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Abstract

Future applications of energy storage devices require electrode materials with higher
energy and power densities, better cycling stability and better rate capability. Many
bulk and micrometer-sized electrode materials have failed to satisfy the high
requirements. Therefore, design and fabrication of various novel nanostructures with
controlled morphology, size, composition and crystallinity have attracted increasing
research attention.

Two-dimensional (2D) nanostructures are suitable for energy storage because of their
large surface area and shorter paths for fast charge transport. Nanosheets of some
single-morphology, single-component, and well-crystalline electrode materials have
been developed to possess improved lithium storage properties in capacity and cycling
stability compared with their bulk counterparts.

In this present work, the optimizations of electrode materials are extended to
fabrication and electrochemical characterization of hierarchically-constructed
nanosheets, composite hierarchical nanosheets and amorphous nanosheets. The focus
is to develop facial and controllable approaches for fabrication of these novel
electrode materials. The hierarchical nanosheets and hybrid nanosheets are expected to
benefit from the multi-functionality and advantageous of individual nanostructures or
constituent components, leading to higher capacity, improved cycling stability and
rate capability. The amorphization of electrode materials tends to demonstrated
distinct lithium storage mechanism and kinetics compared with their crystalline

counterparts.
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At first, the morphology advantages of hierarchically-constructed FeS nanosheets are
demonstrated. The carbon coated FeS nanosheet hierarchically constructed by small
nanograins is prepared via a surfactant-directed solution-based synthesis. Results
indicate that hierarchical FeS particles and hexagonal-shaped FeS nanoplates could
also be obtained by adjusting the experimental conditions. The hierarchical FeS
nanosheet delivers promising lithium storage property of a specific capacity of 233
mAh g in 100" cycle at a 10C discharge rate. It is proposed that the constituent
nanograins offer large electrode-electrolyte interaction area and shorter charge
transport. At the same time, the flexible nanosheets can effectively accommodate large
volume change induced during the charge/discharge process the nanosheets holding
nanograins can maximize the electrical connectivity. In addition, in-situ formed
amorphous carbon coating further improves the cycling stability by absorbing and
trapping polysulfides generated during the conversion reaction of sulfides preventing

the dissolution of polysulfide from deteriorating ionic conductivity of electrolyte.

Next, hybrid hierarchical nanosheets composed of Troilite FeS and Wurzite ZnS have
been synthesized via the same organic solution-based synthesis. The compositional
ratio of FeS and ZnS can be varied by varying the compositional ratio in precursor.
Among the synthesized samples with varying ratios, sample with Fe/Zn = 7.29:1
shows best lithium storage properties over other ratios and pure FeS nanosheets in
terms of capacity and rate capability. The improved lithium storage performance of
hybrid hierarchical nanosheet can be attributed to: (1) the advantageous hierarchical
nanosheet structure provides better stress tolerance for both conversion reaction and

alloying reaction upon cycling; (2) each nanosheet are composed of fine building
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blocks of FeS and ZnS nanocrystals, which offers shorter diffusion path for charge
transport; (3) The co-presence of the heterogeneous sulfides could behave as
dispersants to each other. During repeated reversible electrochemical reactions, the
heterogeneous metals reduced from the composite sulfides during lithiation are not
liable to aggregate, nor are the heterogeneous sulfides formed during delithiation.

Finally, the combined effects of amorphization and nanostructuring on the lithium
storage performance of FeOOH are investigated. In this work, amorphous FeOOH
nanosheet is prepared by surfactant-assisted oxidation of self-synthesized FeS
nanosheets. The resultant amorphous FEOOH nanosheets are porous and have a high
BET surface area of 223 m? g. The amorphous FeOOH nanosheet demonstrates good
lithium storage capacity and superior rate capability (e.g. discharge capacity of 465
mAh g? at a current density of 2C), which can be attributed to its high surface area,
porous nanostructure and loose amorphous nature. When characterized as lithium
storage electrode, it has conversion reaction with Li*. A new equivalent circuit
directly modeling conversion reaction between electrode and Li* is proposed. The
conversion reaction subcircuit reproduces the hysteresis in the discharge/charge
voltage profile, indicating that the lithium storage via conversion reaction in
amorphous FeOOH has a thermodynamic origin rather than being limited by Li

transport.
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1. Introduction

1.1 Background

Today, with greater projected energy demand and increasingly serious environmental
pollution, renewable energy sources are gradually replacing burning fuels to produce
electricity. Current renewable electricity generation systems, such as wind and
photovoltaic devices, still need additional flexibility to meet users’ demand.
Generation of sustainable energies from their respective sources fluctuates with time
and weather conditions; hence the use of electricity produced from sustainable energy

sources requires efficient and stable storage.[1]

Lithium ion batteries (LIBS) are attractive over other energy storage systems in terms
of energy and powder densities, environmental impact, no memory effect and
flexibility in manufacturing.[2] Lithium storage properties of electrode materials
determine the overall performance of LIBs. LIBs of higher energy and power densities
and capable of fast charging are required for future applications. Therefore, lithium
storage materials with higher energy and power densities, better cycling stability,

better rate capability and better cost-effectiveness are in great demand.

Many bulk and micrometer-sized electrode materials have failed to satisfy the high
requirements. Research has moved to design, fabrication and characterization of
various novel nanostructures with controlled and beneficial nanostructure morphology
and sizes. Nanosheets are especially suitable for lithium storage because of their

maximized exposed area, minimized path length enabling faster charge transport and

-4-|Page



their flexibility to accommodate stress induced during prolonged cycling. And in
literature, Nanosheets of some single-morphology, single-component, and well-
crystalline lithium storage materials have been developed and demonstrated to possess
improved lithium storage properties in capacity and cycling stability compared with
their bulk counterparts. However, there is still room for property improvement of
lithium storage material with more complex morphology, more favorable

compositions and crystallinity.

Inspired by the present research gap, in this present work, the optimizations of lithium
storage materials are extended to fabrication and electrochemical characterization of
nanosheets of hierarchical construction, two constituent compositions and amorphous
loose structure. We put ahead several hypothesis that hierarchical nanosheets and
composite nanosheets can benefit from the multi-functionality and advantageous of
their constituent nanostructures or components, leading to property enhancement. And,
amorphization of materials tends to demonstrate distinct lithium storage mechanism
and kinetics compared with their crystalline counterparts. And, it is important to
develop facial and controllable approaches for fabrication of these novel electrode
materials and investigate how the morphology, composition and crystallinity can be

tuned to enhance of lithium storage property of materials.
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1.2 Literature Review

1.2.1 Energy Storage Systems

Discharge Time
h

4 Hydrogen & synthetic natural gas
Month
Day
Compressed air
energy storage
Hour | ol = = 4 & (LABy)
Minute
Second

oA 100 1000
Power rating

Efficiency [ ESHOOIN 4570% [[3048% |

Figure 1-1: lllustration of electricity storage systems with varying power ratings, discharge
time and efficiency[1]

Electricity storage systems offer more convenient and flexible connections between
base-load electricity generation systems and the end-user market. Electricity storage
systems vary in uses depending on their power ratings (energy and power densities),
discharge time and response time as illustrated in Figure 1-1. Electrochemical energy
storage system includes rechargeable batteries and supercapacitors, which are
important for two challenging applications: electrochemical power source for

propulsion and load leveling (i.e. electricity storage from renewable sources).[3]

-6-|Page



10°

102 |

10’

Specific energy (Wh/kg)

TTTTTTTTT

s

100 O Mt P T Tl RTEVETNG
10° 102 103

Specific power (W/kg)

2

Figure 1-2: Ragone plot comparing the specific energy and power densities of several

rechargeable batteries and supercapacitors (EDLCs)[3]

Based on their applications, both rechargeable batteries and supercapacitors are
evaluated based on their specific energy and power densities. Figure 1-2 provides a
Ragone plot illustrating the specific energy and power densities of several families of
rechargeable batteries and supercapacitors (electrochemical double layer capacitors).
Comparing with EDLCs, rechargeable batteries encompass a wider range of specific
energy densities and discharge time for various practical applications to maximize
efficiency of energy use. Rechargeable batteries have reversible electrochemical
reaction during repeated charge and discharge process. Besides, they are more cost-

effective and eco-friendly than primary batteries.[4] Nowadays commercially
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available rechargeable battery systems include lead-acid battery, NiCd battery, NiMH

(nickel metal hydride) battery and lithium ion batteries.[4]

1.2.2 Lithium lon Batteries

Lithium ion batteries (LIBs) are advantageous over other rechargeable batteries in
terms of energy and powder densities, environmental impact, no memory effect and
flexibility in manufacturing.[2] Firstly, LIBs have higher energy density than lead-
acid battery, NiCd battery and NiMH battery. Secondly, They have no memory effect
(Memory effect is defined as the effect that causes the device to hold less charge as
they gradually loses their maximum energy capacity after many cycles of
charging/discharging, only ‘remembering’ the smaller charge capacity), and thus no
scheduled cycling is required to prolong their lifetime. In addition, they experience
much less self-discharge than Ni-based batteries. Lastly, LIBs can be made into
various shapes and sized to accommodate to applications with different usage patterns,

such as portable electronics.

In lithium ion batteries, the intrinsic nature of electrochemical redox reactions
generally determines the specific energy and powder density limits. According to
Figure 1-2, specific energy densities of lithium ion batteries range from 10 to 200 Wh
kgl. However, efficient engineering of battery components are also essential for

improving the energy and power densities of LIBs.

The primary concept of LIBs with reversible intercalation to oxides and graphite was

firstly proposed in the 1970s by J.O. Besenhard.[5, 6] Akira Yoshino assembled the
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first prototype cell with LiCoO. as cathode and carbonaceous material anode in
1985.[7] Without using metallic lithium, safety of lithium ion battery was greatly

improved, which leads to its commercial release by Sony in 1991.

Charge
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Figure 1-3: Schematic demonstration of a working lithium ion battery [8]

Lithium ion batteries are basically electrochemical cells that store and release
electricity via reversible movement of Li ions between the positive electrode and the
negative electrode. A typical lithium ion battery is composed of cathode, anode, Li ion
conductive electrolyte and separator. The charging and discharging process of a
lithium ion battery is illustrated in Figure 1-3. During charging, Li ions are extracted
from the cathode side, transported through the electrolyte to the anode side. During
discharging, Li ions are extracted from the anode and inserted into the cathode, while
the electrons are released from the anode, flow through the external circuit to power

external electronic devices. Taking the most widely commercialized lithium ion
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batteries assembled with LiCoO. cathode and graphite anode as an example, the

chemical reactions taking place during charge and discharge can be expressed as: [2]

Cathode: LiCo0, < Li;_,,Co0, + xLi™ + xe~

Anode: C + xLi™ + xe™ © Li,C

And, the overall reaction of the working cell during the first charge and subsequent

charge/discharge cycles can be expressed as:

Initial charge: LiCoO, + C < Li;_,C00, + Li,C

Subsequent charge/ discharge: Li;_,C00, + Li,C 2 Lii_x43xC005 + Li,_4,C

The total capacity of LIBs is related to the cathode capacity, anode capacity and the
specific mass of other cell components including electrolyte, separator and case.[9, 10]
To achieve high energy densities and power densities of lithium ion batteries for
future electric vehicles, electrode materials with a superior performance have become
critical for producing high-performance LIBs, particularly in terms of reducing cost

while improving the functionality.

1.2.3 Lithium Storage Electrode Materials

As discussed in the previous section, energy and powder density, safety and cost of
LIBs are largely dependent on the specific capacity, rate capacity, safety and cost of
the electrode materials. Lithium, as a group I alkali metal, is highly reactive. Generally,

electrode materials in LIBs can be classified into three categories based on their
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interaction mechanism with lithium ions: intercalation, conversion reaction and

alloying as illustrated in Figure 1-4.[11, 12]
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Figure 1-4: Schematic illustration of three different types of lithium storage materials [12]

1.2.3.1 Intercalation

Intercalation electrode material are electroactive with crystal structures that can serve

as host solids into which lithium ions can reversibly insert from electrolyte.[13]

Cathode materials of LIBs are all of intercalation-type. The most widely employed
cathode material in commercial LIBs is LiCoO, (LCO), which offers high energy
density.[14, 15] LCO has layered structure with layers of lithium lying between slabs
of octahedra formed by Co and O atoms, thus lithium ions can intercalate/de-
intercalate between the layers without significant change in crystal structure.[11]
Comparing with LiCoO3, Lithium manganese oxide (LMO) is more environmental

friendly but suffers from limited cyclability.[16, 17] Spinel LiMn15Nios04 has a high
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redox potential at around 4.8V and can reach a specific capacity of greater than 140
mAh g '.[18] Besides, the fast solid-state diffusion in spinel ensures high rate
capability.[19] Another important group of novel cathodes for advanced LIBs is the
layered—layered cathode materials, which is essentially a composite of
[Li2MnOs]x [LIMO2]y mixing at atomic level, [20] where M = [MnosNios] or
[Mno.33Nio.33C00.33] and other possible combinations of transition metal cations.[21]
This category of cathode materials demonstrate high capacities of greater than 250
mAh g! with a relatively low capacity fading at high rates.[21, 22] The final cathode
family is olivine LiMPOs4 materials. The lithiation and de-lithiation of
LixMPOs occur via first-order phase transitions. LiFePO4 (LFP) is cost-effective and
non-toxic, and it offers moderate energy density, which is one of the most popular
cathode materials candidates in commercial LIBs.[23, 24] There are also intensive
research to develop LiMnPOs and LiCoPQO4 as promising cathode materials with

higher redox potential and hence, higher energy density.[25, 26]

Intercalation anode electrodes usually have layered crystal structure, and have Li ions
diffusing along the VVan Der Waals gaps between the layers. Example of such layered
anode materials are graphite, anatase titanium oxide, lithium titanates and some metal
sulfides (e.g. MoS2 and WS,).[27-29] Graphite is the mostly employed anode
materials for commercial LIBs because it possesses low and flat potential plateau,
good cycling stability and low-cost. However, the low theoretical capacity of graphite
~372 mAhg? with the formation of LiCs, is insufficient to meet the future energy-

density demand for LIBs. Besides, the transport rate of Li ions in graphite is less than
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10 cm?s™!, which results in inferior rate capacity of graphite anode and limited

powder density of current LIBs.[30]

1.2.3.2 Alloying

Metals and semimetals that can electrochemically form alloys with lithium can be
classified as alloying electrode materials in LIBs.[31] The specific capacities of these
alloying-type materials can reach extremely high values both by weight and by
volume. For example, silicon possesses a specific volumetric capacity of 8365 mAh
cm™ and a weight capacity of 3590 mAh g~* compared to 975 mAh cm™2 and 372
mAh g* for graphite, respectively. However, the practical utilization of these alloying
metals has been severely handicapped by the huge volume changes induced by the
alloying reaction. Stresses and strains brought about by the large volume change may
induce particle cracking/pulverization, which causes disconnections between active
materials and current collectors, and create new surfaces that consume lithium,

resulting in electronic insulation and capacity irreversibility of the overall cells.[32, 33]

1.2.3.3 Conversion Reaction

Metal oxides, metal sulfides, metal nitrides and metal phosphides can have reversible

conversion reaction with Li.[34] Generally, conversion reaction can be expressed as:
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M,X, + (b-n)Li © aM + bLi,X

Where M is transition metals, X is anion, and n represents formal oxidation state of X.

