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ABSTRACT

Lithium ion capacitors are new and promising class of energy storage devices formed from a
combination of lithium-ion battery electrode materials with those of supercapacitors. They
exhibit better electrochemical properties in terms of energy and power densities than the above
mentioned storage systems. In this work, lithium manganese oxide spinel (LiMn204; LMO)
and lithium manganese phosphate (LiMnPO4; LMP) as well as their respective nickel-doped
graphenised derivatives (G-LMNO and G-LMNP) were synthesized and each cathode material
used to fabricate lithium ion capacitors in an electrochemical assembly that utilised activated
carbon (AC) as the negative electrode and lithium sulphate electrolyte in a two-electrode
system. The synthetic protocol forthe preparation-of -the materials followed a simple
solvothermal route with subsequent calcination at 500 - 800 "C. The morphological, structural
and electrochemical properties of the as prepared materials were thoroughly investigated
through various characterisation techniques involving High resolution scanning electron
microscopy (HRSEM), High resolution transmission electron:microscopy (HRTEM), Fourier
transform infrared spectroscopy (FTIR), Raman'spectroscopy, X-ray diffraction (XRD), Small-
angle X-ray scattering (SAXS), Electrochemical impedance spectroscopy (EIS), Cyclic
voltammetry (CV) and Galvanostatic charge/discharge. The microscopic analysis for the G-
LMNP revealed nanorods with diameters 20 — 100 nm and length of 100 nm - 3 um. The sizes
of the nanorods were further confirmed by Small-angle X-ray scattering. Similarly, the
morphological features of the G-LMNO represent nanorods which are however, interspersed
with agglomerated nanoparticles due to higher temperature sintering that caused uncontrollable
particle growth on the surface of the G-LMNO. The XRD patterns for the G-LMNP showed
strong intensities of (011), (111), (200), (131) and (0.42) which are identified as orthorhombic

structures with the Pnmb space group indexed to the olivine phase of LIMnPOa. The diffraction



patterns for the G-LMNO showed all the crystallographic peaks at (111), (311), (400) which
are indexed to the cubic spinel structure of LiMn20s. Further results from FTIR showed that
the spectrum of the G-LMNP is dominated by intramolecular vibration bands of the PO*~
anion at 650 — 530 cm™ which confirm the presence of phospho-olivine phase in the material.
Also the C-C vibrational frequency occurred at 1630 cm™ thus confirming the presence of
graphene in G-LMNP corroborated also by Raman results. Raman spectroscopy revealed bands
at 1463 and 1526 cm™ representing D and G bands of graphene along with the vibrational bands
of PO4* at 980 and 1100 cm™. The FTIR spectrum of G-LMNO is dominated by vibrational
stretching mode of MnQ® octahedra at 510 - 620 cm™ which are responsible for the formation
of LiMn,0O4 with the C-C symmetric stretching band at 1580 cm™ confirming the presence of
graphene in the nanocomposite material-as proven-from-Raman spectrum. The Raman results
of the G-LMNO showed bands at 1464 and 1529 cm- representing D and G bands of graphene
along with vibrational stretching bands of Mn-Q at 485 cm™. The electrochemical
characteristics of the G-LMNP || AC studied in-1-M Li>SO4 showed that at a potential range of
0-2VandO0.1 A g? current density, this lithiumsion capacitor gave a specific capacitance of
60 F g with capacitance retention' of-83 % after-750 cycles. It rendered a maximum power
density of 18 kW kg and 14.49 Wh kg energy density. It was discovered that the G-LMNP
nanocomposite displayed better performance compared to LMP and LMNP under similar
conditions. The LMP || AC exhibited specific capacitance, energy density and maximum power
density of 30 F g, 5.7 Wh kg and 6.1 kW kg, respectively. LMNP || AC gave specific
capacitance, energy density and maximum power density of 54 F g%, 9.4 Wh kg* and 16.7 kW
kg™, respectively. In a similar experiment, values obtained for the G-LMNO ||AC lithium ion
capacitor showed a specific capacitance of 80 F g and 70 % capacitance retention recorded
after 1000 charge—discharge cycles. This electrochemical assembly delivered a power and

energy density at 19.6 kW kgand 12.32 Wh kg™, respectively. It was found that the G-LMNO



nanocomposite showed enhanced electrochemical performance compared to LMO and LMNO
under same condition. The LMO||AC exhibited specific capacitance, energy density and
maximum power density of 21 F g?, 3.1 Wh kg and 9.1 kW kg*, respectively. The
LMNO || AC revealed specific capacitance, energy density and maximum power density of 56
Fg?, 7.8 Wh kg and 10.6 kW kg, respectively. The results indicate that graphene coated on
LMNP and LMNO improved the electrical conductivity enabling the devices to exhibit good
electrochemical performance. These results show great potential in developing G-LMNO || AC
and G-LMNP ||AC lithium ion capacitors for practical applications. Additional studies
conducted in this research involved thermochemical storage properties of LiMn2O4 and
CuMn,O4 prepared through a modified Pechini method. Thermogravimetrical redox tests in air
established that both materials experienced- fully reversible redox transformations when the
temperature is varied between 900-and 1000 °C. These materials showed the stability of both
Cu and Li mixed oxides after five consecutive redox cycles and, in accordance, the XRD
confirmed that spinels retained their crystal structures after the treatment. Under the air tests
conditions, reduction temperatures are highen than 940 °C for both oxides and the enthalpies of
transformations are modest, with'a maximum value of 36 kJ kg™ for LiMn,O.. However, when
the reduction was performed in argon and the oxidation in air, there was an increase in the
amount of oxygen exchanged in the gas-solids reactions and, subsequently, the heat storage
capacity. Therefore, the heat recovered in the re-oxidation of CuMn,O4 at 700 °C was 144 kJ
kg, while LiMn,O4 showed an enthalpy of 209 kJ kg (37 kj mol™). Thus, the stability and
relatively high enthalpies of CuMn;Os and LiMn;O4 are very good indicators of the

applicability of these materials in thermochemical energy storage systems.
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CHAPTER ONE

1 Introduction

Overview

This chapter gives a brief background on the aspects involved in this project namely; energy
storage devices, lithium ion capacitors, LiIMnPO4 and LiMn2Os. It also deals with the
enhancement of the properties of manganese-based materials through surface modification
and design of nanostructures. Also included in this chapter are the project’s rationale and

motivation, the aim and objectives of the study as well as the thesis outline.



1.1 Background

1.1.1 Need for renewable energy production

Energy is very essential to societal development and technological advancement. The predicted
depletion of non-renewable resources (fossil fuels) and issues with carbon dioxide (COy)
emissions upon fossil fuel combustion during electricity generation raises concerns for the
future use of energy as well as the environment [1,2]. The global energy demand since 2011
has grown by an annual average of around 1.8% mainly in developing countries [3]. Solar and
windmill are renewable energy sources viewed as alternatives in solving the issues associated
with the use of fossil fuels. According to the global status report on renewable energy [3,4],
CO- emission has been on the decline since the-past three years mainly due to the global
reduction in coal usage as well as increased generation of power from renewable sources.
Renewable energy, as of 2015 provided an estimated 19.3% final global energy consumption
[3,4]. The growth of renewable energy is hindered by cost in comparison to oil and natural gas.
The establishment of suitable energy storage systems is a /valuable approach for efficient
utilization of renewable energy sources [5,6]. Highly efficient'supercapacitors and lithium ion
batteries can meet the demand for reliable energy storage system [7,8]. However, to acquire an
established role in the commercial sector, lithium-ion batteries and supercapacitors need
improvement with regards to power and energy density, cost, and particularly safety. Lithium
ion capacitor development combines advantages of lithium ion batteries with supercapacitors
electrodes. This device is attracting much interest due to their improved energy and power

density with adequate cycling stability [6,9—-11].



1.1.2 Lithium ion capacitors for improved energy and power density.

Lithium ion capacitor (LICs) is a combination of EDLCs electrode materials and materials
exhibiting battery-like redox characteristics. They can power and reinforce each other in a
circuit. LICs offer better properties because of the synergistic behaviour with respect to their
individual components [6]. Electroactive oxides (or phosphates) commonly used as cathode
materials in lithium ion batteries [12,13], and conducting carbons used in EDLC , are the most
utilised electrode materials in lithium ion capacitors [14—16]. Various works focus on materials
such as LiFePOgs, LIMNPOa, LIMN20s4, LioFeSiO4 for LICs delivering encouraging results [17—
20]. The choice for this study was LiMnPO4 and LiMn.O4 due to their appealing properties.
LiMnPOy4 has a theoretical energy density of 701.1 Wh kg* at a voltage window 4.1 V while

LiMn2O4 delivers 400 Wh kg* at-potential window 4-\/.

In this study, LiMn204 and LiMnPO4 and-their-nickel-doped graphene derivatives were used
in LICs two electrode system in aqueous medium:(1M Li>SO4) and activated carbon as negative
electrode materials. The fabricated - LICs ‘assembly displayed improved electrochemical

performances, in terms of specific capacitance, energy density and power density.

1.2 Problem Identification

LiMnPO4 and LiMn,O4 are environment-friendly, have low cost and good cycle stability. They
have been studied extensively as positive electrode (cathode) materials for lithium ion battery
rather than lithium ion capacitors. However, they have poor rate performance due to large
lattice distortions by Jahn Teller active Mn®* ions, which reduces conductance and blocks the
transport of electrons or ions [21,22]. This phenomenon leads to low conductivity limiting their

application in lithium ion capacitors. Many strategies have been employed to improve the rate
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performances of LiMn,O4 and LiMnPOs. These include particle size reduction, carbon coating
and metal cations doping. Carbon coating is essentially used to enhance the electronic
conductivity of the material [23-25]. Metal cation doping which involves substitution of
cations such as Mg?*,Fe?*, Cu?*, Co?*, Ni%*, Ca?*, Zn?*, Ti** and their combinations, have been
studied [26-29]. Nickel-doped LiMn2O4 and LiMnPO4 and their graphene derivatives were
synthesized through solvothermal synthesis. The enhancing effect of graphene on the
electrochemical performance of Li-ion capacitors that have Ni-doped and pristine LIMnPO4

and LiMn2O4 were examined in this work.

1.3 Rationale and Motivation

The reduced dimensions of nanomaterials increase significantly the rate of lithium
insertion/removal, because of the short distances for lithium- ion transport [12,30-32]. Electron
transport within the particles is also enhanced by hanometer-sized particles, while high surface
area allows active materials to absorb lithium.ions more effectively hence increasing capacity
[33]. Prabaharan et al designed: nC-LiMnPQ4 exhibiting.energy density of 28.8 Wh kg with
maximum specific power of 14.6 kW kg* [34]. Pazhamalai et al fabricated LiMn,O4 || graphene

which delivered energy and power densities of 39.96 Wh kg and 440 W kg respectively [9].

Doping is the addition of quantities of an element of a semiconductor which is used for
modulating the electrical properties of the material [8,35-37]. This helps to decrease the
manganese dissolution by decreasing the apparent contact area with the electrolyte [23]. Nickel
doping in this work helped to improve the electrochemical performance of the manganese-

based electrodes.



Graphene was used to coat LMNP and LMNO due to their interesting properties [39]. They
have high electronic conductivity [9,40,41], structural flexibility, stability, and mechanical
strength. They find use in various energy conversion and storage systems [42—44]. Lu and co-
workers prepared LisTisO1/graphene nanosheets composite utilised for LICs obtaining
specific energy of 14 Wh kg™ and power density of 2.7 kW kg* at voltage of 1 — 2.5 V [45].
Kamari et al synthesized graphene-wrapped nanoporous CuCo.04 for LICs obtaining a
specific energy of 45.2 Wh kgt at power density of 15 kW kg™ at a potential window of 0 —

1.6 \VV [46].

1.4 Research Aims and Objectives

This research focussed on the development of lithium /ion capacitor electrode materials for
energy storage applications. This was achieved by fabricating G-LMNP ||AC and G-
LMNO || AC lithium ion capacitors and their electrochemical properties studied in 1 M aqueous
Li>SOs electrolyte over the potential range,of.0 — 2 V. Additionally, the properties of LiMn204
and CuMn20s were interrogated for -use as -thermochemical energy storage materials.

Accordingly, the specific objectives are to:

1. Synthesize and characterization of LiMn2O4 and LiMnPO4 and their nickel doped
graphene derivatives.

2. Fabricate lithium ion capacitor for both spinels and olivines using Swagelok cell for the
determination of the galvanostatic charge/discharge capacitance profiles.

3. Determine the power density and energy density of all the materials.

4. Synthesize and characterization of spinel LiMn204 and CuMn204 for thermochemical

energy storage studies.



1.5 Thesis lay-out

This thesis is presented in six chapters.

Chapter 1: Gives brief background information on the project, problem statement and
motivation as well as aims and objectives.

Chapter 2: Provides a detailed literature review for lithium ion capacitors.

Chapter 3: Provides results and discussion of the formed LiMnPO, and nickel doped graphene
coated derivatives illustrating the morphological, structural, spectroscopic, electrochemical
properties.

Chapter 4: Provides results and discussion of the synthesized LiMn,O4 and nickel doped
graphene coated derivatives illustrating.-the—morphological, structural, spectroscopic,
electrochemical properties.

Chapter 5: Provides results and discussion of CuMn204 and LiMn204 synthesized, and
thermochemical characterisations.

Chapter 6: Conclusion and recommendations.
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CHAPTER TWO

2 Literature review

Lithiated manganese-based nanostructured electrode
materials for high Energy density lithium ion

capacitors

Overview

This chapter focuses on Li-ion capacitors specifically its positive electrode materials, their
advantages, limitations and some of the paths that can be-used to improve their shortcomings

for better electrochemical performance:
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2.1 Introduction

The increasing reliance on new alternative forms of energy (e.g. solar and wind) means energy
storage devices play a huge role in improving the utilization of this energy forms and boosting
their storage efficiency. The Ragone plots shown on Fig 2.1 illustrate the various comparisons
within the energy system. Lithium ion batteries have high energy density and lower power
density, while supercapacitors have high power density and lower energy density [1-3]. Hybrid
capacitor devices are attracting much interest, due to improved energy and power density with

adequate cycling stability.

.

| Capacitors

Power Density (W/kg)

Batteries Fuel

cells

0.01 0.1 1 10 100 1000
Energy Density (Wh/kg)

Figure 2.1: Ragone plot- comparison of performance of different energy storage devices [4]
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2.2 Electrochemical capacitors within energy storage systems

Electrochemical capacitors also known as supercapacitors divided into three different groups
according to the charge storage mechanisms; (i) electric double layer capacitors (EDLC), (ii)
pseudocapacitors and (iii) hybrid capacitors. EDLCs store energy physically by the reversible
adsorption of electrolyte ions on the surface of the active materials, thereby storing charge

electrostatically with no Faradaic (redox) process involved [5-9].

Typically, EDLC cells comprise of two carbon based electrodes with a separator between them
which is soaked in an electrolyte to prevent electrical contact between electrodes. High
specific-surface area (> 1000 ‘m?g™Y) [10]-nanoporous-materials are considered as active
materials for EDLCs. The energy storage mechanism for EDLCs was first defined by
Helmholtz in 1879 and later refined by Stern and Geary. The capacitance is directly

proportional to area of the electrodes and inversely proportional to the separation distance.
C=7 )

Where A corresponds to the electrochemically active surface area of the electrode material, €

is a dielectric constant of the vacuum. The capacitance of EDLC on carbon surface is in the
range of 5 to 20 uFem™ depending on the electrolyte [11]. To increase capacitance, high surface
area materials need to be employed and minimal magnitude of charge separation (d) down to
few Angstroms. Activated carbon (AC) is a commercially available EDLC electrode, which
provides a cell voltage up to 2.7 V in organic electrolyte with high power density (up to 108 W
kg?) and good cycle life. However, the energy density still remains a challenge [12-14]. The

lower energy density is due to low capacitance and high ionic resistance of the AC electrode
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[15-16]. Research on EDLC electrode materials is now focused on novel materials like
heteroatom doped carbon materials, conducting polymers and nano metal oxides to improve

on the disadvantages.

Pseudocapacitors (PCs) are based on Faradaic charge storage mechanism as a result of
reversible reactions between the electrolyte and electrode surface. Pseudocapacitors utilize fast
redox reaction [17-18]. Usually, materials such as conducting polymers, transition metal
oxides, hydroxides, carbides and nitrides [19-23]. PC electrode materials can be differentiated
from battery type materials through electroanalytical experiments, with their kinetics being
limited by a surface-related process as opposed-to-diffusion controlled reactions governing the
electrochemical response of battery electrodes [10]. They suffer from capacity fading due to
very unstable cyclic performance over a few number of cycles but PCs based on transition
metal oxide (TMO) electrode have a high reported capacitance between 300-1000 F g% [17,18].
Pseudocapacitors based on symmetric configuration of two metal oxides can deliver specific
energy density between 5-10 Wh kg:t.. Asymmetric configuration can increase the specific
energy, where two different types of electrode materials are used; one behaving like an
electrochemical capacitor and the other performing like a battery, which leads us to hybrid

capacitor which is the subject of this study.

