM images of pure Cu NWs-coated Cu foils as porous current

collectors with 2 (a), 5 (b), 8 (¢), and 12 (d) layers of Cu NWs by spin-coating.
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To assess the optimal layer of Cu NWs coated on Cu foil, SEM images of Cu NWs
with different layers by spin-coating are shown in Figure 3.3a-d, respectively. For the
fewer layers, Cu NWs look like a nest in the insert image of Figure 3.3a and would be
connected with increasing cycles of spin-coating. It is found that the abundant Cu NWs
intertwine together, creating considerable internal void space for subsequently Si
deposition. In Figure 3.3a-b, the Cu NWs nests have dispersed over the surface of Cu
foil with some exposed area. By contrast, 8 and 12 layers of Cu NWs nearly cover the
whole surface of Cu foils with more agglomerations, making the surface more uneven,

as illustrated in Figure 3.3¢c-d.

3.3.2 Electrochemical performance of pure Cu NWs/Si
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Figure 3.4 (a) Cyclic voltammetry curves for the first four cycles of PCS (pure
Cu NWs/Si) composite electrode with 5 spin-coated layers of Cu NWs at a scan
rate of 0.1 mV s™! with the voltage range of 0.01-2.0 V. (b) Voltage profiles with
initial three cycles of PCS composite electrode with 5 coating layers at a current

density of 0.42 A g,
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The electrochemical performance of the PCS electrodes with different spin-coated
layers was examined, as shown in Figure 3.4 and Figure 3.5. It shows the first four
CV curves at a scan rate of 0.1 mV™!' with a potential window of 0.01-2.0 V
(Figure 3.4a). There is a broad peak around 0.63 V during the first cathodic scan, which
corresponds to the generation of SEI layers. The reaction is irreversible because this
peak disappears in the following cycles, indicating that the initial formation of SEI
layers might prevent the contact between the active materials and electrolyte and
restrain the further decomposition of electrolyte [2, 3]. Two intensive reductive current
peaks at 0.19 V and 0.03 V are attributed to the insertion of Li ions into a-Si-matrix,
which causes the formation of amorphous Li,Si alloy and crystalline LiisSis alloy.
During the anodic scanning, two oxidation current peaks around 0.44 V and 0.52 V are
consistent with the two-step dealloying process (Lii5Sis—LixSi—Li). A little variation
is observed in the sequent scanning cycles, which indicates an entirely reversible and
stable redox reaction of the electrode [4]. Particularly, the charge-discharge voltage
profiles are exhibited in Figure 3.4b. The first three cycles at 0.42 A g”' demonstrate
the characteristic alloying/dealloying plateaus of the PCS anode. The discharge and
charge capacities of the PCS electrode are 3173 and 2099 mAh g with an initial
Coulombic efficiency approaching 66.2 %. The large initial capacity loss is probably
attributed to irreversible reactions, such as the formation of the SEI layer [5]. The SEI
film is created when the organic electrolyte decomposes at the surface of anode
materials [6]. Therefore, the generation of SEI film at the first cycle will prevent contact

between the electrolyte and the surface of the anode, which leads to fewer irreversible
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reactions and higher Coulombic efficiency at the following charge/discharge cycles.
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Figure 3.5 (a) Cycling performance of PCS composite electrodes with different spin-
coated layers at 1 A g''. (b) Rate performance of the PCS composite electrode with 5

coating layers.

In Figure 3.5a, PCS electrodes with various layers of Cu NWs exhibit high
cycling performance, which is superior to the electrode prepared by directly depositing
Si film on the bare Cu foil (blue line). The planar Si/Cu foil electrode possesses a large
initial capacity of around 2456 mAh g! but plummets to 500 mAh g after only 70
cycles with a retention of 20 %. By contrast, the porous pure Cu NWs-coated current
collector provides tremendous space to accommodate the huge volume expansion of Si
during cycling. The staggered network structure is beneficial to the fast transmission of
Li-ions. Hence, in comparison, the PCS composite could effectively mitigate the
degradation of the Si-based LIBs. It is also noted that the PCS electrode with 5 spin-
coated layers of Cu NWs has the best cycling performance among the electrodes.
Interestingly, the PCS electrodes with increasing coating layers have a more compact

surface, but the resulting cycling performance is unsatisfactory. The poor
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electrochemical performance of PCS electrodes with 8 and 12 (not shown in Figure 3.5)
coating layers may be attributed to the non-uniform deposition of Si by PECVD. When
the thickness of Cu NWs increases with increasing the spin-coated layers, the Si tends
to be deposited on the upper layers of Cu NWs, which leads to the uneven distribution
of active materials. Besides, the thick Si on the upper layers would decrease the
conductivity of the overall electrodes. These are probably the main reasons causing the
low efficiency of electron transmission. Figure 3.5d exhibits the rate capability of the
PCS composite with 5 coating layers. The LIBs were tested at the current densities from
1 to 8 A g, showing the reversible discharge capacities of 1993, 1521, 1123, and
526 mAh gl respectively. When the current density returns to 1 A g!, the electrode
remains a capability of 1427 mAhg' with a retention of 72 %. However, the
electrochemical performance of the PCS composite is unsatisfied since the capacity
severely declines after 60 cycles. One possible reason is that the large strain might break
the Cu NWs with very fine diameter during repeated cycling, which could be confirmed
in the SEM image of the PCS electrode after 100 cycles (Figure 3.16a) [7]. To enhance
the mechanical stability of the electrode, the robust MWCNTs were applied and

cooperated with Cu NWs to form a stable and solid current collector.
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3.3.3 Characterization of MWCNTs/Cu NWs/Si

Figure 3.6 SEM images of MWCNTs/Cu NWs-coated Cu foils (MWCNTs:

Cu NWs=1:10) with 2 (a-b), 5 (c-d), 8 (e-f) layers of spin-coating.
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Figure 3.7 SEM images of MWCNTs/Cu NWs-coated Cu foils (MWCNTs:

Cu NWs=1:1) with 2 (a-b), 5 (c-d), 8 (e-f) layers of spin-coating.

The mixed suspension of MWCNTs and Cu NWs with different weight ratios was
spin-coated on the Cu foil to form the MWCNTs/Cu NWs-coated Cu foil, which serves
as a 3D porous current collector. The corresponding SEM images of
MWCNTs/Cu NWs-coated Cu foils (MWCNTs: Cu NWs=1:10 and 1:1) with different

spin-coated layers were compared in Figure 3.6 and Figure 3.7, respectively. For
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MWCNTs: Cu NWs=1:10, as shown in Figure 3.6, it is clear that at low magnification,
the SEM images of MWCNTs/Cu NWs-coated Cu foils are similar to that of pure
Cu NWs-coated Cu foils (Figure 3.3). However, in Figure 3.7e-f for MWCNTs:
Cu NWs=1:1, there is still some exposed Cu foil surface in the SEM images of
MWCNTs/Cu NWs-coated Cu foils with 8 coating layers, which we attribute to the
large portion of MWCNTSs in the mixture aggregating together, ultimately resulting in
nonuniform distribution on the Cu foil. It is indicated that the MWCNTs/Cu NWs-
coated Cu foils (MWCNTs: Cu NWs=1:10) show the uniform spin-coating surface

owing to the appropriate weight ratio of MWCNTs and Cu NWs.

Figure 3.8 (a) SEM image of MCSI (MWCNTs/Cu NWs/Si, MWCNTs:

Cu NWs=1:1) composite electrode with 5 layers of MWCNTs/Cu NWs. (b) The

TEM image of Cu NWs@Si core-shell structure before annealing. TEM images
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of Cu NWs@Si after annealing (c) with the partially enlarged HRTEM views (d).

Figure 3.8a shows the SEM image of the MCS1 electrode with 5 layers of
MWCNTs/Cu NWs (MWCNTs: Cu NWs = 1:1). Compared with the rigid Cu NWs, the
MWCNTs with more flexible features tend to enwind around the Cu NWs. The straight
Cu NWs interlinked with the tortuous MWCNTs are beneficial to enhance the
connection between the Cu NWs, which creates a 3D conductive framework as an
excellent current collector. However, it is also observed that MWCNTs agglomerate
together (marked as the circle in Figure 3.8a) to form large clusters, losing the porosity
of the electrode. Thus, it is significant to balance the weight ratio of MWCNTs and
Cu NWs on the current collector. A single selected Cu/Si core-shell nanowire before
annealing is shown in Figure 3.8b, where the grey shell encapsulates the black core. It
could be estimated that the diameter of the original Cu NW 1is around 130 nm and the
average thickness of the Si shell is in the range of 10-50 nm, according to Figure 3.8b-
C. After annealing in the H» atmosphere, the Cu/Si core-shell structure involves space
inside, as illustrated in Figure 3.8c. The hollow structure could be ascribed to a
reduction from CuO to Cu, and the diffusion of Cu into the Si shell, as demonstrated in
Figure 3.8d [8]. The lattice spacing of 0.21 nm at the black part corresponds to the (111)
plane of Cu [4, 9], and the grey layer without lattice fringes represents the amorphous

Si film, which is consistent with XRD results.
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Figure 3.9 XRD patterns of the Cu foil (black), Cu foil coated by 5 layers of
MWCNTs/Cu NWs (MWCNTs: CuNWs=1:1) (red), MCS1 composite

electrode before (blue) and after (brown) annealing.