Li-M-X

Voltage vs. Li*/Li" (V)

M=+ Li-X

.. .. Electrolyte
L FF
nin LlnMnxh decomposition

Figure 1-5: Voltage vs. composition profile of a conversion reaction electrode for the first two
and half cycles. The different stages of the complex reaction are indicated. Te light grey, dark
grey and black balls depict X, Li and M, respectively. Inset is the scheme of the interfacial

storage mechanism[35]

The key to the reversibility of the conversion reaction lies in the formation of metal
nanoparticles upon complete reduction of above-mentioned transition metal
compounds, and the reduced nanoparticles are embedded in the matrix of the lithium
binary compounds (Li,,X), forming with a large interfacial area.[35] When applied by
a reverse polarization, metal nanoparticles are oxidized in accompany with the
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decomposition of the Li,, X matrix releasing Li. The nanometric character of the metal

particles is shown to sustain after repeated reduction-oxidation.[32]

Conversion reaction usually proceeds in two steps (Figure 1-5). The first step of
conversion reaction is intercalation during which compounds decompose to lower
binaries and Li,X . This intermediate intercalation process indicates that direct
conversion to metallic nanoparticles from binary compounds is not energetically
favored.[36, 37] The second step is the real conversion reaction, during which metallic
particles of 1-10 nm in size dispersing in a matrix of Li, X is developed, and in some

cases the initial morphology of compound is also preserved.[36, 37]

It can be observed that the conversion and de-conversion reaction does not show long
plateau, and is replaced by a sloping curve as shown in Figure 1-5. This is attributed to
remarkable change in surface area of the active material, which will react at slightly
different energies compared with their bulk counterparts.[38, 39] In addition, there is
voltage difference between conversion and de-conversion reaction, which is resulting
from differences in free energy between crystalline and amorphous materials as the

formed Li,, X /M nanocomposites are of amorphous character.[40]

Upon 1% discharge below 1V for most conversion reaction compounds, higher
capacity values than theoretically predicted are usually observed. Electrolyte
decomposition for Solid-Electrolyte Interface (SEI) formation and interfacial storage
are proposed to be responsible for the extra capacity during the 1% discharge as
illustrated in Figure 1-5.[41, 42] SEI is several nanometers in thickness composing of

a thin solid layer surrounded by a gel-like polymeric layer. The main components of
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SEl are LiF, LioCOz and alkylcarbonates, which irreversibly consume lithium ions.[37]
Stable SEI formation is essential as it contributes to structural integrity of active
materials during cycling. Interfacial storage, namely, is the capacitive storage of
lithium ions on the Li,X side and electrons at the metallic side at the LinX/M
interface.[43] And, the capacitive charge storage is reversible and present at all

rates.[43]

1.2.4 lron-based Electrode Materials

A series of transition metal oxides and sulfides have been considered as potential
electrode materials for rechargeable lithium batteries.[35, 44, 45] Among these
candidates, iron oxides (including FeO, Fe>Os and Fe3Os), iron Oxyhydroxide
(FeOOH) and Iron Sulfides (including FeS2 and FeS) have drawn particular attention
because of their non-toxicity, natural abundance and improved safety for large-scale

applications.[46]

Conversion reaction in iron oxide electrodes was firstly observed in 1980s. Afterwards,
Fe>Oz and FesO4 have drawn particular attention because of their high theoretical
capacity of <1000 mA h g'. As a result, intensive research has been conducted in
which the electrochemical lithium storage properties are evaluated for iron oxides
synthesized into 0D, 1D, 2D and 3D nanostructures by various synthetic methods.
Excellent capacity performance (> 900 mAhg™) sustained up to 50-100 cycles have
been widely reported. FeO, with a theoretical capacity of 744 mA h g™!, has also been

synthesized into nanosize and the cycling performance needs improvement.[47]
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Both FeS; and FeS are well-studied in the 1980’s and early 1990’s in lithium battery
field with molten salt electrolytes.[48, 49] In room temperature with liquid electrolyte,
FeS and FeS; has initial capacity of 500 and 600 mAh g!, respectively. But both of
them have poor reversibility. The poor reversibility is due to the formation of lithium
polysulfide intermediates during reaction, and the lithium polysulfides are partially
soluble in organic electrolyte, reducing ionic conductivity of the electrolyte, which
results in severe inefficiencies.[50, 51] However, FeSy/Li couple is employed in

primary AA cells and are still in commercial market used in reserve batteries.[52]

However, those iron-based conversion reaction electrode materials suffer from poor
cyclability, which is caused by large volume change during prolonged cycling process.
The low conductivity of these materials may result in performance deterioration at
high current densities. Strategies, such as designing into nanostructures, introducing
porosity and amorphization, are expected to maintain structural integrity and mitigate

pulverization.

1.2.5 2-Dimensional Nanostructuring Electrode Materials

1.2.5.1 Nanostructuring electrode Materials

Nanostructuring greatly improves the Li storage properties of anode materials in LIBs.
[53] First of all, Nanostructuring plays an important role in the functioning of
conversion-reaction anode materials. First of all, reversibility of conversion reaction is

nano-enabled. The key to the reversibility of the conversion reaction lies in the
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formation of metal nanoparticles upon complete reduction of above-mentioned
transition metal compounds, and the reduced nanoparticles are embedded in the matrix
of the lithium binary compounds (Li,X) with a large interfacial area, which is very
active and easy to decompose and react with the embedding metal nanoparticles when
a reverse electrical polarization is applied.[35, 54, 55] But, the Li,X matrix is
electrically insulating and results in slow kinetics. Nanostructuring of anode materials
offers shorter path for ion and electron transport, and enables reversibility of the redox
reaction and faster kinetics, which is important for its better reversibility and high-rate
performance.[56] In addition, the conversion reaction takes place in accompany with
major structural stress and volume change, which may result in particle decohesion
and electrical insulation with current collectors. Nanostructuring can better
accommodate the volume change and hence, helps improve the cycling performance.
Finally but most importantly, nanostructuring of both anode and cathode materials
provides larger effective interaction area between the electrode material and
electrolyte.[44] In Summary, nanostructure-based anodes offer larger surface area
contacting with electrolyte, shorter mass and charge transport distance and better
accommodation for volume change during charge-discharge cycles, so that the energy

density, power density and cycling stability of LIBs can be expected.[53, 57]

1.2.5.2 Electrode Materials with 2D Nanoarchitectures

The manner of lithium storage and the storage capability of electrode materials are

greatly affected by their structural properties.[58, 59] And, different structures have
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their unique performance based on surface and structural properties.[59] 2D
nanostructures are suitable for energy storage applications due to their maximized
exposed surface area and shortened paths for fast charge transport. Materials with
higher surface area are especially favored in anode applications, because the large
surface area gives rise to improved capacities owing to interfacial lithium storage,
meaning that excess Li can be accommodated at the electrode-electrolyte

interfaces.[59, 60]
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Figure 1-6: Novel 2D Nanoarchitectures suitable for energy storage and catalysis applications
[59]

2D nanostructures can be divided into six categories as demonstrated in Figure 1-6.
Ultrathin nanosheets are of special interest in lithium storage owing to their

thicknesses of sub-5nm, [61, 62] which offers more effective sites and much faster
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lithium storage Kkinetics. For example, graphene, which is one-atom thick, can have
lithium stored on both sides of its planar sheets creating LiC; structure, and improve
its specific capacity to 744 mAh g* from 372 mAh g* of graphite.[63] Nanosheets
with nanoporous framework is also attractive for energy storage applications, because
they provide large electrode-electrolyte interaction area and reduced charge diffusion
length, thus the rate capability and power density are enhanced.[64] Therefore,
combining these two characteristics of nanosheets, hierarchically nanoporous and

ultrathin is of great interest for further improvement of electrode materials.

1.2.5.3 Synthesis of ultrathin nanosheets

It is challenging to choose the suitable synthetic process complying with the Ostwald
ripening to obtain ultrathin nanosheets. [59] Ultrathin nanosheets of metal sulfides and
metal oxides can be synthesized by chemical vapor deposition (CVD),[65-68] liquid

or electrochemical exfoliation[69-74] and surfactant-assisted controlled growth.[66]

Chemical vapor deposition enables preparation of large-area ultrathin transition metal
dichalcogenides (TMDs). One of the examples is a two-step thermolysis process for
the deposition of three-layered (~2nm) MoS: nanosheets by dip-coating ammonium
thiomolybdates [(NH4)2Mo0S4] followed by sulfurization in sulfur vapor.[66] The
resulting ultrathin MoS; exhibited n-type behaviors with ON/OFF ratio of ~ 10° and

electron mobility as high as 6 cm? V-1s1 in field-effect transistors (FET).[66]

Joensen and co-workers demonstrated ultrasound-promoted hydration of lithium-

intercalated compound to prepare single-layer MoS,.[71] A lithium intercalation
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process takes place in solid MoS; with n-butyl lithium dissolved in hexane to form
LixMoS,. The lithiated product can be readily exfoliated to few-layer nanosheet by
sonication in water. This method has a very high-yield (~100%) to prepare single-
layer MoS, and also enables synthesis of the metallic 1T phase MoS»2, which is
favored in energy storage and catalysis applications.[71, 75] Rui and coworkers
reported the synthesis of 2.1-3.8 nm thick V20s nanosheets by liquid exfoliation in
formamide. The ultrathin thickness allow high-rate lithium ion and electron transport,
leading to remarkable energy and powder density of the V2Os nanosheets as LIB

cathode.[76]

2D ultrathin nanosheets of those metal sulfides and metal oxides with layered
structures, which features that within each layer the neutral atoms are covalently or
ionically bonded with their neighbors, whereas the adjacent layers are held by van der
Waals connection along the third axis,[77] can be easily obtained by exfoliation.
Direct growth of 2D ultrathin nanostructures of metal sulfides and metal oxides with
non-layered crystal structure is relatively less reported. However, it still possible to
obtain ultrathin nanosheets of non-layered metal sulfides and metal oxides via
controlled colloidal synthesis in solution. [78, 79]

Ultrathin CuS
CuCI(OTA,OM), nanosheets

Octylamine 130 °C 11111 S powder

GG Oleylamine™ (a) . % iHHE (b)95 °C

OTA"

Figure 1-7: Scheme of the forming process of ultrathin CuS nanosheets [79]
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Ultrathin Co304 nanosheets of 2-3nm thickness was synthesized with the assistance of
hexamethylenetetramine (HMT) as structure directing agent (SDA) at low temperature,
and the size can be controlled by regulating the HMT concentration. The synthesized

structure possess a large surface area and is ideal for surface lithium storage.[78]

Zhang and coworkers report a soft-templating synthesis of ultrathin CuS nanosheets
with a thickness of ~3.2nm and lateral length up to ~453 nm.[79] In the synthesis, The
(CuCI(OTA, OM)y) lamellar complex is formed as a reaction intermediate (as shown
in Figure 4), and the lamellar structure acts as the soft template directing the planar
growth of Cus after the addition of sulfur source. When tested as electrode material in
LIBs, the ultrathin CuS nanosheets exhibit large capacity and good cycling stability.
In addition, this method can be extended to the synthesis of ultrathin ZnS, Bi.S3 and
Sb2Ss nanostructures. However, synthesis of hierarchical nanoporous ultrathin

nanosheet is rarely studied.
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1.2.6 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is powerful in analyzing complex
processes involving variables such as electrolyte, materials and interface geometry in

the field of wet chemistry.[80]

Nyquist plots derived from EIS measurement are usually interpreted by using
electrical equivalent circuit (EECs). In the past decades, EIS has been intensively
employed in the analysis of lithium battery systems to determine process Kinetic

factors including conductivity and charge transfer properties.

——Charge transfer
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Figure 1-8: (a) equivalent circuit modeling conversion reaction electrode; (b) pictorial

representation for charge transport in electrode materials based on conversion reaction

The most commonly used equivalent circuit model for conversion reaction and
illustration of charge transport and charge transfer in conversion reaction are
demonstrated in Figure 1-8a and Figure 1-8b, respectively.[81-83] In the equivalent
circuit, Re represents the overall internal resistance of the test cell, which is mainly

electrical resistance of the electrolyte. In the conversion reaction, lithium ions need to
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diffuse across the SEI layer from electrolyte to the active material interface, and
electrons also transport from electronic conducting medium and cross the SEI layer to
the active material to prepare for the conversion reaction. Ry is the resistance of SEI
film and contacting resistance between active electrode materials. Q: indicates the
double-layer capacitance of the electrode-electrolyte interface. After that, Charge
transfer takes place at the interface and the conversion reaction proceeds. Rt
represents the charge transfer resistance at the interface, and Q2 indicates the surface
capacitance at the charge transfer interface. Z is the Warburg impedance corresponds

to Li* diffusion process inside the active material.
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2. Thesis Design

2.1 Research Gap and Hypothesis

2.1.1 Carbon coated hierarchical porous FeS nanosheets

With the increasing demand for higher-performance LIBs, exploration and synthesis
of nanostructured electrode materials with controllable size, morphology and
composition are attracting more research attention.[53, 58, 84] Nanostructured
electrode materials are advantageous for LIBs for their better accommodation to
structural strain, larger electrode/electrolyte interfacial area and shorter electronic/Li*
transport length. Besides, the large surface area of nanomaterials leads to new lithium
storage mechanism: interfacial lithium storage, in which excess Li* can be
accommodated at the interfaces of the nanometer-sized particles resulting in an
increase of total Li storage.[60]

Different nanostructures possess their unique surface and structural properties, and
porosity introduced to various nanostructures can significantly enhance the
effectiveness and durability of reversible lithium storage.[59] Hierarchical nanoporous
anatase TiO, formed via a in-situ hydrolysis method has a high specific surface area,
which is key to interfacial Li storage on the surface of TiO2 nanoparticles, leading to
its high lithium storage performance at high charge/discharge rates when used as
anode in LIBs.[59] Porous Co304 nanosheets composed of nanoparticles obtained by a
simple and scalable electrodeposition approach exhibit higher capacity, better rate
performance and cyclic stability than CosO4 nanowires and Coz04 nanodisks.[85-88]
The improved lithium storage properties of those hierarchical nanoporous structure

can be attributed to (1) constitution of both small particles and pores, which can more
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effectively buffer the volume change during Li insertion/extraction; (2) the porous
structure can facilitate the electrolyte penetration and reduce the transport path for
lithium ions; (3) the interconnected nanoparticles are beneficial to the electronic
diffusion, and sustain the overall structural integrity during repeated Li insertion and
extraction. Herein, hierarchical nanoporous nanosheets with larger surface area and

more flexible distribution are ideal choice for lithium storage.

Iron sulfides, both FeS and FeS, have been widely used as electrode materials in
lithium primary batteries and high-temperature batteries due to their cost effectiveness
and abundance in nature.[89, 90] The Li storage process in the conversion-reaction
metal sulfides generates polysulfides LixSx (2<x<8),[91, 92] which can easily dissolve
to the organic electrolyte and migrate to the cathode side. This results in its poor
cyclability in rechargeable batteries. Previous studies on Li-S battery showed that
fabricating S into thin wrapping layers could effectively reduce Li2Sx dissolution into
the electrolyte, which led to high reversible capacities and good rate capabilities.[93-
95] Therefore, it is desirable to develop a simple process to wrap synthesized metal
sulfide nanostructures with a thin layer of protective carbon to reduce polysulfides
dissolution into the electrolyte, so that the cycling stability of metal sulfides electrode

can be improved.

2.1.2 FeS/ZnS composite hierarchical nanosheets

Various metal sulfide nanostructures, such as SnS nanoflowers,[96] few-layer SnS;

nanosheets,[97] FeS nanocrystals,[98] ZrS> nanodisks,[99] CoS nanoflowers,[100]
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and nickel sulfide nanowires,[101] has been synthesized and demonstrated to possess
improved lithium storage properties compared with their bulk counterparts. Metal
sulfides having alloying reaction with lithium, such as SnS, SnS, and ZnS usually
encounter large volume change during lithium insertion/extraction, which probably
will lead to pulverization. Metal sulfides belonging to conversion reaction
classification have voltage plateaus of higher than 1.0V vs. Li/Li+ during lithiation,
which makes it inappropriate for anode materials for LIBs. Up to date, most
researches on metal sulfide lithium storage concentrate on individual metal sulfides,
which experience these two problems in lithium storage application.

Literature shows that some hybrid metal oxides nanostructures have advantageous
lithium storage performance compared with individual metal oxides. Fan and
coworkers demonstrate synthesis of FesO4 and MnO composites via co-precipitation
technique, and the composite oxides demonstrate superior cycling performance
compared with the individual FesO4 and MnO prepared under the same experimental
conditions.[102] The co-existence of the heterogeneous metal oxides acts as dispersant
to each other during repeated lithiation and de-lithiation.[102] Yan and coworkers
shows enhanced lithium storage performance of SnO>/Fe20s hybrid nanostructure
synthesized by hydrothermal method.[103] The Fe>Os helps prevent the
agglomeration of SnO2 nanoparticles. Taking the advantages of these two components,
the metal oxides hybrid exhibits high rate capability and excellent cycling
performance.[103] Other examples, such as SnO./TiO, nanotube hybrids,[104]
branched a-Fe-O3/SnO, nanoarchitectures,[105] NiO/ZnO hybrid nanofibres,[106]

ZnO/CoO nanoflowers[107] and Fe>O3/CuO nanowires[108] all exhibit different

-27-|Page



redox reaction voltage plateaus compared with the individual component. And, due to
the synergistic effect and dispersing effect of two components to each other, those
compositing nanostructures all demonstrate higher capacity and better cycling stability

than the individual oxides.

