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Abstract

While lithium-ion energy storage has found wide applications, the use of lithium ions as
charge carrier has a number of issues, such as safety concerns and resource scarcity. In
comparison with lithium, sodium is naturally abundant and cheaper. Therefore, recent years
have seen a great deal of research interest in using sodium ions as charge carrier to develop
sodium-ion energy storage technologies, such as sodium-ion batteries (NIBs) and sodium-
ion capacitors (NICs). NICs have emerged as a promising technology for large-scale energy
storage applications because this energy storage system combines the advantages of
batteries and electrochemical capacitors (ECs). A NIC cell is configured with a battery
electrode as the anode, an EC electrode as the cathode and an electrolyte containing

sodium ions.

However, finding a high-performance anode material has been one of the great challenges
in developing this sustainable electrochemical energy storage technology. Transition-metal
oxides (TMOs), such as TiO2, Nb2Os, NiC0204 and Fe3O4, have been demonstrated to be
promising anode materials for sodium-ion storage. Nickel cobaltite (NiC0,0,) is of particular
importance because of its low cost, abundance in nature, and high theoretical specific
capacity (890 mAh g'). However, this material suffers from critical problems, including
sluggish sodium ion diffusion kinetics, low electrical conductivity, and large volume changes
during charge/discharge, resulting in poor rate capability and cycling stability in NICs.

This PhD thesis project aims to improve the electrochemical properties of NiCo,04 (NCO)
with regard to a number of physical and electrochemical aspects, including morphology,
structure, electrical conductivity, ion diffusivity, and cycling stability. The main innovations
and key findings in this thesis work include:

* Spherical NCO particles have been synthesized by using a solvothermal method. It was
found that subsequent thermal treatment temperature played an important role in
determining the crystalline structure and particle size of the NCO. The NCO sample
thermally treated at 350 °C showed an optimal and promise performance in NICs. Hollow
NCO spheres with a chestnut shell morphology have also been synthesized using the
solvothermal method.



Mechanism study revealed that the NCO phase was converted to metallic nickel, cobalt
and sodium oxide phases upon pre-sodiation. The pre-sodiation of NCO was found to
significantly improve its energy density. A NIC assembled with the pre-sodiated NCO as
the anode and an activated carbon (AC) as the cathode exhibited an energy density of
60 Wh kg™ at a power density of 10,000 W kg™, much better performance than that
reported in the literature.

The physical and electrochemical properties of the NCO particles were improved by
using nitrogen-doped reduced graphene oxide (N-rGO). A porous N-rGO framework was
used to encapsulate NCO particles to form a NCO@N-rGO composite. In addition to
enhance electronic conductivity and alleviated the volume changes of NCO during
charge/discharge, the N-rGO network also contributed to charge storage via a capacitive
mechanism. A NIC assembled with NCO@N-rGO as the anode and an AC as the
cathode delivered an energy density of 48.8 Wh kg™ at a power density of 9750 W kg™
with a stable cycle life.

A three-dimensional (3D) nitrogen-doped holey graphene (N-HG) was prepared and
used to stabilize NCO particles, forming a NCO@N-HG composite. This composite
exhibited good rate capabilities with a capacity of 403 mAh g™ at a current density of 1
A g, which was higher than the 358 mAh g of NCO@N-rGO in a sodium half-cell. A
NIC assembled with NCO@N-HG as the anode and an AC as the cathode also delivered
a higher energy density of 52 Wh kg'1 at a power density of 10,000 W kg'1. The physical
and electrochemical properties of magnetite (Fe3O4) nanoparticles were also improved
by using the 3D N-HG. The thin graphene sheets in the composites facilitate the electron
transport and buffer the volume changes during charge/discharge, while the
interconnected 3D macroporous network with a pore size in several micrometers range,
combined with the nanopores in the N-HG provide pathways for rapid ion transport. The
good electrochemical performance of the composites indicates that using N-HG to
support TMOs particles is an effective and general approach towards developing high-

performance anode materials for sodium-ion storage.

In summary, this PhD thesis work has significantly improved the physical and

electrochemical properties of nickel cobaltite with regard to electrical conductivity, structural

stability, and sodium ion diffusivity in the bulk electrode. The good electrochemical



performance indicates that NCO-based materials hold a great promise as anode for high-
performance NICs with competing energy and power densities.
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Chapter 1 Introduction

This chapter gives an overall introduction of research, including background, development
history, the working principle of sodium-ion capacitors, research objectives, and thesis

outline.