To qualitatively characterize the phase composites of the prepared electrodes,
XRD was conducted. The XRD patterns of a Cu foil (black), Cu foil coated with
MWCNTs/Cu NWs (red), and MCS1 before (blue) and after (brown) annealing are
shown in Figure 3.9. The patterns of all samples exhibit sharp and strong diffractions
peaks emerging at 43.30°, 50.43°, and 74.13°, which are in good agreement to the face-
centered cubic (fcc) Cu crystals (PDF#04-0836). For Cu foil coated with
MWCNTs/Cu NWs and MCS1 before annealing, some minor peaks located at 35.54°

and 38.71°are identified as CuO crystals (PDF#48-1548), and the peaks emerging at
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36.42° and 42.30° are CuxO crystals (PDF#05-0667), respectively. The diffraction
peaks of CuO and Cu;O indicate that Cu NWs were partially oxidized during the
fabrication process. It is clear that the intensity of copper oxide peaks decreases and
disappears consequently after Si deposition and H> annealing. There are no prominent
diffraction peaks associated with Si in the XRD patterns, suggesting the state of Si in
the electrode is mainly amorphous. In an early report, Song et al claimed the
amorphous Si is more feasible to form crystallization alloy with Li-ions [10]. The
existence of amorphous Si is in good accordance with TEM images (Figure 3.8c-d).
The EDS elemental mapping not only shows the Si deposited on the porous
MWCNTs/Cu NWs-coated Cu foil but also demonstrates the uniform distribution of all

the elements in the MCSS5 composite electrode as seen in Figure 3.10.

Figure 3.10 EDS elemental mappings of MCS5 composite electrode with 5

layers of MWCNTs/Cu NWs on Cu foils.
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3.3.4 Electrochemical performance of MWCNTs/Cu NWs/Si
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Figure 3.11 Cycling performance of PCS, PMS, and MCS composite electrodes
with different weight ratios of MWCNTs and Cu NWs (with 5 layers of

MWCNTs/Cu NWs) at 1 A g!

Figure 3.11 and Figure 3.13 show the charge and discharge capacities versus
cycle numbers for PCS (pure Cu NWs/Si), PMS (pure MWCNTs/Si), and MCS
composite electrodes including MCS1 (MWCNTs: Cu NWs = 1:1), MCS5
(MWCNTs: Cu NWs = 1:5), and MCS10 (MWCNTs: Cu NWs = 1:10) scanned at
1 A g!and3.5A g, respectively, as well as the correlative Coulombic efficiencies.
The cycling performance in Figure 3.11 was directly performed at 1 A g without pre-
cycling. Therefore, the first three Coulombic efficiencies of all electrodes are

commonly lower than following efficiencies, which is related to the unstable and
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inactivated electrochemical performance of the batteries. It is clear that the MCS10
electrode exhibits the highest reversible capacity of 1953 mAh g and remains the
largest capacity retention of 93.4 % after 180 cycles. Compared with the MCS10
electrode, the PCS, PMS, MCS1, and MCSS5 electrodes present slightly lower reversible
capacities at fourth cycle (1380, 1499, 1575, and 1953 mAh g!) and the correlative
capacity retentions of 98.9 %, 76.1 %, 98.7 %, and 80.8 % after 176 cycles. It is worth
noting that the PCS electrode in Figure 3.11 shows a more stable cycling trend than
that in Figure 3.5a because the dispersion agent of Cu NWs suspension was changed
from DI water to [PA. Cu NWs disperse more evenly in IPA than DI water, resulting in
a more uniform distribution of Cu NWs on Cu foils. In contrast with the PCS electrode,
the PMS electrode has higher initial discharge and charge capacity but suffers a quick
capacity drop to 900 mAh g after 180 cycles. Although Cu NWs are inert for lithiation
while MWCNTs are lithiation active materials with high capacitance, the MWCNTs
coated on Cu foils contribute very little to the capacity due to the low weight (Figure
3.12). Besides, the MWCNTs have larger resistivity than Cu NWs, which consequently
reduces the electrical contact between the active material and current collector and
retards the rapid electron transmission. Thus, the concentration of MWCNTSs in the
MWCNTs/Cu NWs/Si composite electrodes has a crucial effect on the electrochemical
performance. For example, in the MCS1 electrode, the MWCNTs account for 50 %
weight of the spin-coating layer, which greatly decreases the electrical contact between
active materials and Cu foils than PCS electrodes. Besides, the excessive flexible

MWCNTs might fill up the pores created by cross-linked Cu NWs, leading to lower
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porosity of the current collector. Therefore, Si tends to deposit on the surface rather
than form the core-shell structure with nanowires and nanotubes. In other words, there
is less space available to accommodate the volume expansion of Si [7]. Therefore,

among MWCNTs/Cu NWs/Si electrodes, MCS1 has the lowest capacity.
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Figure 3.12 (a) Cyclic voltammetry curves for the first three cycles of MCS10
composite electrode with 5 layers of MWCNTs/Cu NWs. The inset image shows
the CV curves of MWCNTs/Cu foil electrode with 5 layers of MWCNTs at a
scan rate of 0.1 mV s with the voltage range of 0.01-2.0 V; (b) cycling

performance of MWCNTs/Cu foil electrode with 5 coating layers at 1 Ag ™.
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Figure 3.13 Cycling performance of PCS, PMS, and MCS composite electrodes
with different weight ratios of MWCNTs and Cu NWs (with 5 layers of

MWCNTs/Cu NWs) at 3.5 A g\

To understand the cycling performance of these electrodes at a higher rate, the
MCS electrodes were tested at 3.5 A g”!, shown in Figure 3.13. Initially, the curves
suddenly decrease to 633, 651, 676, 841, and 803 mAh g in accordance with PCS,
PMS, MCS1, MCS5, and MCSI10 electrodes. There is an obvious increase of the
capacity over the first 60 cycles, which is ascribed to the slow activation of the anode
under large current density. Compared with Figure 3.12, the current rate in Figure 3.13
is 3.5 A g%, which indicates a larger amount of Li-ions diffusing to the anode and the
faster charge/discharge speed. Commonly, the coin cells would stand by 24 h after
assembling to improve the contact between the electrolyte and active materials.
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However, only 24 h standing is not enough for a node to accept considerable Li-ions
due to their insufficient contact with the electrolyte, which finally leads to the small
capacities of all electrodes at the beginning. By contrast, there is only a small increase
of capacity in Figure 3.12. After three or four cycles, the batteries tend to be stable and
the specific capacity starts to increase gradually until achieving a full Li-ions storage
capacity [11]. The highest reversible capacities for each electrode (PCS, PMS, MCSI,
MCS5, and MCS10) are 1523, 1128, 1521, 1719, and 1845 mAh g™ with corresponding
capacity retentions of 93.9 %, 87.7 %, 96.3 %, 89.9 %, and 85.1 %, respectively.
Likewise, the MCS10 electrode has the lowest capacity retention, and it possesses the

highest charge and discharge capacity during 180 cycles.
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Figure 3.14 Rate performance of the MCS composite electrodes.

To assess the rate capability of the MCS electrodes, the batteries were tested with
increasing current densities by a step of 0.2, 0.5, 1, 1.5, 2, 2.5, to 3 A g"! and repeated

steps, as illustrated in Figure 3.14. The composites (MCS1 and MCSS5) show lower
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capacities than that of the PCS electrode. However, the MCS10 electrode remains the
highest reversible capacity due to the high concentration of conductive Cu NWs in the
electrode. The little fluctuation observed during the first seven rates disappears in the
next seven rates, which is ascribed to the instability and inactivation of the batteries at
the beginning of the test. When the current density first returns to 0.2 A g!, the PCS,
MCSI1, MCSS5, and MCS10 composite deliver capacities of 2289, 1841, 2031, and 2589
mAh g respectively that are very approaching the initial discharge capacity.
Meanwhile, the capacity of the MCS10 electrode even exceeds the initial value.
Inspiringly, when the current density backs to 0.2 A g'! again, the discharge capacities
achieve 2081, 1374, 1563, and 2251 mAh g'! for the PCS, MCS1, MCS5, and MCS10
composites with retentions of 90.9 %, 74.6 %, 77.0 %, and 86.9 %, respectively. The
excellent capacity retentions indicate good stability of the electrode after high-rate
discharge-charge cycles, which can highlight the excellent Li-ion storage reversibility.
Further experiments were conducted to compare the rate performance of MCSI10,
MCS15, and MCS50, as shown in Figure 3.15, in which the electrochemical
performance decreases when the weight ratio of MWCNTs and Cu NWs decreases from
1:10 to 1:50. Therefore, among the MWCNTs/Cu NWs/Si composite electrodes, the

optimal ratio of MWCNTs and Cu NWs is found to be 1:10.
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Figure 3.15 Rate performance of MCS10, MCS15, and MCS50 composite

electrodes with 5 layers of MWCNTs/Cu NWs.