Hybrid capacitors also known as lithium-ion capacitors (LICs) are combination of two
electrode materials with one that stores charge electrostatically, and the other storing charge
Faradaically. LICs are fabricated to bridge the gap between the tradition high energy Li-ion
batteries and high power supercapacitors and combine the prime advantages to a single device

[19].
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2.3 Lithium-ion capacitor materials for high power and energy

density

2.3.1 The mechanism of the hybrid capacitor

Hybrid capacitors or lithium ion capacitor integrate both the energy storage mechanisms of
battery type and capacitive type electrode materials in an electrolyte containing Li ions. Charge
storage mechanism in the Li-ion capacitors occurs by the formation of electrical double layer
at the capacitive electrode and ion intercalation/de-intercalation at the battery type electrode
[11,18,20]. Most LICs use the cathode materials of a lithium-ion battery (LIB) as positive

electrode and activated carbon (AC) as the negative electrode, or vice versa [21].

The charge/discharge process is associated with the transfer of a Li ion between two electrodes,
and the electrolyte mainly functions-as-the-ionic-conductor-as-seen in Fig. 2.2. LICs concepts
were first introduced or proposed by Amatucci et al.'when,they produced a 2.8 V hybrid
capacitors involving LisTisO12 (LTO) [22]. Ohzuku et al.'discovered LisTisO12 as an excellent
Li intercalating spinel anode material for Li-ion battery application owing to its zero-strain

properties. It exhibits a specific capacity of >150 mA hg* with high rate capability [23].
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Figure 2.2: Mechanism of working lithium ion capacitor [5]

Lithium ion capacitors can operate-on both aqueous.and non-agueous electrolytes. LICs using
organic electrolytes have been well established and can operate at a maximum voltage of 3 -4
V which leads to improved specific power [24]. However, the development of organic
electrolyte application in electric vehicles and large scale power storage is affected by
environmental concern. Aqueous electrolyte offers easy assembly processes in such way that
there is no need for inert atmosphere, it is environmentally and user friendly, with higher
conductivity leading to better power performance [25]. Therefore LICs utilising aqueous

electrolyte should be of interest for development energy storage devices.

2.3.2 Principles, requirements and limitations

As already mentioned above the role of battery type (faradaic) electrode is to insert/de-insert
Li ions while the function of capacitor type electrode (non-faradaic) is to adsorb/de-adsorb
ions. These mechanisms occur reversibly in different ranges. The energy stored in a capacitor

is related to the charge at each interface and the potential difference between two plates (+ve
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and —ve). The following equations (2 and 3) can be used to determine the energy and power

densities of the full cell (hybrid systems).

2
\
Power = —
4R @
cv?
Energy = > 3)

Where V is the operating voltage, R is the equivalent series resistance (ESR) and C is the
capacitance. Operating voltage play huge-role in-both energy and power as it has direct
relationship. The Electrochemical performance of LICs is greatly enhanced by optimizing the
voltage window. The use of high working voltage is crucial in order to increase the storable
amount of energy. To achieve this, it is very essential to first do three electrode experiment for
each electrode to determine the working voltage window and perform mass balancing. Li-ion
capacitors can make full use of different potential windows of the two electrodes to provide a
maximum operating voltage of the full cell as shown in Fig.2.3. The voltage split is dependent
on the capacitance which is related to the mass and specific capacitance of the active material
in each electrode in lithium ion capacitors [28,29]. The mass balancing is required to split the
voltage equally between the two electrode using the following relationship: g+ = g., where g+
stand for the charges stored at the positive electrode and g- for the charges stored at the negative

electrode. The equations are as follows for the charge stored.
q= Csp.m.AE (4)

Or
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m. Csp-xAE -
m-  Csp+xAE +

()

Where m is the mass, Csp is the specific capacitance, AE is potential window received from
charge/discharge profile of the three electrode configuration of the negative and positive
electrode respectively. In general, the capacitance and stored energy essentially depend on the
electrode material used. The two electrode used in LICs are in contact with the current collector
(nickel foam as employed in this work) and separated by a porous separator in an electrolyte
solution. The other important factors in improving LICs performance are specific capacitance
(Csp) and equivalent series resistance, which are controlled by pore size distribution, specific
surface area and conductivity of the electrode material [15,26,27]. The contact resistance
between current collector and electrolyte also-plays-a crucial role in improving energy and

power density of LICs.

3004 | ——08V
| 10V
— 4

2004 | ——18V

20V
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0.0 0.5 1.0 1.5 2.0
Cell voltage (V)

Figure 2.3: Cyclic voltammetry curves with increasing potential window [27].
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The imbalance in the power capability and charge storage capacitance between the two
electrode used is one of the difficulties which faces developing a high performance LICs. The
biggest challenge associated with Li intercalation cathode is to restrain the cycling-induced
electrode degradation, especially at high rates to match the high power characteristic of anode
carbon based materials. The difficulties facing the carbon based anode is the lower capacity
(30-35 mA hg™) compared with the cathodes which further reduce the energy density [30].
This work focuses on doping both spinel and olivine manganese-based materials with nickel
and coating with graphene in lithium ion capacitor with activated carbon as the negative
electrode. The effect of coating as well as doping on the enhancement of electrochemical

activity of spinel and olivine is reported [5,31-33].

2.4 Olivine and spinel materials as new electrode for Li-ion

capacitors

LiMnPO4 cathode received much attention due to its high operating voltage ~4.1 V vs. Li and
capable of delivering a maximum energy density of ~700 Wh kg*, which is higher than the
commercialised cathodes, LiCoO2 (518 Wh kg?!), LiMn204 (400 Wh kg™) and LiFePO4 (495
Wh kgt) [34-38]. Olivines compounds have been extensively studied as positive electrodes in
lithium ion batteries and have proven to offer a lot of advantages due to their low-cost, non-
toxicity, outstanding thermal stability [39-41]. In a LiMnPOg olivine structure Mn and Li
occupy octahedral 4c and 4a sites, and P atom in 4c site, respectively, the O atoms are in a
hexagonal close-packed arrangement and MnQ?® octahedral are separated by PO4 polyanion
[42]. LiMnPOq has all oxygen ions forming strong covalent bonds with P°* to form POs*
polyanion in the tetrahedra and this stabilizes the entire three dimensional frameworks as

shown in Fig. 2.4 [43-47]. This gives olivine cathode materials an advantage to work under
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abusive conditions but still maintain safety due to their improved stability. The higher operating
voltage of LiMnPOg4is 4.1 V which lies in the stability window of the common non-aqueous

electrolyte and theoretical capacity of < 170 mA hg™* [48-50].

Figure 2.4: Structure of the LiMnPO3z {43]

LiMn204 with a spinel structure is one of the most promising cathodes of lithium ion battery.
They are inexpensive, safe and produce theoretical energy of 400 Wh kg™. Spinel LiMn,04 has
good structural stability with the lattice containing cubic close-packed oxygen ion with the
distribution of the cations among the available octahedral and tetrahedral sites [51-54]. The
Mn cations occupy half of the octahedral interstitial sites and Li cations occupy one eighth of
the tetrahedral sites. The interstitial space in the [Mn2]O4 framework represents a diamond type
network of tetrahedral surrounding octahedral sites, sharing edges and faces in order to form
3D diffusion pathways for Li* ions diffusion as shown in Fig 2.5 [1,43,55,56]. The discharge
occurs mainly in two steps, one around 4 V and the other around 3 V with capacity limited to

<120 mA hg? [36,57-60]. Usually only the 4 V plateau is used, so that the cell is constructed
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in the discharged state and must be charged before use. The cubic symmetry of the structure
does not experience any change during cycling and with a minimal contraction of the unit cell

over a wide ranges of compositions hence proving the structure stability.

Figure 2.5: Structure of Spinel LiMn20, [43]

Several studies have been conducted on lithium-based electrodes for the use to ascertain their
usefulness in LICs. Wang et al did different experiments using other lithium-based positive
electrode [61]. Various works on lithium ion capacitors have been reported with encouraging
results, lithium metal phosphates or spinel oxides have been investigated as promising
electrodes, mainly LiFePO4, LiMnPQO4 and spinel LiMn204 have also been studied in this field..
Yang et al reported LiMn204 || nitrogen-doped graphene/porous carbon composite with specific
energy of up to 44.3 Wh kg at specific power of 595 W kg with an output voltage of 1.8 V
in aqueous 0.5 Li2SO4 electrolyte [62]. Yen-Po Lin and Nae-Lih Wu prepared
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LiMn204|| MnFe2O4 cell under maximum operating voltage window of 1.3 V, exhibiting
specific energy of 5.5 Wh kg and power density of 1.8 kW kg using aqueous LiNO3
electrolyte. Pazhamalai and co-workers fabricated asymmetric LiMn,O4 || graphene LIC which
delivered high specific energy of 30.96 Wh kg* at power density of 440 W kg* using aqueous
1 M Li2SO4 electrolyte with the operating voltage of 2.2 V [63]. Although LiMn2O4 shows lots
of promise, it suffers severe capacity fading during cycling which is mainly due to the
occurrence of Jahn—Teller distortion, caused by Mn** which led to the degraded cyclability
during Li* diffusion process [56,64-66]. The olivine LiMnPOg also has intrinsically poor
electronic and ionic conductivity govern by Jahn-Teller distortion caused by unstable Mn3*
which arise from mechanical stress in the lattice and large volumetric change between
LiMnPO4 and MnPO4 during the charging/discharging processes which leads to lower capacity

[44,67-69].

2.4.1 Role of nanostructures-and morphology on the electrode material

There are several potential advantages of forming cathode nanostructures in lithium ion battery
such as: significant increase in the rate of lithium insertion/removal due to the reduced
dimensions of nanomaterials; enhancement in the rate capacity as well as the cycle life [70].
Electron transport is also enhanced by nanometres-sized particles; the high surface area of
nanosized species allow active material to absorb lithium ions more effectively thus leading to
increased capacity with decrease in size; the chemical potentials for lithium ions and electrons
may be modified resulting in a change of electrode potential (thermodynamics of the reaction)
[71]. Nanomaterials provide new reactions which are not possible with bulk materials.
Nanoparticles of different cathode materials can have higher electrode/electrolyte contact area

leading to higher charge/discharge rates.
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Paraharan et al synthesized nano-composite olivine LiMnPOj4 using a solvothermal route for
LMP|| AC LICs and obtained a specific energy of 16.5 Wh kg* and power density of 2.5 kW
kg at a potential window of 2 V using agueous 1 M Li,SOa electrolyte [72]. Li and co-workers
synthesized LiMn2O4 microspheres LICs LMO || AC using simple green process which showed
the specific energy of 26 Wh kg™ and power density of 50 W kg with an organic electrolyte
at voltage of (0.2-3V) [73]. For the purpose of this study nanoparticles and nanorods structures

are synthesized using solvothermal route.

2.4.2 Effect of doping on the pristine material

Doping is the addition of quantities of-an-element-of a semiconductor for modulating the
electrical properties of the material-being - modified-or to-change its characteristics. Lightly
doped semiconductors are referred to as extrinsic, while semiconductors doped to such high
levels that act more like a conductor than a semiconductor.is called a degenerate [74]. Doping
can also be referred to as theactivation; of -a_particular material. Doping helps to reduce
manganese dissolution and Jahn-Teller 'distortion’ experienced by manganese cathode
materials. It enhances the conductivity, maintains and enhances the capacity of active materials,
as well as enhance the power and energy density [75]. Many researchers have modified the
surface of manganese-based cathode materials by using different doping modes. Xia et al
prepared boron and nitrogen dual doped 3D porous carbon nanofibers. This LIC materials
delivering specific energy of 104 Wh kg* and power density of 22.5 kW kg™ [76]. In this work,
nickel was used to dope the spinel LiMn2O4 and olivine LiMnPQO4 to further improve the

electrochemical performance.
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2.4.3 Carbon coating

Electrochemical reactions mainly occur at the electrode-electrolyte interface, hence control of
the interfaces via coating can decrease the interface side-reactions with the electrolyte and
improve the Li-ion diffusivity which therefore enhance the energy and power density of
cathode material. The surface coating may also improve the electrochemical performance of
manganese-based material (e.g. decrease the dissolution of Mn?* and enhance the
transportation of the lithium ions in LiMn2O4 and LiMnPO4 cathode material) [76,77]. Carbon
coating is essential for high rate manganese-based cathode materials and the quality of carbon
coating has a great impact on the lithium ion cathode material. Carbon coating improves the
conductivity and rate performance, different groups studied manganese-based materials

synthesized with different carbon'seurce.

Xie et al prepared carbon-coated LLiFePQ4 supported on titanium nitride obtaining 972 F g at
current density of 1 A g [32]. Naoi et al prepared LiFePO./graphitic carbon composite
displaying 41 F g'* at current density of 34 mA g™ [31]. Michael and co-workers synthesized
LiMnPO, coated with carbon monolayer attaining capacitance of 622 F g, energy density of
28.8 Wh kg* with specific maximum power of 3.3 kW kg™ [33]. Graphene was used to enhance

the performance of olivine and spinel materials forming nanocomposite in this study.

Graphene has been used in many research fields especially in the energy storage field because
of its exceptionally superior properties. It is a one-atom thick sheet made of sp? bonded carbon
atoms in a polyaromatic honeycomb crystal lattice [10]. It offers useful platform for the
development of high capacitive hybrid energy storage devices due to its thin monolayer
structure, with experimental specific surface area of 1500 m? g2, high electrical conductivity

of 106 S cm™, as well as good flexibility and tuneable structure, good chemical and thermal
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stability and wide potential window [19,78]. Graphene generally exhibit theoretical specific
capacity of 744 mA h g and specific capacitance of 550 F g™ with high surface-volume ratio
which makes it an ideal material for faster transportation of ionic species and electric charges
in LIBs, supercapacitors and LICs [5]. Graphene is synthesized by different methods such as
mechanical exfoliation of graphite, chemical vapour deposition (CVD), unzipping of carbon
nanotubes, also through reduction of graphene oxide etc. The chemical method via reduction
of graphene oxide is considered a scalable approach to synthesizing graphene and has been
widely utilized to synthesize chemically derived graphene also known as reduced graphene

oxide (rGO).

Lithium ion capacitors based on the use of graphene materials are reported to achieve enhanced
performance, by displaying high-energy-and -power density as well as rapid charging and
discharging over a large number of cycles. Zhang et al synthesized nano-composite FezOas-
graphene for LICs and displayed a specific energy of 60.5 Wh kg™ at power density of 45.4
kW kg at a potential window of 1 =41V [79]..Lu and co-workers prepared LisTisO12/graphene
nanosheets composite utilized for LICs obtaining specific'energy of 14 Wh kg™ and power
density of 2.7 kW kg™ at voltage of 1 — 2.5 V [80]. Wang et al designed MoS,-graphene for
LICs and displaying a specific energy of 45.3 Wh kg at power density of 40 kW kg™ at a
potential window of 1 — 4.2 V [81]. Kamari et al synthesized graphene-wrapped nanoporous
CuCo,04 for LICs obtaining a specific energy of 45.2 Wh kg™ at power density of 15 kW kg™

at a potential window of 0 — 1.6 V [82].
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2.5 Summary

The full potential of hybrid lithium ion capacitors electrodes materials have not been realized
yet. Lithium ion capacitors are the only energy storage system which offers both high energy
and power density in comparison with other energy storage devices like lithium ion batteries,
supercapacitors, etc. In order to achieve high performance energy storage devices using LICs,
a good understanding of surface chemistry between capacitors and battery components is
important and crucial to improve the interfacial interactions and fabrication of uniform
structures to enhance charge transfer. In this work, using activated carbon as negative electrode
offered high thermal and physical stability, tuneable porous structure and high surface area.
Olivine LiMnPOQsg, spinel LiMn204 and their-nickel. doped graphene derivatives were applied
as positive electrode. They demonstrated great promise in being used as high performance

energy storage devices.
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CHAPTER THREE

3 Development of graphenised-lithium manganese
phosphate doped with nickel with enhanced

electrochemical performance for lithium ion capacitors

Overview
This chapter provides a detailed account of the development of lithium ion capacitor based on
G-LMNP||AC. Herein the morphological and structural studies of the developed graphene,
LMP, LMNP and G-LMNP materials-using HRSEM; HRTEM, XRD, FTIR, Raman and solid
state NMR was discussed. Furthermore an in-depth discussion of the electrochemical
properties (CV, EIS and GCD) of the developed LICs device. The important aspect of this
section of the study was to construct a Ragone plots and see where the synthesized material fit

with other devices
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ABSTRACT

Graphene coated olivine lithium manganese phosphate doped nickel was used as an electrode
material for lithium-ion supercapacitor. Its electrochemical characteristics in Li.SO4 aqueous
electrolyte at a voltage window of 0 - 2 V were examined by cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvanostatic charge-discharge. The
nanocomposite electrode gave a specific capacitance value of 60 F g at a current density of
0.1 A g? and exhibited excellent capacitance retention after 750 cycles (floating) with a
capacitance retention of 83%. It rendered a high power density of 18 kW kgt at 0.5 A g*. The

G-LMNP presents a promising electrode material for applications in lithium-ion capacitors

3.1 Introduction

Electrochemical energy storage systems are very essential in everyday energy needs. A
Combination of lithium ion battery electrodes with those' of supercapacitors can present very
attractive devices having high energy and power density with satisfactory cycling stability,

which is the so called hybrid Li-ion capacitors [1,2].

Various works on lithium ion supercapacitors have been reported with encouraging results
[1,3-7]. Lithium metal phosphates (LiMPO4, M = Fe, Mn, Co and Ni) have been investigated
as promising electrodes, mainly LiFePO4 and LiMnPO4. Xie et al designed carbon coated
lithium iron phosphate (C-LFP) supported on a titanium nitride (TiN) substrate which exhibited
high capacitance and excellent stability at a voltage window of -1 - 0 V due to carbon

modification and the nano-network structure of TiN nanowires [8].
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Parabaharan and co-workers made nanolayer carbon encompassed lithium manganese
phosphate (LMP) for lithium ion hybrid capacitors which showed high specific capacitance

and energy density with appreciable power and stability in aqueous electrolyte [9].