Therefore, it is of great interest to synthesize and investigate lithium storage properties
of hybrid metal sulfides nanostructures. Iron sulfide FeS has conversion reaction with
Li, and it has a relatively redox reaction voltage for anode application. ZnS has both
conversion and alloying reaction with Li expecting higher capacity, but alloying
reaction usually cause large volume expansion. It is of great interest to synthesize
uniform FeS/ZnS compositing nanostructures with controllable Fe/Zn ratios and

investigate their lithium storage properties.

2.1.3 Amorphous FeOOH nanosheet and its lithium storage kinetics

With repeated lithium ion intake and removal, volume of active anode materials
changes and induces structural stresses, which may lead to pulverization (particle
cracking). The particle cracking creates new surfaces that consume lithium causing
irreversibility in capacity. And, the pulverization may result in disconnections within
the active materials and between the active materials and the current collectors, cutting
off the charge transport path and thus causing device failure.

There are several approached to mitigate the volume change problem. Firstly,
nanostructuring with decreased dimensional size can greatly enhance the tolerance to

stress. And, this strategy has shown its great effectiveness in many examples;[34, 109,
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110] Secondly, porous structure formation can also effectively absorb the structural
stress caused by volume change[111]; Thirdly, compositing the active anode materials
with coatings (e.g. carbon coating) or modifying binders can also buffer the internal
stress induced.[112-115] But, compositing with buffering additives usually involved
multiple complicated steps, and addition of low-capacity compositing component
suppresses the total capacity; fourthly, limiting the lithiation level by narrowing the
voltage window can avoid the happening of reactions causing large volume
change.[116]

Besides of all the strategies listed above. Amorphization is another effective approach
to enhance intrinsic stress tolerance capability of anode materials. It was demonstrated
by Wang and coworkers that amorphous TiO> nanotubes possess higher capacities and
better capacity retention than that of anatase-phased crystalline TiO2 with identical
morphology, and the amorphous nanotubes after cycling show little morphology
change.[117] In addition, TiO- is an intercalation-type anode material showing flat
voltage plateau during lithiation and de-lithiation, but the amorphous TiO2 shows
gradient sloping charge/discharge voltage profile, implying different lithium storage
mechanism associated with the amorphous anode.[117] Yang and coworkers
demonstrate the synthesis of amorphous hierarchical porous GeOx with primary
particle sizes of 3.7 nm, which exhibit stable capacity of 1250 mAhg? for 600
cycles.[118] Coupling the amorphous GeOx with Li(NiCoMn)y30, cathode forming
full-cell lithium ion battery also shows high performance.[118] Oh. S. M. and
coworkers report that MoO. in amorphous form demonstrate excellent cycling

stability and rate capability compared with its crystalline counterpart.[119] In the
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lithiated amorphous MoO2, both Mo metal and Li.O are absent, indicating that the
lithium storage process of amorphous MoO> does not follow the conversion reaction
route.[119] The authors deduce that the amorphous MoO:> stores lithium by inserting
Li ions into structural defects from the sloping charge/discharge profile in a wide
potential range. Besides, the structural defects provide an opened and effective lithium
diffusion path contributing to a high lithium ion mobility.[119]

Amorphous material varies from its crystalline counterpart in its irregular atomic
arrangements, loose structure and large quantity of structural defects. Its “irregularity”
leads to difficulties in formation of amorphous material with well-defined
nanostructures. Novel synthesis technique is desired in the synthesis of amorphous
nanostructures. Furthermore, there is a demand for a more comprehensive explanation

of lithium storage mechanism and kinetics of amorphous materials.
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2.2 Scope

Based on the detailed literature review and hypothesis raised up, we set out the
following research objectives and work scope.

Iron sulfide, which is of low-cost and wide availability, was selected to study its
lithium storage properties as anode in lithium ion battery. As reviewed above, some
nanostructures are advantageous over others in lithium storage. In order to investigate
the morphological effect of FeS nanostructures on its electrochemical lithium storage
properties, in chapter three different FeS nanostructures (hierarchical nanosheets,
hierarchical nanoparticles and hexagonal-shaped nanoplates) have been synthesized
with controlled reaction parameters in organic solution based synthesis. Besides,
formation mechanism of varying FeS nanostructures was studied. In addition, detailed
lithium storage properties, such as capacity, rate capability and cycling stability of

three FeS Nanoarchitectures, are characterized and compared.

As demonstrated in chapter three, pure FeS has a relatively high redox reaction
potential with Li storage, which will limit the output voltage and energy/powder
densities of full cells when employed as anode in lithium ion batteries. The lithiation
of ZnS involves both conversion reaction and alloying Zn with Li, the dual Li storage
mechanism contribute to higher Li storage capacities and the alloying reaction brings
down the voltage plateau of lithiation. Besides, the coexistence of the heterogeneous
sulfides could behave as dispersants of each other. In the work demonstrated in
chapter four, combining these factors with the merits of FeS and ZnS, hierarchical
FeS/ZnS composite nanosheets with different compositional ratios (Fe/Zn ratios) are

synthesized, followed by detailed phase, morphology and compositional
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characterization. In addition, lithium storage of hierarchical FeS/ZnS composite

nanosheets with different compositional concentrations is characterized and compared.

Besides of nanostructuring, amorphization is another effective approach to enhance
the tolerance to stress induced by the volume change during conversion reactions. And,
disordered and defected structure can facilitate Li ion transport. In order to investigate
the combined effect of amorphization and nanostructuring on conversion-reaction type
anodes’ lithium storage properties, In the work demonstrated in chapter five,
amorphous Iron Oxyhydroxide nanosheets are synthesized from self-synthesized
hierarchical FeS nanosheets. The lithium storage properties of the amorphous FeOOH
nanosheets were investigated as anode in LIBs. Besides, lithium storage mechanism
and kinetics of the amorphous FEOOH nanosheets were studied through EIS analysis

with newly-proposed equivalent circuit model.
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3. Synthesis of FeS Nanostructures and Their Lithium Storage
Properties

3.1 Overview

Inspired by exciting findings of new dimension-dependent properties of graphene,
ultrathin two-dimensional (2D) graphene-like nanosheets of metal sulfides are
attracting greater research interest.[120-125] For energy storage applications, such as
electrode materials in LIBs, 2D nanostructures of metal sulfides are desired to (1)
enhance effective interaction between electrode materials and electrolyte; (2) provide

shorter charge transport path.

2D nanostructures of some layered-structured metal sulfides, such as ZrS,,[126]
MoS,[127, 128] and WS»,[129] have been actively studied as electrode materials in
LIBs due to their structural advantages in reversible Li storage process. Nanosheets of
layered-structured metal sulfides can be easily obtained by mechanical or
electrochemical exfoliation. Direct growth of nanosheets of metal sulfides with non-
layered crystal structures is relatively less reported although some of them possess
high energy/charge storage capacities. Some pioneer works (e.g. growth of single
crystalline PbS nanosheets through 2D oriented attachments,[130] polycrystalline
CdTe nanosheets formed through dipole-dipole interactions[131] and SnSe nanosheets
with tuned thickness[132]) indicates the possibility of obtaining nanosheets of non-
layered metal sulfides via controlled growth with effective templating.

Iron sulfides are commonly employed electrode materials in lithium primary batteries
[89] and secondary batteries[90] due to their low-cost and abundance in nature. Iron

sulfides store Li via conversion reaction. However, the Li storage process in the

-33-|Page



conversion-reaction based metal sulfides generates polysulfides Li>Sx (2<x<8),[91,
92] which can be easily dissolved into organic electrolyte, reducing the ionic
conductivity of the electrolyte. This results in poor cyclability of LIBs. What’s worse
is that the polysulfides may migrate to and shuttle the reaction on the other electrode
side, causing battery failure. Recently, studies in Li-S battery showed that fabricating
sulfur with uniform coating layers (e.g. carbon coating) could effectively reduce
polysulfides dissolution into liquid electrolyte, leading to improved reversibility and
rate capability.[93-95] This could be a promising strategy for performance
improvement of metal sulfide electrodes, where the sulfides could be wrapped with a
thin layer of carbon to reduce polysulfides dissolution into the electrolyte.

In this work, we report a facile approach to prepare FeS nanosheets via a surfactant-
assisted solution-based synthesis. The formed nanosheets are hierarchically
constructed by FeS nanocrystal building blocks. In the synthesis, 1-dodecanethiol is
used as both the sulfur source and the surfactant. By varying the concentration of 1-
dodecanethiol, hierarchical FeS spheres and hexagonally-shaped FeS nanoplates can
be obtained. In addition, the hydrocarbon part of the surfactant can be converted to
amorphous carbon after annealing under Argon atmosphere. The carbon coated
hierarchical FeS nanosheets display high capacities, high rate capabilities and stable

cycling performance.
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3.2 Experimental Details

3.2.1 Synthesis of carbon-coated FeS nanostructures for Lithium ion batteries

The solution-based synthesis was carried out in a 100 ml three-neck flask. In a typical
synthesis, 0.2 mmol (70 mg) Fe(acac)s (Aldrich) was first dissolved to 10 ml
Oleylamine (OLA)(Aldrich, 70%) under magnetic stirring, and then Argon gas was
introduced to purge the solution. After about 30 minutes of purging, the solution was
gradually heated up to 120°C to have Fe(acac)s completely dissolved forming a red-
wine transparent solution. 1 ml 1-dodecanethiol (Aldrich, 98%) was then injected into
the solution at 120°C, and the solution turned transparent light-yellow upon injection.
The solution was then stirred at 120°C for 30 minutes before the temperature was
further increased to 220°C, and the solution turned opaque black. The reaction mixture
was maintained at 220°C for 20 minutes before naturally cooled down to room
temperature. The resultant solution was dripped into hexane and the precipitates were
collected by centrifugation at 6000 rpm for 10 minutes. The final product was dried in
a vacuum oven. For comparison, FeS nanocrystals without carbon coatings was also
prepared by mixing 0.05 M NazS and 0.05 M FeCl> in DI water under vigorous

stirring for 1 hr protected with Argon atmosphere.

3.2.2 Materials Characterization

Crystallographic information for the samples was collected using a powder X-ray
Diffractometer (Shimadzu 6000) with Cu K, source (A = 0.15418 nm). Dried powder

was directly used for XRD measurement, and the measurements were conducted with
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a scan rate of 1°min. The determination of the phases was done using the Match!
software. The sample morphology was examined under a field-emission scanning
electron microscopy (FESEM; JEOL, JSM-7600F). The dried powder was re-
dispersed in hexane, and drop casted on silicon wafer for SEM characterization. For
TEM characterization, the solution was diluted and ultrasonicated for 2hrs before it
was drop casted onto 200 mesh carbon coated copper grids. HRTEM was obtained by
using a JEOL 2010 system operating at 200 kV. The oxidation states and surface
composition of the product were characterized by X-ray photoelectron spectroscopy
(XPS) equipped with an Omicron ESCA Probe with a monochromatic Al Ka source at
1486.6 eV. The positions of the XPS peaks were corrected using the C 1s core level
taken at 285.0 eV as the binding energy (BE) reference. Raman spectra were obtained
with a WITec CRM200 confocal Raman microscopy system with a laser wavelength
of 488 nm and a spot size of 0.5 mm. To calibrate the wavenumber, the Si peak at 520
cmtwas used as a reference. Nitrogen adsorption/desorption isotherms were
measured on a Micromeritics Tristar 3000 porosimeter (mesoporous characterization)
and Micromeritics ASAP 2020 (microporous characterization) at 77 K. Samples were
degassed at 100 °C for 6 h under vacuum before measurement. The specific surface
areas were calculated using Brunauer—-Emmet-Teller (BET) method. The sample
preparation for the low-angle XRD is as follows: The reaction mixture was heated to
120°C for 15 minutes. Then, 1ml aliquot of the mixture was extracted and cooled to
room temperature, which was dropped on a glass slide for the low-angle XRD
measurement. CHNS elemental analysis was conducted on a CHNS elemental

analyzer, which can simultaneously determine the amount of Carbon, Hydrogen,
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Nitrogen and Sulfur contained in materials. And, CHNS stands for Carbon, Hydrogen,
Nitrogen and Sulfur. Sample preparation for CHNS elemental analysis: Equal amount
(3mg) of carbon black was soaked in the electrolyte from the dissembled coin cells,
which were cycled for 50 cycles. The soaked carbon black was dried before CHNS

elemental analysis.

3.2.3 Electrochemical Measurement

The as-synthesized samples were annealed in a tube furnace at 400 °C for 2 h under
argon atmosphere. Then, 80 wt% active materials, 10 wt% super-P carbon black and
10 wt% polyvinylidene fluorides (PVDF) were mixed into N-methyl-2-pyrrolidinone
(NMP). The obtained slurry was cast onto a copper foil and dried in vacuum at 50 °C
for 12 h to remove excess solvent. Electrochemical measurements were carried out on
coin-type cells with lithium foil as the counter/reference electrode, Celgard 2400
membrane as the separator, and the electrolyte solution obtained by dissolving 1 M
LiPFs into a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC)
(EC/DMC, 50: 50 w/w). The cells were tested on a NEWARE multichannel battery
test system with galvanostatic charge and discharge (voltage window of 0.01-3.0 V).
Cyclic voltammetry (0.01-3 V, scan rate of 0.5 mV s) was carried out with an
electrochemical workstation (Solartron). It should be noted that the specific capacity

was calculated on the basis of the total mass of the carbon and FeS composites.
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3.3 Results and Discussion

3.3.1 Phase and Morphology characterization

= FeS nanosheets before annealing
= FeS nanosheets after annealin

(114)
(110) (112)

Intensity (a.u.)

25 30 35 40 45 50 55 60 65
2 Theta (deg)

5nm
—

Figure 3-1: (a) SEM image and (b) TEM images of as-synthesized nanosheets; (c) HRTEM
top-view image of the polycrystalline nanosheet; (d) SEM image showing nanosheet retention
after annealing; (e) higher-magnification TEM image of the polycrystalline nanosheet edge

after annealing; (f) XRD pattern of as-synthesized(black) and annealed(red) sample.

The SEM image (Figure 3-1a) and TEM image (Figure 3-1b) of as-synthesized
product show formation of wave-like nanosheets, which have lateral lengths of 100-
200 nm and average thickness of sub-10nm. The ultrathin and flexible nanosheets are
interconnected forming a loose framework. A planar-view HRTEM image (Figure 3-

1c) reveals the polycrystalline nature of each individual nanosheet, which is
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constructed by nanocrystals smaller than 5 nm as highlighted by the red circles. In
addition, the nanosheet morphology shows no obvious change (Figure 3-1d) and the
nanocrystals on the nanosheets remain dispersed without significant coarsening after
annealing the as-synthesized product at 400°C under Ar atmosphere. During
annealing, the capping organic component is expected to transform to amorphous
carbon, as indicated by the HRTEM image of nanosheet edge after annealing (Figure
3-1e). The amorphous carbon does not only protect the thin nanosheets from stacking
together but also prevents dispersed nanocrystals from agglomerating.

The XRD pattern (Figure 3-1f) shows that the as-synthesized product is pure Troilite
phase FeS (JCPDF #037-0477) without other phases. The reflection peaks at 20 =
29.95°, 33.71° 43.18° and 53.17° correspond to the (110), (112), (114) and (300)
planes of Troilite FeS, respectively. Besides, there is no predominant peak in the XRD
pattern, indicating that there is no preferred crystalline orientation in the nanosheets.
The phase and crystalline orientation were not changed after annealing. The
diffraction peaks get more predominant due to the improved crystallinity after

annealing.
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Figure 3-2: (a) STEM-EDX elemental mapping revealing the presence of C, Fe and S in the
annealed FeS nanosheets; (b) Raman spectrum confirms the presence of carbon, and reveals
the amorphous character of the carbon; (c) TGA profile of carbon coated nanosheets heated in

air from room temperature up to 900°C.

The elemental mapping (Figure 3-2a) clearly indicates that there is a uniform
dispersion of the carbon element all over the FeS nanosheet. The carbon component
was further studied using Raman Spectroscopy (Figure 3-2b). The Raman signatures
of G band (~1580 cm™) and a D1 band (~1340 cm™) confirm the existence of carbon,
which is poorly crystallized. And, the features of G and D band are similar as carbon
formed by carbonization of organic surfactants.[133, 134] At this stage, it can be
concluded that carbon coated hierarchical FeS nanosheets are formed. Thermal

gravimetric analysis (TGA) profile (Figure 3-2c) of the carbon coated FeS nanosheets
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shows 15.5% weight loss by heating in air up to 900°C, implying that 7% of the mass

is carbon.
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Figure 3-3: Nitrogen adsorption/desorption isotherm of the annealed hierarchical FeS

nanosheet.