Figure 3.16 SEM images of 3D-structured PCS (a), PMS (b), and MCS10 (c-d)

composite electrodes with 5 spin-coated layers after 100 cycles.
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To further investigate the stable cycling performance of 3D composite electrodes,
the PCS, PMS, and MCSI10 anodes after 100 charge/discharge cycles were
characterized by SEM in Figure 3.16 (the corresponding SEM images before cycling
are shown in Figure 3.17). As presented in Figure 3.16a, the PCS composite generates
huge cracks, of which the width is approximately several micrometers. The exfoliation
of active materials from the current collector indicates the electrical contact loss, which
explains the rapid attenuation in the capacity of anodes after 100 cycles. By comparison,
there are similar cracks on the PMS electrodes, but no obvious exfoliation is discovered
in Figure 3.16b, which is attributed to the robust MWCNTs stabilizing the 3D structure
of the electrode. Among these three 3D-structure electrodes, MCS10 maintains the
original integrity and stability without significant deformation or breakages
(Figure 3.16¢). The partial enlarge view in Figure 3.16d demonstrates the stability of
MWCNTs/Cu NWs/Si  structure, indicating its efficiency to buffer the volume

expansion of silicon.
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Figure 3.17 SEM images of 3D-structured PCS (a-b), PMS (c-d), and MCS10
(e-f) composite electrodes with 5 spin-coated layers at low and high

magnification.

In general, the robust MWCNTs could strengthen the stability of the composite
electrode; on the other hand, the superior conductivity of Cu NWs increases the specific
capacity to a large extent. In addition, the concentration of MWCNTs is associated with

the porosity factor of the current collector for Si deposition, which is critical for the
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cyclic stability performance of the electrode. Among all electrodes with different
weight ratios, the MCS10 electrode shows the best electrochemical performance,

implying that the ratio of MWCNTs and Cu NWs achieves the optimized balance.

3.1 Conclusion

In conclusion, MWCNTs/Cu NWs/Si  composites have been successfully
fabricated by spin-coating and PECVD. The 3D MWCNTs/Cu NWs coated on the
current collector serve as a matrix for Si deposition accommodating the volume change
of Si during charge/discharge cycles and accelerating the transmission of Li ions
between electrodes. The MWCNTs/Si and Cu/Si core-shell presents remarkable
structural features with enhanced conductivity, shortened the Li-ions diffusion distance,
and more active area for -electrochemical reactions. As a consequence,
MWCNTs/Cu NWs/Si  composite electrode exhibits improved lithium storage
properties in terms of high capacity, long cycle life, and excellent rate performance. All
these results highlight that the rational selection and design of the
MWCNTs/Cu NWs/Si composite electrode might allow it to be developed as an

advanced anode material for LIBs.
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Chapter 4: Cu NWSs/Si NPs@C as an anode material for lithium-ion

batteries

4.1 Introduction

he one-dimensional Cu NWs have attracted significant attention in
the field of energy storage for its high conductivity. In Chapter 3, it
was demonstrated that the highly conductive Cu NWs applied in
the electrode of Si-based LIBs could enhance the cycling performance by
increasing the electrons diffusion efficiency. Besides, the porous structure of the
current collector built by interlaced Cu NWs and MWCNTs can accommodate the
huge volume change of the Si. Therefore, in Chapter 4, the further application of

Cu NWs in the Si-based anode of LIBs has been investigated.

Here, Cu NWs were introduced to build a 3D conductive framework to
support the Si NPs with carbon outer layers as a free-standing anode for LIBs. The
Cu NWSs/Si NPs@C composite electrode was obtained by annealing the
Cu NWSs/Si NPs@PVP hydrogel, which was prepared through freeze-drying the
composite mixture, under Ha/Ar mixed gases. Concerning roles that Cu NWs play
in the composite electrode, it could be concluded as follows: (1) 3D framework
created by the intertwined Cu NWs accompanying the thin-film carbon shell not
only allows the SiNPs to distribute uniformly but also provides efficient
transmission pathway for electrons and ions. (2) The considerable interspace within

the 3D structure can relieve the stress produced by the vast volume expansion of
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Si NPs. In addition, the Cu NWs@C core-shell structure strengthens the stability
of the 3D framework. Meanwhile, the carbon layer encapsulating Si NPs along
Cu NWs enhances the contact between the Si NPs and Cu NWs, leading to
excellent electrochemical performance of the Cu NWSs/Si NPs@C composite
electrode. As a result, the Cu NWs/Si NPs@C composite as an anode for LIBs
exhibits a capacity of 2193 mAh g*. It remains 35% capacity after 80 charge and
discharge cycles, which indicates the broad application potential of Cu NWs in the

electrodes for LIBs.

4.2 Experimental section

4.2.1 Synthesis of Cu NWs

The synthesis of Cu NWs is similar to that in Chapter 3. 480 g NaOH, 1.6 g
CuS0O4-5H,0, 6 mL EDA, and 1.072 mL N2H4 were mixed in a bottle glass bottle with
768 mL DI water in sequence. The mixture was stirred until a transparent and light blue
solution was obtained. Subsequently, the bottle was sealed and left standing at 65 °C in
an oil bath for 4 h, after which a slice of Cu NWs floating over the reaction solution.
Eventually, the Cu NWs were collected and washed with deionized water and ethanol
by centrifugation at 8500 rpm for 10 min. The average weight of the obtained Cu NWs,

which had been dried in a vacuum oven at 80 °C for 12 h, was approximately 300 mg.
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4.2.2 Fabrication of the Cu NWs/Si NPs @C aerogels

Cu NWs/Si NPs@C

(©)

| _l1lcm

4 cm

Figure 4.1 Scheme of making Cu NWSs/Si NPs@C (Cu NWs: Si NPs=4/1)

composite electrodes.

To fabricate the Cu NWs/Si NPs@C aerogels, the Cu NWs/Si NPs@PVP
hydrogel was prepared in advance. 300 mg purified Cu NWs in ethanol (total volume
of 4 mL) were mixed with 30 mL DI water to form a uniform suspension solution. Then,
75 mg Si powder with a diameter of 20-60 nm and 7.5 mL polyvinyl pyrrolidone (PVP,
MW=130000) (25 mg/mL) were added into the above suspension with a further 24 h
stirring to generate a homogeneous Cu NWs/Si NPs suspension. Each 12.5 mL mixed
suspension was poured into a cylindrical silicone rubber mold (diameter=2 cm, height=
1 cm) and quickly frozen by liquid nitrogen. Then, the mold was transferred to a

lyophilizer for freeze-drying about 24 h. The dried Cu NWs/Si NPs@PVP sample
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remained the shape of the freeze-dried mold (Figure 4.1c). Finally, the dried cylindrical
Cu NWs/Si NPs@PVP was annealed at 600 °C for 10 min under 1 slm of Ho/Ar (1:9)
mixed atmosphere in a tube furnace. As a result, the Cu NWs/Si NPs@C aerogels were
obtained, as shown in Figure 4.1. In addition, the samples with different mass ratios of
Cu NWs and Si NPs, such as 1:4, 1:8, 1:10, 1:12, and 1:15, respectively, were prepared.

Cu NWs@C aerogels were also fabricated as a control group.
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4.3 Results and discussion

4.3.1 Characterization of Cu NWs/Si NPs@C
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Figure 4.2 SEM images of Cu NWs/Si NPs@PVP (Cu NWs: Si NPs=4/1) (a-c)

and Cu NWs/Si NPs@C (d-f) at various magnifications.

Figure 4.2 displays the SEM images of the Cu NWSs/Si NPs@PVP and
Cu NWs/Si NPs@C samples with Cu NWs: Si NPs=4/1. It is worth noting that the
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Cu NWs/Si NPs@C composite was obtained by annealing the Cu NWs/Si NPs@PVP
at 600 °C for 10 min under the atmosphere of Hx/Ar (1:9) in a tube furnace. In
Figure 4.2a-c, it is found that Si NPs are encapsulated by the PVP in clusters without
a precise outline. However, Cu NWs with high conductivity can be emerged in the SEM
images, in which Cu NWs interlude within the cluster of PVP. After annealing in the
mixed atmosphere of H> and Ar, the clusters disappeared, indicating that the polymer
PVP was evaporated and partially transformed into a carbon thin film, which is
inconspicuous in the SEM images. As displayed in Figure 4.2d-f, Si NPs are
distributed within the 3D framework constructed by the Cu NWs. In Figure 4.2f, the
diameter of the Cu NWs is mainly concentrated around 100 nm. By contrast, Si NPs
have a diameter of ~70nm. Due to the method of freeze-drying, the
Cu NWs/Si NPs@PVP aerogels could retain the shape before drying as well as the
shape after annealing (Cu NWs/Si NPs@C). Therefore, there is considerable interspace
with the size ranging from 50 nm to 4 um created by the interconnection of Cu NWs
and Si NPs. The abundant interspace could be effectively used to accommodate the

severe volume change of the Si active materials.
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Figure 4.3 TEM images of the Cu NWs/Si NPs@C (Cu NWs: Si NPs=4/1, by

weight) with different magnifications.