In this study, G-LMNP nanocomposite was used in two electrode lithium ion capacitor system
in aqueous 1 M LizSO4. LiMnPO4 has a theoretical energy density at 701.1 Wh kg™ which is
much higher than that of LiFePO4 at 568.5 Wh kg as a result of the high operating voltage of
LMP at 4.1 V. However, LMP shows less or poor electrochemical performance due to slow
lithium ion diffusion kinetics within the crystals and very low intrinsic electronic conductivity
[10-14]. It has been found that surface coating and reduced particle size enhance the
electrochemical properties of LMP-[15;16]. LIMnPOg structure was doped with nickel to
decrease the Jahn Teller effect [16;17].-Nickel doping-followed by graphene coating on the
surface of LMP was the synthetic protocol used to enhance lits electrochemical performance.
This was due to the extraordinary properties of graphene like, large surface area, good
flexibility, electric conductivity and good chemical and thermal stability [18,19]. In this study
G-LMNP was designed as the electrode material for a lithium-ion capacitors for an energy

storage application using a two electrode system ina 1 M Li2SO4aqueous medium.

3.2 Experimental

LiMnPO4 was obtained using a solvothermal method and then it was doped with Nickel and

coated with graphene.
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3.2.1 Chemical Reagents

All chemicals used in this study were analytical reagent grade and used without further purification
mostly obtained from Sigma-Aldrich. Lithium hydroxide (99.995 %) trace metal basis, manganese
(11) sulfate monohydrate, ethylene gycol (99.0 %), phosphoric acid, crystalline (>99.99 %) trace
metal basis, nickel(ll) acetate tetrahydrate (98%), graphite powder <20 um, 96% ethanol from
Saarchem, 37% hydrochloric acid from Saarchem, 65% nitric acid from
KIMIX.Poly(vinylidene fluoride), Carbon black (CP), N-methyl-2-pyrrolidone, anhydrous (99.5
%), Activated carbon (AC) was purchased from SUPELCO analytical and used as received and

;Nickel foam purchased from MT]I Corp.

3.2.2 Synthesis of LIMNPQOg4

2.7 ml of 1 M H3PO4 was mixed with 11 ml ethylene glycol in 50 ml round bottom flask. Then
3 ml 1 M LiOH was added and;stirred for-1 -hto-obtain-a milky solution. Subsequently 5.5 ml
0.5 M MnS0a.H-0 solution was-introduced into the'mixture under vigorous stirring, resulting
in a light pink suspension. The mixture was then transferred into a 25 ml autoclave sealed and
heated at 180 C and maintained at the same temperature for 12 h. Afterwards the autoclave was
allowed to cool to room temperature. The resultant products were collected via centrifugation
and washed three times with ethanol and water. The off white product was dried under vacuum
at 80 C for 12 h [15]. The powder as produced was then calcined at 500 C for 5h. Synthesis of
Ni doped LiMnPOQ;4 followed the same procedure with stoichiometric amount of Ni(CH3COO)>

added to form LMNP.
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3.2.3 Synthesis of Graphene coated LMNP

Graphene nanosheets were prepared from graphite powder in a two-step process, involving the
oxidation and/or exfoliation of graphite to graphene oxide by modified Hummer's method and
chemical reduction of graphene oxide to graphene according to literature [20—22]. To prepare
the graphene coated LMNP, 50 mg graphene is dispersed in 50 ml of ethanol under ultra-
sonication for 30 min. Then 1 g of LMNP was added, after that the mixture was vigorously
stirred at 70 °C for 12 h to obtain a uniform dispersion of G-LMNP. The final product was dried

in the vacuum oven at 80 C overnight.

3.2.4 Electrode preparation-for-electrochemical-characterization

All electrochemical measurements were carried out using a Bio-Logic VMP 300
potentiostat/galvanostat using three (half-cell) and two-electrode (full cell) configuration. The
half-cell was done in three electrode system where the active material was coated on the nickel
foam which acted as substrate, the reference electrode was Ag/AgCl (3M KCI) and platinum
wire as counter electrode. The two electrode system assembled in Swagelok cell consist of the
active material (LMP, LMNP and G-LMNP) coated on the nickel foam and the negative

electrode made up of activated carbon coated on nickel form.

3.2.4.1 Preparation of electrodes for three electrode configuration
The LiMnPO4 and composite electrodes were prepared from a mixture of active (LMP), carbon
black (CB, Degussa), and polyvinylidene fluoride (PVDF) in a mass ratio of 70:30:10,

respectively, using anhydrous N-methyl-2-pyrrolidone as the solvent. The slurry was coated
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on a nickel foam (1 cm x 0.5 cm) substrate with the mass loading ranged between 8 mg.cm

to 20 mg.cm. The prepared electrode was dried at 70 °C for 12 h [7, 8].

3.2.4.2 Preparation of electrodes for two-electrode configuration (LICs)

The positive electrode was prepared by mixing 70 wt% LMP composite,30 wt% carbon black
(CB, Degussa), and 10 wt% polyvinylidene fluoride (PVDF) in anhydrous N-methyl-2-
pyrrolidone to form homogeneous slurry which was coated on a nickel foam substrate (3 cm?)
with a mass loading of 7 — 12 mg.cm™. The negative electrode was prepared using similar
procedure but with activated carbon, carbon black and PVDF at a mass ratio of 80:15:5,
respectively [6,9]. The cell was tested after.24-h-of fabrication. In all the experiments, 1 M
LioSO4 was used as electrolyte-and. a porous glass fiber (Whatman Grade GF/D Glass

Microfiber Filters, Sigma-Aldrich) served as the separator.

3.2.5 Measurements and instrumentation

The surface morphology and internal ultra-structure of the synthesized materials was evaluated
by the use of scanning electron microscopy (SEM) and high resolution transmission electron
microscopy (HRTEM), respectively. Scanning electron microscopic (SEM) images were
obtained using a Hitachi model X-650 ZEISS ULTRA scanning electron microscope. The
sample was placed on a carbon supported by alumina and then placed in a sputter coater to
make the material conductive. The samples were then coated for 30 seconds using gold-
palladium alloy. The high resolution transmission electron microscopic images were obtained
by Tecnai G2 F20 X-TWIN MAT equipped with an energy-dispersed spectroscopy (EDS) for
Elemental mapping. Characterisation here was performed by coating a copper- carbon grid

with a drop of the sample solution and drying with an electric lamp for 10 min. HRTEM
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provides information on particle size, shape and crystallography of nanoparticles. It can
measure particle sizes to as low as 1 nm. HRTEM was used to identify the size, shape and
structure of the products. X-ray powder diffraction (XRD) is a rapid analytical technique
primarily used for phase identification of a crystalline material and provides information on
unit cell dimensions. The sample was finely ground, homogenized, and average bulk
composition determined. XRD reveals information on the structure, crystallinity and lattice
spacing of the material. X-ray diffraction (XRD) measurements were carried out with a
BRUKER AXS (Germany), D8 Advance diffractometer, using Cu Ka radiation of wavelength
1.5418 A and scanned from 80° to 10° with a step size of 0.02°. FTIR spectra were obtained
using a perkin elmer spectrum 100 series attenuated total reflection (ATR) FTIR spectrometer.
Infrared spectroscopy reveals information about-the-vibrational states of a molecule and
functional groups. Solid state NMR experiments were performed on a Bruker Avance 11l HD
Ascend standard bore 500 MHz spectrometer operating at (‘Li) 194 MHz. Direct polarization
solid state ‘Li NMR as well as Hahn Echo experiments were carried out using a 4 mm MAS
BB NMR probe using an excitation pulse length of 2.4 us at 120 W with a recycle delay of 50
ms. Sample spectra were acquired at spinning speeds of 11 kHz and 15 kHz. The samples were
packed into 4.0 mm zirconia rotors. Small-Angle X-Ray Scattering (SAXS) measurements for
LiMnPO4and nanocomposites were obtained using a 1 mm thin walled capillary (solid powder
samples) at the beamline ID09B. We used the CCD 161 detector (Anton Paar, GmbH,
Australia, 133 mm diameter, 2048 x 2048 pixels) at a distance of 0.6 m and an X-ray energy
of 10 keV. The electrochemical properties of the nanocomposite and pristine LMP were studied
by cyclic voltammetry, galvanostatic charge-discharge and electrochemical impedance
spectroscopy (EIS) using the full and half-cells prepared above. The nickel foam served as the
current collector. Cyclic voltammetry (CV) is a technique which is widely used in the study of

oxidation/reduction reactions and the detection of reaction intermediates. This technique
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indicates the potentials at which processes occur. The cyclic voltammetry (CV), tests for full
cell were carried out in the potential range of 0 to 2 V at various scan rates from 5 mV s to 50
mV s?. Galvanostatic charge-discharge (GCD) technique is the widely used method in
supercapacitors application and the most important characterisation tool for the determination
of the electrochemical performance of the electrode materials. To gain understanding of the
power, energy performance and ability of the electrode material to retain its capacitance, a
variation of current density on the GCD technique must be employed. The GCD tests were
carried out at varying current densities between 0.1 A g to 1 A g*. Electrochemical impedance
spectroscopy measurements were conducted at amplitude of 5 mV and frequency range of 100
mHz to 100 kHz. EIS provides a more thorough understanding of an electrochemical system
than any other electrochemical technique. Its-operating-principle involves the measurement of
the impedance between the current and-the potential at a-fixed direct current (DC) potential
during frequency scan with a fixed superimposed alternating current (AC) signal of small

amplitude.

The specific capacitance (Csp), 'maximum specific power density (Pmax) and specific energy
density (Esp) were determined from the discharge curves using the established equations (1 to

5) for a two electrode system [23-26].

CH =4 (1)
At

c,=2¢ @
m

3)

49



CV?
EOhe = om @

2m

Where i (A) is the applied current, AV (V) / At () is the slope of the discharge curve after the
initial iR drop and m (g) the mass of both electrodes. V (V) is the maximum voltage obtained
during charge and C (F) the calculated capacitance. The internal resistance (Ri) can be
calculated from the voltage drop at the beginning of a discharge curve:

AVig

Rir (Q) = T (5)

Where AVir is the voltage drop between the first two points from the start of the discharge

curve.

3.3 Material characterization

3.3.1 Structure and morphology characterisation of graphene

Fig. 3.1 shows the Fourier transformed; infrared (FTIR) spectra of graphene and graphene
oxide. The spectrum of graphene oxide is characterized by the band at 1026 cm™ due to the C-
O stretching vibration occurring in epoxides and alcohols within the graphite structure. The
absorption band at 1715 cm™ due to C=0 stretch, the band at 1503 cm™ associated with bending
COOH vibrations. Upon reduction using NaBH4 as reducing agent, a considerable decrease or
complete removal of the above mentioned oxygen containing functionalities is noted in
graphene spectrum. Graphene is characterized by band at 1556 cm™! representing the aromatic
C-C stretch, band at 620 cm™! indicating =C-H bend vibration confirming the unsaturation sp?

bending to bond to sp> carbon molecule. The carboxyl COOH stretching vibration band at 1495
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cm?, the absorption band at 1715 cm™ due to C=0 stretch which is attributed to accumulation

of oxygen atoms on the sheets [27,28]
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Figure 3.1: FTIR spectra of graphene oxide (GO) and graphene

Fig. 3.2 shows the Raman spectra of graphene oxide and graphene. Graphene oxide showed a
Raman shift to 1600 cm for the G band while the D band at 1360 cm™ is considerably larger.
The Raman spectrum of graphene showed a decrease in intensity and slightly shift to lower
frequencies indicating the reduction process was successful. Raman shift of the D peak is

located at 1348 cm™ and G peak at 1593 cm™. The D band is allocated to the breathing mode
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of k-point phonons of Aig symmetry from the aromatic rings which show the defects in these
materials, whereas the G band is assigned to the Ezq phonons from the stretching of C sp? atoms
in both the rings and chains [29,30]. The Raman and FTIR results showed the successful

synthesis of graphene oxide and graphene.
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Figure 3.2: Raman spectra of graphene oxide and graphene

The surface morphologies of graphene were investigated by high resolution scanning electron
microscopy (HRSEM) and high transmission electron microscopy (HTEM) represented in Fig.
3.3 below. The HRSEM image of graphene demonstrates that the material consists of thin,
haphazardly aggregated, wrinkly sheets closely linked with each other forming a lawless solid.
TEM images of graphene reveal exfoliation of individual packed graphene sheets. The EDS

spectra of Graphene are represented in Fig. 3.3(d). The EDS confirms the presence of Cu, O,
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and C elements. Copper present is attributed to the choice of Cu mesh grids used for analysis.

The incomplete removal of oxygen is a draw-back to the chemical synthesis approach as well

as the use of NaBH4 as reducing agent but is to be expected. The large intensity of carbon

further proves graphene is made of carbon rings.
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Figure 3.3: (a) HRSEM, [(b) and (c)] HRTEM and (d) EDS spectra of graphene.
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3.3.2 Morphology and structure of LMP, LMNP and G-LMNP

nanocomposite

Using a solvothermal method, the morphology and the particle size of LMP was investigated
as shown in transmission electron microscopy (TEM). Fig. 3.4 compares the TEM images of
the synthesized LiMnPO4 and its composites. Fig 3.4 (a) and (b) shows the typical TEM
images of LiMnPOg4. The micrographs revealed that the particles are randomly-sized crystals
with dimensions ranging from nanometres to a few in a micrometres-sized particle. The
interconnected LMP nanoparticles with diameters range 100 nm - 10 nm formed a porous
structure. Fig. 3.4(c) and (d) revealed that nickel doped LiMnPOs (LMNP) exhibited a rod-
like shape with length of 100 nm - 500 nm and a thickness of 50 nm. Fig. 3.4 (e) and (f) shows
that Graphene coated LMNP (G-LMNP) consisted of uniform, ultrafine nanorods-like
structures with high yield. The length is in the range of several hundred nm to 3 um while the
thickness ranges from 20 nm to 100 nm. The increase in diameter and length of rod is due to

the structural features of graphene coated.
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Figure 3.4: TEM images of (a) and (b) LiMnPO4 nanowires, [(c) and (d)] Nickel doped

LiMnPO4 and [(e) and (f)] G-LMNP
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The fine structure and crystal orientation of LiMnPO4 nanocrystals were investigated using
electron diffraction and high resolution TEM (HRTEM) and selected area electron diffraction
(SAED) on an individual LMP nanorods or LMP sphere. Fig.3.5 (a) showed clear lattice
fringes indicating formation of pure crystallites of LiMnPOa. The observed d-spacing at 6 A of
neighbouring lattice fringes corresponds to the (031) plane of LMnPO4 and well defined
diffraction spots (Fig. 3.5 (b)), revealing a highly ordered single crystalline nature of the
particles. The diffraction patterns were indexed according to the Pnmb space group with the
selected area diffraction (SAD) pattern corresponding to the (011) facet plane of the
orthorhombic lattice of LiMnPO4 [31]. All three samples displayed perfect lattice fringes
distributed within the entire particle while LMNP and G-LMNP showed parallel crystal planes
with identical inter-plane spacing of 4.A; equal-to-that-of the (020) plane and LMP showed d
spacing of 6 A, equal to that of (031)-plane of LiMnPO4. Furthermore, G-LMNP (Fig. 3.5 (e))

revealed that the nanoparticles were coated with graphene nanosheets.
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Figure 3.5: HRTEM images and SAED of (a) and (b) LiMnPOs4, [(c) and (d)] LMNP and [(e)

and (f)] G-LMNP




Fig. 3.6 showed the TEM-EDS spectrum of the nickel doped graphene coated LiMnPO4
nanorods confirming the presence of Mn, P, O, Ni and C. TEM-EDS showed the present of
nickel in spectrum, the ¢ observed is the carbon coated on the copper grid. The FTIR and

Raman spectra were used to confirm graphene present on G-LMNP.
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Figure 3.6: EDS of the synthesized LiMnPOs, LMNP and G-LMNP

The HRSEM micrograph is shown in Fig. 3.7. The figure shows spherically-shaped, pure
LiMnPOs with primary particles size of ~ 100 nm. The secondary particles of LiMnPO4 that
form from aggregation of the primary particles are randomly sized and range between 200 -
350 nm indicating the crystals growth of the LiMnPOs [32]. LMNP sample showed
agglomerated nanorods morphology which was also evident from TEM. The observed SEM

images shown in Fig 3.7 (e) and f) revealed ultrafine nanorods found to have a diameter of
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ranges from 50 -100 nm and length of ~2 pm. The bright white region observed on G-LMNP
SEM image maybe due to the coating of carbon on the nanorods [33]. Nanoparticles are
essential for high accessibility of Li* ion to the electrode material during lithiation/delithiation

process due to increased surface-to-volume ratios [34].
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Figure 3.7: SEM image of (a) and (b) the LiMnPO4 nanowires, [(c) and (d)] nickel doped

LiMnPOg4 and [(c) and (d)] graphene coated LMNP
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Fig. 3.8 showed LiMnPO4, LMNP and G-LMNP particle size measured by Small-angle X-ray
scattering (SAXS) system. SAXS proved to be well-suited method for determining the size of
materials with very small particle size. In Fig 3.8 (a), the LMP exhibited slightly bell shaped
peak of pair distance distribution functions confirming a spherically-shaped material with
diameter 50 nm. The majority of LMNP nanoparticles appeared at small-angle scattering
patterns with the average sizes ranging from 58-70 nm. G-LMNP average size is at 60 — 80 nm
followed by the decreased scattering fraction number (P) of bigger particles observed at 120-
135 nm. Normally, small angle scattering pattern can be considered as the sum of the scattering
patterns of the individual particles contained in the scattering volume fraction [35]. Thus, the
scattered intensity generally decreases with scattering angle and the investigation is established

on assessment of the scattering by a single particle.