1.1 Background

The fossil fuels, such as petroleum, natural gas, and coal have aroused ever-increasing
concerns on environmental pollution, global warming, and resource limitation. Shifting to
clean and renewable energy such as nuclear, solar wind, wave and hydropower is occurring
worldwide. According to United States (US) Energy Information Administration (EIA), fossil
fuels consumption in the US has accounted for more than 80% of total energy consumption
for more than 100 years (1900-2015), but this is predicted to decline to 76.6% by 2040
(Figure 1.1 ).1 Future growth in energy consumption will primarily emerge in natural gas and
renewable energy. Particularly, renewable energy can help people to achieve the goals of
reducing greenhouse gas emission, limiting future climate change risks and ensuring

reliable and sustainable energy supply.

Energy consumption in the United States (1776-2040)
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Figure 1.1 Energy consumption in the United States from 1776 to 2040."



Figure 1.2 shows an overview of various renewable energy sources.? Most of these energy
sources are derived from natural sources such as wind, marine, solar and geothermal.
However, the renewable energy does not generate in regular patterns because it primarily
depends on specific weather such as sunlight exposure for solar generation, which cannot
satisfy the modulate patterns of demand. Therefore, using an electrical energy storage (EES)
technology to store the generated energy during low-demand periods and deliver it during

peak-periods is very important.

(Renewable Energy Resources)

( Wind Energy ) (Marine Energy) ( Solar Energy J ( Hydro Energy J (Geothermal Energ)) ( Bioenergy )
Concentrating’ Bioenergy for
( Onshore )( Offsore ) ( Solar PV l(So]ar Heatmg) (Solar Power) elecmmty ond heat)( Biofuels )

Figure 1.2 An overview of renewable energy resources.?

The most prevalent EES technologies are pump hydro and compressed air, which dominate
the total capacity today.? As batteries and capacitors storage systems are well suited for
portable electronics and electric vehicles (EVs), they are also important EES technologies
which are developing fast with lower cost and improved performance.* Figure 1.3 compares
the batteries, capacitors and fuel cells storage systems regarding power rating and energy
densities.’ In general, these electrochemical energy storage technologies possess the
features including flexibility, environmental-friendly, high energy conversion efficiency, and
simple maintenance to meet different grid functions.® Several battery technologies including
lead acid, sodium sulfate, and rechargeable batteries have been developed for commercial
application. Among them, the rechargeable batteries are the most promising and

commercialized electrochemical energy storage.’

Lithium-ion batteries (LIBs), as a typical rechargeable battery, have become the dominant
power source for portable electronic devices such as cell phones and laptops. However,
their commercialization has resulted in a large amount of lithium consumption, which has
accounted for one-quarter of the world’s production of lithium mine, resulting in a rapid rise

in the price of lithium in the latest decade.® Driven by this situation, research interests in
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sodium-ion system have been aroused. As sodium is a naturally abundant alkali element
and it shares similar chemistry with lithium, sodium-ion batteries (NIBs) have been
considered as a promising alternative to LIBs, especially in large-scale grid energy storage.’
However, as shown in Figure 1.3, the rechargeable batteries including LIBs and NIBs
generally show low power density (<1000 W kg™') which cannot satisfy the situations when
requiring high power energy. Electrochemical capacitors (ECs) store energy using either ion
adsorption (electrical double-layer capacitors, EDLCs) or surface redox reactions
(pseudocapacitors) or both of them with prominent properties, such as high power density,
and long cycle life. However, the energy density of ECs is usually low (<10 Wh kg™). Thus,
special energy storage devices are highly desired with a high energy density close to that

of rechargeable batteries, and a high power density similar to that of ECs.

Lithium-ion capacitors (LICs) and sodium-ion capacitors (NICs) are typical examples of such
special energy storage systems, which integrate the electrode component of ECs and
rechargeable LIBs/NIBs."®"" This integration enables the LICs/NICs to exhibit a higher
energy output than ECs and a higher power output than LIBs/NIBs. The hybrid LICs were
reported earlier than NICs, but NICs have aroused more research interests than LICs
because sodium is a naturally abundant alkali element and shares similar chemistry with

lithium.
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Figure 1.3 Ragone plot shows the energy density and power density of different
electrochemical energy storage devices.’