By comparison, the illustration of Cu NWs and Si NPs in the TEM is consistent
with that in SEM images. Besides, the shape of Si NPs (20-60 nm diameter) becomes
more apparent and is in coincidence with the product description (Figure 4.3b). If the
Cu NWs/Si NPs@C samples are characterized by TEM images with larger
magnification, the transform of PVP to carbon can be found. In Figure 4.3c-d, it is
clear that a thin film encapsulates the Si NPs and Cu NWs at the same time. The
thickness of the carbon thin film is estimated to 5-20 nm. In the Cu NWSs/Si NPs@C
composite, Cu NWs not only build the 3D framework to support the active materials
but also increase the electrical conductivity of the whole electrode. The carbon thin-
film shell functions as a coating layer encapsulating both the Si NPs and Cu NWs to

strengthen the firmness of the 3D structure. Moreover, it plays a role in fixing the
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Si NPs along the Cu NWs, by which Si NPs can uniformly distribute around the highly
conductive Cu NWs. More importantly, the coating carbon layer with a thin thickness
is beneficial to the diffusion efficiency of Li* in the composite electrode [1]. In
Figure 4.3c, the carbon thin-film coats the surface of Cu NWs as well as connects the
separated Cu NWs. In other words, the carbon thin film acts as a bridge for the electrons
transferring between independent Cu NWSs, which enhances the transmission efficiency

of the electrons in the electrode.
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Figure 4.4 XRD patterns Cu NWs@C, Cu NWs/Si NPs@C

(Cu NWs:Si NPs=4/1, by weight) , and Cu NWs/Si NPs@PVP (4/1).

XRD was conducted to characterize the crystal structure of the materials.
Figure 4.4 exhibits the XRD patterns of Cu NWs@C, Cu NWs/Si NPs@C, and

Cu NWs/Si NPs@PVP with the mass ratio of CuNWs and SiNPs as 4/1. The
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Cu NWs@C sample was prepared by annealing the Cu NWs@PVP in the mixture
gases (Hz2/Ar). The dominant characteristic diffraction peaks around 43.00< 50.13%
73.89< and 89.74 °correspond to the (111), (200), (220), and (311) planes of Cu (PDF
No. 04-0836), respectively [2]. The crystalline structure of Cu NWs maintains
unchanged before or after the annealing process. Furthermore, there is a broad peak
locating at 25-35< which is ascribed to the formation of the carbon thin film transferred
from the polymer PVP [3]. A similar phenomenon also occurs in the XRD pattern of
Cu NWs/Si NPs@C. In addition, three distinct peaks related to Si are shown at 28.15%
47.11< and 55.90<that are consistent with the (111), (220), and (311) lattice planes of

cubic Si (PDF No.27-1402) [4], which indicates the Si powder is crystalline.
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Figure 4.5 Raman spectra of Cu NWs/Si NPs@C (Cu NWs/Si NPs=4/1, by

weight) composite electrode.
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The Raman spectra of Cu NWs/Si NPs@C (Cu NWs/Si NPs=4/1, by weight)
composite consists of two categories bands corresponding to silicon and carbon,
respectively. For instance, the band at 516.54 cm™ is associated with the Raman
scattering of the photon from the Si-Si stretching vibrations [4, 5]. Moreover, a G band
emerges at 1593 cm’!, and a broad 2D band is observed at 2750-3250 cm™!, which can
be regarded as the representative bands demonstrating the graphitic outer layers. The G
band is attributed to the C-C stretching [6], while the 2D band is a symbol indicating
the graphitic sp” materials [7]. It is usually used to probe the number of layers of
graphene. The low intensity of the 2D band indicates bulk graphite, which has
multilayers of graphene [8]. Besides, the disorder of sp?-hybridized carbon gives rise
to a D band at 1362.29 cm™!. Hence, the intensity of the D band correlates to the defects

in the graphitic materials.
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4.3.2 Electrochemical performance of Cu NWs/Si NPs@C
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Figure 4.6 Cyclic voltammetry (CV) curves of Cu NWs/Si NPs@C (Cu NWs:

Si NPs=4/1, by weight) with the initial five cycles.

The CV of the Cu NWs/Si NPs@C composite electrode was conducted to
investigate the electrochemical reaction during the discharge and charge processes, as
shown in Figure 4.6. The CV curves of the initial five cycles were obtained by testing
the as-prepared coin cell at a scan rate of 0.1 mV s! with a scanning voltage range of
0.001-2 V. During the first cathodic scan, a broad peak occurs at the 0.5-0.8 V, which
arises from the decomposition of electrolyte and the formation of SEI layers on the
surface of active material. The peak disappears at the following cycles revealing the
irreversible reaction. Then, a broad peak around 0.03 V is ascribed to the lithiation of
the crystalline Si, accompanying the transmission of Si structure to amorphous LixSi

and further crystalline LiisSis. At the following cathodic scans, two distinct peaks at
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0.2 and 0.03 V are attributed to the lithiation process of amorphous Si, into which Li*
insert forming the amorphous LixSi and crystalline LiisSis by step. On the contrary,
during the first anodic scan, there are also two peaks at 0.44 and 0.52 V, which
correspond to the oxidation of LisSis to LixSi and the further dealloying LixSi to
amorphous Si instead of crystalline Si. Concerning both cathodic and anodic scan, the
intensity of peaks is enlarged for the following cycles due to the enhanced alloying and

de-alloying level [1].
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Figure 4.7 Charge/discharge profiles of CuNWs/Si NPs@C (CuNWs:
Si NPs=15/1, by weight) composite electrode with the initial three cycles at the
current density of 0.05 C and following two cycles at the current density of 0.2 C

(C=4200 mA g").
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The charge/discharge voltage profiles of Cu NWs/Si NPs@C composite electrode
with the mass ratio of Cu NWs: Si NPs=15/1 were exhibited in Figure 4.7. The
working potentials for redox reactions at different stages are consistent with that shown
in CV curves (Figure 4.8). During the first discharge process, a steady working plateau
is in the range of 0.08-0.01 V, indicating the lithiation of crystalline Si [9]. During the
following discharge processes, the working potential separates into two stages, around
~0.2 and 0.03 V, due to the amorphization of crystalline Si during the first discharging
process. By comparison, during the charging process, the apparent working voltages
locating at ~0.4 and 0.55 V corresponds to the delithiation processes, where the
crystalline LiisSis changes to LixSi and finally products amorphous Si. Moreover, the
charge/discharge profiles exhibit the initial discharge and charge capacities of 3718 and
2740 mAh g1, respectively, implying the initial Coulombic efficiency of 74 %. The
capacity loss is attributed to the decomposition of electrolyte and the generation of SEI

films on the surface of the composite electrode.
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Figure 4.8 Cycling performance Cu NWs/Si NPs@C composite electrode with
the mass ratio of Cu NWs/Si NPs=4:1, 8:1, 10:1, 12:1, and 15:1 at the current
density of 0.2 C with three initial cycles at the current density of 0.05 C

(C=4200 mA g").

Figure 4.8 compares the cycling performance of the Cu NWs/Si NPs@C
composite electrode with the different mass ratios of Cu NWs and Si NPs, such as
Cu NWs/Si NPs =4:1, 8:1, 10:1, 12:1, and 15:1. The average mass loading of the active
materials of the Cu NWs/Si NPs@C composite electrode with different concentrations
distributes in the range of 0.9-1.2 mg cm™. Interesting, the cycling performance is
enhanced when the content of active materials is reduced in the whole electrode. For
instance, the Cu NWs/Si NPs@C composite electrode (Cu NWs/Si NPs=15:1) exhibits

a specific capacity of 2193 mAh g! at the fourth cycle after the pre-cycling while the
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Cu NWs/Si NPs@C composite electrode (Cu NWs/Si NPs=4:1) shows a lower
capacity around 1862 mAh g'!. Until the 80" cycle, two electrodes remain 35 % and
17 % capacity, respectively. The faster capacity fading of the Cu NWs/Si NPs@C with
a higher mass ratio of Cu NWs and Si NPs reveals that the large mass of active materials
loaded along the Cu NWs causes the unstable structure of the whole electrode. Besides,
the large number of active materials leading to tremendous strain among the Si NP,
which leads to the considerable volume change of the entire electrode. Similarly, it is
possible for the poles created by Cu NWs to be filled up by a more massive amount of
Si NPs, which presumes that there is interspace to accommodate the volume change of
the active materials. Therefore, the Cu NWs/Si NPs@C composite electrodes with the

larger mass ratios of Cu NWs and Si NPs exhibit inferior cycling performance.
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Figure 4.9 Rate capability of the Cu NWs/Si NPs@C composite electrode with

the mass ratio of Cu NWs/Si NPs=10:1 and 15:1 at the current densities.

The rate capability of the Cu NWs/Si NPs@C composite electrode with the mass
ratio of Cu NWs/Si NPs=10:1 and 15:1 at the various current densities was conducted.
The current density started from 0.05 C for three pre-cycles and was set as 0.2 C, 0.5 C,
1 C, and 2 C (20 cycles for each stage). Then, the current density returned to 0.1 C with
reverse stages. Compared with the Cu NWs/Si NPs@C composite electrode with the
mass ratio of Cu NWs/Si NPs=10:1, one with the mass ratio of Cu NWs/Si NPs =15:1
exhibits the superior specific capacities corresponding to each current density and
higher capacity retention. The main reason causing the better rate performance is the

larger content of Cu NWs in the Cu NWSs/Si NPs@C composite, which increases the
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electrical conductivity of the whole electrode. On the other hand, the smaller
concentration of Si NPs in the composite has little effect on the diffusion efficiency of
Li" in the electrodes. Therefore, the Cu NWs/Si NPs@C composite electrode

(Cu NWs/Si NPs=15:1) exhibits a higher capacity at larger current densities.

Figure 4.10 (a-b) SEM images of the Cu NWs/Si NPs@C composite electrode

with the mass ratio of Cu NWs/Si NPs= 15:1 after 100 cycles with different

magnifications.