Fig 3.8 (b) revealed weighted by volume of LMP at 7 nm; LMNP at 7 nm and 70 nm; and G-
LMNP at 90 and 130 nm. These results are in good agreement with HRTEM results. The bigger
particles at larger angles obtain much. intensity than small particles at small angles [35,36]
Therefore, as seen in Fig. 3.8 (b), the intensity signal obtained from LMP and LMNP at 7 nm
was clearly invisible in G-LMNP than the intensity at large angles (i.e 90 nm and 130 nm in
diameter). This, therefore, concluded that larger particles overshadowed the intensity signal of

the particles at small angles.
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Figure 3.8: (a) SAXS Particle size distribution in number weighted, (b) volume weighted

The lithium local environment with structural and electronic anisotropies of the as-prepared
materials was explored using Solid-state Nuclear Magnetic Resonance (SSNMR)
Spectroscopy. The 'Li MAS NMR spectra of LiMnPOz, LMNP and G-LMNP are shown in
Fig. 3.9. All spectra are dominated by the interaction of the lithium nuclei with magnetic
moments of the unpaired electron spins [37]. The isotropic peaks was identified by varying the
spin rate whilst the magnetic field strength was varied to distinguish the interaction between

chemical shift and quadrupolar effect strength

All the materials displayed three isotropic ‘Li resonance and broad spinning sideband
manifolds arising from the paramagnetic interaction between the lithium nucleus and transition
metal unpaired electrons [38]. The isotropic peaks for LMP are at 360, 583 and 869 ppm, where
the intense peak at 583 ppm is assigned to the lithium ions in the tetrahedral site of the olivine

structure, peak at 360 ppm arises from the majority of Pnmb polymorph [39], which was also
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observed in XRD investigations. The peak at 869 ppm generally originate from vacancies on

both the lithium and manganese sites (i.e., Mn 16d site and the interstitial 16c¢ sites) [40].

The “Li MAS NMR shifts in LiIMPO; are assigned to the hyperfine interaction of the ’Li nuclei
with the unpaired electrons on the transition metal atom through a Li-O-M bond. Whereby, a
transfer of unpaired electron density occurs from the metal d-orbitals, through the oxygen p-
orbitals to the lithium s-orbital, resulting in paramagnetic susceptibility [41,42]. It is known
that the governing interactions between the Li nuclear spins and Mn electron spins should be
through-bond (Fermi-contact) or through-space (dipolar). With the Fermi-contact interactions,

the peak shifts to >500 ppm [37].
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Figure 3.9: 'Li MAS NMR spectra for LiMnPO4, LMNP and G-LMNP at a MAS spinning

speed of ~ 15 kHz.
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X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and provides information on unit cell dimensions. The
sample was finely ground, homogenized, and average bulk composition determined. XRD
reveals information on the structure, crystallinity and lattice spacing of the material. Fig 3.10
showed the XRD patterns of LiMnPOs, LMNP and G-LMNP. LMP showed strong intensities
of (011), (111), (200), (131) and (042) patterns indexed into an orthorhombic Pnmb space
group olivine structure (JCPDC 74-0375). XRD pattern of LMNP exhibited two extra peaks at
20 =237 and 34 C which are due to the crystalline LiNiPO4 (JCPDS# 881297) which is formed
by nickel-doped LMP. The XRD patterns of G-LMNP exhibited single phase of LMP, all
diffraction peaks are strong and narrow, indicating highly crystalline sample. There is no
obvious graphene or carbon diffraction-peak-due-to-their low content or it may be due to

graphene being in amorphous phase [43,44].
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Figure 3.10: XRD patterns of LiIMnPO4, LMNP and G-LMNP

The IR spectrum features of LiMnPO4 have been previously assigned based on group theory
analysis, isotope studies, and direct comparison to similar olivine structures (LiMePQO4; Me =
Fe, Mg, Ni) [45]. Fig. 3.11 showed that the spectra are dominated by the intramolecular
vibrations of the PO4>~ anion which confirm the presence of phospho-olivine phase in
LiMnPO,. These internal vibrations consist of three components; the antisymmetric PO4>
stretching mode at 1065 cm, the symmetric PO4* stretching mode around 974 cm™ and the
antisymmetric bending mode between 650 cm™ and 530 cm™ [17,33]. The 3431 cm™ band is

attributed to the O-H stretching vibration. Nickel doped LiMnPO4 FTIR spectrum displayed
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the same spectrum as LMP meaning the structure of olivine was not affected by the
modification. G-LMNP is dominated by intramolecular vibration bands of the PO4>~ anion at
650 — 530 cm™ which confirm the presence of phospho-olivine phase in the material. Also the
C-C vibrational frequency occurred at 1630 cm™ thus confirming the presence of graphene in

G-LMNP [17]. The FTIR results are in good accordance with the observed XRD results.
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Figure 3.11: FTIR spectra of LIMNPO4, LMNP and G-LMNP

Fig. 3.12 showed the Raman spectra of the LiMnPOg, nickel doped LiMnPO4 and G-LMNP.

From Fig. 3.7, the Raman spectra of the LMP and LMNP nanorods showed the band at 950
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cm corresponding to the symmetric Ag mode, and the two low intensity bands at 983 and

1006 cm* due to the asymmetric stretching modes of the PO4 anion.

Raman spectrum of the G-LMNP sample showed two bands at 1463 and 1526 cm
representing D and G bands, respectively, along with PO4= anion bands. D is disordered band
of sp® and G is the graphene band of sp?-type. Hence, the Raman spectra of G-LMNP confirmed

successfull coating of graphene on LMNP.
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Figure 3.12: Raman spectra of LiMnPO4, LMNP and G-LMNP
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3.3.3 Electrochemical studies of single electrode LiMnPO4 based electrodes

The investigation of LiMnPOQOg, nickel doped LiMnPO4 and G-LMNP as working electrode
against Ag/AgCl (3 M KCI) in the three electrode system was carried out using nickel foam as
the current collector and 1 M Li>SO4 aqueous electrolyte in the voltage window of 0.2 — 1.2 V.
Fig. 3.13 compared the CV curves of LiMnPOs, LMNP and G-LMNP at 5 mV sX. All the CV
curves exhibited a redox peaks attributed to surface oxidation/reduction of Mn?*/Mn®* due to
the charge transfer across the electrode/electrolyte interface during insertion of Li* into
LiMnPQg4 [46]. The pair of redox peaks further revealed the Faradaic battery nature of the
charge storage mechanism in these materials. The possible charge storage mechanism can be

considered according to the following reaction.

Oxidation: LiMnPO4 —Li* + MnPO# (6)

Reduction: Li* + MnPOs —LiMnPO4 (7)

The peak potential difference (AEp) in-the redox peaks has-been considerably decreased in the
nanocomposite sample (from 0.22.V in LMP:to 0.19.V in-G-LMNP) which suggest an
improved electrochemical reversibility. This may be due to the fact that conducting graphene
layers provided new pathways for electron transfer thus facilitating the redox reaction. It can
be clearly observed that the peak current intensities have remarkably increased for the G-
LMNP material. This indicates more facile lithium ion transfer will result in the better reaction

kinetics.
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Figure 3.13: Comparative curves for olivine LIMnPO4 nicked doped LiMnPO4 and G-LMNP

from cyclic voltammetry at a scan rate of 5 mV s,

Cyclic voltammetry was also used to calculate the capacitance of all the samples. The charge
stored during forward and backward scans directly corresponds to the area under the CV

curves. The capacitances were calculated according to the following equation:

¥ mv ®)
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Csp Is the specific capacitance, Q is the charge obtained from CV results, m is the mass of the
electrode and V is potential window. The capacitance obtained from the integrated area under
the cathodic peak at the scan rate of 5 mV s? indicate that the nanocomposite G-LMNP
exhibited higher capacitance of 138 F g* for the insertion of lithium and reduction of Mn3* to
Mn?*, and the corresponding values for LMP and LMNP were 44.1 F g* and 60.7 F g*
respectively. G-LMNP revealed higher capacitance than in the pristine LiMnPO4 at the same
scan rates which suggests an improvement in electrochemical performance. This can be

attributed to the conducting graphene which enhanced its conductivity.

Galvanostatic charge-discharge technique is a reliable electrochemical method for the
evaluation of electro-capacitivebehaviour of electrode -materials in energy storage device and
also complements the cycling characteristics. Fig. 3.14 represented the respective galvanostatic
charge/discharge curves of LiMnPO4, LMNP and G-LMNP at the same current density of 1 A
gl. The nonlinear charge/discharge profiles further demonstrates the pseudo capacitive
behaviour of LiMnPOa4. The charge-discharge curves further showed plateau observed at about
0.5V and 0.75 V corresponding to deintercalation/intercalation Li* in LiMnPQa. These results
are in good agreement with redox peaks observed in the CV curves above. The G-LMNP
revealed superior electrochemical performance of the nanocomposite electrode. The specific
capacitance Csp (F g), calculated from the three electrode materials were found to be 30 F g
137Fgtand60Fgtat1Ag?!for LMP, LMNP and G-LMNP respectively. This proves the
conductivity of graphene played a major role in enhancing electrochemical performance of

LiMnPOg as witnessed by the increase in specific capacitance.
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Figure 3.14: Comparative galvanostatic charge-discharge for LiMnPOs, nickel doped

LiMnPO4and G-LMNP curves at a constant current density of 1 A g,

3.3.4 Lithium ion capacitor (LIC): LMP || AC

LIC was composed of LMP, LMNP and G-LMNP as positive-working electrode and AC as
negative-counter electrode in 1 M Li>SOg electrolyte. Properly balancing the weight of both

electrodes based on their specific capacitance is essential for constructing lithium ion capacitor.
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3.3.4.1 Estimation of electrochemical potential window

LiMnPQO4 and the modified materials were further interrogated as an asymmetric lithium ion
capacitor in aqueous 1 M Li>SOg4 electrolyte solution. Fig. 3.15 compared the CV curves of
LMP (between 0.2 and 1.2V vs Ag/AgCl) and AC (between -0.2 and 0.7 V vs Ag/AgCl). CV
curve of AC showed a perfect rectangular shaped voltammogram indicating non-faradaic
charge transfer reaction. This indicates the desirable fast charging/discharging capability

derived from high power density.
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Figure 3.15: Comparative cyclic voltammograms of LiMnPO4 and activated carbon (AC) at a

scan rate of 5 mV.st in aqueous 1 M Li,SO4 electrolyte.
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The calculated Cs, from CV was 30 F g* at 5 mV s™. The mass balancing of the two electrodes
in LICs s g+=(Q-, where g+ represent the charges stored at the positive electrode and g- represent

the charge stored at the negative electrode. The mass balancing was:

m. Csp-xAE -
m - CSp+XAE+ (9)

Muye 30F g'x09V

™S m,.  441F g7x1V (10
Mive _ 0 61

mAC (11)

Myye = 0.61M,¢ (12)

The same procedure was adopted for all mass ratio calculations with data obtained from CV.
The mass ratio obtained for LMNP ||AC was Mimne = 0.44.mac and for G-LMNP || AC was

Me-Lmne = 0.20.mac. The lithium ion capacitor cell was assembled at 2 V.

3.3.4.2 Electrochemical performance of LiMnPOu4|| AC, LMNP||AC and G-

LMNP || AC lithium ion capacitors.
Fig. 3.16 compared CV curves for LMP||AC, LMNP||AC and G-LMNP|| AC lithium ion
capacitors in 1 M Li>SO4 aqueous electrolyte at scan rates of 5 mV s™. All the CV curves

showed large current response and exhibits nearly rectangular shape in voltage range of 0 — 1
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V, characteristic of double layer capacitive material attributed to the AC low contact resistance.
The deviation from the rectangular shape observed around 1 to 1.75 V is due to Faradic pseudo
capacitive contribution arising from LiMnPOs redox reaction. G-LMNP displayed largest
enclosed area in CV than other materials. Generally the performance trend follows as: G-
LMNP > LMNP > LMP at the same scan rates. The CV curve for G-LMNP nanocomposite
revealed that synergistic effects between LMNP and graphene resulted in improved

conductivity and enhanced specific capacitance.
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Figure 3.16: Comparative curves for olivine LiMnPOs4|| AC, LMNP || AC and G-LMNP || AC

lithium ion capacitors cyclic voltammetry at a scan rate of 5 mV.s.

Fig 3.17 showed cyclic voltammograms of LMP || AC, LMNP | AC and G-LMNP || AC at the
scan rates of 5 - 50 mV s, It is clearly visible that CV profile exhibit redox peaks at around

1.5/1.55 V revealing the faradaic signature in LMP ||AC full device. The shape of the CV
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curves didn’t change as the scan rates was increased suggesting good rate capability.
LMNP || AC and G-LMNP || AC CV curves resemble that of LMP except that at higher scan
rates of 40 — 50 mV s, they showed typical capacitor profiles indicating fast charge/discharge

properties leading to improved power density.

Fig. 3.17 (d) showed the calculated specific capacitance from CV profiles for all the system.
An increase in Csp as the scan rate decreased was observed, revealing that at slow scan rates
there was more time for the electrolyte ions to diffuse to the electrode materials. G-LMNP || AC
device exhibited high specific capacitance of 98 F g* than 35 F g* for LMP | AC and 48 F g

for LMNP || AC achieved at 5 mV s,
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Figure 3.17: Comparison of cyclic voltammetry for (a) LiIMnPO4 || AC, (b) LMNP || AC, (c) G-

LMNP || AC and (d) rate capability of lithium ion capacitors at various scan rates

Furthermore, the electrochemical performance was investigated using galvanostatic
charge/discharge (GCD) measurements. Fig. 3.18 depicted GCD profiles for LMP||AC,
LMNP || AC and G-LMNP || AC lithium ion capacitors at current density of 0.1 A g™. The
obtained charge/discharge curves showed nearly identical counterparts during charge and
discharge, suggesting excellent reversibility. The nonlinear charge-discharge profile
demonstrates the pseudocapacitive behaviour of LMP as seen in the single electrode GCD

results (see Fig 3.14). For better analysis of the capacitive behaviour of the synthesised LMP,
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LMNP and G-LMNP materials, studies were made using various current densities (see Fig

3.19)
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Figure 3.18: Galvanostatic charge-discharge curves at constant current density for
LiMnPO4 || AC, LMNP || AC and G-LMNP || AC lithium ion capacitors. Electrolyte: aqueous 1

M Li2SO4

Fig. 3.19 (a) -(c) showed the galvanostatic charge- discharge curves from 0.1 Ag't0 0.5 A Qg
! current densities. The discharge curves nearly symmetric with their corresponding charging
counterpart, which showed excellent electrochemical reversibility for LIC device. The
nonlinear charge-discharge profiles further indicate the pseudo capacitive behaviour of LMP

and composites. The specific capacitance values were calculated using equation 2 mentioned
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above for full cell. Fig 3.19 (d) shows rate capability at various current densities. G-
LMNP || AC LIC achieved maximum specific capacitance of 60 F g™ followed by LMNP || AC
with specific capacitance of 54 F g and LMP || AC exhibited the least value of 24 F g at
current density of 0.1 A g. All the materials displayed an initial decay with a large decrease
in specific capacitance (Csp) and then reached a stable level at high current densities. The
gradually decreased capacitance as the current density increases is due to the diffusion-
controlled kinetics process for the electrode reactions of LMP electrode. The G-LMNP exhibit
low internal resistance compared to other electrodes due to the conductivity nature of graphene,

enhancing the electrochemical performance of the electrode material.
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Figure 3.19: Comparison of galvanestatic charge-discharge for olivine (a) LiMnPO4 || AC, (b)
LMNP || AC, (c) G-LMNP || AC' of lithium ion‘capacitors at various current densities and (d)

capacitance curves (Csp vs. current densities)

According to the galvanostatic discharge curves, maximum specific energy and power densities
can be calculated using the equations 3 and 4 mention above. Fig. 3.20 showed the graphical
correlation of energy and power densities. The Ragone plot is a common tool for evaluating
the performance of energy storage devices. The energy density for the G-LMNP || AC LIC
device is about 14 Wh kgt at current density of 0.1 A g*. The specific energy is still 5 Wh kg
! with a power density of 19 kW kg™ at 0.5 A g* current density. The G-LMNP | AC LIC

performance is comparable to other works reported on lithium ion capacitor devices [9,47—-49].
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This results compared with the ones reported on literature suggests that this LIC device is
suitable for high power energy storage applications. The LMNP || AC exhibited energy density
and maximum power density of 9.4 Wh kg and 16.1 kW kg, respectively. The LMP || AC
exhibited, energy density and maximum power density of 5.7 Wh kg? and 8 kW kg?,
respectively. The remarkably enhanced energy and power density observed in G-LMNP

electrode is assigned to good electronic conductivity graphene.
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Figure 3.20: Ragone plots of LiMnPO4||AC, LMNP||AC and G-LMNP||AC at different

density
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Electrochemical impedance spectroscopy (EIS) provides information on impedance changes

of the electrode surface after each modification step. Fig. 3.21 showed Nyquist plot of

LMP || AC, LMNP || AC and G-LMNP || AC.
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Figure 3.21: Comparative Nyquist plots for LiMnPO4 || AC, LMNP | AC and G-LMNP||AC

and the inset show proposed equivalent circuit.