1.2 Development history of alkali metal-ion capacitors

Amatucci and co-workers were the first to demonstrate a LIC cell with an activated carbon
(AC) as the cathode and a nanostructured Lis TisO12 as the anode, which delivered an energy
density up to 20 W h kg™, about three times higher than that of carbon-based ECs."? This
discovery was followed later by constructing LICs of TiO2//CNT™, LiTiy(PO.)s//AC,™
V,0s//CNT," TiOu//graphene’® and so on. The most inspiring breakthrough in LICs
technology happened when JSR Micro Inc. introduced a pre-lithiated carbon-based LIC
manufactured by its owned subsidiary JM Energy to the commercial market in 2008, and it
achieved four times higher energy density than conventional ECs."” After that, in 2016,
Maxwell Technologies have confirmed the commercialization of LICs to recoup regenerative
energy in China’s railway system."®

NICs have attracted significant attention as an alternative for LICs because sodium is an
abundant element in nature. In 2012, Chen et al."® fabricated a NIC using a V,0s/CNT
composite as the anode and an AC as the cathode, which delivered comparable energy
density and power density to LICs. After that, Research on NICs has grown rapidly. A
number of electrode materials (e,g., hard carbon, peanut carbon, TiC, Nb2Os, NazTizO7, TiO,,
NiC0204, efc.) were studied for NICs. Table 1.1 lists the landmarks in the history of NIC
research. The research paper of NIC was firstly published in 2012, and it has grown rapidly
since 2015. The growing trend indicates that researchers have strong interests to explore
NICs. The anode and cathode electrodes of NICs listed in Table 1.1 are discussed in details
in Chapter 2.

Table 1.1 Landmarks in the history of NIC research.

NIC (Anode electrode//cathode electrode) Re)F,):ar:ed
V,0s/CNT//AC"® 2012
sodium pre-doped hard carbon//AC* 2012
Na,Ti;O7 nanotubes//AC?’ 2012
Spinel NiCo,04//AC? 2013




MoS2/G//MoS,/G*
Mesocarbon microbead//AC%*

Peanut shells derived carbon (PSDC)//PSDC?®
MXene Ti;CTyx//NazFe(SO4)5
Na,Ti;O7@CNT//PSDC*
Nb,Os@C/rGO//AC*

Nb,Os Nanosheets//PSDC?

Na,TisO7 nanosheets onto carbon textiles//rGO*

Nitrogen-doped anatase TiO, nanospheres//AC*’

Nanotube-like hard carbon//activation/carbonization of
polyaniline nanotubes®

MoS,—C//homemade polyaniline derived porous carbon®

Na,Ti204(OH).//chemically activated rice husk derived porous
carbon®

Mesoporous single-crystal-like TiO.@G//AC*
V205 @rGO//honey derived AC*
NaTiz(PO4)s/rGO//(AC)*’
B2X3/CFC//CFC (carbon fiber cloth)®
Quasi-cubic mesoporous NaTiz(PO4)s nanocages//AC*

Hard carbon//V,CT,*°

2014
2014
2015
2015
2015
2016
2016
2016
2016

2017

2017

2017

2017
2017
2017
2017
2018
2018

1.3 The working principle of sodium-ion capacitors
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NICs generally adopt one electrode from NIBs and the other one from ECs, utilizing both
faradaic and non-faradaic mechanisms to store charges to achieve a higher energy density
than that of EDLCs and a higher power density than that of NIBs. A typical NIB includes a
sodium-intercalated anode and a sodium-deintercalated cathode, as shown in Figure 1.4a.
During charge and discharge process, sodium ions shuttle between the anode and cathode
electrodes.*’ Figure 1.4b shows the mechanism of an EC. It stores energy using either



anion/cation adsorption (electrical double-layer capacitors, EDLCs) or surface redox
reactions (pseudocapacitors) during charge. During discharge, the anion/cations are
released from the electrodes.*> A NIC integrates the characteristics of NIBs and ECs by
using the anode and cathode from each of them, and its mechanism scheme is shown in
Figure 1.4c. During charge, sodium ions from electrolyte intercalate into the anode, to keep
the electrolyte neutrality, the anion ions would transport to the cathode using either
adsorption or surface redox reactions. While during discharge, the sodium ions de-
intercalate from the anode and the anion ions released from the cathode would transport
back to the electrolyte, in the meantime, the current flows from the cathode electrode

through the outer electric circuit to the anode electrode.?’