Commonly, the morphology and structure of the electrode after long-term cycling
are characterized by SEM to investigate the structural stability of the electrode. Thus,
after cycling, the coin-cell was dismantled in the gloves box under the atmosphere. The
composite electrode was washed by DMC and dried in the gloves box for 24 hours.
Figure 4.10 displays the morphology of the Cu NWs/Si NPs@C composite electrode
(Cu NWSs/Si NPs= 15:1) after 100 cycles at the current of 0.2 C. It is worth noting that
the SEI layers were observed covering the surface of the composite materials. Under
larger magnification, it is clear to find that considerable Si NPs still attach the

continuous Cu NWs, which indicate the stable structure of the composite electrode.
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4.4 Conclusion

To summarize, the Cu NWs/Si NPs@C composite electrode prepared by freeze-
drying and annealing the Cu NWs/Si NPs@PVP hydrogel. The free-standing electrode
is supported by a 3D highly conductive framework consisting of the intertwined
Cu NWs and the thin carbon shell, which encapsulates Si NPs along the Cu NWs. Both
Cu NWs and the carbon layer enhance the electrical conductivity of the electrode,
bringing about an excellent rate capability. The interspace created by the Cu NWs
accompanying the protection of carbon shell accommodates the vast volume change of

the active materials, leading to stable cycling performance.
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Chapter 5: Co304/MXene as anode materials for lithium-ion batteries

5.1 Introduction

n Chapter 5, MXenes were used to improve the electrochemical performance

of anodes for LIBs. An analog as graphene, this two-dimensional (2D)

layered material with the structure of transition metal carbides or nitrides
exhibits superior electronic conductivity, large interlayer spacing for highly efficient
lithium ions diffusion pathways and environmental benignity, making it useful as
energy storage material. However, the inferior capability to store lithium ions impedes
its wide application as active materials in lithium-ion batteries. Therefore, Feng et al.
fabricated a flexible and free-standing electrode of Si/MXene composite, which
exhibited superior electrochemical performance with a specific capacity of
1672 mAh gt at 1 A g* after 200 cycles [1]. In Chapter 5, MXene has been chosen to
construct a 3D highly conductive framework to support active materials (C0304).
Compared with Chapter 3 and Chapter 4, in which one-dimensional (1D) highly
conductive Cu NWs cooperating with carbon materials to enhances the electrochemical
performance of anodes for LIBs, 2D high conductive MXene nanosheets have an
advantage in a more strengthened structure for the anode in Chapter 5. Moreover, Co304
nanoparticles were used as active materials and prepared by a controllable preparation

process.

Therefore, a facile strategy for preparing CozO4 nanoparticles incorporated with

MXene nanosheets on Ni foams has been developed. Four distinguishing features were
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achieved for this Co30s/MXene composite electrode: (i) The large interlayer spacing
of MXene nanosheets allows the Co30s nanoparticles to distribute uniformly,
functioning as a flexible buffer to restrain the volume expansion. (ii) The intercalation
of Co304 in MXene nanosheets prevents not only the agglomeration of Co3Os
nanoparticles but also the stacking of MXene nanosheets. (iii) The MXene provides a
3D framework to enhance electrons and Li* transmission efficiency. (iv) The mass
loading of anode materials on Ni foam increases significantly due to the considerable
Co304 nanoparticles attached to the MXene nanosheets, which offers a large surface
area in the nanoscale. As a result, the Coz0s/MXene composite as an anode for LIBs
delivered 1005 mAh g* capacity after 300 cycles at the current density of 1 C and
remained a stable capacity of 307 mAh g at the current density of 5 C after 1000 cycles,
displaying outstanding electrochemical performance with superior reversible capacity

and excellent cycling stability and rate capability.
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5.2 Experimental section
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Figure 5.1 Schematic illustration for the synthesis procedure of Cos04/MXene

composite.

5.2.1 Delamination of MXene

To prepare a homogeneous delaminated TisC2Tx suspension, 2 g TisAlIC2 powders
(200 mesh, 11 Technology Co., Ltd) were slowly added to the prepared suspension in
which 2 g LiF mixed with 40 mL HCI (9 M) in a Teflon beaker with stirring for 30 min
[2]. Then, the above suspension was kept at 35 °C under magnetic stirring for 24 h. The
resultant suspension was washed using distilled water accompanied by sonication for
10 min and centrifugation (3500 rpm, 10 min) for many times to remove the residual
impurities and HF until the pH of supernatant approaching 6. Then, the sediment was
dispersed in ethanol that functioned as an intercalation agent and sonicated for 1.5 h
followed by centrifugation (10000 rpm, 10 min). Finally, the homogeneous

delaminated TisC>Tx suspension was prepared by repeatedly collecting the supernatant
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after centrifugation (3500 rpm,10 min) in which the above sediment was mixed with

20 mL DI water under sonication for 20 min.

5.2.2 Synthesis of Co3O4nanoparticles

The Co304 nanoparticles were synthesized with reference to Prof. Peng’s method
[3]. 797 mg Co(CHsCOQO); 4H,O (Aladdin Industrial Corporation, China) was
dissolved in 16 mL DI water followed by stirring, which afterward was slowly dropped
into the 160 mL ethanol and stirred for 2 h. The uniform mixture was poured into a
200 mL Teflon-line steel autoclave and heated at 120 °C in a muffle furnace for 8 h.
The black precipitate was centrifuged four times using ethanol dispersant. Eventually,

Co0304 nanoparticles were sent into a vacuum oven and kept at 80 °C for 12 h.

5.2.3 Fabrication of Co3;04s/MXene composite electrodes

50 mg as-prepared Co0304 nanoparticles were dispersed in 5 mL ethanol under
sonication for 20 min. Then, 5 mL MXene suspension (10 mg/mL) was added into the
above suspension, which was stirred for 6 h subsequently. The Co30s/MXene
composite electrodes were fabricated by dropping the uniform Co30s/MXene
suspension onto the Ni foams (13 mm diameter). In order to obtain the composite
electrodes with different mass loading, the above steps were repeated at different times.
The composite electrodes were dried in vacuum at 60 °C for 12 h and at 120 °C for 3 h.
After cooling down to room temperature, these electrodes were sent to the glove box to
be assembled into the coin cells. To investigate the effect of different ratios of Co304

and MXene on the electrochemical performance of LIBs, the ratio was designed,
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including CosO4/MXene =1:2, 1:1, 2:1, and 4:1, labeled as COMX0.5, COMX1,
COMX2, and COMX4, respectively. Besides, the control groups were obtained by

individually dropping the pure Co3O4 and pure MXene suspension on the Ni foams.

5.3 Results and discussion

5.3.1 Characterization of C030s/MXene composite
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Figure 5.2 (a) XRD patterns of CosOs/MXene composite with the ratio of
C0304/MXene=2:1 (COMX2), Co304 nanoparticles, and MXene nanosheets. (b)

XRD patterns of COMX2 and MXene nanosheets.

To further illustrate the crystal structure and morphology of the samples, the XRD
patterns of Cos04/MXene composite, Co3O4 nanoparticles, and MXene nanosheets, are
presented in Figure 5.2a. The prominent diffraction peaks at 18.9< 31.2< 36.8< 38.5<
44.9<55.6< 59.5< and 65.3<are respectively indexed to the (111), (220), (311), (222),
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(400), (422), (511), and (440) planes of Co3O4 nanoparticles (PDF No. 43-1003). A
prominent peak at 5.504 <is associated with the MXene phase (002) [1], authenticating
the successful delamination of MXene nanosheets, as shown in Figure 5.2b [4, 5]. The
characteristic peaks of both CosOs and MXene are exhibited in the XRD pattern of
Co0304/MXene composite. Interestingly, the main peak (002) of MXene down-shifts to
a smaller angle of 26=4.31°, indicating the expansion of the MXene nanosheets along
the c-axis with the increased interlayer spacing of 2.05 nm according to Bragg’s
equation [6-8]. Both the intensity weakening and down-shift of (002) peak are attributed
to the intercalation of Co0sOs nanoparticles between the MXene interlayers. The
resultant larger MXene interlayer spacing is beneficial for not only accommodating the
huge volume change of Cos04 nanoparticles but also improving the Li* diffusion

efficiency with more electrolyte reaching CosO4 nanoparticles [9].
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Figure 5.3 Raman spectra of COMX2 and MXene nanosheets.