Each plot gave a well-defined single semi-circle at high frequency and an inclined line at low
frequency attributed to Warburg impedance associated with lithium ion diffusion in the bulk
of the electrode. This is an indication that during lithium deinsertion/insertion, the kinetics of
the electrode process is controlled by the diffusion process in the low frequency region and by

the charge transfer in the high frequency region. A possible equivalent circuit is provided as
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the inset of Fig. 3.21 for interpretation. Rs represent internal resistance which has a total of
intrinsic resistance of active materials. Rt denotes faradaic charge transfer resistance which is
equivalent to the semicircle diameter of impedance. Cq is the double layer capacitance and Ws
represents Warburg impedance [50]. All the electrodes showed the semi-circle with LMNP-G

nanocomposite exhibiting smaller semicircle corroborated by obtained fitted parameters.

The Rct for LMP || AC, LMNP || ACand G-LMNP || AC lithium ion capacitor was 23.5, 3.9 and
1.4 Q, respectively. It can be observed that the Rct for G-LMNP ||AC is smaller than that of
LMNP || AC and LMP || AC, suggesting that the modified nanocomposite electrode has low
charge transfer resistance indicating fast kinetics Moreover, the low frequency line is more
vertical in G-LMNP nanocomposite,.showing better-capacitive behaviour and lower ionic
diffusion resistance due to the addition of graphene [51]. Fhe results further confirm improved
electrochemical performance of G-LMNP||AC lithium ion capacitor attributed to surface
coating of graphene nanosheets. The wider conduction bands'of graphene sheets contributed in

the enhancement of the electrochemical performance of G-LIMNP nanocomposite.

The high performance of G-LMNP electrode material is further highlighted using the bode
plots. Fig. 3.22 represented the Bode phase-impedance plots for LMP || AC, LMNP|| AC and
G-LMNP|| AC. The lower Re: observed from the Nyquist plot corresponds to the shift of phase
angle to high frequency observed from Bode plots of G-LMNP nanocomposite associated with

fast electron transfer.

The phase angle obtained for LMP | AC, LMNP || AC and G-LMNP || AC lithium ion capacitor
were 65, 71 and 80°, respectively. The G-LMNP positive electrode showed higher phase angle

revealing improved conductivity of the material. As it is known that between 20 - 45° the
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material possess semiconductor characteristics compared to 0° (insulator) and 90° which is of
pure metal (more conducting). This values may be further compared to that of an ideal EDLC
which is close to 90° [49]. The lower phase angle suggest the electrodes possesses pseudo

capacitive behaviour due to the faradaic reaction occurring at the positive electrode
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Figure 3.22: Comparative Bode plots of LiMnPO4 || AC, LMNP|| AC, G-LMNP || AC

3.3.4.3 Cycling performance

The cycle life is an important factor in energy storage electrode material; cyclic stability
experiments measured by galvanostatic charge-discharge represented a reliable analysis
method for establishing the long-term stability of LICs electrodes. Fig. 3.23 shows the specific
capacitance of the three electrodes within 750 cycles at 0.4 A g 1. As cycle number is increased,
the specific capacitance gradually decreased. The capacitance retention for LMP ||AC,

LMNP ||AC and G-LMNP ||AC were 61%, 71% and 83%, respectively after 750 cycles. The
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excellent stability of the G-LMNP || AC lithium ion capacitor showed the device can be charged
and discharged without significant deterioration. The values obtained after 750 cycles

correspond to a specific energy of 4.49 Wh kg* and power density of 10 kW kg
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Figure 3.23: Cycling performance of LiMnPO4|| AC, LMNP || AC, G-LMNP || AC lithium ion

capacitor with continuous charge-discharge profiles as inset

3.4 Summary

The goal of this work was to explore and study the electrochemical performance of lithium
manganese phosphate (LiMnPOg4) and its nickel and graphene derivatives as lithium ion
capacitor electrode materials. Nickel foam was used as a current collector because of its
excellent performance. G-LMNP exhibited better performance when compared to LMP and

LMNP. The LMP || AC exhibited specific capacitance, energy density and maximum power
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density of 30 F g, 5.7 Wh kg and 6.1 kW kg™, respectively. The LMNP ||AC exhibited
specific capacitance, energy density and maximum power density of 54 F g%, 9.4 Wh kg and
16.7 kW kg, respectively. The G-LMNP exhibited a high capacitance of 60 F g at the current
density of 0.1 A g* and excellent cycle stability when 750 cycle experiment was conducted
with 17 % capacitance loss. The improved capacitance performance of G-LMNP was
influenced by surface coating of graphene which is conductive in nature. Furthermore, the
improved conductivity was observed from Rct obtained in EIS. The Rct values for G-LMNP,
LMNP and LMP were 1.4, 3.9 and 23.5 Q, respectively. Noting that there has been no known
report on G-LMNP || AC lithium ion capacitor in the literature so far; yet, the work is important
because it showed good stability, high rates capability, high maximum power density (18 kW
kg™l) and energy density of 14.49 Wh-kg*. The present results suggest that the G-LMNP
nanocomposite could be considered-as positive-electrode-material for high power lithium ion

capacitors.
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4 Energy storage performance of nickel doped graphene

coated LiMn,O4 for Li-ion capacitors
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Overview
This chapter provides a detailed account of the development of lithium ion capacitor based on
G-LMNOJ|AC. Herein the morphological and structural studies of the synthesized LMO,
LMNO and G-LMNO using HRSEM, HRTEM, XRD, FTIR and Raman were discussed. G-
LMNO was used as the positive electrode material for the lithium-ion capacitor developed in
this work in a two-electrode system of 1M Li2SO4 electrolyte. Furthermore an in-depth
discussion of the electrochemical properties (CV, EIS and GCD) of the developed LIC device

was evaluated as well as calculation of energy and maximum power densities.

ABSTRACT

Graphene coated spinel lithium manganese oxide doped nickel was used as the positive
electrode material for the lithium-ion capacitor studied in this work. Its electrochemical
characteristics in 1M Li2SO4 aqueous electrolyte at a voltage window of 0 - 2 V were examined
by cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS) and galvanostatic
charge-discharge. The nanocomposite electrode gave a specific capacitance value of 80 F g
at current density of 0.1 A g* and exhibited capacitance retention of 70% after 1000 cycles. It

rendered a high power density of 19.6 kW kg™ at 0.5 A g and maximum energy density of
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12.32 Wh kg*. The G-LMNO presents a promising electrode material for applications in

lithium-ion capacitors.

4.1 Introduction

Electrochemical energy storage devices with high capacitance and fast charge-discharge ability
are essential for meeting the need and rapidly increasing demands for energy and power energy
storage systems [1]. The major electrochemical energy storage devices are supercapacitors and
batteries. Lithium ion batteries can deliver high energy densities (150-200 Wh kg?) with
limited power densities (less than 1000 W.kg™) and poor cycle life (less than 1000 cycles) due
to sluggish Li-ion diffusion and structural degradation_in Faradaic redox reaction taking place
on the surface of active material [2]. Supercapacitors offer high power and good long cycle life
(up to 10 000 W kg and more than 100 000 cycles) but suffers from low energy densities (5-
10 Wh kg?') [2-4]. A Combination  of lithium ion battery electrodes with those of
supercapacitors can present very attractive devices having high energy and power density with
satisfactory cycling stability [5,6]: In this regard,-lithium ion capacitors are an important class

of energy storage devices.

So far, various lithium-ion capacitor work has been done such as LiMn204 nanohybrid || AC
system at a voltage of 1.8 V and delivered energy density of 29.8 Wh kgt at a power density
of 90 W.Kg? [7]. LiMn,O4-microsphere ||AC delivered energy density of 38.8 Wh kg? at
power density of 12.6 Wh kg in the voltage range of 0-2.3 V [8], Pazhamalai et al designed
LiMn204 || graphene lithium ion capacitor device which delivered energy density of 40 Wh kg

1 at a power density of 440 Wh kg in the voltage range of 0-2.2 V [9]. However, the search
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for new electrode material with lower cost and better properties is still important in the

development of lithium-ion capacitors.

In this study, G-LMNO was used in Li-ion capacitors two electrode system under aqueous
medium (1M Li2SOa). As a cathode material, LiMn2O4 (LMO) with spinel structure has been
widely used in lithium ion batteries because they are inexpensive and safe [10]. It has a
theoretical energy density at 400 Wh kg as a result of the high operating voltage of LMO at
4 V. However, it shows less or poor electrochemical performance due to slow lithium ion
diffusion kinetics within the crystals and very low intrinsic electronic conductivity [11-14]. It
has been found that surface coating, reduced particle size and doping can enhance the
electrochemical properties of LMO and-reduce the-Jahn.Teller effect [3,15-17]. In this work,
LMO was doped with nickel (to form-LMNO) followed by graphene coating on the surface of
LMNO to enhance its electrochemical performance. The advantageous properties of graphene

are widely reported [18,19].

4.2 Experimental

4.2.1 Chemicals

All chemicals used in this study were analytical reagent grade and used without further purification
mostly obtained from Sigma-Aldrich. Lithium hydroxide monohydrate (99.995 %) trace metal
basis, , Potassium permanganate (97%),nickel(I1) acetate tetra hydrate (98%), graphite powder
<20 pm, 96% ethanol from Saarchem, 37% hydrochloric acid from Saarchem, 65% nitric acid
from KIMIX, Poly(vinylidene fluoride), Carbon black (CP), N-methyl-2-pyrrolidone, anhydrous
(99.5 %), Activated carbon (AC) was purchased from SUPELCO analytical and used as received

and ;Nickel foam purchased from MTI Corp.
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4.2.2 Synthesis of LiMn2O4

0.75 g of KMnOs was dissolved in 17 ml deionized water, and then 1.25 ml anhydrous ethanol
was added to the above mixture. After well dispersion under magnetic stirring the obtained
mixed solution was transferred into 25 ml Teflon-lined stainless steel autoclave, which was
sealed and heated in an oil bath at 180°C for 20 h. The khaki products were collected by
filtration after it naturally cooled down, washed with deionized water for several times and then
dried at 80°C for 12 h in a vacuum oven. Typically a certain amount of obtained product and
LiOH.H20 (Li/Mn= 1.05:2 with the molar ratio) was dispersed into 3 ml ethanol to form thick
slurry, which was further ground for a few hours to a fine mixture and then dried at room
temperature. The above procedure was repeated two times to obtain a well-mixed powder.
Subsequently, the powder was sintered-at 700 C _for 10-h'in-muffle furnace [20]. Synthesis of
Ni doped LiMn20Os followed the same procedure with the stoichiometric amount of
Ni(CH3COO), added to form LMNO. Synthesis of Ni doped LiMn2O4 followed the same

procedure with the stoichiometric amount of Ni{CH3COO), added to form LMNO.

4.2.3 Synthesis of Graphene coated LMNO

Graphene nanosheets were prepared from graphite powder in a two-step process, involving the
oxidation and/or exfoliation of graphite to graphite oxide by Hummer's method and chemical
reduction of graphite oxide to graphene according to literature [21-23]. To prepare the
graphene coated LMNO, 50 mg graphene is dispersed in 50 ml of ethanol under ultra-
sonication for 30 min. Then 1g of LMNO was added, after that the mixture was vigorously
stirred at 70 C for 12 h to obtain a uniform dispersion of G-LMNO. The final product was dried

in the vacuum oven at 80 ‘C overnight.
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4.2.4 Electrode preparation for electrochemical characterization

All electrochemical measurements were carried out using a Bio-Logic VMP 300
potentiostat/galvanostat using three (half-cell) and two-electrode (full cell) configuration. The
half-cell was done in three electrode system where the active material was coated on the nickel
foam which acted as substrate; the reference electrode was Ag/AgCl (3M KCI) and platinum
wire as counter electrode. The two electrode system assembled in Swagelok cell consist of the
active material (LMO, LMNO and G-LMNO) coated on the nickel foam and the negative

electrode made up of activated carbon coated on nickel foam.

4.2.4.1 Preparation of electrodes for-three electrode configuration

The LiMn204 and composite electrodes were prepared froma mixture of active (LMO), carbon
black (CB, Degussa), and polyvinylidene fluoride (PVDF) in a mass ratio of 70:30:10,
respectively, using anhydrous N-methyl-2-pyrrolidone as the solvent. The slurry was coated
on a nickel foam (1 cm x 0.5 cm) substrate with the mass loading ranged between 8 mg.cm™

to 20 mg.cm. The prepared electrode was dried at 70 °C'for 12 h.

4.2.4.2 Preparation of electrodes for two-electrode configuration (LICs)

The positive electrode was prepared by mixing 70 wt% LMO composite,30 wt% carbon black
(CB, Degussa), and 10 wt% polyvinylidene fluoride (PVDF) in anhydrous N-methyl-2-
pyrrolidone to form homogeneous slurry which was coated on a nickel foam substrate (3 cm2)
with a mass loading of 7 — 12 mg.cm™. The negative electrode was prepared using similar
procedure but with activated carbon, carbon black and PVDF at a mass ratio of 80:15:5,

respectively. The cell was tested after 24 h of fabrication. In all the experiments, 1 M Li>SO4
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was used as electrolyte and a porous glass fiber (Whatman Grade GF/D Glass Microfiber

Filters, Sigma-Aldrich) served as the separator.

4.2.5 Measurements and instrumentation

The surface morphology and internal ultra-structure of the synthesized materials was evaluated
by the use of scanning electron microscopy (SEM) and high resolution transmission electron
microscopy (HRTEM), respectively. Scanning electron microscopic (SEM) images were
obtained using a Hitachi model X-650 ZEISS ULTRA scanning electron microscope. The
sample was placed on a carbon supported by alumina and then placed in a sputter coater to
make the material conductive. The samples-were then coated for 30 seconds using gold-
palladium alloy. The high resolution-transmission electron-microscopic images were obtained
by Tecnai G2 F20 X-TWIN MAT equipped with an energy-dispersed spectroscopy (EDS) for
Elemental mapping. Characterisation here was performed by coating a copper- carbon grid
with a drop of the sample solution and- drying: with-an electric lamp for 10 min. HRTEM
provides information on particle’ Size, shape and crystallography of nanoparticles. It can
measure particle sizes to as low as 1 nm. HRTEM was used to identify the size, shape and

structure of the products.

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for phase
identification of a crystalline material and provides information on unit cell dimensions. The
sample was finely ground, homogenized, and average bulk composition determined. XRD
reveals information on the structure, crystallinity and lattice spacing of the material. X-ray
diffraction (XRD) measurements were carried out with a BRUKER AXS (Germany), D8

Advance diffractometer, using Cu Ka radiation of wavelength 1.5418 A and scanned from 80°
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to 10° with a step size of 0.02°. FTIR spectra were obtained using a perkin elmer spectrum 100
series attenuated total reflection (ATR) FTIR spectrometer. Infrared spectroscopy reveals
information about the vibrational states of a molecule and functional groups. Solid state. Small-
Angle X-Ray Scattering (SAXS) measurements for LiMn2O4 and nanocomposites were
obtained using a 1 mm thin walled capillary (solid powder samples) at the beamline 1D09B.
We used the CCD 161 detector (Anton Paar, GmbH, Australia, 133 mm diameter, 2048 x 2048

pixels) at a distance of 0.6 m and an X-ray energy of 10 keV.

Cyclic voltammetry (CV) is a technique which is widely used in the study of
oxidation/reduction reactions and the detection of reaction intermediates. This technique
indicates the potentials at which processes occurs. The-CV, tests for the full cell were carried
out in the potential range of 0 to 2-V/at various scan rates from 5 mV s? to 50 mV s,
Galvanostatic charge-discharge (GCD) technique is the widely used method in supercapacitors
application and the most important characterisation tool  for the determination of the

electrochemical performance of the electrode materials.