Sodium-ion battery Electrochemical capacitor
(a) @ ¢ _ Charge (b) @ e~ _Charge
o Dischar;ge N Discharge
Charge Anion Cation  Charge Anion

g R

Discharge Discharge

Sodium-ion capacitor

e~ _ Charge

(©)

Disharge

~—8
Battery-type Capacitor-type
electrode electrode
an quy

Figure 1.4 A representative scheme of (a) NIB, (b) EC and (c) NIC which adopts one
electrode from a NIB and the other electrode from an EC. (l) copper current collector; (Il)

porous separator in the organic electrolyte; (Ill) aluminum current collector.
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The NIC capacitance (C in F g) is defined as the amount of charge that can be stored
under an applied potential, which is given by:

_dAq

av (1-1)

where Aq is the electrochemical equivalence, representing the charge change ratio under a
potential, V is the range of applied potential (in V). The actual capacitance (Cin F g"') of a
NIC can be calculated based on a typical galvanostatic charge and discharge (GCD) test,
using the equations below:

i

C= (1-2)

madv/dt

where i is the discharge current (in A), m is the total mass of the electrodes (in g), dV/dt is
the slope of the discharge curve. The dV/dt can be calculated by:

dV/dt=(Ve-Vi)/(t>-t:) (1-3)

where V; is the potential after IR-drop (in V), Vris the final potential to be discharged (in V),
t>-t; is the discharge time (in s).

In addition, in order to couple both high capability of the anode and the cathode in NIC, the
charge between the anode and the cathode should be balanced according to an equation
(Q anoae=Q cathode)- The stored charge is calculated by the specific capacity (C), the mass (m)
and the potential range (V) in the charge and discharge process of the electrode by Q=
mxCxV. Therefore, the mass ratio between the anode and the cathode can be optimized

by:

Manode _ CanodeXVanode (1_4)
Mcathode CcathodeXVcathode

The mass loading of the anode (Manode, iN Mg cm) can be calculated by

Manode = W x e (1'5)



where w (in %) is the content of the active material in electrode slurry, m;(in mg) is the total
mass of the anode electrode, m. (in mg) is the mass of the bare copper foil, S (in cm?) is the

area of the copper substrate. The mass loading of the cathode can be similarly calculated.

To determine the electrochemical properties of one electrode in NIC, researchers usually
use a sodium ion half-cell to test its specific capacity, cycling, and rate performance. Taking
a metal-oxide anode electrode as an example, a typical half-cell can be represented below:
(+) MOy| 1M sodium-based organic electrolyte| Na (-) (1-6)

where M stands for Ni, Co, Sn, Fe, efc., the electrochemical reaction occurs as the following:

charge

MO, + yNa* + ye~ M + Na, 0, (1-7)

(—
discharge

The theoretical capacity of the electrode material is generally given:*

C, =268n "2 (1-8)

where C, stands for the theoretical capacity (in Ah), m,is the mass of the active electrode
material involving in the electrochemical reaction (in g), M is the molar weight (in g mol™),

and n is the number of electrons participating in the reaction.

For example, the theoretical capacity of nickel cobaltite (NiCo.04) anode in sodium half-cell

is calculated as below:

i + _Charge_ .
NiCo,04+8Na”+8e——Ni+2Co+4Na,O
Co (NiC0,04) =26.9x8x ——x1000 = 892 (mAh g')

The actual capacity C, (in mAh g™) of the electrode at a current rate based on a sodium
half-cell is:



C,= f[f 1(t)dt (1-9)

where [ is the discharge current (in mA g™), tis the discharge time (in h), t; and t, are the
start time and end time of discharge process, respectively.

1.4 Significance and research objectives

A NIC cell is generally configured with a battery electrode as the anode, an EC electrode as
the cathode and an electrolyte containing sodium ions. It has achieved both high energy
density and power density to bridge between a NIB and an EC, holding a great promise for
large-scale energy storage applications for the grid and electric hybrid vehicles (HVs). The
key requirement for NICs is to find suitable electrode materials as they greatly affect the
electrochemical performance such as the specific capacity, rate capability, and energy
density. The cathodes are mainly carbonaceous-based materials including AC and
graphene. Another type of cathode involving in sodium ions intercalation/de-intercalation
has also been developed, which are large tunnel-structured materials including MXenes and
NazFex(SO4)s.

For battery-type anode materials in NICs, the choice is more restricted. As sodium ions are
larger than lithium ions (0.106 nm versus 0.076 nm), sodium-ion energy storage devices
generally deliver less energy with a lower power density due to their limited capacity, large
volume change and slow kinetics of electrode materials.® On the other hand, graphite, as a
common anode for lithium-ion energy storage devices, generally shows no staged
intercalation with sodium ions when used as an anode in sodium-ion system.** This
indicates that the main research attempts in NICs should toward the development of high-
performance anode materials. The previous studies of anode materials are focused on the
insertion-type materials inheriting large sodium ions diffusion tunnels, such as TiOy,%*°
Nb205,22%® Na,Tiz07,>° MXenes,?® V,0s,"® and the conversion-type materials such as
SnS,,*" and NiCo,04%*®. Amongst, nickel cobaltite (NiC020,) with rich electroactive sites

are promising anode materials for sodium-ion storage.*



NiCo204 (NCO) is a typical transition metal oxide (TMO) which possesses better electrical
conductivity and electrochemical activity at least two orders of magnitude higher than pure
Co304 and NiO. Also, its multiple oxidation states and various nanostructures can enable
rich redox reactions for NCO to store more charge, which exhibits a high theoretical specific
capacity (~890 mAh g™ in sodium-ion energy storage. In addition, Ni and Co are abundant
on earth; thus, it seems to be a promising opportunity for NCO to be widely used and
industrialized as an electrode material.”>*' However, NCO suffers from low electronic/ionic
conductivity and large volume changes during repeated cycles, resulting in poor rate
capability, inferior power density, and poor cycling stability.>?