The specific surface area of the annealed C@FeS nanosheets is calculated to be 80.9

m? g' based on the Brunauer-Emmett-Teller (BET) analysis of the nitrogen

absorption/desorption isotherm (Figure 3-3). The adsorption/desorption isotherm

shows a type IV hysteresis and closure at p/po,~0.4 indicates the presence of small

mesopores. The mesoporous structure is favored in lithium storage as it has a high

surface area and nanoscale porosity, thereby the electrolyte/electrode interaction area

is maximized.
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3.3.2 Reaction Mechanism

The polycrystalline nature of the as-prepared FeS nanosheets suggests that the
ultrathin 2D shape is not directly related to the crystal structure of FeS, and the
formation mechanism is different from that of single-crystalline ZrS>, MoS,, WS, and
FesSg 2D structures.[126, 135-137] To investigate the growth details of the samples,

control experiments were carried out under varying experimental conditions.

3.3.2.1 Effect of sulfur source

Figure 3-4: SEM image of the irregularly-shaped nanocrystals formed by using Oleylamine-S
instead of 1-Dodecanethiol as the sulfur source in the solvothermal synthesis.

In a typical synthesis, 1-dodecanethiol (DDT) containing —SH functional group is
considered as the only sulfur source. Replacing Dodecanethiol with S-OLA (prepared
by dissolving sulfur powder in Oleylamine) while keeping other synthesis parameters

identical resulted in the growth of irregularly-shaped nanocrystals (Figure 3-4). This
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indicates that DDT does not only act as the sulfur source, but also influences the

nanostructure morphology.

3.3.2.2 Effect of varying precursor ratios

In a typical FeS nanosheet synthesis reaction, the molar ratio between iron source and

sulfur source (Ire:thiol) is 1:20.

Figure 3-5: (a) TEM image of FeS hierarchical particles and corresponding SAED pattern
(inset); (b) HRTEM image of the FeS hierarchical nanoparticles embedded in amorphous

carbon matrix.

By decreasing the amount of DDT, the molar ratio of Ire:miol iS increased. Increasing
the molar ratio of Ire:niol to 1:4 leads to formation of spherical particles as shown in
Figure 3-5a. Diameters of the spherical particles range from 30 to 100 nm. The

HRTEM reveals that each particle is a cluster composed of nanograins of 2~3-nm in
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diameter embedded in an amorphous carbon matrix. The SAED pattern (Figure 3-5a
inset) confirms that the nanograins are Troilite-Phase FeS (JCPDF #037-0477).

Thereby, carbon coated hierarchical FeS spheres is formed with Ire:miol increase to 1:4.
Nevertheless, further decreasing of Ire:tnio Molar ratio to values higher than 1:4 does
not affect the hierarchical sphere morphology, but the throughput is lower with lower

amount of DDT added.

3.3.2.3 Effect of reaction temperature

Apart from types of sulfur source and precursor concentration, reaction temperature
also plays an important role in the morphology of forming nanostructures. Increasing
the reaction temperature from 220°C to 280 °C while keeping Ire:thio = 1:20 unchanged

leads to evolution to a different morphology (Figure 3-6).

Figure 3-6: (a) SEM image of the hexagonal nanoplate obtained with increased reaction
temperature; (b) and (¢) HRTEM images of the nanoplate with planar-view and side-view,
respectively. Insets in (b) and (c) are the corresponding low magnification TEM images where

the HRTEM images were obtained.

With increased reaction temperature, flexible, thin and polycrystalline nanosheets

reconstruct to more well-defined hexagonal-shaped thickened nanoplates. The
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nanoplates have lateral lengths of 100-200 nm and thickness of around 50 nm. The
HRTEM images of both planar view and side view of the after-annealing nanoplate
(Figure 3-6b and 3-6¢) show morphology retention and amorphous carbon coating
around the plate surface. Besides, the nanoplates are single-crystalline. The lattice
spacing of 5.17 A and 5.88 A correspond to the (100) and (002) planes of Troilite FeS
(JCPDF #037-0477), and the normal of the planar plane is along the [001] direction. It
is deduced that the sub-5nm building blocks of hierarchical nanosheet aggregate and
recrystallize to thickened and more well-crystalline nanoplates at higher temperatures.
And, the kinetic effect brought about by increasing temperature gradually exceeds the

directing effect of surfactant when the reaction temperature increases from 220°C.

3.3.2.4 Proposed reaction mechanism

The hierarchical FeS nanosheets obtained in this work is polycrystalline and those FeS
nanocrystals exhibit no preferred orientation and facet exposure. Oriented attachments
usually leads to single crystalline nanosheet with preferred orientation.[130] Thus,
oriented attachment may be less involved here. Another possibility is that the growth
of the nanosheets are directed by the electrostatic interaction between the nanocrystals
as previously reported for CdTe nanosheets.[131]

Based on the discussion above, factors, such as types of precursors, precursor
concentrations and reaction temperature, all affect the nanosheet formation. The
absence of DDT leads to formation of irregular nanocrystals, and varying the amount
of DDT leads to formation of hierarchical spheres. Therefore, it is deduced that DDT,
in the formation of FeS nanosheets, does not only act as the sulfur source, but also as a
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surfactant templating the growth of varying nanostructures. A soft-templating
formation mechanism of varying FeS nanostructures (hierarchical sheet, hierarchical

spheres and nanoplates) are proposed and illustrated in Figure 3-7.

@® . Dodecane-thiolate
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Figure 3-7: Proposed reaction mechanism for the carbon coated hierarchical FeS spherical

particles, nanosheets and hexagonal-shaped nanoplates.
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According to the scheme of the proposed reaction mechanism, the acidic DDT reacts
with the basic OLA to form OLAH™ and dodecane-thiolate anion,[138, 139] the latter
of which binds strongly to Fe leading to a dipole unit containing Fe-S™ head and alkyl
chain tail. The charged dipoles induce the dipole-dipole interaction between
nanocrystals and direct the nanosheet formation. Above all, the shape of micelles
directed by DDT under different synthesis conditions is considered to be the key
influential factor to the final morphology. With a lower concentration of DDT
(Irethio=1:4), polycrystalline spherical particles are formed, while with a higher
concentration of DDT  (lretnior = 1:20), polycrystalline nanosheets are formed.
Nevertheless, both the spherical particles and nanosheets are composed of nanocrystal
building blocks with sizes of 2-3nm. If the dipole-dipole interaction is the determining
factor in the FeS nanosheets formation, [140] we would expect to observe some FeS
nanosheets at Irethion = 1:4 rather than the polycrystalline nanoparticles. Therefore,
shape of the micelles could be an important driving force for morphology variation.
As illustrated in Figure 3-7, we proposed that the Fe/DDT complexes with lamellar
structure act as the soft template for the nucleation and growth of polycrystalline FeS
nanosheets, while the spherical micelles lead to the formation of polycrystalline FeS
spherical particles. During the annealing process, the —Ci. tails may evolve to the
amorphous carbon layer and in the meanwhile prevent the agglomeration of FeS
nanocrystals across the lamellas (in hierarchical nanosheets formation) or inside the
spherical particles (in hierarchical particle formation). However, at a higher

temperature of 280°C, the rapid diffusion process of the atoms may take place across

-47-|Page



the interfaces (i.e. the amorphous layers and grain boundaries), which allows
agglomeration and recrystallization of nanograins leading to well-crystalline
hexagonal FeS nanoplates. The hexagonal shape of the single-crystalline FeS
nanoplates may be directly related to the hexagonal atomic arrangement of Troilite-
phase FeS. Hexagonal-symmetry crystal lattice usually lead to the growth of plate-like
shape mainly due to the confined growth within the (001) plane.[141, 142] The above
observation also implies that the soft-templating effect of the Fe/DDT complexes is
gradually overwhelmed by the rapid atomic diffusion at temperatures higher than

220°C.
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Figure 3-8: Low-angle XRD pattern of the viscous precursor solution containing Fe(acac)s
and 1-dodecanethiol with IFe:thiol = 1:20 in 10 mL Oleylamine

To examine the discussion above, low-angle XRD pattern of the colloidal suspension
was conducted for the solution reacting from lretior = 1:20 in OLA (Figure SI13,
supporting information). The XRD pattern shows a group of periodic reflection peaks
at 20=3.77°, 7.3° 10.6° 14.2° 17.7° 21.22° 24.68° with gradually decreased
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intensities suggesting the formation of the lamellar structure. The 1%-order reflection
of the strong peak at 26=3.77° corresponds to a d-spacing of 2.34 nm, and is larger
than the 1-dodecanethiol molecular length (1.52nm),[143] which implies a double
layer of the hydrocarbon tails in between the Fe-S layers. The low intensities for the
(002), (004), (006) and (008) peaks also prove the bi-layer feature of the
surfactants.[144] It should be noted that the small angle XRD measurement was
performed at room temperature while the synthesis of the FeS nanostructures was
carried out at temperatures > 200 °C. The shape of the micelles could be affected by
the temperature.[145] However, the above observation partially supports that there are
lamellar soft templates formed in the precursor solution. DDT has been previously
used only as sulfur sources for the synthesis of metal sulfides, e.g. CdS nanowires,
flower-like Cu,S, ZnS and MnS nanocrystals,[146-152] but has not been demonstrated
as a major controlling factor to morphologies of metal sulfides nanocrystals. More
importantly, the alkyl chains capping on the FeS nanocrystals can be converted to
carbon layers, which does not only prevent agglomeration of nanograins during
reaction but also is important to achieve desired lithium storage performances of

sulfides by reducing polysulfide dissolution into the electrolyte.

3.3.3 Electrochemical Characterization

Comparative electrochemical characterization was conducted to investigate the

lithium storage performances of the hierarchical FeS nanosheets, hierarchical FeS
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nanosheets and FeS nanoplates based on two-electrode coin-type cells with Li metal

as the counter electrode.[153]

3.3.3.1 Cyclic Voltammetry and voltage profile

The cyclic voltammetry curve of the representative carbon coated FeS nanosheets
based electrode is shown in Figure 3-9a. A small anodic peak at 1.65V is observed
during the 1% cycle discharge but missing in the subsequent cycles. This peak is
associated with lithium intercalation into the pseudo-layered structure of FeS. The
capacity contributed by this reaction is low. With extensive intercalation of lithium,
the structure will break down and conversion reaction starts to take over.[154] A sharp
anodic peak at around 1.05V is related to the conversion reaction between FeS and Li
with the formation of Li.S and nano-Fe:[90, 92, 154, 155]

FeS + 2Li + 2e™ = Li,S + Fe
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Figure 3-9: (a) Cyclic Voltammetry of the FeS nanosheets electrode between 0.01 V and 3 V
at a scan rate of 0.5 mV s for the 1%, 2" and 5" cycle; (b) charge-discharge voltage profiles

of the FeS nanosheets electrode at a current density of 0.1 A g* in the first two cycles.
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This peak denotes the main reaction, and it is repeated at a more positive potential at
1.3V in the subsequent 2" and 5" discharge.[90, 137] The formed elemental Fe is in
the form of nanoparticles embedded in the amorphous matrix of Li>S. The broad peak
appearing from 0.75V to 0V, which is missing in the subsequent discharges, is
attributed to the formation of solid electrolyte interlayer (SEI formation).[155] The
large interfacial area between the Fe nanoparticles and Li>S matrix enables reversed
conversion reaction. The cathodic peak at around 2.0V in the 1%, 2" and 5™ cycles
corresponds to the oxidation of nano-Fe by surrounding Li,S to the reformation of FeS
releasing lithium:[135, 137]
Fe + Li,S — FeS + 2Li + 2e~

Nanostructuring of FeS makes the conversion reaction reversible, which enables the
application of iron sulfide in rechargeable LIBs.

Charge/discharge voltage profiles of C@FeS nanosheets electrode at a current density
of 0.1 A g (0.16C) between 0.01V and 3.0 V are shown in Figure 3-9b. C@FeS
nanosheets electrode delivers an initial discharge capacity of 1022 mAh g* and a
subsequent charge capacity of 635 mAh g2, leading to a 1%-cycle Columbic efficiency
of 62%. The large discharge capacity of C@FeS nanosheets electrode during the 1%
cycle is attributed to the formation of SEI. As nanostructures usually provide a large
electrode/electrolyte interaction area, the SEI formation consumes more lithium,
leading to higher capacity irreversibility, especially during the initial cycles. During
the 2" cycle, the C@FeS nanosheets electrode delivers a discharge capacity of 668
mA g and a charge capacity of 591 mAh g* with a much higher Columbic efficiency

of 88.4%.
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3.3.3.2 Rate capability

Sustention of high capacity at high rates is crucial to achieving high power densities in
LIBs. The specific discharge capacities of different FeS nanostructure based

electrodes at varying discharge rates are plotted in Figure 3-10a.
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Figure 3-10: (a) Cycling performance of the carbon coatedFeS nanostructure based electrodes
at various charge-discharge rates; (b) Nyquist plots of FeS hierarchical nanosheets-,
nanoplates- and hierarchical particle-based electrodes after 5 galvanic discharge/charge

cycles.

The hierarchical nanosheet electrode depicts 9™-cycle discharge capacities of around
630, 486, 425 and 349 mAh g* at current densities of 0.1 A g (0.16C), 0.5 A g*
(0.8C), 1 A g (1.6C) and 3 A g* (5C), respectively. Even at a very high current
density of 6 A g (10C), the nanosheets can still deliver a 9"-cycle discharge capacity
of 266 mAh g, which is higher than those reported for some of the state-of-art anodes
at 10C, e.g. 215 mAhg? for Fe,Os/graphene composite [156] and 150 mAh g* for
ultrathin anatase TiO2 nanosheets.[157] Moreover, the specific capacity of FeS

nanosheets electrode can recover to 630 mAh g when the current density is reverted
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back to 0.1 A g* from 6 A g?! (10C). Meanwhile, the hierarchical FeS particle
electrode shows 9"-cycle discharge capacities of 619 and 217 mAh g*at current
densities of 0.1 A g? (0.16C) and 6 A g (10C), respectively. The FeS nanoplates
electrode displays lower 9"-cycle discharge capacities of 530 and 133 mAh g* at
current densities of 0.1 A g (0.16C) and 6 A g* (10C), respectively. The superior rate
capability of the hierarchical FeS nanosheet electrode over the other two
nanostructures is mainly attributed to their thin thickness and tiny nanograins, which
does not provide a large effective interaction area between electrode materials and
electrolyte, but also shortens the Li diffusion path and facilitates charge transport
kinetics. The charge transport kinetics is further examined by electrochemical
impedance spectra (EIS). The Nyquist plots (Figure 3-10b) are obtained from tested
cells after five discharge/charge cycles. The FeS nanosheet electrode exhibits smallest
radius of the semicircles in the Nyquist plot, indicating lowest charge-transfer

resistance than that of hierarchical FeS particle and nanoplates electrode.

3.3.3.3 Cycling Stability and effect of carbon coating

Stable cyclic performance of electrode material is also important for practical
appilcation. The cycling performance of the hierarchical FeS nanosheets, hierarchical
FeS nanosheets and FeS nanoplates based electrodes were examined at a current

density of 0.1 A g between 0.01V and 3.0V for up to 100 cycles (Figure 3-11).

-53-|Page



HI/-;LOOO T = C@FeS nanosheets 0.1A g'1

(@] -

< " ¢ C@FeS nanoplates 0.1A g 1

< 800 1
£ - s C@FeS nanopartcles 0.1A g

o an,

() A

S 600 ‘&'T‘P‘"‘"- s oo o
3 v —

o C

m v

o v

2 400+ FeS0.1Ag™t

©

(]

7]

200 L] L] L] L]
0 20 40 60 80 100

Cycle Number

Figure 3-11: Comparison of the cycling performance of the hierarchical FeS nanoparticles,
hierarchical FeS nanosheets, FeS nanoplates and bare FeS crystals based electrode at a current
density of 0.1 A g*

At a current density of 0.1 A g%, the discharge capacity of the hierarchical FeS
nanosheet electrode is 623 mAh g* during the 20" cycle and remains to be 615 mAh
g in the 100" cycle, which indicates 98.7% capacity retention from the 20" cycle to
the 100" cycle. The hierarchical FeS nanoparticles also exhibits good cyclability with
discharge capacities of 592 mAh g during the 20" cycle and 580 mAh g* during the
100™ cycle. Although the FeS nanoplates electrode has a lower specific capacity, it
still exhibits an acceptable cycling performance of 550 mAh g* during the 20" cycle,
and maintains at 525 mAh g* during the 100" cycle.