Raman spectra (Figure 5.3) provides additional information about the surface
structure of the Coz0s/MXene composite. The characteristic bands of both Co304
nanoparticles and MXene nanosheets were exhibited in the composite. There are two
board peaks around 1350 cm™ (D band) and 1585 cm™ (G band) for graphitic carbon.
The Ip/lc ratio for Cos04/MXene composite about 0.73 is slightly larger than that of
pristine MXene nanosheets, implying the attenuated graphitization degree of carbon
due to the incorporation of Coz04 nanoparticles [10, 11]. Four peaks around 193, 483,
515, and 692 cm™ (labeled with green circles) in the spectrum of the composite are
respectively indexed to the Fzq, Eq, Fl2g, and A1y Raman-active modes of the crystalline
Co0304 [12-14]. By comparison, the characteristic peaks corresponding to MXene are
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labeled with yellow triangles. The band at 153 cm™ is related to the Ti-O stretching
vibration indicating the oxidation of MXene [15, 16]. In addition, the peaks located at
198 and 714 cm™ correspond to Aiq symmetry out-of-plane oscillations of Ti and C
atoms, while the peaks around 268, 397, and 605 cm™* resulting from the oscillations of
Eq group, including in-plane (shear) modes of Ti, C, and surface functional group atoms

[11][17, 18].
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Figure 5.4 SEM of (a) MXene nanosheets and (b-d) Cos04/MXene composite
on Ni foam with the ratio of Co30s/MXene=1:1 (COMX1) with various

magnifications.
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Figure 5.4 shows the morphology of the pure MXene nanosheets and the
C0304/MXene composite on Ni foams. As displayed in Figure 5.4a, MXene
nanosheets are stacked together with a fluctuant plane, revealing that the flexible
MXene could release the strain caused by the volume expansion of CosO4 nanoparticles
during the lithiation process. Moreover, the distinct interlayer spacing demonstrates the
successful delamination of the MXene nanosheets. The large interlayer spacing is
desired to increase the mass loading of active materials and provide more room to
accommodate the expansion of active materials. The composite electrode was prepared
by coating the CozOs/MXene mixture on Ni foam, as shown in Figure 5.4b. The
C0304/MXene mixture covers the surface of Ni foam along with the skeleton as well
as partially fills the hole enclosed by the frames, which implies the sufficient contact
between the active material with the current collector. In the larger magnification
(Figure 5.4c-d), Co30O4 nanoparticles are uniformly distributed within the MXene
nanosheets. On the other hand, CosO4 nanoparticles can be considered as encapsulated
by the MXene nanosheets. In comparison with COMX1, there are more agglomerations
for COMX4 due to the higher percentage of the Cos04 nanoparticles leading to the

ununiform distribution, as displayed in Figure 5.5.
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Figure 5.5 (a-b) SEM images of CozO4/MXene composite on Ni foam with the

ratio of Co304/MXene=4:1 (COMX4) with various magnification.
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Figure 5.6 (a-d) High-magnification TEM and (e-f) HRTEM images of
C0304/MXene composite with the ratio of Co304/MXene=1:1 (COMX1). (g)

EDS mapping of the as-obtained COMX1 sample.

Figure 5.6 displays the TEM images of Co304/MXene composite with the ratio of
C0304/MXene=1:1 (COMX1). Corresponding to the SEM images, the high-
magnification TEM images in Figure 5.6a-b also show the Coz0. nanoparticles
encapsulated by MXene nanosheets and demonstrate the uniform distribution of Co304
nanoparticles within the MXene nanosheets. In Figure 5.6¢-d, the discernable shape of

the Co304 nanoparticles seems to be diamonds with an ultra-small size of 5~15 nm.
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Co304 nanoparticles with tiny sizes are beneficial for the efficient diffusion of Li-ion
through electrodes and the smaller relative swelling stress created during the lithiation
process. In addition, the ultrathin MXene nanosheets are approaching transparent in
TEM images suggesting the few-layers of MXene. Meanwhile, these MXene
nanosheets are flexible with clearly visible wrinkles on the surface. Observed by the
high-resolution TEM (HRTEM), the lattice fringe spacings of different crystals were
calculated in Figure 5.6e-f. The lattice fringe spacings of 0.430, 0.279, 0.255, and
0.204 nm are assigned to the (111), (220), (311), and (400) planes of Co03Os,
respectively, which is consistent with the characteristic peaks in XRD patterns of
Co304/MXene composite. The EDS element mapping (Figure 5.6g) was conducted to
investigate the element distribution in the Co304/MXene composite. The C0304
nanoparticles are confirmed by the element O and Co while the element C and Ti
demonstrate the existence of MXene nanosheets. It is observed that Co and Ti elements
overlap and match well, strongly authenticating a homogeneous distribution of C0o304
nanoparticles within MXene nanosheets. To obtain a high-performance composite
electrode, the MXene nanosheets are applied to not only relieve the volume expansion
of active materials but also increase the electronic and ionic conductivity of the whole
electrode by facilitating the transportation of electrons and reducing the Li* diffusion
barrier. Hence, the excellent distribution of Co0sOs nanoparticles within MXene

nanosheets indicates the high-performance of the composite electrode.
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5.3.2 Electrochemical performance of Co304+/MXene composite
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Figure 5.7 (a) Cyclic voltammetry curves for the initial three cycles for the
C0304/MXene composite electrode (COMX1). (b) Charge/discharge profiles of
the COMX1 electrode with the initial three cycles at the current density of C/20

(C=890 mA gb).

To investigate the electrochemical performance of the CosO4/MXene composite
electrodes, the cyclic voltammetry (CV) was conducted at a scan rate of 0.1 mV s over
a potential range of 0.01-3 V (vs. Li/Li*), as shown in Figure 5.7a. According to the
CV profiles, the lithiation and delithiation processes of Cosz0s show a multiple
electrochemical reaction behavior [12]. During the first cathodic scan, there is a
shoulder peak around 1.4 V corresponding to the reduction procedure from Co304 to
CoO accompanying the production of Li>O (Equation (14)). After that, a strong and
sharp peak appearing at 0.85 V is attributed to the reduction of Co?* to Co® and the
formation of solid electrolyte interphase (SEI) films (Equation (15)). This reduction

peak shifts right to 0.90V in the following cycles, which indicates not only the
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irreversible formation of most SEI films but also the activation process of the electrode
leading to the more uniform distribution of Co in the Li2O matrix and higher
transmission efficiency of Li-ions [12, 18]. Besides, there is a small and broad peak
near 0.61 V that is ascribed to the insertion of Li* in the MXene nanosheets following
Equation (16). It is more clear to find this reaction peak in the CV curves of the pristine
MXene electrode in Figure 5.8a. During the anodic scan, two distinct peaks are
locating at 1.59 and 2.14 V, which are related to the oxidation transformation from
metallic Co to Coz04 by two steps, respectively. The subsequent CV plots maintain an

almost identical shape that reveals the distinguished reversibility of the electrode.

C0,0, +2Li* +2¢ <> 3C00+Li,0

(14)
3C00+6Li"+6¢" >3CoH3LI,0 1o
TLC,T AL e oL TICT, o

It is also in good agreement of the galvanostatic charge-discharge (GCD) profiles
of the Cos04/MXene composite electrode for the initial three cycles at C/20 in
Figure 5.7b. In the first discharge profile, two conspicuous discharge plateaus are
observed at ~1.54 and 1.01 V corresponding to the reduction of CosO4 to metallic Co
and the formation of Li>O, while two broad peaks appearing at 1.57-1.73 V and 2.1-
2.3 V in the first charge profile are associated with the oxidation of the metallic Co
accompanying the decomposition of Li>O to Li. Subsequently, the following cycles
exhibit the discharge plateaus with higher voltages, which is consistent with the right

shift of the reduction peak in the CV profiles. Moreover, as observed in Figure 5.7Db,
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the first discharge capacity approaches 2082 mAh g and a charge capacity is around
1326 mAh g%, which results in an initial coulomb efficiency of ~63.7 %. On the other
hand, the irreversible capacity loss accounts for 36.3 %, mainly caused by the formation
of SEI films, the irrecoverable conversion of Cos04, and the partial residual Li* in the
active materials. Nevertheless, the following cycles exhibit both discharge and charge
capacity exceeding the theoretical capacity of 890 mAh g*. The larger capacity can be
ascribed to small contributions from the MXene nanosheets, as shown in Figure 5.8b.
More importantly, the extra Li-ion storage is attributed to the increased interfacial
bonds acting as active sites, which are supplied by the grain boundaries of Li-O and Co

generated during the discharge process [12].
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Figure 5.8 (a) Cyclic voltammetry curves for the initial three cycles for the

pristine MXene electrode. (b) Charge/discharge profiles of the pristine MXene

electrode with the initial three cycles at the current density of C/20. (c) Cycling

performance of pristine MXene on Ni foam at the current density of 1 C with

three initial cycles at C/20 (C=448 mA g1).
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Figure 5.9 Cycling performance of CosO4s/MXene composite electrode with
different ratios of Co3O4/MXene=1:1, 2:1, and 4:1 (labeled with COMX1, 2, and

4), compared with the pristine Co3O4 at the current rates of C/5 (C=890 mA g?).

Figure 5.9 and Figure 5.10 illustrates the cycling performance of the
Co304/MXene composite electrode with different ratios of Coz04/MXene=1:1, 2:1, and
4:1 (COMX1, 2, and 4), compared with the pristine Co3O4 electrode at the current
densities of C/5 and 1 C, respectively. Both tests were conducted with three initial
cycles at the rate of C/20, aiming to activate and stabilize the batteries. In Figure 5.9,
at an initial current density of C/20, COMX and pristine Co3O4 electrodes show similar
initial Coulombic efficiencies between 61-65 %. With fewer MXene nanosheets

involved in the composite, the initial Coulombic efficiencies will increase because of
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the smaller surface area of electrode, leading to the less irreversible formation of SEI
films. It is further confirmed by the cycling performance of the pristine MXene
electrode in Figure 5.8b, which shows the first discharge/charge capacities of
186.4/75.5 mAh g’ resulting in an initial Coulombic efficiency of ~40 %. The low
reversibility of the pristine MXene electrode owes to the considerable functional groups
such as -F and -OH locating on its surface [14]. Therefore, the low content of MXene
nanosheets in composite results in higher initial Coulombic efficiency. After the three-
cycle initialization, COMX1, COMX2, COMX4, and pristine Co3zO4 electrodes exhibit
the reversible capacities of 1155, 973, 886, and 996 mAh g”!, which remains the
capacities of 1230, 1167, 932, and 918 mAh g! after 120 cycles at the rate of C/5, with
the corresponding retention of 106 %, 120 %, 105 %, and 92 %, respectively. It is worth
noting that except for the pristine Co3O4 electrode, all COMX electrodes increase the
capacity by more than 100 percent after 120 cycles, which is caused by the slow
activation process for electrolyte ions diffusing through the COMX electrodes when
the stacked MXene nanosheets are used [5]. It is further demonstrated in Figure 5.8c,
where the pristine MXene electrode experiences a minor increase in the specific

capacity over a long-term cycling life.
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Figure 5.10 Cycling performance of Coz0O4/MXene composite electrode with
different ratios of Co3O4/MXene=1:1, 2:1, and 4:1 (labeled with COMX1, 2, and

4), compared with the pristine CozOs at the current rates of 1 C (C=890 mA g?).