Strategies have been demonstrated to improve the electrochemical performance of NCO.
First is fabricating nano-constructed electrodes with preferable morphologies such as
nanoneedles,> urchin-like microspheres,® and nanobox,”® to shorten the electronic
transport, alleviate volume change and facilitate ionic diffusion. Second is introducing highly-

%657 and carbon nanotubes® to make NCO-

conductive coatings or additives like graphene
based composite electrode materials to increase the electrical conductivity and withstand

the large volume change.

Graphene with a monolayer of SP? carbon atoms located in 2D honeycomb network, is a
very promising carbon material to improve the performance of NCO because it is electrically
conductive and suitable for wrapping/encapsulating/supporting NCO particles to alleviate
the volume changes.sg‘63 Apart from stabilizing TMOs, graphene itself can reversibly store
sodium ions the surfaces, edges and covalent sites of graphene sheets,®* and thereby,
beneficial for energy storage. Moreover, doping nitrogen (N) and creating pores in graphene
can improve the wettability between graphene and an organic electrolyte,®” to facilitate the
transport of sodium ions and electrons. Therefore, in this thesis work, sustained efforts have
been paid to design a unique porous and conductive nitrogen doped reduced graphene
oxides (N-rGO) framework to stabilize the NCO in sodium-ion energy storage.

While graphene is an excellent carbon material, graphene sheets tend to stack or
agglomerate during electrochemical reactions, leading to blockage of some ion transport
pathways.66’67 Using three-dimensional (3D) porous graphene aerogels with 3D ion diffusion
channels to support NCO has been shown to be an effective approach to fabricating NCO-

graphene composite electrode materials.®® However, ion transport across the basal plane
10



of individual two-dimensional (2D) graphene sheets is still a great challenge to overcome.®®
One strategy to solve this problem is to introduce nanoholes in graphene sheets.®®"
Therefore, it can be expected that constructing a 3D porous architecture consisting of
nitrogen-doped holey graphene (N-HG) and the NCO could significantly facilitate electron

and sodium ion transport throughout the entire architecture.

The objectives of this PhD project were to significantly improve the electrochemical
properties of NCO in NICs by using a number of strategies and methods as outlined below:

(1) Develop a facile, cost-efficient, and green synthesis way to prepare NCO materials.

(2) Crystal structure control of NCO by a thermal treatment to achieve an optimal
electrochemical performance in NICs.

(3) Mechanism study of sodium-ion storage to understand the charge storage behavior in
NCO so as to improve its performance.

(4) Use the designed N-rGO architecture to encapsulate NCO particles to improve the
physical and electrochemical properties of NCO in NICs.

(5) Use the designed 3D N-HG framework to alleviate the large volume changes of NCO
during charge/discharge, prohibit particle aggregation, and facilitate the electron and
ions transport. Extend this approach to modify magnetite (Fe3O4) nanoparticles for

sodium-ion storage.
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1.5 Thesis outline

This thesis includes eight chapters as outlined below:

Chapter 1 gives an overall introduction of this thesis research work, including research
background and significance, the working principle of NIC, and objectives of this project.

Chapter 2 provides a comprehensive literature review on the development of NICs,

electrode materials and electrolytes.

Chapter 3 describes the chemicals, the experimental methods and technical measurements
used in this thesis project.

Chapter 4 presents the synthesis and electrochemical properties of spherical NCO thermally
treated at different temperatures. It was found that the NCO sample thermally treated at 350
°C showed an optimal and promise performance in NICs.

Chapter 5 studies the sodium-ion storage mechanism in NCO, and demonstrates that pre-
sodiation of NCO can significantly improve its energy density. A NIC assembled with the
pre-sodiated NCO as the anode and an AC as the cathode exhibited a high energy density

and a high power density.

Chapter 6 describes an approach to improve the physical and electrochemical properties of
NCO by encapsulating NCO particles in the designed porous N-rGO framework. The N-rGO
guarantees a good electronic conductivity and serves as a buffer to alleviate the volume
change in the NCO. As expected, better cycling performance and rate capability of sodium-

ion storage were achieved.