Nanostructuring is one of the factors contributing to the stable cycling performance of
conversion reaction electrodes. The conversion reaction between FeS and Li with the

formation of Li,S and Fe can produce volume change of up to 200%. Nanostructuring
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IS expected to be an effective strategy to accommodate the structural stress induced by
the huge volume change. In the cases of sulfur and sulfides as electrode materials,
formation and dissolution of lithium polysulfides into electrolyte is detrimental to the
continuous cycling of these materials.[158, 159] Coating or compositing with
carbonaceous materials has been proven an effective approach to minimize lithium
polysulfides dissolution and facilitate cycling performance of Li-Sulfur batteries and
LIBs with sulfides electrode.[158-161] It is believed that the good cycling stability of
these FeS architectures is the double contribution from nanostructuring and carbon

coating.
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Figure 3-12: (a) SEM image of bare FeS nanoparticles synthesized in H,O; (b) XRD pattern of
the FeS nanoparticles; (¢) HRTEM image of bare FeS nanoparticles showing no noticeable

carbon layers.

To verify the effect of carbon coating, FeS nanocrystals without carbon coating was
prepared for comparison. The XRD pattern (Figure 3-12a) confirms that nanocrystals
prepared through this approach is of the same phase: Troilite-phase FeS. The SEM
image (Figure 3-12b) of the non-carbon coated FeS shows nanocrystals of ~30 nm.

The HRTEM image (Figure 3-12c) shows that there is no trace of amorphous carbon

-55-|Page



layer on these FeS nanoparticles after annealing. The cycling performance of the bare
FeS nanoparticles is also plotted in Figure 3-11, showing a poor cyclability. At a
current density of 0.1 A g, the specific capacity of the bare FeS nanoparticles is 404
mAh g* during the 10"-cycle, which quickly decays to 292 mAh g* during the 50"
cycle with only 72.3% capacity retention. The improved cycling stability of carbon
coated FeS nanostructures—based electrode than bare FeS nanocrystals-based electrode

may be due to the dissolution of polysulfides for the bare FeS nanocrystals.[91, 92]

Table 3-1: CHNS elemental analysis of electrolytes from de-assembled coin cells after 50

cycles.

Elemental Weight (%0)

Sample ID C S
C@FeS 97.1 <0.5
FeS 95.5 2

CHNS elemental analysis (Table 3-1) shows that electrode based on carbon coated
FeS nanosheets has less polysulfide dissolved in the electrolyte than bare FeS
nanocrystals, which further confirm the carbon effect on preventing polysulfide

dissolution and sustaining cycling stability.
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3.4 Conclusion

In summary, carbon coated FeS nanostructures (hierarchical FeS nanosheets,
hierarchical nanoparticles and hexagonal-shaped nanoplates) have been prepared via a
solution-based synthesis. In the formation of FeS nanosheets, 1-dodecahtnil does not
only act as the sulfur source but also as a surfactant templating the growth of
hierarchical structure. The resultant FeS nanosheets are polycrystalline, implying that
the growth of nanosheets is not related to the crystal structure of the Troilite FeS, and
this synthetic approach may be extendable to synthesis of other transition metal

sulfides.

The hierarchical FeS nanosheet delivers promising Li storage properties with high
specific capacities, stable cyclability and good rate performances. It depicts a specific
capacity of 233 mAh g during the 100" cycle at a 10-C discharge rate, which is
attractive for the development of LIBs with high power densities and high energy
densities. The excellent Li storage performance of the FeS nanosheets is mainly
attributed to: (1) the open networks of thin nanosheet morphology that can effectively
accommodate large volume changes induced during the charge/discharge process; (2)
the ultrathin thickness of nanosheets shortens the diffusion paths of charge carriers
and allows faster charge transfer; (3) the carbon layers can absorb and trap the
polysulfides generated during the conversion reaction of sulfides, which reduces the

dissolution of polysulfides and improves the cycling stability of the electrode.

However, FeS has a high redox reaction potential, which will limit the output voltage

and energy densities of full cells when applied as anode for LIBs. Besides, FeS has a
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limited theoretical capacity of 609 mAh g?, which is still lower than demanding
capacities for lithium ion battery anodes. These considerations lead us to the next

work studying the lithium storage properties of FeS-ZnS compositing nanosheets.
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4. Synthesis and Characterization of FeS-ZnS Composite Nanosheets

4.1 Overview

Metal sulfides have been intensively investigated as electrode materials of lithium
batteries. In practical applications as electrode materials for LIBs, metal sulfides also
encounter some problems such as poor cycling performance resulting from large
volume change and severe aggregation during repeated lithiation/de-lithiation. Several
measures have been demonstrated to mitigate the volume change and aggregation:(1)
nanostructuring: various metal sulfide nanostructures, such as FeS nanocrystals,[98]
ZrS, nanodisks,[99] CoS nanoflowers,[100], has exhibited improved lithium storage
performance from their bulk counterparts; (2) forming hollow or porous structures:
hollow spheres of CoS» and CusS deliver good cycling stability; [162, 163] (3) coating
or compositing with carbonaceous material: FeS-embedded carbon microsphere show
high specific capacity and excellent high-rate performance.[164]

Up to date, most research concentrate on lithium storage performance improvement of
individual metal sulfides, there is no report on composite metal sulfides with defined
nanostructures, although some research attempts on composite metal oxides have
proved success in lithium storage performance improvement. Literature shows that
composite Fe203/SnO- nanostructure have advantageous lithium storage performance,
both in specific capacities and cycling performance, compared with individual Fe>O3
or Sn0,.[102, 103] Besides, some composite metal oxides, such as SnO2/TiO>
nanotube hybrids,[104] branched a-Fe,O3/SnO. nanoarchitectures,[105] NiO/ZnO

hybrid nanofibres,[106] ZnO/CoO nanoflowers[107] and Fe.O3/CuO nanowires[108]
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all exhibit different redox reaction voltage plateaus from their constituent individual
component.

Among various transition metal sulfides, iron sulfides have been intensively
investigated as electrode materials in lithium primary batteries due to its good lithium
storage properties, natural abundance, low cost and environmental friendliness.
However, both FeS and FeS> exhibit voltage plateaus of around 1.0V vs. Li/Li* during
lithiation, which makes it inappropriate as anode materials in LIBs. The lithiation of
ZnS involves both conversion reaction and alloying reaction, and the dual Li storage
mechanism contributes to higher Li storage capacities but also brings about large

volume change.

Combining the merits and disadvantageous of FeS and ZnS, in this work, uniform
FeS/ZnS composite nanostructures of various Fe/Zn molar ratios were prepared by a
simple and scalable solution based synthesis. The lithium storage properties of the
hybrid sulfides, including the lithiation/delithiation potentials, specific capacities and
rate capabilities, are shown to be greatly related to Fe/Zn ratio. The composite sulfide
with molar ratio Fe/Zn=7.29 exhibits a higher and stable capacity of 805, 705, 567,
381 and 245 mAh g* at current densities of 0.1 Agt, 05A gt 1Agt, 2Agtand5
A g1, respectively. The electrochemical performance is superior to single component
ZnS and FeS prepared under similar reaction conditions. The coexistence of the
heterogeneous sulfides could behave as dispersants of each other. During the lithiation
reaction, heterogeneous metals reduced from the composite sulfides are not liable to
aggregate, nor are the heterogeneous sulfides formed during delihtiation. The

enhanced lithium storage performance of the composite FeS/ZnS nanosheets can be
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ascribed to the mutual segregation of the heterogeneous sulfides, sustaining a high

capacity upon cycling.

4.2 Experimental Procedure

4.2.1 Chemical Synthesis

Synthesis of FeS-ZnS composite nanosheets: Iron (I11) acetylacetonate/Fe(acac)s
(Aldrich, >99.9%) and zinc acetylacetonate/Zn(acac). (Strem Chemicals, 98%) of

total 0.2 mmol were first weighed with different Fe/Zn molar ratios according to Table

4-1.
Table 4-1: Weight amounts of Fe(acac)s and Zn(acac). in different samples
Metal Precursors
Fe(acac)s (mg) Zn(acac)z (mg)
Molar Ratio
(Fe/zn) (MW = 353.17 g/mol) (MW = 263.59 g/mol)
Pure FeS 70.634
7:1 61.805 6.590
3:1 52.976 13.180
1:1 35.317 26.359
Pure ZnS - 52.718

Mixed Fe(acac)s and Zn(acac)2powderwere dissolved in 10 mL Oleylamine(OLA,

Aldrich, 70%) in a three-neck flask. The solution was heated to 120°C under
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continuous magnetic stirring and purged with Ar gas for 30 min. Then, 1 mL of 1-
dodecanethiol (Aldrich, >98%) was injected into the solution. After that, the reaction
mixture was heated to 220°C and maintained at 220°C for 20 minute before naturally
cooled down to room temperature. The resultant solution was dripped into hexane and
the precipitates were collected by centrifugation at 7000 rpm for 10 min. The final

product was dried in a vacuum oven.

Synthesis of Pure ZnS Control Sample: 1 mmol ZnCl; (Fluka), 0.1 mmol
octadecylamine (Aldrich, 97%) and 0.2 mL ethylenediamine (Sigma-Aldrich) were
first added to 12 mL ethylene glycol (Alfa Aesar, 99%). The solution was then heated
to 120°C under strring and Ar purge.[165] After that, 12 mL ethylene glycol
containing 1 mmol Thiourea was injected. The reaction mixture was then heated to
150°C and maintained at 150°C for 2 hours before naturally cooled down to room
temperature. The resultant solution turned milky white. The product was precipitated
with ethanol followed by repeated centrifugation. The final product was dried in a

vacuum oven.

All the synthesized samples were annealed in a tube furnace at 450°C for 1 hour under
continuous Ar flow to have residual organic components transformed to amorphous

carbon.[166, 167]

4.2.2 Materials Characterization

Powder X-Ray Diffractometer (Shimadzu Standard) with Cu K, source (A = 0.15418
nm) was used to determine the phases with a scan rate of 1°%/min. Sample morphology

was examined by both the Field Emission Scanning Electron Microscope/FESEM
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(JEOL JSM-7600F) and the Transmission Electron Microscope/TEM (JEOL 2100F)
operating at 200 kVV. Compositional concentration (in wt%) of Fe and Zn in the final
product was obtained by utilizing Inductively Coupled Plasma Mass Spectrometry

(ICP-MS).

4.2.3 Electrochemical Characterization

The working electrode for the coin cell battery was prepared by first mixing the active
material, super-P carbon (Aldrich) and polymer binder (PVDF, Aldrich) with an 8:1:1
ratio (w/w/w) in N-methyl-2-pyrrolidinone (NMP). Next, the mixture was stirred for
several days to a slurry state, which was then casted onto a 14-mm diameter copper

foil and dried in a vacuum oven at 50°C for 12 hours.

The assembly of coin cell batteries was carried out in an Ar-filled glovebox with
moisture and oxygen concentrations of <1.0 ppm.[167] Lithium metal, Celgard 2400
membrane and solution mixture of 1M lithium hexafluorophosphate (LiPFs) dissolved
in ethylene and dimethyl carbonate (EC/DMC, 50:50 w/w) were used as
counter/reference electrode, separator and electrolyte, respectively.[166, 167] To
study and evaluate the Li-storage properties of the nanocomposites, a series of
electrochemical ~measurements were condirted based on the half-cell
configuration.[166, 168, 169] Firstly, cyclic voltammetry (0.01-3 V, scan rate of 0.5
mV s1) was carried out using an electrochemical workstation (Solartron) to give the
Cyclic Voltammogram (CV). After that, a NEWARE multichannel battery test system
with galvanostatic charge and discnarge (voltage window of 0.01-3.0 V) was engaged

to characterize the rate capability of the assembled cells.
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4.3 Results and Discussion

4.3.1 Crystallographic characterization and morphology characterization

100nm

200nm 100nm
— —

Figure 4-1: SEM images of as-synthesized product with different Fe/Zn precursor ratios: (a)
and (b) pure FeS; (c) and (d) Fe/zn=7:1; (e) and (f) Fe/Zn=3:1; (g) and (h) Fe/Zn=1:1. In the
subsequent discussion, pure FeS, Fe/Zn=7:1, Fe/Zn=3:1 and Fe/Zn=1:1 are denoted as S-1, S-
2, S-3 and S-4, respectively.
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The morphological information of the as-synthesized products with different Fe/Zn
ratios is presented in Figure 4-1. The SEM images reveal formation of nanosheets
regardless of varying precursor ratios. Those nanosheets have lateral lengths of
approximately 100-200nm and ultrathin thickness observed with significant flexibility.
Thin nanosheet offers larger active surface for electrolyte-electrode interaction and
shorter path for charge transport. Besides, the flexibility of nanosheet enhances its
stress tolerance. However, the construction of those nanosheets evolves from S-1 to S-
4. As observed from Figure 4-1a, pure FeS nanosheets are interconnected forming a
porous network. With increasing ratio of Zn in the precursor from Figure 4-1c to
Figure 4-1h, the nanosheet dimension gets smaller. In S-4 with Fe/Zn=1, the
nanosheets are free-standing instead of forming interconnected network. Controlled
experiment with Zn(acac). as the only metal precursor was also conducted, but result
in no product. It is not confirmed yet whether Zn(acac). participate in the reaction
forming ZnS. If Zn(acac). is involved, it is possible that Zn-Fe-S ternary sulfide
compound or FeS/ZnS hybrid sulfide is formed. Further investigation on the phases
and compositions is required.

The XRD pattern in Figure 4-2 shows pure FeS formation with Fe(acac)s as the only
precursor. Only Troilite-phase FeS is present with diffraction peaks at 20 = 29.95°,
33.71° 43.18° and 53.17°, corresponding to the the (110), (112), (114) and (300)
planes, respectively. With the addition of zinc source, composites of wurtzite ZnS
(JCPDS #00-036-1450) and troilite FeS (JCPDS #00-037-0477) are formed. In the
XRD pattern of S-2, diffraction peaks from (110), (112), (114) and (300) planes of

troilite FeS remains pre-dominant. And, small peaks of wurtzite ZnS can be observed
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at 26=56.36° and 65.97° corresponding to the (112) and (104) planes, respectively. As
the ratio of Zn increases to Fe/Zn=3:1 in S-3, diffraction peaks from (112) and (104)

planes of wurtzite ZnS becomes more obvious.

H FeS *7nS pure FeS

#

Fe:Zn=7:1

Intensity (a.u.)

20 30 40 50 60 70
2 Theta (deq)

Figure 4-2: XRD pattern of as-synthesized product with different Fe/Zn precursor ratios.

With the Zn ratio increase to Fe/Zn=1:1 in S-4, the diffraction peaks of wurtzite ZnS
becomes more pre-dominant than that of FeS. Four well-resolved diffraction peaks at

20 = 28.49° 39.50° 47.50° and 57.40° were observed, corresponding to the (002),
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(102), (110) and (201) planes of wurtzite ZnS, respectively. At the same time, the
diffraction peaks of Troilite FeS at 26 = 29.95° 33.71°, 43.18° and 53.17° still can be
identified but with significant reduced intensity. It signifies that better-crystalline and
larger amount of ZnS forms with the increasing Zn ratio in precursor.

According to the phase and crystallographic characterization, it can be concluded that
FeS/ZnS hybrid metal sulfides have formed instead of Fe-Zn-S ternary sulfide

compound.

:.

100 nm % : 20 nm m
I ,: u a ¥, _

Figure 4-3: (a) TEM image of the FeS/ZnS composite nanosheet S-3; (b) and (c) higher-
magnification TEM images of S-3.

Figure 4-3a to Figure 4-3c show TEM images of the FeS/ZnS composite nanosheet
synthesized from precursor ratio of Fe/Zn=3:1 with increasing magnification. It can be
observed from Figure 4-3a that the nanosheets are flexibly curled forming a flower-
like structure. Each individual nanosheet is hierarchical and composed of
interconnected nanocrystals (Figure 4-3b). The sizes of the nanocrystals are estimated
to be smaller than5nm (Figure 4-3c). The nanosheet morphology and hierarchical

feature of the composite sulfides are similar to that of pure FeS. The ultrafine
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nanocrystal building blocks provide larger electrolyte-electrode interaction area and
shorter diffusion path for lithium ions. The flexible nanosheet holding the ultrafine
nanocrystals together help sustain a continuous electronic transport and structural
integrity during cycling.