Likewise, there are almost identical trends for the cycling performance of COMX

and pristine Coz04 electrodes at the rate of 1 C in Figure 5.10. Compared with the

performance of the pristine CosO4 electrode at C/5, the disadvantages of that at 1 C

become more noticeable, which arises from the low electrical conductivity of the

electrode. Among all the COMX electrodes, the COMX1 electrode shows the highest

reversible capacity of 1005 mAh g* after 300 cycles. The higher percentage of MXene

nanosheets in the composite leads to the high Li* and electrons transmission efficiency

between the electrodes. In contrast, the higher content of Coz04 nanoparticles will not
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only have a negative effect on the electrical conductivity of the whole electrode but also
increase the agglomeration probability of the nanoparticles leading to the ununiform
distribution CosO4 within the MXene nanosheets. However, if the ratio of C0304
nanoparticles and MXene nanosheets decreases to a specific value, the cycling
performance cannot reach the expectation. For example, the cycling performance of the
COMXaO0.5 electrode (Coz04/MXene=1:2) was tested at the current density of 1 C in
Figure 5.11. By contrast, the COMXaO0.5 electrode delivers a reversible capacity of
678 mAh g* after 300 cycles, which is much lower than that of the COMX1 electrode,
which is reasonably ascribed to the restacking of MXene nanosheets with fewer C0304
nanoparticles as spacers. CosO4 nanoparticles play a critical role in separating the
MXene nanosheets to prevent them from restacking. Hence, the synergistic effect of

MXene nanosheets and Coz04 nanoparticles in the COMX1 electrode fulfills its utmost

efficiency.
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Figure 5.11 Cycling performance of COMXO0.5 at the current density of 1 C.
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Figure 5.12 Rate capabilities of COMX electrodes with different ratios and

pristine Coz04 electrode.

Excellent rate performance of electrode demonstrates the capability of electrodes
to support the fast charge and discharge. Figure 5.12 shows the rate capability of the
COMX and pristine Coz04 electrodes at various current densities of C/5, C/2,1 C, 1.5 C,
2C, 25C, to 3C and then back at same rates. The COMX1 electrode delivers the
capacities retentions of 100 %, 87 %, 82 %, 75 %, 72 %, 65 %, and 64 %, at the current
densities from C/5 to 3 C, respectively. When the current densities return from 3 C to
C/5, there is a little increase in the cycling performance due to the laggardly activated
Li-ion transporting through the electrodes. Additionally, the COMX1 electrode remains
the highest reversible capacities among all electrodes, which are further demonstrated
in the Nyquist plots in Figure 5.13. The addition of MXene nanosheets can effectively

reduce the charge-transfer impedance of CozO4 nanoparticles, which is consistent with
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the reduced diameter of the semicircle at the high-frequency region. Accordingly, the

COMX1 has the smallest impedance around 35 Q.
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Figure 5.13 Nyquist plots of Cos0./MXene composite with different ratios of

Co0304 and MXene.
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Figure 5.14 Cycling performance of the COMX1 electrode at the current rate of

5C.

Interestingly, when the current density increases to 5C as illustrated in
Figure 5.14, the COMX1 electrode can show a discharge capacity of 307 mAh g after
1000 cycles, which implies the long-term stability of the COMX1 electrode. Similarly,
the pristine MXene electrode remains the capacity of 76 % after 1000 cycles
(Figure 5.8c). Therefore, the incorporation of MXene nanosheets with CozO4 enhances
the electrical conductivity of the electrode as well as stabilizes the electrode over the

long-term cycling by relieving the stress arising from the expansion of active materials.
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Figure 5.15 (a) CV curves of COMX1 electrode at different sweep speeds of 0.2,
0.4, 0.8,1.2, 1.6, and 2.0 mV s*. (b) Plots of log(i) versus log(v) depending
on reduction and oxidation peaks. (c) Separated diffusion and capacitive current
at a scan rate of 1.2 mV s, (d) The ratios of the diffusion and capacitive-

controlled contributions at different scan rates.

Typically, the capacity of the Co30s/MXene composite electrode is mainly
contributed by diffusion-controlled capacity from conversion and alloying reactions
and capacitive capacity caused by surface charge transfer [19]. To further understand
the electrochemical kinetics of the COMX1 electrode for Li-ion storage, the

corresponding CV curves at scan rates ranging from 0.2 to 2 mV s were carried out,
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as shown in Figure 5.15a. The relationship between the current (i) on scan rate (V)

can be expressed with Equation (17) and (18) [18]

i=a  (17)
log(i) =blog(v) +log(a) (g

Both a and b are tunable parameters whose value could be determined by the
intercept and slope of the plot (log(i) wversus log(v)), as illustrated in Figure 5.15b.
Generally, b=0.5 represents an ideal diffusion-controlled intercalation procedure and
b =1 indicates the surface-induced capacitive procedure. According to Figure 5.15b,
b is equal to 0.79 and 0.78 for oxidation and reduction, respectively, implying the
concurrence of two kinds of capacity contributions in the COMX1 electrode. Moreover,

the proportion of two-kind contributions can be quantitatively confirmed by separating

the current response (i) at a fixed potential V into the capacitive process (kv ) and the

diffusion-controlled process (k,v*°) following the Equation (19) [14, 20]

i(V)=kyv+kv® .(19)

To determine the constant value of k, and k,, Equation (19) was transformed
into Equation (20) by dividing the v®° at both sides [21]. Hence, k, and k, are

determined by the slope and intercept of the plots of i(V)/v®*® and v°S.

V)1V =k 4k, o0
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With the explicit k; and k,, the contribution from the capacitive process (k,v)
and the diffusion-controlled process (k,v*°) were calculated. For example, the typical
voltage profile at the scan rate of 1.2 mV s was shown in Figure 5.15c, in which a
dominating capacitive current (shadow region) accounts for ~74 % compared with the
total current, revealing that the electrode is inclined to surface-induced charge storage
procedure. With the increasing sweep rate, the COMX1 electrode displays enlarged
capacitive contributions of 54 %, 63 %, 70 %, 74 %, 77 %, and 79 %, respectively
(Figure 5.15d). Interestingly, it is the surface-induced capacitive procedure that plays
a significant role in the total current, which is ascribed to the tiny-size Co304
nanoparticles and stable composite structure. Moreover, the highly conductive MXene
nanosheets favor the charge transfer kinetics in the composite electrode. Therefore, the
dominating surface-induced capacitive procedure contributes to enhancing the rate
capability of the COMX1 electrode, which also explains that the COMX1 electrode

delivers a much larger capacity than the theoretical capacity.
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5.4 Conclusion

In conclusion, the Coz04/MXene composite electrodes can be prepared with high-
performance for the enhanced LIBs. The 2D MXene nanosheets serve as substrates for
Co0304 nanoparticles to relieve the stress arising from the huge volume expansion of
Co304 during the charge/discharge processes. More importantly, the highly conductive
MXene nanosheets promote the electronic and ionic conductivity of the whole electrode
with a higher transmission efficiency of Li* and electrons. Moreover, the addition of
MXene nanosheets can enhance the stability of CozOs/MXene composite electrodes
over long-term cycling. Besides, the moderate content of Co3O4 nanoparticles could
efficiently limit the restacking of MXene nanosheets. The facile preparation method
and the excellent electrochemical performance of Co304/MXene composite electrodes

promise it as a competitive anode for LIBs.

133



5.5 References

[1] Y. Tian, Y. An, and J. Feng, "Flexible and Freestanding Silicon/MXene
Composite Papers for High-Performance Lithium-lon Batteries," ACS Appl
Mater Interfaces, vol. 11, no. 10, pp. 10004-10011, 2019.

[2]  A.Byeon, M. Q. Zhao, C. E. Ren, J. Halim, S. Kota, P. Urbankowski, B. Anasori,
M. W. Barsoum, and Y. Gogotsi, "Two-Dimensional Titanium Carbide MXene
As a Cathode Material for Hybrid Magnesium/Lithium-lon Batteries," ACS
Applied Materials & Interfaces, vol. 9, no. 5, pp. 4296-4300, 2017.

[3] S. Luo, R. Wang, J. Yin, T. Jiao, K. Chen, G. Zou, L. Zhang, J. Zhou, L. Zhang,
and Q. Peng, "Preparation and Dye Degradation Performances of Self-
Assembled MXene-Co3O4 Nanocomposites Synthesized via Solvothermal
Approach," ACS Omega, vol. 4, no. 2, pp. 3946-3953, 2019.