Chapter 7 describes an approach to improve the electrochemical properties of NCO and
Fes;04 by introducing N-HG to respectively support NiCo2,04 and Fe3O4 nanoparticles via a
hydrothermal assembly, forming 3D NCO@N-HG and Fe;O0.@N-HG composites. The thin
graphene sheets in the above composites facilitate the electron transport and buffer the

volume changes, while the interconnected 3D macroporous network with a pore size in

12



several micrometers range, combined with the nanopores in the N-HG provide pathways for
rapid ion transport. As anode materials, both composites showed inspiring sodium-ion
storage capability. The good electrochemical performance of the composites indicates that
using N-HG to support TMOs particles is an effective and general approach towards
developing high-performance anode materials for sodium-ion storage.

Chapter 8 summarizes the highlights of this thesis and gives recommendations for future

research.
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Chapter 2 Literature review

This chapter gives a brief introduction of different components, and summarizes the latest
research papers and achievements for sodium-ion capacitors (NICs). A NIC is assembled
with a cathode, an electrolyte, a separator and an anode. The cathode materials are
generally carbonaceous materials which serve as a capacitor-type electrode participating in
the cations adsorption/de-adsorption or surface redox reactions (activated carbon, graphene,
efc.) or large tunnel-structured materials (MXenes, NazFex(SOs)s ,etc.) involving in sodium
ions intercalation/de-intercalation. The electrolytes are used as a good ionic conductor and
electronic insulator, which can be classified into three types including organic electrolytes,
solid electrolytes, and aqueous electrolytes. The separator is used to prevent a short circuit
but enable ions transportation between the two electrodes. The anode materials include
carbonaceous materials (graphite, hard carbon, biomass-derived carbon, and graphene-
based materials), insertion-type materials (Ti2C, MoS,, Nb,Os, TiO2, V20s efc.) and
conversion-type materials (NiCo0204, Sb20s3, efc.).

2.1 Cathode materials

Cathode materials store energy using ions adsorption, surface redox reactions or ions
intercalation. Compared to the anode materials, much fewer efforts have been paid to the
research of cathode materials. Activated carbon (AC) has been widely used as cathode
electrode for NICs. In addition, graphene, V,C MXene and NaxFey(SO4); also have been
reported as NIC cathodes.

2.1.1 Activated carbon

AC tends to possess abundant nanopores (2-5 nm), high surface area (up to 3000 m? g™),
good electric conductivity (~60 S m™") and high stability. These features enable it be widely
commercialized in the fields of energy storage,’” air/water purification,”? and medical uses.”

It also has emerged as a dominating cathode material in the NIC research.?%:2128:35.46
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As a NIC cathode, AC participating ions adsorption/de-sorption inherits a working potential
of 1-4.3 V in NaClO,*>™ and NaPFg¢*'?" dissolved organic electrolytes versus Na‘/Na.
Concluding the present research, AC cathode typically exhibits a specific capacity of about
50 mAh g in rechargeable batteries, which is relatively low compared to that of anode
materials. An AC with an improved capacity of about 60-70 mAh g™ can be developed by
activating the AC by strong alkali (KOH) during/after the synthesis process under high
temperature. This way can create more functional groups on the surface to generate more
pseudocapacitance.”® To develop high-performance NICs, synthesizing such an AC as the
cathode for NICs is expected.

2.1.2 Graphene

Graphene is a potential candidate for applications in energy storage field because it displays
unique properties such as high electrical conductivity, flexible mechanical property, and high
surface area.”® Wang et al.”” demonstrated that a three-dimensional macroporous graphene
(3D MG) is a promising candidate as cathode electrode in NICs. The 3D MG was
synthesized by microwave-assisted electrochemical exfoliation with a hard template method.
Using this material as the cathode, disordered carbon as the anode, with a gel polymer
electrolyte to assemble a quasi-solid-state NIC. As a NIC cathode, 3D MG cathode exhibited
183 F. g at 0.4 A g™ with a voltage window of 2-4.2 V. The full NIC cell achieved an energy
density of 168 W h kg™ at a power density of 501 W kg™ with a working voltage window of
0-4.2 V, and it showed a capacity retention of 85% after 1200 cycles. This 3D MG with open
structure (submicrometer sized macroporous) could obstruct dense stack and increase the
electrochemical interface, thus providing more ions and electrons transport pathways to
generate more pseudocapacitance.