However, it is still not affirmable whether direct hybriding of individual FeS
nanosheet and ZnS nanosheet is formed or FeS and ZnS coexist on one nanosheet.

The distribution of FeS and ZnS needs to be investigated.

4.3.2 Compositional Analysis

Figure 4-4: (a) STEM image of the FeS/ZnS composite nanosheet S-3; (b), (c) and (d) the

corresponding elemental mapping of the Fe, Zn and S, respectively.
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STEM-EDX elemental mapping was carried out to determine the spatial distribution

of constitute elements of the composite nanosheets shown in Figure 4-4. S-3 was

selected as a representative sample. Elemental mappings of Fe, Zn and S show

identical distribution, indicating that each compositing nanosheet is composed of

randomly-distributed both FeS and ZnS nanocrystals rather than forming separate FeS

nanosheet and ZnS nanosheet.

Therefore, a single nanosheet consists of both trolite FeS and wurtzite ZnS

nanocrystals instead of separated FeS nanosheet and ZnS nanosheet. This opposes the

initial understanding that ZnS and FeS might form nanosheets of only its own

compound but not co-exist on a single nanosheet.

Table 4-2: ICP-MS test results of synthesized samples with different Fe/Zn molar ratios

ARl rat'lo i Weight ratio Rl Zn in product Molar ratio of
Fe/Zn in product :
of Fe/Zn (at %) Fe/Zn in product
precursors (at %0)
Pure FeS N/A 100 0 N/A
7:1 6.22:1 87.94 12.06 7.29:1
3:1 2.93:1 77.44 22.56 3.43:1
1:1 1.05:1 55.08 44.92 1.23:1
Pure ZnS*

*Synthesis of pure ZnS was attempted with Zn(acac), added as the only metal
precursor, but there was no precipitates.
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was performed to confirm
the ratios of Fe and Zn in the final product. Table 4-2 summarizes the quantitative
information from ICP-MS test. Pure Fe(acac)s leads to formation of pure FeS
nanosheets. For products with precursor ratios of Fe/Zn= 7:1, 3:1 and 1:1, the Fe/Zn
weight ratios in the resultant products are 6.22:1, 4.96:1, 2.93:1 and 1.05:1,

corresponding to atomic ratios of 7.29:1, 3.43:1 and 1.23:1, respectively.

It follows the institution that amount of ZnS formed increases with the increasing
amount of Zn(acac). precursor added. In addition, it is worth noting that the molar
ratios of Fe/Zn in products are slightly higher than that in reactants, and the ratio
difference between product and reactant decreases with increasing Zn proportion. The
slightly higher Fe/Zn molar ratios in the final product suggest the preferential
formation of FeS over ZnS. Without Fe(acac)s in precursor, ZnS is not formed either.
Therefore, it is concluded that the nucleation and growth of ZnS is facilitated by FeS.
And, with the increasing Zn proportion in precursor, larger proportion of ZnS is
nucleated and grown. According to Han and co-worker, preferential reaction between
a particular cation and its counterbalance anion can be attributed to several factors,
notably the electron affinity of the reacting species.[170] Since Fe has a more positive
electron affinity value than Zn (Eea (re) = 15.7 kd/mol; Eea zn) = 0 kd/mol), this means
that Fe is more readily to donate its electrons in order to form a stable compound with
S (Eea 5) = -200 kJ/mol), thus explaining the reason behind preferred FeS formation

over ZnS in this case.
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4.3.3 Reaction Mechanism

Proposed formation process of the hierarchical composite nanosheets is illustrated in
Figure 4-5. In literature, most 2D nanostructures are forming from layer-structured
materials, in which the in-plane bonds are covalent, whereas weak Van Der Waals
force presents between the layers. As a result, the surface energy of the planar layer as
terminating surface is lower, and construction to 2D nanostructures are preferred. Both
Troilite FeS and Wurtzite ZnS have layered atomic arrangement of alternating sulfur
and metal layer, but covalent bonds present both within the layers and between the
adjacent layers. In addition, the hierarchical feature further indicates that the
nanosheet formation does not directly relate to the crystal structure of FeS or ZnS.
What’s more, the similarity in crystal structure may facilitate the co-growth of FeS
and ZnS nanocrystals on each individual nanosheet. It is proposed that during the
reaction FeS nanocrystals forms first and self-arrange to 2D distribution with the
micelles formed by dodecane-thiolate acting as the soft template, and the formed FeS
nanocrystals subsequently facilitate the nucleation and growth of ZnS nanocrystals

adjacent to them.
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Figure 4-5: Proposed reaction mechanism for the formation of composite FeS/ZnS

hierarchical nanosheets

4.3.4 Electrochemical Characterization

4.3.4.1 Cyclic Voltammetry

To evaluate the composite effect of metal sulfides and the effect of composite ratios

on lithium storage, a series of comparative electrochemical properties, including

cyclic voltammetry, rate capability and cycling performance were conduced based on

coin cells with Li foil as both the counter and the reference electrode.
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Figure 4-6: (a) CV curves of electrodes based on S-1 for the 1%, 2" and 3™ cycles. (b)
Discharge/charge voltage profiles of S-1 at a current density of 0.1A g* for the 1%, 2" and
100" cycle.

The CV curves for initial three cycles and discharge/charge voltage profiles for the 1%,
2" and 100" cycle of S-1, S-2, S-3 and S-4 based electrodes are shown in Figure 4-6
to Figure 4-9. Figure 4-6a shows the CV curve for pure FeS nanosheets based
electrode. As discussed previously in Section 3.3.3.1, the small anodic peak at 1.65V
corresponds to lithium intercalation into the pseudo-layered structure of Troilite-phase
FeS, and the sharp anodic peak at ~ 1.05V is attributed to the main conversion
reaction between FeS and Li with the formation of Li>S and nano-Fe. Anodic peaks
denoting the main conversion reaction are shifted to a more positive potential at 1.3V
in the subsequent 2" and 3™ cycle during discharge.[90, 137] The broad peak
appearing from 0.75V to 0V, which is missing in the subsequent discharges, is totally
attributed to SEI formation.[155] The cathodic peak at around 2.05V in the 1%, 2" and
3rd cycles corresponds to the oxidation of nano-Fe by surrounding Li>S to the

reformation of FeS and release lithium. [135, 137]
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Figure 4-7: (a) CV curves of electrodes based on S-2 for the 1%, 2" and 3" cycles. (b)
Discharge/charge voltage profiles of S-2 at a current density of 0.1A g* for the 1%, 2" and
100" cycle.

CV curve (Figure 4-7b) for S-2 (Fe/Zn=7.29:1 in at%) based electrode shows
additional anodic and cathodic peaks compared with that for S-1 (Figure 4-6a). In the
1%t cycle discharge, the anodic scanning profile dropping from 1.5V indicates the
starting of FeS reduction. The anodic peak at 1.25V results from the conversion
reaction between FeS and Li. And, a shallow peak appearing at around 0.75V is
ascribed to the deposition of ZnS to Zn embedding in Li>S matrix. Since the quantity
of FeS is about 8 times of ZnS, the conversion reaction peaks of FeS dominates. The
broad reduction peak from 0.5V to 0V in the 1% cycle CV profile corresponds to the
lithium-zinc alloying reaction with the formation of LixZn (the x value can reach ~1.5).
The Li-Zn alloying reaction may proceed stepwise, showing several phases with
lithium content increase. In the 2" and 3™ cycle discharge, only two anodic peaks
present at 1.25V and 0.75V corresponding to the conversion reaction of FeS and ZnS,

respectively. In addition, the shallow dropping of the profile from 0.5V to 0V is
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ascribed to the Li-Zn alloying. During the cathodic scan of the 1% cycle, the current
increases gradually from 1.0V indicating the starting of oxidation of Zn and Fe. The
cathodic peak at 1.6V corresponds to the oxidation of Zn back to ZnS, and the more
predominant peak at 2.0V is attributed to the regeneration of FeS. These two cathodic
peaks sustains in the subsequent two cycles, while the cathodic peak at 2.4V starts

diminishing since the 2" cycle and disappears in the 3rd cycle.
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Figure 4-8: (a) CV curves of electrodes based on S-3 for the 1%, 2 and 3" cycles.
(b)Discharge/charge voltage profiles of S-3 at a current density of 0.1A g* for the 1%, 2" and
100" cycle.

In the 1%t cycle discharge of S-3 based electrode (Figure 4-8c), shallow anodic peaks at
1.1V and 0.75V correspond to the conversion reaction of FeS and ZnS with lithium,
respectively. Anodic peaks denoting the main conversion reaction are shifted to more
positive potential at 1.3V and 0.75V in the subsequent 2" and 3" cycle during
discharge. In the voltage range of 0.55V to 0V, the broad peak is attributed to the Li-
Zn alloying and SEI formation. The peak disappears during the 2" and 3™ cycle

discharge, signifying that the Li-Zn alloying reaction is much inefficient than the 1%
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cycle. Three cathodic peaks at 1.6V, 1.9V and 2.4V correspond to the oxidation of Zn
and Fe back to ZnS and FeS, respectively. The intensities of cathodic peaks sustains

during the 1%, 2" and 3" cycle.
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Figure 4-9: (a) CV curves of electrodes based on S-4 for the 1%, 2™ and 3™ cycles.

(b)Discharge/charge voltage profiles of S-4 at a current density of 0.1A g* for the 1%, 2" and
100" cycle.

In the 1% cycle discharge of S-4 based electrode (Figure 4-9d), the reaction peaks for
ZnS becomes more dominant. The anodic peaks at 0.75V and 0.5V correspond to the
conversion reaction of ZnS and Li-Zn alloying, respectively. During the 2" and 3"
cycle discharge, the conversion reaction FeS and ZnS at 1.3V and 0.8V are observed,
respectively. Three cathodic peaks at 1.6V, 1.9V and 2.4V correspond to the oxidation
of Zn and Fe back to ZnS and FeS, respectively. The intensities of cathodic peaks

sustains during the 1%, 2" and 3" cycle.

Based on our observation, the composite nanosheets S-2, S-3 and S-4 based electrode

has the same cathodic and anodic reactions at similar potentials regardless of the
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compositional difference, but with slight variation in peak width and intensity during
the 1%, 2" and 3" cycles.. This leads to a conclusion that the constituent components
of the composite sulfides react separately with lithium. However, as the content of Zn
increases, the peaks associated with ZnS become progressively significant. For
example, the oxidation peak for ZnS at 1.6V gets higher in intensity from S-2 to S-4.
Besides, for S-4 based electrode, which has equivalent amount of Zn and Fe, the
oxidation peak for Zn at 1.6V is close in intensity compared with the oxidation peak

for Fe at 1.9V.

Table 4-3: The 1st discharge (Cip), first charge (Cic), irreversible discharge capacity from
beginning to 100" cycle (Cir) and percentage of irreversible discharge capacity of S-1, S-2, S-
3 and S-4.

Sample | Cio(mAhg") | Cic(mAhg”) | CIR(MANhg™) | Percentage of CIr (%)
S-1 1002 644 379 37.8
S-2 1211 1111 321 26.5
S-3 1004 812 294 29.3
S-4 1008 830 296 29.4

The discharge and charge capacity of the 1% cycle as well as the irreversible capacity
cycling up to 100" cycle obtained from the discharge/charge profiles (Figure 4-6b to
Figure 4-9b) are summarized in Table 4-3. S-2 (Fe/Zn=7:1) results in significant
enhancement of the 1% cycle capacity during both discharge and charge. The
irreversible capacity is greatly reduced for nanosheets with composite compositions,
and the improvement can be ascribed to the mutual dispersing effect of two

components that prevent particle aggregation upon cycling.
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4.3.4.2 Rate Capability

Cycling performance at various current densities was characterized to determine
electrodes’ rate capability (Figure 4-10). Electrodes based on hybrid sulfides different
Fe/Zn compositional ratios were cycled at various current densities. As discussed in
the previous work, pure FeS nanosheet based electrode shows a 9"-cycle discharge
capacities of around 630, 486, 425, 372 and 266 mAh g at current densities of 0.1 A

gL, 05A0gY, 1A gL, 2Agtand5 A g?, respectively.
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Figure 4-10: Cycling performance of (a) S-1; (b) S-2; (c) S-3; (d) S-4 at various current
densities: 0.1 Agt,05A gL, 1Agt, 2Agtand5 A gL

It can be observed that, S-2 with Fe/Zn=7.29 outperform samples of other ratios,

depicting 9™-cycle specific discharge capacities of 805, 705, 567, 381 and 245 mAh g
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L at current densities of 0.1 A g?, 0.5 A g%, 1 A g% 2 A g? and, respectively.
Moreover, upon current density reverting back from 5 A g to 0.1 A g, the specific
discharge capacity of S-2 increases to 864 mAh g from the initial 805 mAh g*. The
gradual increase of capacity during cycling can be attributed to the activation process
upon repeated lithiation and de-lithiation, which is commonly observed in many iron-
based electrode materials. Compositing a small amount of ZnS to FeS in the
hierarchical nanosheet form, the composite sulfides shows 20%-35% increase in
specific discharge capacity compared with pure FeS nanosheets at lower current
densities from 0.1A g to 1A g*. However, at higher current densities of 2A g* and
5A g, the discharge capacities of FeS/ZnS(Fe/Zn=7:1) composite sulfides are close
to that of pure FeS.

In addition, S-3 with Fe/Zn=3:1 depicts 9""-cycle specific discharge capacity of 739,
637, 491, 302 and 151 mAh g™at current densities of 0.1 Agt,05A g, 1AgL 2A
gland 5 A gl respectively. S-4 with equivalent amount of Fe and Zn shows 9"-cycle
specific discharge capacity of 647, 389, 276, 161 and 74 mAh g at current densities
of 0.1 Agl, 05AQgL,1AgL 2Agtand 5 A g, respectively. Although ZnS has
both conversion and alloying reaction with lithium, and is expected to contribute
higher capacity, with the ratio of ZnS increases, capacity fades more seriously upon
cycling, and capacity experience greater drops at higher current densities (i.e. 2 A g
and 5 A gl).

In summary, S-2 with Fe/Zn=7.29:1 possesses best cycling performance and rate
capability. As discussed in the previous work, the superior rate capability of carbon

coated FeS nanosheets is attributed to its advantageous hierarchical nano-construction
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enabling more effective electrode/lithium interaction and faster charge transport. With
the compositing of ZnS to FeS, there is great increase in capacity at lower rates due to
higher capacity of ZnS and the synergistic effect of compositing FeS and ZnS, while
the capacity almost levels with that of pure FeS at high rates. In addition, with the
increasing amount of ZnS formation, the disadvantageous of ZnS, such as poor
reversibility and poor rate performance become more evident, causing the

deterioration of lithium storage performance of S-3 and S-4 compared with S-2.

4.3.5 Effect of uniform hybriding

For comparison, mixture of FeS nanosheets and ZnS nanoparticles are prepared by
physically mixing these two components of 7.29:1 in weight ratio during slurry
preparation process. CV curve and rate capability of the FeS/ZnS mixture were shown
in Figure 4-11.

The CV curve shows distinctive discharge and charge peak for FeS and ZnS. The
mixture depicts 9" cycle specific discharge capacity of 406, 392, 272, 225 and 162
mAh g at current densities of 0.1 A g*, 05 A gt 1Agt 2Agltand5 A gt
respectively (Figure 4-11b). The specific discharge capacity of the mixture is lower
than FeS/ZnS composite nanosheet at all current densities. In addition, the discharge
capacity experience gradual fading at initial cycles even at a low current density of 0.1

Agl
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Figure 4-11: (a) CV curves for the 1%, 2" and 3™ cycles, and (b) cycling performance at

various current densities of electrode based on FeS/ZnS mixture 7.29:1 in weight ratio.