To gain understanding of the power, energy performance and ability of the electrode material
to retain its capacitance, a variation of current density on the GCD technique must be employed.
The GCD tests were carried out at varying current densities between 0.1 A gto 1 A g EIS
measurements were conducted at amplitude of 5 mV and frequency range of 100 mHz to 100
kHz. EIS provides a more thorough understanding of an electrochemical system than any other
electrochemical technique. Its operating principle involves the measurement of the impedance
between the current and the potential at a fixed direct current (DC) potential during frequency

scan with a fixed superimpose alternating current (AC) signal of small amplitude.
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The specific capacitance (Csp), maximum specific power density (Pmax) and specific energy
density (Esp) were determined from the discharge curves using the established Equations (1) to

(4) for a two electrode system [24-27]

C(F) = ﬁ 1)
At

c, =% )
m

V2
P9 = e ®)

CV?
Fke) = @

2m

Where i (A) is the applied current, AV (V) / At (s) is the slope of the discharge curve after the
initial iR drop and m (g) the mass of both electrodes. V- (V) is'the maximum voltage obtained
during charge and C (F) the calculated capacitance. The internal resistance (Ri) can be
calculated from the voltage drop at the beginning of a discharge curve:

R() =2 ©)

Where AVir is the voltage drop between the first two points from the start of the discharge

curve.
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4.3 Materials characterization

4.3.1 Structure and morphology characterisation of graphene

Fig. 4.1 shows the Fourier transformed infrared (FTIR) spectra of graphene and graphene
oxide. The spectrum of graphene oxide is characterized by the band at 1026 cm™ due to the C-
O stretching vibration occurring in epoxides and alcohols within the graphite structure. The
absorption band at 1715 cm™ due to C=0 stretch, the band at 1503 cm™! associated with bending
COOH vibrations. Upon reduction using NaBHj4 as reducing agent, a considerable decrease or
complete removal of the above mentioned oxygen containing functionalities is noted in
graphene spectrum. Graphene is characterized by band at 1556 cm™! representing the aromatic
C-C stretch, band at 620 cm™! indicating =C-H bend vibrations confirming the unsaturation sp>
bending to bond to sp> carbon molecule. The carboxyl COOH stretching vibration band at 1495
cm, the absorption band at 1715 em™ due to C=0 stretch which is attributed to accumulation

of oxygen atoms on the sheets [ 19,28}
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Figure 4.1: FTIR spectra of graphene oxide (GO) and graphene

Fig. 4.2 shows the Raman spectra of graphene oxide and graphene. Graphene oxide showed a
broadening and Raman shift to 1600 cm™ for the G band while the D band at 1360 cm™ is
considerably larger. The Raman spectrum of graphene showed a decrease in intensity and
slightly shifts to lower frequencies indicating the reduction process was successful. Raman
shift of the D peak is located at 1348 cm™ and G peak at 1593 cm™. The D band is allocated to
the breathing mode of k-point phonons of Aig symmetry from the aromatic rings which show
the defects in these materials, whereas the G band is assigned to the E>g phonons from the
stretching of C sp? atoms in both the rings and chains [29,30]. The Raman and FTIR results

show the successful synthesis of graphene oxide and graphene.

103



200

150 |
. D Graphene
100 G

200 -

(2]
(=]

Intensity (a.u)

150 | .
Graphene oxide

100 |

1000 1250 1500 1750 2000
Raman Shift (cm-1)

Figure 4.2: Raman spectra of graphene oxide and graphene

4.3.2 Surface morphology, composition and structure of LMO and nickel

doped derivatives

High resolution scanning electron microscopy (HRSEM) was used in order to get high
definition morphology of the synthesized spinel LiMn204 (LMO), and nanocomposites. Since
the particle properties such as morphology and size have great effect on the performance of Li-
ion capacitor electrode, therefore LMO, LMNO and G-LMNO may exhibit different
electrochemical features. Scaling down the particle to nanoscale is essential which might lead
to high accessibility of Li* ion to the electrode material during lithiation/delithiation process

due to that surface-to-volume ratios increases [20].
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Fig. 4.3 showed the corresponding morphology of LMO, LMNO and G-LMNO derived from
hydrothermal synthesis as explained in the experimental part. HRSEM micrograph of the
pristine LiMn204 shows that the nanoparticles have a rough surface and that two types of
particles are seen: primary particles with well-shaped nanorods morphology with a diameter
20 nm and an average length of ~10 um. The secondary particles which are much bigger having
a size of ~200 nm interspersed with agglomerated nanoparticles due.to higher temperature
sintering that caused uncontrollable particle growth on the surface. One of the most significant
effects of small particles is their ability to support higher rate of lithium intercalation /

deintercalation from the oxide host.

Fig. 4.3 (c &d) still showed agglomerated LMNO nanorods morphology with secondary
particle which are plates like inishape and can be seen with good dispensability of nearly
uniform plates at low magnification and further verified by high magnification. The observed
SEM images shown in Fig 4.3 (e) and.f)revealed ultrafine: G:LMNO agglomerated nanorods
found to have a diameter of ranges from 20 -100 nm and length of ~2 - 10 um. The bright white
region observed on the graphene coated SEM image maybe due to the coating of carbon on the

nanorods
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Figure 4.3: (a) and (b) SEM image of the LiMn2Og, [(c) and (d)] LMNO and [(e) and (f)] G-

LMNO
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Fig. 4.4 compared the TEM images of the synthesized LiMn2O4 and it composite. Fig 4.4 (a)
and (b) shows the typical TEM images of LMO, It can be observed that the obtained LiMn2O4
product consists mainly of nanorods, appearing to have a larger diameter ~100 nm and an
average length of ~6 mm. LiMn2Og4 also consist of many irregular and aggregated particles, as
can be seen in Fig 4.4 (b), which may be due to high temperature where the material was

calcined.

Nickel doped LMO TEM image consist of many irregular and aggregated particles with
nanorods still visible in the image, meaning the material is composed of different particle, the
difference in morphology compared to LMO _might be due to altered synthetic route of the
material. Fig 4.4 (e) and (f) shows that G-LIMNO consisted of uniform, ultrafine nanorods-like
structures with high yield, with irregular particles still presents in image Fig 4.4 (e). The length
is in the range of several hundred nm to 5 um while the thickness ranges from 35 nm to 120

nm.
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Figure 4.4: (a) and (b) TEM image of the LiMn20s4, [(c) and (d)] nickel doped LiMn2O4 and

[(c) and (d)] G-LMNO
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Fig. 4.5 showed the TEM-EDS spectrum of the LMO, LMNO and graphene-coated LMNO
which confirmed the presence of Mn, Ni, O, and C and some impurities peaks of potassium
(K) from the precursor. LMNO TEM-EDS revealed the presence of nickel due to doping. The
presence of C was due to the C-coated Cu grids. The presences of graphene were confirmed

from FTIR and Raman spectroscopy.
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Figure 4.5: EDS of the synthesized LiMn204, nickel doped LiMn20sand G-LMNO
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Fig 4.6 shows the high resolution transmission electron microscopy (HRTEM) image and
selected area electron diffraction (SAED) pattern of the resulting LiMn2Os and
nanocomposites. It can be observed that all the materials display perfect lattice fringes
distributed within the entire particle with the size of 0.47 nm toward the (111) direction and
have a good consistency with the spacing of the (111) plane of LiMn2O4 (JCPDS No. 35-0782).
The corresponding SAED pattern reveals that the obtained product is single-crystalline
LiMn204 nanorods with the cubic spinel structure [31,32]. Fig 4.6 (e) reveals two layers, where

one is layer of graphene coated into the surface of LMNO.
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Figure 4.6 HRTEM image and selected area electron diffraction (SAED) patterns for

LiMn20g4, nickel doped LiMn2O4 and G-LMNO
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Fig. 4.7 showed LiMn204, LMNO and G-LMNO particle size distribution measured by Small-
angle X-ray scattering (SAXS) system. SAXS proved to be well-suited method for determining
the size of materials with very small particle size. Fig 4.7 (a) revealed LMO nanoparticles
appeared at small-angle scattering pattern with the average size from 75 — 120 nm. LMNO
average size is at 120 nm and G-LMNO is at 75 nm followed by the decreased scattering
fraction number (P) of bigger particles observed at 120 nm. Normally, small angle scattering
pattern can be considered as the sum of the scattering patterns of the individual particles
contained in the scattering volume fraction [33]. Thus, the scattered intensity generally
decreases with scattering angle and the investigation is established on assessment of the

scattering by a single particle.

Fig 4.7 (b) revealed particle size distribution by volume of LMO was at 100 nm, for LMNO at
100 nmand for G-LMNO at 100 and 120 nm this results were in good agreement with HRTEM.
The bigger particles at larger angles obtain much intensity than small particles at small angles
[33,34]. Therefore, as seen in Fig. 4.7 (b), the intensity signal obtained at 75 nm was clearly
invisible in G-LMNO than the intensity at large angles (i.e 100 nm and 120 nm in diameter).
This, therefore, concluded that larger particles overshadowed the intensity signal of the

particles at small angles.
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Figure 4.7: SAXS Particle sizedistribution.in.(a) number-weighted, (b) volume weighted

In order to confirm the phase composition and the crystallinity of the heat-treated powder,
analysis by XRD is an important technique. Fig. 4.8 displayed the XRD patterns for LiMn20a,
nickel doped LiMn2O4 and G-LMNO. All the diffraction peaks of LMO, LMNO and G-LMNO
could be readily indexed to the cubic spinel LiMn204 structure with a space group of Fd3m.
The XRD pattern showed strong intensities of (111), (311) and (400) planes with close
agreement to the standard JCPDS file number: 35-0782, lattice constant: a = 08248 nm [1],as
seen from TEM results. There are no peaks related to lithium oxide, manganese oxide and any
hydroxides in the XRD pattern, thus suggesting the formation of LiMn204 with high purity.
The diffraction peaks of LMNO and G-LMNO are stronger and narrow, which indicate that
nickel and graphene were successfully doped and coated respectively, on the surface of LMO
nanorods, the diffraction peak still matches that of LiMn2Os. There is no obvious graphene or
carbon diffraction peak due to their low content or it may be due to graphene coated being in

amorphous phase [35-37]
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Figure 4.8: XRD patterns of LiMn20s, nickel doped LiMn20O4 and Graphene coated G-LMNO

Fourier transform infrared (FTIR) spectroscopy was used to study the structure coordination of
the obtained powder in the range 450 -3000 cm™ and also employed to understand the metal-
oxygen and metal-metal bond in prepared samples. Fig.4.9 showed FTIR spectrum of LMO,
LMNO and G-LMNO which is dominated by stretching modes of MnQO® which is responsible
for the formation of spinel LiMn2QO4 structure. The characteristic two strong absorption bands
are at 510 and 620 cm™* which are attributed to the asymmetric stretching modes of MnQ®

octahedral structure [9].

The bands around 1000 cm™ are due to the metal oxygen vibrational frequencies [38]. All the

samples showed a similar IR pattern with the typical peaks in the range between 400 and 750
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cm characteristics of the disordered Fd3m crystalline structure. This indicates that graphene
coating did not affect cation ordering in the crystallographic structure of LMNO [39]. The
graphene coated LMNO FTIR spectra shows bands at 1600 cm™ which is assigned to the
symmetrical stretching C-C. From the FTIR spectra, it is revealed that the synthesized product

is a single phase LiMn204 compound as can be seen from XRD and TEM results.
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Figure 4.9: FTIR spectra of LiMn204, nickel doped LiMn204 and G-LMNO

Fig. 4.10 showed the Raman spectra of the LiMn204, nickel doped LiMn204 and G-LMNO
nanocomposite which was recorded at 250 — 1600 cm™. The Raman spectra of the LMO and
LMNO nanorods showed the broad band at 485 cm™*which correspond to F ¥, mode of strong

vibrational band of Mn-O stretching in MnOg [9]. The assignment of Mn-O bands confirms
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that the LiMn2QOg4 spinel structure is successfully synthesized. The spectrum corresponding to
G-LMNO nanocomposite still exhibit the Mn-O bands which is evidence of the structure of
LiMn2O4 with two extra bands at 1464 and 1529 cm™ which represent D and G bands D
represents the disordered band of sp® and G is for the graphene band of sp?-type, [37]. Hence,

the Raman spectra of G-LMNO confirmed the presence of graphene in accordance with FTIR
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Figure 4.10: Raman spectra of LiMn20a, nickel doped LiMn204 and G-LMNO

4.3.3 Electrochemical studies of single electrode LiMn2O4

The investigation of LiMn204, LMNO and G-LMNO nanocomposite as working electrode
against Ag/AgCl (3 M KCI) in the three electrode system was carried out using nickel foam as
the current collector and 1 M Li2SO4 aqueous electrolyte in the voltage window of 0.2 - 1.2 V.

Fig. 4.11 compares the CV curves of LMO, LMNO and G-LMNO nanocomposite at 5 mVs™.
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All the CV curves exhibited redox peaks attributed to surface oxidation/reduction of Mn3* /
Mn** due to the insertion / deinsertion of Li* at LiMn2O4 which can be summarized by the

following equation:
LiMNn204 <> Li1-xMn204 +XLi* +xe”

The above is a typical characteristic equation attributed to the deintercalation process of Li ion
in 8a tetrahedral sites of LiMn20O4 spinel [40]. The cathodic peak is attributed to the removal of
lithium ions from the tetrahedral sites where Li — Li interactions occur, whereas the anodic
peak is attributed to the gaining of lithium ions from the tetrahedral sites. The peak separation
AEp, (AEp = Epa — Epc) in the redox peaks has been considerably decreased in the
nanocomposite sample, the values are 0.25 V, 0.12 V and 0.1 V for LMO, LMNO and G-
LMNO respectively, which “suggest —an —improved —in electrochemical reversibility.
Consequently, the least AEp would sharten the Li-ion path responsible for the faster reaction.
This may be due to the presence of the conducting graphene layers providing new pathways
for electron transfer thus facilitating the redox reaction. It can be clearly be observed that the
peak currents intensities have remarkably increase for the G-LMNO. This indicates that the
conductivity of LiMn2O4 has been improved and more facile lithium ion transfer will result in
better reaction kinetics. The large area of CV of the G-LMNO compared to LMO and LMNO

curves implies a higher specific capacitance of the electrode material at the same scan rate.
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Figure 4.11: Comparative curves for olivine LiMn20s, nickel doped LiMn204and G-LMNO

from cyclic voltammetry at a scan rate of 5 mVs™

Cyclic voltammetry was also used to calculate the capacitance of all the samples. The charge
stored during forward and backward scans directly corresponds to the area under the CV
curves. The capacitance obtained from the integrated area under the cathodic peak at the scan
rate of 5 mV/s indicate that the nanocomposite G-LMNO exhibited better higher capacitance
of 195.2 F g* for the insertion of lithium and reduction of Mn** to Mn®*, and the corresponding
values for LMO and LMNO were 66.4 F g and 138 F g respectively. G-LMNO revealed
higher capacitance than in the pristine LiMn20O4 at the same scan rates which suggests an

improvement in electrochemical performance.
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The capacitances were calculated according to the following equation:

Cy=—2 ©
Csp is the specific capacitance, Q is the charge obtained from CV results, m is the mass of the
electrode and V is potential window. Furthermore, the electrochemical performance was
investigated using galvanostatic charge/discharge experiment. Galvanostatic charge-discharge
technique is a reliable electrochemical method for the evaluation of electro-capacitive
behaviour of electrode materials in energy storage device and also complements the cycling
characteristics. Fig. 4.12 represents the comparison of galvanostatic charge/discharge curves
of LiMn,0s, LMNO and G-LMNO at the same current density of 1 A g*. The nonlinear
charge/discharge profile demonstrates the pseudo-capacitive behaviour of LiMn;Os. The
charge-discharge curves further. show plateau at about 0.48 and 0.7 V corresponding to

deintercalation/intercalation, which is in good agreement with the CV curve above.

The G-LMNO electrode showed greater discharging time as illustrated on Fig. 4.12 than the
pristine material LMO indicating the superior electrochemical performance of the
nanocomposite electrode. The specific capacitance Csp (F g2), calculated from the three
different electrode materials were found to be 25 Fg*, 50 Fgtand 70 Fgtat 1 A g** for LMO,
LMNO and G-LMNO respectively. The graphene coated derivative (G-LMNO) exhibited
higher specific capacitance compared to LMO and LMNO due to conductive properties of

graphene highlighted previously.
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Figure 4.12: Comparative of galvanostatic charge-discharge curves for spinel LiMn20s4, nickel

doped LiMn;04and G-LMNO nanocomposite at a constant current density of 1 A g

4.3.4 Lithium ion capacitor (LIC): LMO || AC

LIC was composed of LMO, LMNO and G-LMNO positive-working electrode and AC
negative-counter electrode in 1 M Li>SO4 electrolyte. Properly balancing the weight of both

electrodes based on their specific capacitance is essential for constructing lithium ion capacitor

[38].