[4] R. Deng, B. Chen, H. Li, K. Zhang, T. Zhang, Y. Yu, and L. Song,
"MXene/Co304 Composite Material: Stable Synthesis and Its Enhanced
Broadband Microwave Absorption," Applied Surface Science, vol. 488, pp. 921-
930, 2019.

[5] M. Q. Zhao, M. Torelli, C. E. Ren, M. Ghidiu, Z. Ling, B. Anasori, M. W.
Barsoum, and Y. Gogotsi, "2D Titanium Carbide and Transition Metal Oxides
Hybrid Electrodes for Li-Ion Storage," Nano Energy, vol. 30, pp. 603-613, 2016.

[6] P. Zhang, Q. Zhu, Z. Guan, Q. Zhao, N. Sun, and B. Xu, "A Flexible Si@C
Electrode with Excellent Stability Employing an MXene as a Multifunctional
Binder for Lithium-Ion Batteries," ChemSusChem, 2019.

[7] Y. T. Liu, P. Zhang, N. Sun, B. Anasori, Q. Z. Zhu, H. Liu, Y. Gogotsi, and B.
Xu, "Self-Assembly of Transition Metal Oxide Nanostructures on MXene
Nanosheets for Fast and Stable Lithium Storage," Adv Mater, vol. 30, no. 23, p.
1707334, 2018.

[8] M. R. Lukatskaya, O. Mashtalir, C. E. Ren, Y. Dall’Agnese, P. Rozier, P. L.
Taberna, M. Naguib, P. Simon, M. W. Barsoum, and Y. Gogotsi, "Cation

Intercalation and High Volumetric Capacitance of Two-Dimensional Titanium
134



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Carbide," Science, vol. 341, no. 6153, pp. 1502-1505, 2013.

M. Gu, Y. He, J. Zheng, and C. Wang, "Nanoscale Silicon as Anode for Li-Ion
Batteries: The Fundamentals, Promises, and Challenges," Nano Energy, vol. 17,
pp. 366-383, 2015.

Z. Ma, X. Zhou, W. Deng, D. Lei, and Z. Liu, "3D Porous MXene
(Ti3Cz)/Reduced Graphene Oxide Hybrid Films for Advanced Lithium
Storage," ACS Appl Mater Interfaces, vol. 10, no. 4, pp. 3634-3643, 2018.

J. Yan, C. E. Ren, K. Maleski, C. B. Hatter, B. Anasori, P. Urbankowski, A.
Sarycheva, and Y. Gogotsi, "Flexible MXene/Graphene Films for Ultrafast
Supercapacitors with Outstanding Volumetric Capacitance," Advanced
Functional Materials, vol. 27, no. 30, 2017.

M. Liu, X. Deng, Y. Ma, W. Xie, X. Hou, Y. Fu, and D. He, "Well-Designed
Hierarchical Co3zO4 Architecture as a Long-Life and Ultrahigh Rate Capacity
Anode for Advanced Lithium-Ion Batteries," Advanced Materials Interfaces,
vol. 4, no. 19, p. 1700553, 2017.

Y. Chen, Y. Wang, Z. Wang, M. Zou, H. Zhang, W. Zhao, M. Yousaf, L. Yang,
A. Cao, and R. P. S. Han, "Densification by Compaction as an Effective Low-
Cost Method to Attain a High Areal Lithium Storage Capacity in a CNT@Co0304
Sponge," Advanced Energy Materials, vol. 8, no. 19, 2018.

X. Sun, K. Tan, Y. Liu, J. Zhang, D. K. Denis, F. U. Zaman, L. Hou, and C. Yuan,
"A Two-Dimensional Assembly of Ultrafine Cobalt Oxide Nanocrystallites
Anchored on Single-Layer Ti3C>Tx Nanosheets with Enhanced Lithium Storage
for Li-lIon Batteries," Nanoscale, vol. 11, no. 36, pp. 16755-16766, 2019.

D. C.Zuo, S. C. Song, C. s. An, L. B. Tang, Z. J. He, and J. C. Zheng, "Synthesis
of Sandwich-Like Structured Sn/SnOx@MXene Composite through In-Situ
Growth for Highly Reversible Lithium Storage," Nano Energy, vol. 62, pp. 401-
409, 2019.

Y. Deng, T. Shang, Z. Wu, Y. Tao, C. Luo, J. Liang, D. Han, R. Lyu, C. Qi, W.
Lv, F. Kang, and Q. H. Yang, "Fast Gelation of TizC,;Tx MXene Initiated by

135



[17]

[18]

[19]

[20]

[21]

Metal Ions," Adv Mater, p. 1902432, 2019.

M. Naguib, O. Mashtalir, M. R. Lukatskaya, B. Dyatkin, C. Zhang, V. Presser,
Y. Gogotsi, and M. W. Barsoum, "One-Step Synthesis of Nanocrystalline
Transition Metal Oxides on Thin Sheets of Disordered Graphitic Carbon by
Oxidation of MXenes," Chem Commun (Camb), vol. 50, no. 56, pp. 7420-3,
2014.

X. Zhao, H. Xu, Z. Hui, Y. Sun, C. Yu, J. Xue, R. Zhou, L. Wang, H. Dai, Y.
Zhao, J. Yang, J. Zhou, Q. Chen, G. Sun, and W. Huang, "Electrostatically
Assembling 2D Nanosheets of MXene and MOF-Derivatives into 3D Hollow
Frameworks for Enhanced Lithium Storage," Small, p. 1904255, 2019

Q. L1, Y. Zhao, H. Liu, P. Xu, L. Yang, K. Pei, Q. Zeng, Y. Feng, P. Wang, and
R. Che, "Dandelion-Like Mn/Ni Co-Doped CoO/C Hollow Microspheres with
Oxygen Vacancies for Advanced Lithium Storage," ACS Nano, vol. 13, no. 10,
pp. 11921-11934, 2019.

T. Brezesinski, J. Wang, J. Polleux, B. Dunn, and S. H. Tolbert, "Templated
Nanocrystal-Based Porous TiO> Films for Next-Generation Electrochemical
Capacitors," Journal of the American Chemical Society, vol. 131, no. 5, pp.
1802-1809, 2009.

D. Chao, C. Zhu, P. Yang, X. Xia, J. Liu, J. Wang, X. Fan, S. V. Savilov, J. Lin,
H. J. Fan, and Z. X. Shen, "Array of Nanosheets Render Ultrafast and High-
Capacity Na-Ion Storage by Tunable Pseudocapacitance," Nat Commun, vol. 7,

p. 12122, 2016.

136



Chapter 6: Conclusion and perspectives

6.1 Conclusion

This thesis illustrates the investigation of employing highly conductive materials
in anode for LIBs to improve electrochemical performance. The highly conductive
materials not only enhance the rate capability of the electrode by providing the highly
efficient electrons and ions pathways but also relieve the stress induced by the huge
volume expansion during charge and discharge processes through building the 3D

stable framework with considerable interspace.

The Cu NWs were employed to build the 3D conductive structure for Si anode.
Firstly, Cu NWs cooperating with MWCNTs formed the porous structure on the current
collector to support Si. Secondly, the Si NPs were distributed within the 3D conductive
framework created by CuNWs and encapsulated by carbon layers. Both
MWCNTs/Cu NWs/Si and Cu NWs/Si NPs@C composite electrodes exhibited
excellent cycling performance with enhanced rate capability as well as stability over
long-term cycling. Finally, the novel MXene nanosheets were introduced to substitute
the Cu NWs and carbon materials in the electrode, due to its high electrical conductivity
and physical strength. MXene nanosheets were combined with the Co3O4 nanoparticles,

which made a breakthrough in the electrochemical performance of Co3;O4-based LIBs.
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6.2 Perspectives

In this thesis, the highly conductive materials were used in the anode for Li-ion
batteries to improve the electrical conductivity of the electrode. Meanwhile, these
highly conductive materials could create a 3D porous framework to support the active
materials and provide numerous void space to accommodate the massive volume
change. The design is expected to be used in the industry to improve the
commercialized Li-ion batteries. The mass production of Li-ions batteries requires the
facile fabrication procedure and the large surface area of the electrode for pouch cells.
The preparation of the 3D framework should be simple to promote the efficiency of
production. In addition, the excellent physical properties of materials should maintain
when the area of the whole electrode is enlarged. Unfortunately, under the same
thickness, the structure of some materials tend to be inflexible and breakable with the
increased area. Therefore, the choice of the highly conductive materials for 3D

framework during mass production in the industry needs cautions.

If the design is applied in the industry for mass production of Li-ion batteries, the
huge mass loading is required for large energy density. The ways to improve the mass
loading on the 3D framework involve the increase in mass per areal, which may lead to
the instability of the framework and long transport way of Li-ions. The other method is
enlarging the thickness of the whole electrode to increase mass loading. However, the
corresponding challenges include the ununiform distribution of the active materials

within the thicker framework and the insufficient of the Li-ions transmission within the
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anode. To solve these challenges, a 3D framework with a controllable void size could
be contrived, which results in adjustable mass loading on the framework. According to
the environmental effects in different categories of batteries, this framework materials
could be flexible to accommodate the different requirements of batteries, such as pouch

cells or coin cells.
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