The worse performance of the physical mixture might be due to the non-uniform
nanostructure, resulting in disrupted charge transport. While in the uniform composite
hierarchical nanosheets, the nanocrystal building blocks are held together enabling
continuous charge transport. In addition, the coexistence of the heterogeneous sulfides

could behave as dispersants of each other.
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4.4 Conclusion

In summary, carbon coated composite nanosheets composed of troilite FeS and
wurzite ZnS nanocrystals have been synthesized via a organic solution-based
synthesis. The compositional ratio of FeS and ZnS can be varied by varying the
compositional ratio in precursor. The Fe/Zn weight ratios in final products are slightly
higher than that in precursors, and ZnS cannot be formed without FeS formation .
Therefore, it is proposed that, in the formation of the composite nanosheets, firstly the
dodecane-thiolate templates the growth of FeS nanocrystals to polycrystalline
nanosheets, which further provides active sites for ZnS nucleation and growth.Among
the synthesized samples with varying ratios, S-2 (Fe/Zn=7:1) shows better lithium
storage properties over other ratios and pure FeS nanosheets in terms of capacity and
rate capability. It depicts 9"-cycle specific discharge capacities of 805, 705, 567, 381
and 245 mAh g at current densities of 0.1 Agt, 05A gL, 1AgL, 2Agtand5A g,
respectively. The improved lithium storage performance of S-2 can be attributed to: (1)
the advantageous hierarchical nanosheets structure provides better stress tolerance for
both conversion reaction and alloying reaction upon cycling; (2) each nanosheet are
composed of tiny building blocks of FeS and ZnS nanocrystals, which offers shorter
diffusion path for charge transport; (3) The coexistence of the heterogeneous sulfides
could behave as dispersants of each other. During repeated reversible electrochemical
reactions, the heterogeneous metals reduced from the composite sulfides during
lithiation are not liable to aggregate, nor are the heterogeneous sulfides formed during

delithiation.
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5. Novel synthesis of Amorphous FeOOH Nanosheets and
Investigation on Its Lithium Storage Kinetics via EIS

5.1 Overview

Recently, nanostructuring has proven to be effective in improving lithium storage
capacity, cycling stability and rate capability of electrode materials in LIBs,[171-173]
for nanostructuring leads to larger electrode/electrolyte interaction areas, shortened
charge transport path, permitting batteries to operate at a higher power density.

Besides of nanostructuring, other approaches, such as forming loosely porous
network[174] and compositing with a buffering media (e.g. graphene),[174] are
effective in enhancing stress tolerance and in turn improve cycling stability.
Amorphization is another effective approach to enhance stress tolerance induced by
lithium insertion and extraction. Besides, amorphous materials demonstrate higher
capacities because of large quantities of lithium storage at structural defects. In
addition, disordered and defected structure can facilitate Li ion transport.[118, 175,

176]

Fe>0s3, FesOs and FeEOOH have attracted great interest in various applications because
of their eco-friendliness and natural abundance.[177-179] Controlled synthesis of
Fe>O3 and FezO4 nanostructures and their applications in LIBs have been intensively
investigated.[56, 180, 181] Although the theoretical specific capacity of FeEOOH is as
high as 903 mAh g%, there are few reports on FeOOH as LIB anode material.
Moreover, lithium storage mechanism and charge transfer kinetics in FeOOH is not

fully clear and worth detailed study.
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In this work, the combined effects of amorphization and nanostructuring on the
lithium storage performance of FeOOH are investigated. Amorphous FeOOH
nanosheets are prepared by surfactant-assisted oxidation of self-synthesized FeS
nanosheets. The resultant amorphous FeOOH nanosheets are highly porous with a
BET surface area of 223 m? g®. And, the amorphous FeOOH based electrode
demonstrates excellent rate capabilities. EIS are carried out to further examine the
process kinetics of conversion reaction of the amorphous FeOOH as Li storage
electrode material. A new equivalent circuit model is proposed capturing the
discharging/charging capacitance and resistive components governed by the
conversion reaction process. Moreover, a connection has been found between the
characteristic frequency of conversion reaction and the inherent hysteresis of

discharge/charge voltage profiles.
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5.2 Experimental Procedure

5.2.1 Chemical Synthesis

The amorphous FeOOH with porous nanosheets structure was synthesized by
oxidation of hierarchical FeS nanosheets by H.O2/H20 solution at room temperature.
Synthesis of hierarchical FeS nanosheet has been demonstrated in Section 3.2. In a
typical reaction, 44 mg FeS powder is uniformly dispersed in 20 ml toluene. 1 mmol
CTAB is dissolved into 20 ml to prepare 50 mM CTAB/H>0 solution, which is then
added to the FeS/toluene solution. The mixed solution is vigorously stirred and
slightly heated at 40°C until toluene is completely evaporated. After that, the solution
is repeatedly washed by water until complete removal of CTAB. Then, 2 mmol H20:
is added, and stirring is continued at room temperature for 12 hrs. During oxidation,
the solution gradually turns from black to orange. The products were then washed

with ethanol and dried at 150°C for 24 hours.

5.2.2 Phase and Morphology Characterization

Morphologies were observed by a FESEM (JEOL JSM-7600F). The HRTEM images
were observed using a transmission electron microscope (TEM, JEOL 2010) operating
at 200 kV. The crystallinity was examined with a scan speed of 0.5%min using X-ray
diffractometer (Shimadzu) with Cu Ko irradiation. Fourier Transform Infrared
Spectroscopy (FTIR) (Perkin-Elmer) was utilized to identify the types of bonding in
the samples. Probe X-ray Photoelectron Spectroscopy (XPS, ESCALab 250iXL and

Thetaprobe A1333) was used to verify the valence state of iron and oxygen. Nitrogen
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adsorption/desorption isotherms were measured on a Micromeritics Tristar 3000
porosimeter (mesoporous characterization) and Micromeritics ASAP 2020
(microporous characterization) at 77 K. Samples were degassed at 100 °C for 6 h
under vacuum before measurement. The specific surface areas were calculated using

Brunauer-Emmet-Teller (BET) method.

5.2.3 Battery Assembly and Electrochemical Characterization

70 wt% active materials, 20 wt% single-walled CNT (SWCNT) and 10 wt%
Polyacrylonitrile (PAN) were mixed into NMP. The obtained slurry was cast onto a
copper foil (diameter: 12mm) and dried in vacuum at 50 °C for 12 h. Electrochemical
measurements were carried out on coin-type cells with lithium metal as both counter
and reference electrode, Celgard 2400 membrane as the separator, and the electrolyte
solution obtained by dissolving 1 M LiPFs into a mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC) (EC/DMC, 50:50 w/w). The cells were tested on a
NEWARE multichannel battery test system with galvanostatic charge and discharge
(voltage window of 0.05-3.0V). The EIS measurement is based on a two-electrode
coin cell configuration with lithium foil as both the counter electrode and reference
electrode. The lithium foil can take in and extract sufficient amount of lithium during
charging and discharging process, respectively. Therefore, the influence of changes in
the counter electrode, lithium foil, is negligible. The EIS measurements were
performed at the OCV at varying states of discharge and charge, with amplitude of

5mV in the frequency range of 10° Hz to 0.01Hz.
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5.3 Results and Discussion

5.3.1 Phase and Morphology Characterization

Intensity (a.u.)

20 30 40 50 60 70
2 Theta (deq)

Figure 5-1: XRD pattern of the dried product after oxidation in powder form

After the oxidation process, the powder turns orange in color. The amorphous nature
of the synthesized product is revealed by the X-ray diffraction (XRD) pattern (Figure
5-1), which shows a broad hump in the 26 range of 20°-35° without any characteristic
diffraction peaks. In order to know the chemical composition and ensure the
completeness of the oxidation process, X-ray photoelectron spectroscopy (XPS) was
carried out to find out the oxidation state of Fe and O. The XPS scan profile (Figure 5-
2a) of the full range (0-1300eV) reveals the presence of mainly Fe, O and C,

indicating the formation of iron oxides or iron Oxyhydroxide.
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Figure 5-2: (a) XPS spectrum from the amorphous product over the full scan range (BE=0-
1300eV). (b) XPS spectrum in the Fe 2p region; (¢) XPS spectrum in the O 1s region.

The 2p12 and 2ps2 photoelectrons at 711 and 724 eV of the Fe 2p XPS data (Figure 5-
2b) correspond to the reported values for Fe** in Fe,O3 or FeOOH,[182, 183] which
confirms complete oxidation from Fe?* to Fe3*. The XPS spectrum of oxygen (Figure
5-2c) can be convoluted to three distinct peaks, implying that oxygen presents in three
different states. The two convoluted peaks at 530.10 eV and 531.50 eV can be
assigned to O% and OH" in FeOOH, respectively.[182, 183] The other peak at 533.4eV

may be attributed to O in surface-adsorbed water.[183]
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Figure 5-3: () FTIR spectrum of the amorphous sample and comparison with its crystalline
counterparts. (b) The XRD pattern of the crystalline iron oxide after annealing.

To characterize chemical bonding in this amorphous compound, FTIR was conducted
in the wavenumber range of 400-4000 cm™. Figure 5-3a displays the FTIR spectrum
of the amorphous sample and its crystalline counterpart, which is obtained by
annealing the amorphous sample at 800°C. The annealed sample is identified to be a-
Fe>O3 (JCPDF #00-039-1346) by XRD pattern in Figure 5-3b. For both samples, the
broad adsorption bands at 3400 cm™ and 1640 cm™ can be ascribed to the stretching
vibration of O-H and vibrations of surface-adsorbed H.O molecules, respectively.84
The crystalline o-Fe-Os shows evident adsorption bands at 465 cm™ and 549 cm™,
which can be attributed to the bending and stretching of Fe-O bond, respectively,8]
while the amorphous FEOOH shows only weak adsorption band in the characteristic
adsorption range of Fe-O bond. The absorption peaks at 471 and 686 cm™ can be
assigned to the Fe-O vibrational modes in FEOOH. The Fe-O stretching vibration is

responsible for adsorption at ~618 cm™ in FeOOH.[183, 184] Based on the XRD, XPS
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and FTIR results above, the synthesized product is identified to be amorphous iron

(Fe**) oxyhydroxide.

200 nm
|

Figure 5-4: (a) SEM image; (b) TEM image; (c) and (d) HRTEM image of the amorphous
FeOOH nanosheet.

SEM image (Figure 5-4a) and low-magnification TEM image (Figure 5-4b) of the
amorphous product reveals loose and corrugated graphene-like 2D nanosheet structure,
indicating no morphology and dimension change from its predecessor, FeS

nanosheets.[183]
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Figure 5-5: Schematic diagram showing how the surfactant, CTAB, facilitate uniform
dispersion of FeS nanosheet in water

The sulfide-to-oxide conversion process was conducted in a DI water/Toluene mixture
with the assistance of CTAB. The hierarchical FeS nanosheet was previously
synthesized in OLA with both OLA and DDT as active surfactants directing the
designed nanostructuring. Besides, the FeS nanosheets can be dispersed in Toluene.
CTAB 1is a cationic surfactant with a cationic and hydrophilic “head” and a
hydrophobic “tail” referring to the hydrocarbon chain. And, in the DI water/Toluene
mixture, with the hydrophobic chain contacting with the surfactant-capped FeS
nanosheets while the hydrophilic end directing to water, CTAB facilitate uniform
dispersion of toluene droplets wrapping FeS nanosheets in water. After gradual
evaporation of toluene, CTAB further enables uniform dispersion of FeS nanosheets
in water, and prevents nanosheets’ agglomeration during oxidation as illustrated in the
schematic diagram (Figure 5-5). As observed from the HRTEM image (Figure 5-4c),

individual nanosheet is composed of nanoparticles aggregated in porous form.
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Diameters of the fine nanoparticles are smaller than 5 nm. As depicted by the HRTEM
image (Figure 5-4d), the atomic lattice on the surface of nanosheets lacks regular

periodicity, which further confirms the amorphous nature of the synthesized product.

Nitrogen absorption/desorption measurements of the porous product determined a
Brunauer-Emmett-Teller (BET) surface area of 233 m? g (Figure 5-6), and an
average pore size of 3.5 nm The adsorption hysteresis does not show any limiting
adsorption at high p/p° (>0.7), which also implies the presence of slit-shaped pores
given by the aggregates of loosely coherent very fine nanoparticles.[*® The highly

porous nanostructure and high surface area are attractive for electrochemical

applications.
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Figure 5-6: N adsorption/desorption isotherm profile and BET pore size distribution plot of

the amorphous FeOOH nanosheet
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5.3.2 Electrochemical Characterization
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Figure 5-7: (a) Discharge/charge voltage profiles of the 1st, 2nd and 50th cycle; (b) cycling
performance at different C-rates; (c) The chemical reactions taking place in different state of

discharge.

Figure 5-7a shows the voltage profile of the amorphous FEOOH nanosheet electrode
at a current density of 100 mA g* between 0.05 V and 3.0 V (vs. Li*/Li) for the 1%, 2"
and 50" discharge/charge cycle. In the 1% cycle discharge, intake of Li* involves three
distinguishable stages: a shallow slope between 2.8 V and 1.5 V and two voltage
plateaus at ~ 1.4 V and 0.75 V, respectively. The specific discharge capacity amounts

to 437 mAh g! when the Amorphous FeOOH electrode is discharged to 0.95V,
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corresponding to incorporation of approximately 1.45 mol Li per mol of FeOOH

(Figure 5-7c).

Figure 5-8: (a) TEM and (b)HRTEM images of the discharged active material to 0.95 V; (c)
TEM and (d)HRTEM images of the discharged active material to 0.5 V.

Ex-situ examination of the partially lithiated electrode was carried out, and the results
are shown in Figure 5-8. The FeOOH electrode sustains its nanosheet morphology and
amorphous nature when discharged to 0.95V (Figure 5-8a and 5-8b). It is assumed

that the initial two stages of lithiation only involves surface Li storage and insertion of
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Li into the loosely-packed amorphous structure.[187] The specific capacity of 914
mAhg? corresponds to the insertion of approximately 3 mol Li per mol of FeOOH at
the discharge potential of 0.5 V, implying complete conversion reaction between Li

and FeOOH with the formation of elemental Fe, Li>O and LiOH.[184, 187]
FeOOH + 3Li* + 3e~ - Fe + Li,0 + LiOH

Theoretical discharge capacity of FeOOH is calculated to be 903 mAh g* according to
the conversion reaction shown above. Ex-situ TEM image (Figure 5-8) of the active
material at this stage of lithiation shows that the nanosheet network has been partially
destroyed. High-magnification TEM observation (Figure 5-8d) reveals formation of
fine rod-like nanoparticles. The 1% cycle discharge shows a total specific capacity of
1210 mAh g, in which the extra capacity over theoretical capacity can be attributed
to SEI formation.[188] The cycling performance of the FeOOH based electrode at
varying current densities is plotted in Figure 5-7b, which depicts 5™ cycle discharge
capacities of 985, 797, 642, 465, and 270 mAh g at current densities of 0.1C, 0.5C,
1C, 2C and 5C, respectively (1C = 903 mA g). When the current density reverts back
to 1C and 0.1C after cycling at 5C, the electrode exhibits discharge capacity of 607
and 870 mAh g%, respectively. The high porosity and large active surface area
contributes to the high capacity of the amorphous FeOOH electrode, but also results in
more surface side reactions.[189, 190] The amorphous FeOOH electrode demonstrates
higher capacities than crystalline FeOOH at the same current densities.[184, 187, 191,
192] Some research reports proposed that the improved rate capability of amorphous
electrode material results from more effective Li* transport facilitated by large

quantities of structural defects.[176, 193] However, for conversion-reaction type
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electrode materials, both conversion reaction kinetics and diffusion kinetics of Li*
play important roles in electrode rate capabilities. Therefore, it is crucial to include the
conversion reaction Kkinetics in discussing the rate capability of conversion reaction

type lithium storage electrode materials.

5.3.3 EIS Analysis

Nyquist plots derived from impedance measurement combining proposed equivalent
circuits are usually employed in analyzing process kinetics of electrodes in L1Bs.[194]
Nyquist plots of the EIS measurement of amorphous FEOOH nanosheet electrode at
different states of discharge (SOD) and states of charge (SOC) during its 5™ cycle are
shown in Figure 5-9a and 5-9b, respectively. The initial few cycles of conversion
reaction is highly irreversible and involves a lot of surface side reactions, so the 5%
cycle is selected for analysis because the conversion reaction are expected to be

reversible afterwards.

In recent research, EIS has been rigorously applied in explaining intercalation
reactions to estimate charge transfer resistance and the diffusion coefficient of Li* in
intercalation-type electrode materials.[195, 196] The model used to explain conversion
reaction in literature is based on a well-known two-state model that has been often
used in describing intercalation systems, and it is rather crude for the present system
with phase segregations.

In the following discussion, a new equivalent circuit modeling the conversion reaction
mechanism will be derived. First of all, let us simplify the conversion reaction as:
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Figure 5-9: Nyquist plots obtained from EIS measurement at different voltage (vs. Li*/Li)
corresponding either to (a) different state of discharge (SOD) or (b) different state of charge
(SOC). Experimental data (dot) and fits (cross) are displayed for comparison.
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Lit+MX+e™ - M+ LiX

(M denotes transition metal, and X= X = O, S, F, OH, etc. The stoichiometry is

neglected for simplicity.)