4.3.4.1 Estimation of electrochemical potential window
LiMn204 and the modified materials were further interrogated as an asymmetric lithium ion
capacitor in aqueous 1 M Li>SOg4 electrolyte solution. Fig. 4.13 compared the CV curves of

LMO (between 0.2 and 1.2 V vs Ag/AgCl) and AC (between -0.2 and 0.7 V vs Ag/AgCl). CV
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curve of AC showed a perfect rectangular shaped voltammogram indicating non-faradic charge

transfer reaction. This indicates the desirable fast charging/discharging capability derived from

high power density. The specific capacitance calculated from CV for AC was found out to be

30 F gt at 5 mV st The mass balancing of the two electrodes in LIC is g+ = ¢, where g+

represent the charges stored at the positive electrode and g- represent the charge stored at the

negative electrode [10]. In order for g+ = g-. The mass balancing was:

m+  Csp-xAE -
m - CSp+><AE+

Mo 30F g*x0.9-V

Thus T B64F g ix1V

Do _0.41

mAC

M yo = 0'41'mAC

()

(8)

9)

(10)

The same procedure was adopted for all mass ratio calculations with data obtained from CV

The mass ratio obtained for LMNP ||AC was mimno= 0.20.mac and G-LMNO || AC was mg-

Lmno/ = 0.14.mac. The lithium ion capacitor cell system was assembled at 2 V.
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Figure 4.13: Comparative cyclic.voltammetry curves for.spinel LiMn,O4 and activated carbon

(AC) at a scan rate of 5 mV st in aqueous 1M Li2SO4 electrolyte

4.3.4.2 Electrochemical performance of spinel LiMn204[|AC, LMNP| AC and G-
LMNP || AC lithium ion capacitors.

In the Lithium ion capacitor, upon charging, Li* cations are deintercalated from the positive
electrode and migrate into the solution phase, while a similar amount of Li* cations are
adsorbed on the surface of the negative electrode by capacitive (electrostatic) interactions [10].
Upon discharge, the Li* cations desorb from the negative electrode and intercalate back into
the LiMn2O4 positive electrode. The CV is a suitable tool to investigate the capacitive
behaviour of any material. Fig. 4.14 compared the CV curves of LiMn204|| AC, LMNO|| AC
and G-LMNO|| AC LICs in 1 M Li,SO4 aqueous electrolyte at a scan rates of 5 mV s, The
voltammogram of all the materials retained the faradaic nature as seen in the single electrode

voltammetric profile. The faradaic adsorption and desorption reaction of Li ions on the surface
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of LMO makes the major contribution on the cell capacitance. G-LMNO had largest enclosed
area in CV compared with LMO and LMNO, indicating a higher specific capacitance of the
material. Generally the performance trend follows as: G-LMNO > LMNO > LMO at the same
scan rates. CV curve for G-LMNO nanocomposite indicate that they is a synergy in LMNO

and graphene which results in a combined effect and improve in conductivity.
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Figure 4.14: Comparative curves for spinel LiMn204||AC, LMNO || AC and G-LMNO || AC

lithium ion capacitors cyclic voltammetry at a scan rate of 5 mV s

Fig 4.15 showed a typical cyclic voltammograms of LMO||AC, LMNO||AC and G-
LMNO|| AC with potential window of 0 - 2 Vat the scan rates of 5 - 50 mVs. All the CV
profile revealed two different shapes as seen in Fig 4.15 (a), (b) and (c). At lower scan rates

exhibit redox peaks showing the dominance of faradaic charge storage mechanism in
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resembling the behaviour of cathode material in lithium ion battery. The CV shapes changed
as the scan rates was increase from 20 - 50 mV s, the shapes are almost rectangular in shape.
These possess capacitive nature proving the dominance of activated carbon at high scan rates,
resembling the characteristics of EDLC material. This change may be caused by internal
resistance of the electrode material inhibiting the charge movements within their porous

structure.

Fig. 4.15 (d) showed the calculated specific capacitance from CV profiles for all the system.
The increase in Csp as the scan rate decreased was observed revealing that at slow scan rates
there was more time for the electrolyte ions to diffuse to the electrode materials. As seen, a
high specific capacitance of 156 F g was achieved at 5 mV s for G-LMNO || AC, 51 F gt for
LMNO||AC and 25.4 F g for LMO||AC. Fig 4.15 (d) further showed that G-LMNO|| AC

possess superior performance compared to LMNQO || AC and LMNO || AC at same scan rates.
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Figure 4.15: Comparison of cyclic voltammetry for olivine (a) LianO4||AC, (b)
LMNO || AC, (¢) G-LMNO || AC and (d) rate capability of lithium ion capacitors at various scan

rates

Furthermore, the electrochemical performance was investigated using galvanostatic
charge/discharge (GCD) measurements.  Fig. 4.16 depicts GCD profiles LMO||AC,
LMNOJ|AC and G-LMNO||AC LICs at current density of 0.1 A g The obtained
charge/discharge curves showed nearly identical counterparts during charge and discharge,
suggesting excellent reversibility. The charge-discharge profile displayed Faradaic mechanism
showing slope-changing points at 1.36 V for charging curve and 0.8 V for discharge curve

matching the observed peaks in the cyclic voltammograms (Fig. 4.12) at same current density
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0.1 Agl. The specific capacitance of LMO || AC, LMNO || ACand G-LMNO || AC lithium ion
capacitor were 21, 56 and 80 F g2, respectively. Galvanostatic charge — discharge curve is in
good agreement with CV due to that G-LMNO has capacitance improvement compared with
LMP and LMNO at the same current density (0.1 A g1). The G-LMNO material showed to be
stable at higher working potential under aqueous electrolyte. This is mainly due to the well

coated graphene on the LMNO surface reducing the dissolution of Mn ions for electrode

accessibility.
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Figure 4.16: galvanostatic charge-discharge curves at constant current density for
LiMn204 || AC, LMNO || ACand G-LMNO || AC lithium ion capacitors. Electrolyte: aqueous 1

M Li»SOq4
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Fig. 4.17 showed the rate properties of LMO ||AC, LMNO"AC and G-LMNO || AC lithium
ion capacitors. The charge/discharge curves are obtained at varying current densities from 0.1
Agtto 0.5 Agl. The nonlinear charge-discharge profiles further indicate the pseudo capacitive
behaviour of LMO and nanocomposites. The specific capacitance values were calculated using
equation 2 mentioned above for full cell. Fig 4.17 (d) showed rate capability at various current
densities. All the materials displayed an initial decay with a large decrease in specific
capacitance (Csp) and then reached a stable level as the current density increases. G-
LMNO || AC LIC achieves maximum specific capacitance of 80 F g™ at current density of 0.1
A gt and remains 33 F gt at 0.5 A g. The G-LMNO nanocomposite exhibits much high

specific capacitance and rate capability compared to LMNO and LMO.
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Figure 4.17: Comparison of galvanostatic charge-discharge for spinel (a) LianO4||AC, (b)

LMNO || AC, (c) G-LMNO || AC of lithium ion capacitors at various current densities and (d)

capacitance curves (Csp vs. current densities)

Lithium ion capacitors combine lithium ion battery electrodes with those of supercapacitors

that can produce high energy and power density with satisfactory cycling stability. The energy

and power densities were calculated using the data from Fig 4.17 and equations 3 and 4

mentioned above. Fig. 4.18 showed the relationship of energy and power densities of

electrochemical power sources. Ragone plot is a common tool for evaluating the performance

of energy storage devices.
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The energy density and maximum power density for the G-LMNO||AC LIC device is
apparently high with values of 12.32 Wh kg at current density of 0.1 A g and 19.6 k W kg-
! respectively. The maximum energy and power density values of LMO were found to be 3.1
Wh kgt and 9.2 kW kg, respectively. The LMNO nanostructure showed maximum energy
and power density values of 7.84 Wh kg* and 10.6 KW kg™, respectively. It was observed that
G-LMNO || AC LIC exhibited better performance in terms of energy, power or rate capability.
The G-LMNO ||AC results compared with ones reported on literature suggest that this LIC
device is suitable for high power energy storage application [8,9,42—44]. The improved energy

and power density are attributed to good electronic conductivity graphene.
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Figure 4.18: Ragone plots of LiMn204||AC, LMNO||AC and G-LMNO||AC at different

current densities
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Fig. 4.19 showed EIS Nyquist plot comparison of LMO || AC, LMNO|| AC and G-LMNO|| AC
and a possible equivalent circuit as an inset. Each curve gave almost vertical line at lower
frequency region attributed to Warburg impedance associated with lithium ion diffusion in the
bulk of the electrode, and a small semicircle in the high frequency region. Charge transfer
resistance (Rct) is the diameter of the semicircle, which controls the transfer kinetics at the
electrode interface and it reflects the electrode transfer kinetics of the redox probe at the
electrode interface. Rs represent internal resistance which has a total of intrinsic resistance of

active materials. Cq is the double layer capacitance and Ws represents Warburg impedance.

The Rt for LMO||AC, LMNO || AC and G-LMNO || AC lithium ion capacitor obtained were
8.31,3.51 and 0.92 Q, respectively. The G-LMNOJ[AC R is smaller than that of LMO|| AC
and LMNO ||AC, revealing that the modified- nanecomposite electrode has better charge
transfer kinetics than the LiMn2O4electrode. This suggests that the conducting graphene coated
on the surface of LiMn20O4 facilitates-the transfer of electrons between electrodes and Li-ions
during the charge-discharge process. These results further,confirm improved electrochemical
performance of G-LMNO”AC lithium fion. ¢capacitor .as a result of synergetic relationship

between graphene and LMNO which was seen on evident on both GCD and CV.
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Figure 4.19: Comparative Nyquist plots-of LiMn,04 ]| AC,'LMNO|| AC and G-LMNO || AC

and the inset of equivalent circuit,

The pseudocapacitive behaviour of all the materials synthesized for lithium ion capacitors was
further emphasized by the bode, plot. Fig. 4.20 displayed the Bode phase angle plot for
LMO||AC, LMNO||AC and G-LMNO || AC LICs. The lower Ret observed from the Nyquist
plot corresponds to the shift of phase angle to high frequency which was observed from Bode
plots of G-LMNO nanocomposite and therefore, associated with fast electron transfer. The
phase angle obtained for LMO || AC, LMNO|| AC and G-LMNO || AC LICs was 45, 52 and 56°,
respectively. The G-LMNO || AC exhibited improved conductivity based on higher phase angle
compared to other materials. As it is known that between 20 - 45° the material posses’
semiconductor characteristic compared to 0° (insulator) and 90° which is of pure metal (more
conducting). These values may be further compared to that of an ideal EDLC which is close to
90° [45]. The lower phase angle suggest the electrodes possesses pseudo capacitive behaviour

due to the faradaic reaction occurring at the positive electrode
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Figure 4.20: Comparative Bode plots of LiMn;04 ]| AC, LMNO || ACand G-LMNO || AC

4.3.4.3 Cycling performance

The cycle life is an important factor in supercapacitors electrode material, cyclic stability
experiments measured by galvanostatic charge-discharge represent a reliable analysis method
for establishing the long-term stability of LICs electrodes. Fig. 4.21 showed the specific
capacitance of the three electrodes within 1000 cycles at 0.4 A g*. All materials showed a
capacitance decay, as cycle number is increase. The G-LMNO ||AC exhibited excellent
stability during 1000 cycles compared to LMO and LMNO electrodes. The device delivered a
capacitance of 47 F g during the first cycle and 33.2 F g* at the 1000 cycle. The capacitive
retention was 61%, 67% and 70% for LMO|AC, LMNO|AC and G-LMNO||AC
respectively, indicating favourable cyclability. The excellent stability of the G-LMNP || AC
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lithium ion capacitor showed that this device can be charged and discharged without significant
deterioration. The values obtained from cycling performance correspond with a specific energy

of 5.93 Wh kg and power density of 15.7 kW kg™.
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Figure 4.21: Comparative cycling performance at current density of 0.4 Ag™ of LiMn,04 || AC,

LMNO || ACand G-LMNO||AC

4.4 Summary

The G-LMNO nanocomposite was prepared by a facile hydrothermal, coating and calcination
treatment processes. Nickel foam acted as the current collector; AC as negative electrode, and
1 M Li2SOs aqueous electrolyte. The G-LMNO ||AC displayed an improved electrochemical
performance compared to LMO||AC and LMNO||AC. The LMO||AC exhibited specific

capacitance, energy density and maximum power density of 21 F g%, 3.1 Wh kg* and 9.1 kW
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kg?, respectively. The LMNO || AC displayed specific capacitance, energy density and
maximum power density of 56 F g, 7.8 Wh kg and 10.6 kW kg*, respectively. The G-
LMNO|| AC exhibited a high capacitance at 80 F g at the current density 0.1 Ag? and
excellent cycle stability after 1000 cycles at a current density of 0.4 A g. The improved
capacitance performance of G-LMNO was ascribed to the graphene modification and the
doping of nickel. This contributed to the improved conductivity and fast diffusion of electrolyte
ions on the surface of the electrode. Furthermore, the improved conductivity was observed
from Rct obtained in EIS. The Rct values for G-LMNO, LMNO and LMO were 0.92, 3.51 and
8.31 Q, respectively The G-LMNO || AC exhibited high capacitance, good cycle stability and
high rate capability, showed by high maximum power density (19.6 kW kg?) and energy
density of 12.32 Wh kg*. Hence, considering the electrochemical performance of G-LMNO as
positive electrode, it would be beneficiary -to-develop aqueous type LIC for practical

application.
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CHAPTER 5

5 Development of copper manganese oxide and lithium
manganese oxide-for thermochemical energy storage

system

Overview
Development of thermal energy storage (TES) systems for concentrated solar power (CSP) is
essential in order to match a variable electricity demand-with. an intermittent energy source
supply thereby enhancing energy generation dispatchability. In this chapter, we further studied
additionally the effect that doping of Mn oxides with Li and Cu has on the redox temperatures
and reaction enthalpies of both forward and reverse reactions. Lithium manganese oxides and
copper manganese oxide were synthesized by a modified Pechini method and their redox cycle
stability characterized in order to evaluate their suitability as thermochemical storage (TCS)

materials.
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ABSTRACT

At present, there is a clear interest in developing redox materials with improved properties for
high temperature thermochemical energy storage. Chemical modification of manganese oxides
with cations such as Li and Cu can produce, among other phases, LiMn204 and CuMn204
spinels, which are feasible candidates for heat storage due to their redox capacity. In this work,
these materials were synthesised by a modified Pechini method, and the characterization results
confirmed the formation of the targeted phases with some minor contribution of Mn3Osa.
Thermogravimetrical redox tests in air established that both materials experience fully
reversible redox transformations when the temperature is varied between 900 and 1000 °C.
These assays showed the stability of both Cu-and-Li-mixed-oxides after five consecutive redox
cycles and, in accordance, the XRD confirmed the spinels retaining their crystal structures after
the treatment. However, in these conditions, reduction temperatures are higher than 940 °C.
Alternatively, if the reduction is‘performed in argon and the oxidation in air, it is possible to
increase the amount of oxygen exchanged in the gas-solids reactions and, accordingly, the heat
storage capacity. Therefore, the heat recovered'in the re-oxidation of CuMn,QO4 at 700 °C was
144 kJ kg, while LiMn204 showed an enthalpy of 209 kJ kg™ (37 kJ mol™?). These changes in
the composition of the atmosphere do not affect the stability of the system and the conversion
is maintained after five consecutive cycles. In all cases, the initial spinel phase is recovered
after re-oxidation, which takes place at remarkably fast rates. Analysis of the intermediate
reduced materials reveals a significant complexity of the redox transformations, which imply
the formation of LiMnO, and CuMnO. among other phases. Accordingly, considering the
stability of these systems as well as the relatively high enthalpies, CuMn2Os and LiMn2O4

appear to be promising materials for thermochemical energy storage.
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5.1 Introduction

The continuous demand for energy as well as environmental concerns due to global warming
places an urgent need for sustainable and efficient energy systems. Solar radiation can provide
enough energy to meet the wold’s demand. Concentrated solar power (CSP) plays a huge role
for prospective renewable energy and heat generation [1]. Nevertheless, solar power presents
the limitation of being an intermittent energy source. In this respect built-in energy storage
technologies research is undergoing tremendous development because they allow CSP plants

to supply power on demand [2].

Thermal energy storage systems are-a_key component of-concentrated solar power plants [3],
since its implementation increases the energy generation dispatch ability [4]. Heat is stored in
three different mechanisms which are sensible heat storage, latent heat storage and
thermochemical heat storage. The most-widely studied-and-.commercialised technology is
sensible heat storage but it suffers from low. energy density [5]. The less matured technologies
are both latent heat storage and thermochemical heat storage which still need further research.
Physical thermal storage systems (sensible heat or phase change) would gradually lose their
thermal energy [6]. Therefore this leads to thermochemical energy storage which is the less
developed between the three due to the fact that latent and sensible heat storage are not suitable
for long-term energy storage. In contrast with other more developed technologies for thermal

storage based on latent or sensible heat, TCS presents relatively high energy densities.

Thermochemical heat storage (TCS) stores energy by using reversible chemical reactions to
store thermal energy in the form of chemical compound and have high density and potential

low cost energy storage [7]. High amounts of thermal energy can be stored by thermochemical
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reaction while using various chemical reactions for heat absorption and subsequent heat

release.

Many systems based on redox chemical reaction which can reversibly loose and gain oxygen
have been proposed as candidates for high temperature range (700-1000 °C) solar polar towers
[8]. Several pure metal oxides have been analysed as possible suitable oxides for this
application. In particular, manganese oxide, iron oxide and copper oxide redox reactions appear
most appropriate for temperatures in 700-1000 °C [9,10]. TCS based on redox cycles of metal
oxides consists of two steps. During the charge step (endothermic process), part of the hot air
generated from renewable energy sources or conventional energy sources like fossil fuels is
used to supply enough heat to carry-out the reduction.-Surplus-heat produced at the CSP plant
is partly stored by means of chemical reaction as in equation 1 below. Then during the
discharge step, (off-sun periods) the reversible oxidation of the reduced form of the metal oxide
releases the heat previously stored as shown in-equation 2. The redox reaction can be described

as follows (M = Metal):

Charge: MOy +AH — MOx.y + y/202(q) 1)

Discharge: MOx.y + y/202(g) — MOx +AH 2

TSC are basically focused on three directly interrelated aspects, storage [11-14], reactor
concept [15,16], and system integration [17]. The work conducted in this segment of the thesis
utilized the redox cycle of manganese oxide (Mn203/Mn304) in the development of materials
for thermochemical heat storage at high temperatures. The oxide pair have the advantages of
being less expensive and more abundant than other existing pairs [18]. Previous works proved
that too high temperatures required for the application led to a decrease in the oxidation rate

during first cycle assay [10]. Stability of the oxidation rates over long-term cycling was needed
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to provide proper control of the discharge process to guarantee the commercial viability of
TCS. Metal doping has been generally studied as the first approach because it can be beneficial
for oxygen diffusion through the crystal lattice as the incorporation of cations of different
oxidation states and radii could create charge imbalances [8]. Carrrilo et al showed that the
incorporation of Fe was especially beneficial in the enhancement of the oxidation rates and
improvement of its stability over 30 redox cycles [18]. Varsano et a/ confirmed that the addition
of lithium to the conventional manganese oxide thermochemical cycle is highly beneficial due
to the fact that various redox cycles were performed and the material showed great stability
[8]. Carrillo ef al revealed that metal co-doping by Cu-Fe can narrow the thermal hysteresis
which means that heat is stored and released in closer range of temperatures which boosted the
energy storage efficiency [6].Other..manganese spinel_analogues such as ZnMn»Os and
CaMn204 have been studied in electrocatalysis.-Inview of the above, spinel manganese oxides

are considered suitable for thermochemical heat storage.