2.1.3 V,CTx MXene

Yury Gogotsi’'s group reported a large family of two-dimensional (2D) materials that named
“MXenes”.”®"® MXenes are chemically derived from layered Mn+1AX, or MAX phases, where
M is an early transition-metal, A is an A-group element and X is C and/or N. MXenes exhibit
good electrical conductivities (metallic conductivity) with hydrophilic surfaces (hydroxyl- or
oxygen-terminated surfaces), which can accommodate a number of metal cations such as

Li*, Na*, K*, Ca*".2% The MXenes generally inherit a working potential of 1-3.5 VV in NaClO,
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and NaPFg dissolved organic electrolytes versus Na*/Na, so they are able to be applied as
both cathode and anode electrode.

Experimentally, Yohan et al.*°

assembled a NIC using V2CTyx as the cathode and hard
carbon as the anode, as shown in Figure 2.1. The V,CT, was synthesized using hydrogen
fluoride (HF) to produce fluorinated and oxygenated surface functional groups, such as -OH,
-0, -F and their presence were named by adding “Ty” to the chemical formula. The V,CTx
electrode exhibited a specific capacity of 50-100 mAh g™ with a working potential of 1-3.5 V,
which was higher than that of AC electrode (normally ~50 mAh g™"). The full NIC exhibited a
capacitance of about 100 F g™ with a working potential of 3.5 V. However, the cycling
stability was limited to 300 cycles at 20 C, which was inferior to that of AC electrodes. The
poor cycling stability was due to its ions intercalation/de-intercalation process in the V,C
accompanied by the volume changes which deteriorated the structure of the material, as
shown in Figure 2.1a. Therefore, possible solutions will be required to stabilize this material

when used as a cathode in NICs.
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Figure 2.1 Schematic of the synthesis procedure and electrochemical performance of
Mxene: (a) scheme of the synthesis of V,CTx and its sodium intercalation mechanism, (b)
GCD profiles of V,CTx cathode and hard carbon anode, (c) cycling stability of V,CTx at
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different rates in sodium half-cells, (d) cycling stability of the NIC cell (hard carbon//\VV,CTy)
at a high rate (20 C).*°

214 N32F92(SO4)3

An iron-based sulfate, alluaudite-type NazFex(SO,)s, is a very interesting earth-abundant
sodium-ion energy storage cathode electrode, and it possesses a high operating potential
of 3.8 V versus Na*/Na in NaClO4 or NaPFs dissolved carbonate-based electrolytes.?!??
Wong et al.2 demonstrated that fast sodium-ion transport kinetics occurred in the NazFex(SO4)s

framework by density functional theory (DFT) simulations.

A NIC was assembled by NazFez(SO4)3 as the cathode and MXene Ti,CTy as the anode, as
shown in Figure 2.2.” The NazFe,(S0O.)s electrode achieved a capacity of about100 mAh g
' at 1/20 C for in a sodium half-cell. The full cell NIC exhibited a capacity of 90 mAh g™
(based on the weight of Ti,CT) at 1.0 A g™ with a voltage of 2.4 V. Other alluaudite-type
compounds of Naz-xM2(SO4)s (M = Mg, Ti, Mn, Co, Ni, and V) are promising candidates for

NIC cathodes as well. Recently, Dwibedi et al®

introduced a new Mn-homologue of
Naz+2xMn2-x(SO4)3 which is in the alluaudite family as a sodium-ion cathode electrode. As per
the DFT study, it can facilitate efficient sodium ions intercalation involving Mn**Mn?* redox
activity centered at 4.4 V versus. Na*/Na. In a NIC, such a high working potential of a cathode
electrode is expected to achieve high energy density, and further investigations on this alluaudite

material are desired.
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Figure 2.2 The crystal structure and its electrochemical performance of NaxFex(SO4)s: (a)
crystal structure of NayFe,(SO4); projected along the ¢ axis and local environment of two
independent Fe sites. Green octahedra, yellow tetrahedra, and blue spheres show FeOg,
SO4 and Na, respectively. Fe ions occupy two kinds of crystallographic sites that show
distinctive octahedral geometries. (b) GCD profiles of V,CTyx anode and NazFex(SO4)3
cathode. (c) GCD profiles of the NIC cell based on the weight of Ti,CT,.”