Conversion reaction usually proceeds in mainly two stages. [197, 198] During the 1%
stage, Li" insert into the MX lattice with a marked step of the voltage. Thereafter the
real conversion reaction proceeds producing phase segregation.

In order to obtain a physical interpretation for the results of the EIS results in Figure
5-9, we outline here a simple model incorporating two stages.[199-202] As inferred by
the fitted Nyquist plots in Figure 5-9, the kinetics of the charge/discharge process is
dominated by the resistive contribution arising from the medium frequency spectrum.
For intercalation compounds, the rate-limiting step is the diffusion of Li* in the active
material and the medium-frequency resistance arises from Li* transport before
reaching their stable sites within the matrix. Diffusion of ions gives rise to distinctive

112
)

impedance patterns characterized by Warburg-like responses as Z o« (i (where

o is the angular frequency, and i=-/~1 ). However, the amorphous FeOOH
electrodes studied in this work function by conversion reactions that entail an overall
material rearrangement in both chemical and structural nature. These factors lead us to
consider extra capacitance and resistance caused by new phase and new interface
formation during the conversion reaction. The corresponding resistive element is then

labeled as conversion-reaction resistance rR and is connected in series with

cr !
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introduced chemical capacitance CZ which informs on the varying concentration ¢ of

reacted Li* upon application of change in the chemical potential #.[203]

Conversion Reaction Interface  Electrolyte, etc

Figure 5-10: the proposed equivalent circuit modeling the conversion reaction

An equivalent circuit model accounting for the impedance of conversion reaction is
shown in Figure 5-10. This equivalent circuit produces an excellent fit for the Nyquist

plots in Figure 5-9, for both the discharge and charge polarization regimes.

According to the new equivalent circuit model, the circuit impedance can be divided
into three parts: the series resistanceR, interface impedance (including charge transfer
resistance R.; and double-layer capacitance C,; at the interface) and conversion
reaction impedance (including conversion reaction capacitance CS , conversion
reaction R, and chemical capacitance corresponding to the inserted but non-reacted

Li* 7).
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At high frequencies, a rather constant arc corresponds to the parallel connection

between the double layer capacitance cC_, ~45,F and surface charge transfer
resistance R, ~ 200Q2.

As explained in details in Appendix, the conversion reaction during the discharge and

charge process can be modeled as a series RC circuit. The combination of Cf,, Rer »

and Cz forms a sort of relaxation subcircuit which is interpreted here in terms of the

conversion reaction mechanism. [204]

The conversion-reaction time scale can be calculated by C¢ R.,. The larger the time

constant, the longer time is required for discharging or charging to the target voltage.

And, the reciprocal corresponds to the response frequency

1

WOcr =
c
RerCy
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Figure 5-11: Parameters at different SOD and SOC extracted from fitting using the equivalent
circuit in Figure 5-10. (a) Chemical capacitance; (b) Conversion-reaction resistance; and (c)
Chemical capacitance corresponding to extent of lithium insertion/extraction; (d) Conversion-

reaction response frequency.
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The electrical parameters at different SOD and SOC have also been calculated from

fitting and displayed in Figure 5-11. It is observed that CZ exhibits a high value in the

order of 0.1 F (Figure 5-11a). During the discharge process, Cf, shows slight

variations between 0.05 F and 0.1 F, and exhibits a small peak at ~ 0.7 V, which is in
good correlation with the discharge plateau of voltage profile in Figure 5-7a. This
observation confirms that the proposed conversion reaction subcircuit (series RC ) can
reproduce the hysteresis in the voltage profile and is viable for modeling the

conversion reaction. The conversion reaction resistance R, demonstrates similar

trends as Cf, (Figure 5-11b), but r_, exhibits a rather high value for higher voltages (>

2.0V), which entailing that the conversion reaction is hindered at high states of charge.

An averaged value R, ~500Q is encountered, which is greater thanr,,. The high

reaction resistance indicates that the conversion reaction rate primarily limits the

overall discharge/charge process kinetics. From Figure 5-11c, it is observed that the

chemical capacitance CE directly relating to concentration of intercalated but non-

reacted Li* have values two orders smaller than that of Cf,.

The conversion reaction kinetics can be alternatively accessed by examining the
response frequency. Values of @, below 0.04 s are found. One can observe that «,,
exhibits a maximum locating within the potential interval of the major conversion
reaction ( FeOOH+3Li* +3e” — Fe+Li,O+LiOH ) according to the discharge
voltage profile (Figure 5-7a). We notice that a voltage shift of ~0.5 V in ., occurs

between discharge and charge regimes, which pointing to the hysteretic behavior of
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the conversion reaction.[35, 205] Here, we highlight that EIS analysis reproduces the
hysteresis observed between charge and discharge profiles (Figure 5-7a) and CV
curves (Figure 5-7c). The series RC subcircuit in parallel with the chemical
capacitance is valid in modeling this conversion reaction, and the parameters extracted

implies that the conversion reaction rate limits overall process Kinetics.
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5.4 Conclusions

In summary, amorphous FeOOH nanosheet has been synthesized via surfactant-
assistant oxidation of hierarchical FeS nanosheet. The surfactant, CTAB, does not
only aids in transferring the FeS nanosheet from organic solvent to water, but also
prevents nanosheet from agglomerating in the multi-step operations. The high surface
area, porous nanostructure and loose amorphous nature of the FeOOH nanosheet are
attractive for electrochemical energy storage applications. In the lithium storage
application, it has conversion reaction with Li* and demonstrates improved specific
capacity and rate capability (e.g. discharge capacity as high as 465 mAhg™ at a current

density of 2C) compared to its crystalline counterparts.

A new and detailed equivalent circuit including a series series RC subcircuit in
parallel with the chemical capacitance directly modeling conversion reaction is
proposed to model the overall electrode lithiation and de-lithiation process. The
proposed model can be perfectly fitted with the Nyquist plots from experimental EIS
measurement and can reproduce the hysteresis in the discharge/charge voltage profile,
indicating the validity of this new equivalent circuit in analyzing the lithiation/de-
lithiation process kinetics of conversion reaction electrodes. The parameters extracted
after Nyquist plot fitting also implies that the process kinetics of lithiation/de-
lithiation of conversion reaction electrode is limited by reaction itself with a

thermodynamic origin rather than being limited by Li transport.
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6. Conclusion and Recommendations for Future Work

6.1 Conclusions

In this thesis, this work has focuses on rational design and development of facile and
scalable solution based approaches for synthesis of advanced two-dimensional
nanostructured iron-based compounds with varying morphology architecture,
compositions and crystallinity. And, detailed investigation of the effects of
nanostructuring architectures, compositing and amorphization on lithium storage

performance of those iron-based compound electrodes was carried out.

Hierarchical FeS nanosheet, Hierarchical FeS/ZnS compositing nanosheets and
amorphous FeOOH nanosheet has been synthesized and their lithium storage
performance has been intensively investigated. The following conclusions can be

drawn from these works:

Firstly, with the templating effect of dodecane-thiolate, hierarchical carbon coated FeS
nanosheets can be fabricated in solution. The resultant nanosheets are constructed by
FeS nanocrystals of smaller than 5 nm, implying that the formation of nanosheet is not
related to the crystal structure of Troilite-phase FeS and is more related to the
templating effect, which also implies that this synthesis approach towards nanosheet
formation may be extendable to other transition metal sulfides. The carbon coated
hierarchical FeS nanosheets deliver promising lithium storage capacity, cycling
stability and rate capabilities, and the good lithium storage property can be attributed

to: (1) the hierarchical construction can effectively accommodate large volume change
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induced during repeated charge/discharge; (2) the fine building blocks of the
hierarchical structure offers shorter charge transport paths and allows faster charge
transfer, and the interconnected nano-building blocks helps sustain structural integrity
and provide continuous path for electronic transport; (3) the in-situ formed amorphous
carbon coating can prevent the polysulfides generated during conversion reaction of
sulfides from dissolving in to the electrolyte, and thus sustaining the ionic

conductivity of the electrolyte.

Next, carbon coated FeS/ZnS compositing hierarchical nanosheets have been prepared
follow the same synthesis steps. The compositional ratio of FeS and ZnS can be varied
by manipulating the compositional ratios in precursor, and FeS is more preferably
formed than ZnS. It is concluded that FeS nanocrystals grow with template to
nanosheet, which further provides active sites for nucleation and growth of ZnS
nanocrystals. Among samples with varying compositional ratios, S-2 ((Fe/Zn=7:1)
shows best lithium storage properties over other ratios and pure FeS nanosheets in
terms of capacity and rate capability. The improved lithium storage performance of
the compositing hierarchical nanosheet can be ascribed to: (1) advantageous
hierarchical construction offers better stress tolerance of involving conversion and
alloying reaction; (2) interconnected and fine nano-building blocks of FeS and ZnS
nanocrystals facilitate faster and continuous charge transport; (3) the coexistence of
the heterogeneous sulfides could behave as dispersants of each other, so that neither
the heterogeneous metals reduced from the composite sulfides during lithiation nor the

heterogeneous sulfides formed during delihtiation are liable to aggregate.
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Finally, amorphous FeOOH nanosheet has been synthesized via surfactant-assisted
oxidation of self-synthesized FeS nanosheet. The obtained amorphous FeOOH
nanosheet possesses high surface area, porous nanostructure and is structurally loose
in nature, which are attractive for lithium storage application. The amorphous FeOOH
has conversion reaction with lithium ions and demonstrate high lithium storage
capacity and superior rate capability. A new equivalent circuit modeling the complete
conversion reaction process was proposed and can be perfectly fitting with the
Nyquist plots from EIS analysis. A series RC sub-circuit is used to directly model the
conversion reaction. Further investigations on the parameters (eg. the time constant of
conversion reaction) generated from the fitting of the Nyquist plots found that the
trend of parameters reproduces the hysteresis in the discharge/charge voltage profile,
indicating that the conversion reaction between FeOOH and lithium ions has a

thermodynamic origin.

The findings summarized above highlight new routes for synthesis of hierarchical
nanostructure, compositing nanostructure and amorphous nanostructure, and enhance
the understanding of hierarchical construction, compositing and amorphization effects

of nanostructures on their lithium storage performance.
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6.2 Future Works

6.2.1 Synthesis of hierarchical nanostructured composite with two or more
components

It has been concluded that formation of hierarchical FeS nanosheet is more relevant to
the colloidal soft templating effect but less relevant to the crystal lattice nature of
material itself. Therefore, it is possible to extend this synthesis strategy to other metal
sulfides, especially transition metal monosulfide, such as CuS, CdS, MnS, NiS and
CoS. And energy conversion and energy storage performance of these metal sulfides

with hierarchical nanostructuring are interesting and worth further investigation.

It has been demonstrated in Section 4 that hierarchical composite nanosheet of two
active components with uniform dispersion can be obtained. Thus, it might be possible
to extend this synthesis strategy to composite metal sulfides with two active
components or more. For example, ZnS/CuS/CdS composite is attractive for hydrogen
production in solar water splitting. In order to optimize the synergistic effect, each
component is expected to keep their own phase with optimized CuS and CdS contents.
[206] By extending this synthetic strategy, ZnS/CuS/CdS nanoparticle-constituent
hierarchical structure can be synthesized with controllable CuS and CdS contents,
which are expected to demonstrate improved photocatalytic effects than single

component in hydrogen evolution process.
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6.2.2 Amorphous lithium storage electrode materials

Amorphous materials are seldom investigated as lithium storage electrode materials
until researchers found amorphous materials usually demonstrate higher capacity than
their crystalline counterparts in intercalation reactions. It is proposed that the
disordered state of amorphous material facilitates faster Li* diffusion inside the

electrode framework, which entails higher capacity even at higher current densities.

However, for conversion reaction electrode materials, the disordered structure may
retard decomposition and thus the rate of conversion reaction. Therefore, it is desired
to synthesis both amorphous and crystalline electrode materials with identical
nanostructure and composition in order to exclude the varying effect of morphology
and composition on overall lithiation Kinetics. Through complete electrochemical
characterization, including CV curve, rate capability, EIS analysis and ex-situ
observation after cycling to investigate the effect of amorphization on conversion
reaction rate, charge transfer rate and charge transport rate in the overall lithiation/de-

lithiation process.

In addition, amorphous materials have more open lattice, so they are expected to
intercalate Li* over a wider voltage range. It might be an interesting attempt to test
some amorphous anode materials in the voltage range of cathode materials. For
example, amorphous FeOOH nanosheet based electrode synthesized in this work

shows capacity when tested in the voltage window of 3 V~4.5 V (vs. Li*/Li).
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9. Appendix
In the subcircuit modeling the conversion reaction, the chemical capacitance Cf, can

be expressed as:

oc
Cé =qgL——. 1
w=aby 1)

(where q is the positive elementary charge, and L represents the electrode thickness.)

We assume that the MX lattice contains N sites where Li* ions can diffuse and a
total of N, atoms of type X per unit volume that form sites where Li* ions can react
with. n < Ny is the concentration of diffusing ions in the framework with energy E,
(we assume N << Ny) and ¢ < N, is the concentration of Li* that have reacted with

the formation of LiX with energy E,. The equilibrium chemical potential of Li* is

n C
U= EO + kBT In(—j = El + kBT In[ J (2)
No N, —¢

As lithiation or de-lithiation process proceeds, any change of voltage will bring about
change in Li* concentration in the LiMX particle. The mobile Li* concentration at the

surface relates to the voltage as

This process, including Li* entering the particle, diffuse inside the framework and

participating in the conversion reaction, can be described by the kinetic equations
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on o,

il kyn(Ny —¢)+kyc(Ng —n) (4)
% — k(N —c)—kyc(Ng —n) 5)

Here J,, is the flux at position x, and k;, correspond to the Kinetic constants. For

simplicity, we consider a one-dimensional system of thickness L so that the injected
currentis j =0J,,(0) and J, (L) =0. Considering homogeneousn and c, equation (4)

can be integrated to equation (6):

—kyn(N; —¢)+kyc(Ng —n) (6)

on _Jn(0)
ot L

In equilibrium the current is zero and we obtain

kpy — NgC 7

ko ANy ~¢) g
Since we assume that k, and k., are constant, the detailed balance condition is

ﬁ e e(EO_El)/kBT (8)

k

In transient or voltage modulated conditions, n is modulated by the external potential
while ¢ will change towards the equilibrium value indicated in Equation (2). For a
modulation of the densityn=n +n, we find by Equation (3) that the free ion density

modulation depends on voltage modulation as

¢
A=-~V 9
q 9)
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Here the chemical capacitance can be represented by:

on q2n
Cn =(— = ——- 10
# =% kgT (10)
Similarly we define a chemical capacitance for the Li* occupying LiX sites:
. o q’(N,-c
oo _ g _ e, —c) an

TN T NK,T

It should be observed from Equation 11 that the chemical capacitance is correlated to
the derivative of the voltage-composition curve, but is not related to charge separation

at the interface.[203] In the simple model outlined here ¢, is given by the entropy of
ions in equivalent cites. In general c, relates to the dependence of the chemical

potential on the concentration and depends on any chemical force over the ions in the

solid phase.

Modulation of the voltage with angular frequency » changes the free ion density

resulting in a change in the reacted density as c(t) =¢ +¢. By a Laplace transform

and expanding to first order, the reacted density can be represented by:

. ki(N;-C).
C= Mn (12)
a)cr +lw
Where
a)cr = klﬁ + k2N0 (13)

w1s the characteristic kinetic frequency of the conversion reaction. On the other hand,

Equation (6) gives
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i+ kl(Nl—c)]ﬁ:(klﬁ—k2N0)6+‘]T” (14)

Combining Equation (9), (10) and Equation (14):

CSi A s
Clim+—*2 N =] (15)
7 1ol g

In this equation, Cj =Lcj, and C;, = Lc;, are chemical capacitances per unit area.

The admittance is defined asy = j/v , therefore we have

Y =Clio+Z, " (16)
Where
1
Zor =Rer + c- an
C lo

Here we have introduced the resistance of the conversion reaction R, given by

1 Ac
Rer _C,ua)cr

Lg® _ IV (18)
= NlEBT C(Nl—C)(kln +k2No)

The impedance model in Eqg. (16) is correlated to to the previously introduced

equivalent circuit.
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