The utilization of spinel copper manganese oxide (CuMn204). and lithium manganese oxide
(LiMn204) as thermal energy storage materials was explored in this research. Spinel structured
copper manganese oxide (CuMnzO4) is an important inorganic functional semiconductor
material and has been widely studied and applied in various areas [19-21]. LiMn2O4 has been

vastly used as a cathode material in lithium ion batteries [22-25].

The properties of these spinel oxides were studied for applications in thermochemical energy
storage. Redox cycling was monitored by thermogravimetric analysis. Structure and
morphology were characterized by powder X-ray diffraction and scanning electron microscopy
before and after reaction. Finally, the thermochemical heat storage/release capacity of the as

prepared materials was analysed by differential scanning calorimetry.
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5.2 Experimental methods

5.2.1 Materials preparation

LiMn204 and CuMn204 were synthesized by a modification of Pechini method [26]. The metal
(Me) precursors, namely Mn(NO3)2.4H20 (97%, Sigma-Aldrich), Cu(NO3)2.3H20 (99%,
Sigma—Aldrich) and LiNO3 (99%, Sigma—Aldrich) were added to an aqueous solution of citric
acid (CA, >99.5%, Scharlab) in a Me: CA molar ratio of 1:5 with constant stirring for 3 h at 70
°C. Afterwards, ethylene glycol (EG, >99.5%, Sigma— Aldrich) was added (in a CA: EG molar
ratio of 3:2) with continued stirring for further 2 h at 90 °C to achieve gelification. The gel was
dried at 200 °C for 3 h and then _calcined-at 450 °C for4-h:in-air. Finally, the calcined gel was

ground to fine powders and further calcined at 700.°C for 4 h'to obtain the products.

5.2.2 Material Characterization

X-ray diffraction (XRD) analyses were performed using a Philips PW 3040/00 X'Pert
MPD/MRD diffractometer with Cu Ka radiation (1 = 1.54178 A) at a scanning rate of 0.2°s
and using a secondary monochromator. Hitachi TM-100 microscope was used for scanning

electron microscopy (SEM) images without any previous treatment of the samples.

5.2.3 Redox cycling

Thermogravimetric analysis (TGA) using a SDT Q-600 from TA instruments was used to
monitor the stability of redox cycle. During cyclability studies, 15-20 mg of sample were
placed in a 90 ul alumina crucibles and subjected to 5 charging—discharging cycles. Each cycle

involved heating up to 900 °C and cooling down to 700 °C both at a rate of 5 deg min, under
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Argon flow at 100 ml min (pO, <5107 bar) after which the sample was kept in air flow for 30
min. The heating and cooling process continued until the fifth cycle was completed.
Differential scanning calorimetry (DSC) was carried out simultaneously with TGA in order to
study the heat effects during reduction and oxidation reactions. DSC was calibrated under Ar
atmosphere using the melting temperatures and enthalpies of Zn and Ag along the temperature

range utilized for redox cycling [6, 18, 27].

5.3 Results and Discussion

Fig 5.1 showed X-ray diffraction patterns of CuMn2O4 which indicated that the phases
identified are crystal planes of cubic CuMn2Oy4 spinel structure (JCPDS74-2422). In addition,
some reflections corresponding to the peaks-of the-Mn3O4 tetragonal phase (JCPDS024-0734)
observed at 20 = 28" and 33°. These results suggest that higher temperature (= 900 °C) and longer

calcination times (more than 10 h) are required to obtain the spinel as a single phase.
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Figure 5.1: XRD pattern of synthesized CuMn,04
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In order to study the redox behaviour of CuMn2Oa, this material was subjected to heating up to
900 °C and then, after cooling the sample down to 700 °C, swapping to air flow in order to
allow re-oxidation and continuous cycling. Fig 5.2 showed the results obtained under these
conditions, where a sharp decrease in mass and the subsequent recovery in air atmospheres can
be appreciated for five consecutive cycles. Total weight loss in the first cycle was 4.67 wt%,
which implies a deep reduction of the CuMn204 phase. The reduction onset appears at 650 °C,
and this is reflected in the temperature of the maximum reduction rate. On the other hand, re-
oxidation is remarkably rapid once air is introduced at 700 °C, as indicated by the weight
recovery which is complete in less than 10 min. CuMn204 demonstrated good characteristics
to be considered as material for heat storage applications because it was able to withstand five
successive charge-discharge events without any-apparent degradation. The other observation
made is that the reduction started at-a lower temperature (910 °C) compared to the un-doped
Mn.Oz at 950 °C. Decreasing in the reduction temperature was favourable because this would
allow working in moderate conditions as facilitating the use of more conventional materials in

the reactor fabrication.
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Figure 5.2: Five redox cycles performed to.CuMn»Qg4, heating up to 900 °C and cooling down

to 700 °C in Ar/air flow.

DSC (discussed in section 5.2.3) results were used to determine the enthalpy. Fig 5.3 showed
that the area under the endothermic'peak was 85 kJ kg which:was determined by tangential-
sigmoidal integration. The oxidation enthalpy obtained was 172 kJ kg™. The value for reduction
enthalpy is very low when compared to the theoretical values of pure Mn oxide, which is
because of the presence of Cu cations [6]. The solid recovered after the reduction step, was
cooled down in inert atmosphere to avoid re-oxidation and it was subjected to XRD analysis in

order to determine its phase composition.
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Figure. 5.3: DSC analysis for the first cycle taken from Figure 5.2.

XRD was used to determine the crystal phase composition after the 5 redox cycles. Fig 5.4
revealed no significant different between the synthesized material as well as the cycled one

which shows that CuMn2O4 didn’t undergo any crystal phase change, proving the stability of

the material.
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Figure 5.4: XRD pattern of CuMn204 before and after five cycles.

Fig 5.5 displayed the SEM morphology befare and after 5 redox cycles. Fig 5.5 A showed that
the material consists of agglomerates of particles with irregular shape of several microns of
diameter. Fig 5.5 B showed that the reaction condition lead to a complete morphology change
due to sintering processes. It can be seen that coarsening occurs in CuMn204 particles which
results in a more open structure with large pores. The sintering that occurred because of high
temperature did not have an effect on the re-oxidation rate in any of the five cycles. However,
these extensive changes induced by high temperature cycling did not have a negative effect on
the re-oxidation rate. On the contrary, as mentioned above, oxidation rate slightly increases for

successive cycles for this spinel.
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Figure 5.5: SEM of CuMn204 before and after five cycles

The powder materials recovered after reduction was subjected to XRD. Fig 5.6 displayed that
monoclinic CuMnO: crystal phase coexist with-MnzOs. The high temperature phase CuMnO>
would gain oxygen during cooling-and form CuMn204. Accordingly, the whole redox process

taking place at high temperature in argon can be described by the following equation:

CuMn204— CuMnO2 + 1/3Mn304 +-1/20; 3

However, considering that the theoretical mass loss for this process is 4.49 wt%. It appears that
conversion in Ar is not complete. This is at least partly due to the initial presence of Mn3O4

impurities.
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Figure 5.6: XRD pattern of the CuMnz04 reduction in-argon.at 900 C

In the presence of argon the phase CuMnO2, Mn304 and O: easily react to regenerate CuMn2Osa,
up-taking oxygen and recovering the initial weight. This was'confirmed by XRD analysis of
the sample submitted to the 5 redox cycles and cooled down:in air flow, whose diffraction
pattern is very similar to that of the initial sample, as it shows the presence of CuMn;0s as the
main component, along with a minor contribution of MnzOa4. In fact, the excellent reversibility
of the process is rather remarkable considering that complex solid state reactions taking place,

and most likely are related to the high cationic mobility provided by the spinel structure.

The phase composition and structure of the LiMn2O4 was characterized by XRD as shown in
Fig. 5.7. The X-ray diffraction pattern is dominated by LiMn.Os crystal phase (JCPDS: 35-
0782) which was identified as a single phase of cubic spinel with space group Fd3m, although

the presence of small impurities of Mn3O4 can be observed from XRD pattern. These results
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suggest that higher temperature (> 900 ‘C) and longer calcination times (more than 10 h) are

required to obtain the spinel as a single phase.

L|Mn204 synthesized
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Figure 5.7: XRD patterns of the synthesized LiMn2O4

As in the case of CuMn,Qg4, the redox hehaviour of LiMn204 was evaluated by performing
successive cycles. Fig 5.8 showed TGA results of the redox cycle performed by increasing the
temperature up to 900 °C in argon, then cooling the sample down to 700 °C, and subsequently
changing the gas flow to air while heating again the material. Under these conditions, the
material experiences a fully reversible weight loss of 5.7 wt. %. Subsequently, certain mass
uptake at around 650 °C is most likely related to the oxidation of Mn3O4 to Mn2Os. Following
that, a sharp decrease of weight, starting at around 850 °C and achieving 3.63 wt.% is observed,
LiMn20O4 revealed redox reversibility under this conditions as well as good stable redox cycles.

The cyclability was completed over 5 charge-discharge cycles.
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Figure 5.8: Five redox cycles performed to LiMn204, heating up to 900 °C and cooling down

to 700 °C in Ar/air flow.

The enthalpy associated with DSC ‘analysis was measured as discussed previously. Fig 5.9
showed the enthalpy calculated from the area under the endothermic peak was 209 kJ kg* and
the exothermic peak obtained was 186.8 kJ kgX. The measured heat storage and released values
are higher than CuMn04 and similar to those of pure Mn oxide, proving that LiMn2O4 can be

consisted for thermal energy storage material.
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Figure 5.9: DSC analysis for the first cycle taken from Figure 5.7

Fig 5.10 showed the XRD pattern of LiMn204 after 5 cycles. XRD results revealed that only
one main phase is present due to pure LiMn2O4 without no further additional peaks of
impurities after redox cycles. This suggest that the synthesis temperature was low or maybe
Mn3Os was all transformed into LiMn2O4 during thermal cycling, therefore forming a pure

phase.
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Figure 5.10: XRD pattern of LiMnz04 after five redox cycles:

SEM pictures depicted in Fig 5.11 showed the morphology of LiMn.O4 both as prepared and
after 5 redox cycles. Before the high temperature treatment this material present particles with
undefined shape and with a very broad size distribution in the range of 1 to 50 um. After redox
cycles, this sample displayed high level of sintering, characterized by the formation of
agglomerates of particles with polyhedral shapes, which appears denser than those of CuMn204
following the same treatment. Nevertheless, sintering does not appear to affect the redox

performance of the material, as the rate remains basically constant through the cycles.
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Figure 5.11: SEM images of synthesized LiMn20O4; (A) as prepared material and (B) after 5

redox cycles.

Fig 12 depicted the X-ray diffraction patterns-of.the LiMn2O4 reduced in argon flow and
stabilized by cooling down in an atmaosphere of this inert gas. LiMnO> phase is identified
together with Mn3O4 phase but, in contrast with the sample treated in air, reflections of
LiMn204 are not present. Such results confirm that the Li-spinel phase undergoes complete

reduction during the redox cycle according to this process described by
Following equation:

LiMn2Os— LiMnO> + 1/3Mn3z04 + 1/20-» 4)
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Figure 5.12: XRD pattern of the reduced LiMnzO4inargon-at 900 ‘C.

5.4 Summary

In this work, the redox behaviour at high temperatures and different atmospheres of LiMn204
and CuMn204 materials has been investigated as to determine the feasibility of using these
systems for thermochemical heat storage. Spinel lithium manganese oxides and copper
manganese oxide were successfully synthesized by modified Pechini method, although the
samples containing a small proportion of Mn3O4 due to the incomplete reactions. Both
materials showed to be redox reversible in the conditions applied and did not present any loss

of cycle stability for the 5 redox cycles and it was evident from XRD with materials retaining
their crystal phases. These spinel manganese-based materials could be explored where the cost

is the limiting factor. CuMn.O4 showed a reduction reaction temperature of 910 °C which is
lower than that of pure manganese. LiMn204 showed high reaction temperature with an
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enthalpy of 209 kJ kg™X. Both materials are of great interest for the storing solar heat. The key
factor to be considered is developing metal co-doped manganese oxide by Li and Cu for

thermochemical energy storage
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CHAPTER SIX

6 Conclusion and Recommendations
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6.1 Conclusion

This research explored the properties of pristine and derivatised mangenese-based electrode
materials for electrochemical and thermochemical energy storage applications. The materials
include LiMnPO4 (LMP); LiMn204 (LMO); their nickel doped analogues consisting of LMNP
and LMNO and the corresponding graphenised derivatives which comprise G-LMNP and G-
LMNO; as well as CuMn,Q04. The preparation of the materials for lithium ion capacitor studies
involved solvothermal synthetic routes as well as Hummer's modification for the graphene-
containing electrodes while employing a variant of the Pechini's method for the preparation of

samples for thermochemical energy storage studies.

All the LICs materials were thoroughly investigated by XRD, FTIR and Raman spectroscopy.
The XRD results for the LMP, LMNP and G-LMNP identified the as-prepared materials to
have orthorhombic olivine phases-indexed-to-the Pamb-space group whereas the diffraction
patterns of the LMO, LMNO and G-LMNQO revealed:the materials to have the cubic spinel
structure indexed to the Fd3m space group. Detailed analysis of the FTIR results for the LMP,
LMNP and G-LMNP confirmed the presence of intramolecular vibrational bands typical of the
PO4* anion at 650 — 530 cm™. The C-C vibrational frequency occurring at 1630 cm™ confirmed
the presence of graphene in the G-LMNP. This was corroborated by the Raman results which
revealed bands at 1463 and 1526 cm™ representing the characteristic D and G bands of
graphene along with the vibrational bands of POs* at 980 and 1100 cm™. Similarly, the FTIR
spectra of LMO and the nickel doped graphene derivatives showed the vibrational stretching
mode of MnQ® octahedra at 510 - 620 cm™* which are responsible for the formation of LiMn204

with the C-C symmetric stretching band at 1580 cm™ for G-LMNO confirming the presence of
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graphene in the nanocomposite material. Raman spectroscopic results also confirmed the D

and G bands of graphene in the spinels.

Electrochemical studies conducted in 1 M Li>SO4 aqueous electrolyte at a voltage window of
0 - 2 V showed the G-LMNO to have the highest capacitance at 80 F g* and excellent cycle
stability after 1000 cycling experiments with a capacitance retention of 70 %. It delivered a
power density of 19.6 kW kg! and energy density of 12.32 Wh kg®. The improved
electrochemical performance of the G-LMNO over the other electrodes could be attributed to
the conductive graphene coating on the electrode surface. The same trend was also observed
for the LMP series where the G-LMNP showed better cycling performance. The graphenised
electrode derivatives present good properties-that can-be harnessed in the development of
lithium ion capacitors for electrochemical energy-storage. This level of electrochemical
performance of the prepared LICs satisfies the demands of hybrid electric vehicles (HEV)
applications. Additionally, the simplicity-of the graphene nanosheets coating method, which
uses electrostatic attraction between| negatively charged graphene and positively charged

LMO/LMP particles, will be applicable for various electrode materials.

Further studies in this work involved the interrogation of the thermochemical energy storage
properties of LiMn2O4 and CuMn204. The materials showed excellent redox cyclability in
argon-air atmospheres without any apparent loss of performance for the five redox cycles
performed. Considering the stability of these systems as well as the relatively high enthalpies
and fast reaction oxidation kinetics, CuMn2O4 and LiMn,O4 can be said to be interesting
alternatives to the standard Mn.O3/Mn3zO4 couple. The combination of these improvements,
render such materials in an attractive option for thermal energy storage system used in

concentrated solar power plants.
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6.2 Recommendations

> It is important to further explore the properties of these materials by conducting X-ray
photoelectron spectroscopic experiment to determine the elemental composition,

chemical and electronic states of the elements present in the materials.

» Investigation of G-LMNO and G-LMNP using a full-cell symmetric device for
comparisons with the asymmetric system.

» Explore the use of different electrolytic solutions such as ionic liquids, organic and non-
neutral agueous electrolytes for the development of lithium ion capacitors.

» Investigation of other methods-of preparing the manganese-based materials such as
microwave synthesis.

» Test the ability of all the fabricated Li-ion capacitors to power a light-emitting diode

(LED).

169



	TITLE PAGE
	KEYWORDS
	ABSTRACT
	ACKNOWLEDGEMENT
	LIST OF ABBREVIATIONS AND ACRONYMS
	TABLE OF CONTENTS
	CHAPTER ONE: Introduction
	CHAPTER TWO: Literature review
	CHAPTER THREE: Development of graphenised-lithium manganese phosphate doped with nickel with enhanced electrochemical performance for lithium ion capacitors
	CHAPTER FOUR: Energy storage performance of nickel doped graphene coated LiMn2O4 for Li-ion capacitors
	CHAPTER 5: Development of copper manganese oxide and lithium manganese oxide-for thermochemical energy storage system
	CHAPTER SIX: Conclusion and Recommendations