2.1.5 Nao_44M|102

Nao.44MnO. is a large-sized tunnel structured orthorhombic material which can tolerate the
stress from sodium intercalation/de-intercalation. It exhibited a capacity of 100-130 mAh g™
with a working potential of 2-4 V in a sodium half-cell.®* The structure of Nag44MnO; and its
XRD patterns evolution at different electrochemical states are shown in Figure 2.3.%° Clear
shifts of a few diffraction lines captured in the numerous diffractograms indicated that the
phases formed during biphasic transitions upon intercalation/de-intercalation into
Nap 44MnO, were structurally very close.
18



Recently, several studies demonstrated that Nao 44MnO. with different morphologies such as
nanofibers,®” nanowire,® and rod-shaped®® exhibited promising performance as cathode
electrodes in sodium half-cells. Also, a NIC was assembled with the Nag44MnO; as the
cathode and a MXene as the anode (here is TisC2T,).% This NIC achieved a volumetric
capacity of 286 mAh cm™ based on the volume of TisC,T, electrode. However, the capacity

decreased slightly among 60 cycles. It is expected to stabilize the structure to achieve a

better cycling stability.
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Figure 2.3 Crystal structure of Nag44MnO; (left): two sodium sites (referenced as Na1 and
Na2) occupy large S-shaped tunnels, while another site (Na3) is located in the smaller

tunnels. In-situ XRD patterns recorded at a C/250 rate (right).%®

The study in NIC cathode materials is still in a preliminary stage. AC has been widely used
as the cathode material, but its intrinsic capacity is low which effect the electrocapacitive of
NICs. On the other hand, the large-tunnel cathodes including MXene, NaxFe,(SO4); and
Nao 44MnO; have been explored, but the long-term cycling stability remains a concern. With
the fast development of the energy storage technology, more candidates of NIC cathodes

will be explored in the foreseeable future.
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2.2 Electrolytes

The electrolytes for NICs have typically gained much less attention than the electrodes
materials because the latter determined the energy density and power density of the system.
However, the role of the electrolytes should not be neglected because they are in large
percent responsible for the life time and realistically performance including practically
capacity, rate capability, and safety aspects. In general, the NIC electrolytes should be
chemically, electrochemically, and thermally stable with no chemical reactions or changes
during the cell operation. In addition to these basic requirements, the NIC electrolytes should
meet the practical criterias such as high ionically conductive, low toxicity, and low cost.”
Electrolytes for NICs consist of sodium salts, electrolyte solvents, and additives.

2.2.1 Sodium salts

The choice of sodium salts should consider: (1) good solubility in the solvents to create an
electrolyte with enough charge carriers; (2) good stability versus reduction as well as
oxidation which possibly determine the limits of the electrochemical stability window.*

Comparative studies across different sodium salts in NICs are rare. For sodium-ion system
electrolytes, researchers have found the same prospective anions since they have been
applied in the field of lithium-ion system for many years. In NIC studies, the most popular
salt is NaClO,.28-303%374548 However, ClO4 is a strong oxidant and therefore has some
concerns for practical applications. In addition, it is difficult to dry NaClO4. Even after drying the
powder at 80 °C under vacuum overnight, NaClO4 usually exhibit higher water contents (>40
ppm) as compared to that of NaPFg (<10 ppm).91 The water containing will deteriorate the
electrochemical performance. NaPFsis the second most popular salt, and this salt enables the
performance to compete with that of many lithium-ion systems.'®%"* Several salts such as
NaBF4, NaCF3SO3, and Na[N(CF3SO3z),] may emerge as strong sodium-salts in NICs, and
they require more exploration in the foreseeable future.®

20



2.2.2 Solvents

An electrolyte solvent for NICs should meet the following standards: high dielectric constant,
low viscosity for facile ion transport, dissolve sufficient sodium salts, inert to all cell
components, stable, non-toxic and inexpensive.®> Sometimes these requirements can
hardly be met by an individual solvent so that it is common to use solvent mixtures.
Electrolyte solvents can be classified into organic solvents, ionic liquids, polymers, and

aqueous solutions.

The organic solvents applied in sodium-ion system are much the same as those used in
lithium-ion system. The organic carbonates-based solvents including propylene carbonate
(PC), ethylene carbonate (EC) and dimethyl-carbonate (DMC) are most popular solvents
used in NICs.***>"® Recently, ether-based solvents have also shown many interests. For

example, Kang et al.%*%

observed that graphite can reversibility store sodium ions by a
combination of co-intercalation and pseudocapacitive mechanism when using ether-based
solvents including diethyleneglycol dimethylether (DEGDME), tetraethylene glycol dimethyl
ether (TEGDME) and dimethoxyethane (DME). Ether-based solvents could suppress
electrolyte decomposition by forming a negligible solid electrolyte interface (SEI) film on the
graphite surface. In contrast, thick SEI films were formed on the graphite surface in the
carbonate-based solvents which block sodium ions transport. The good electrochemical
performance of the graphite in ether-based electrolytes develops new avenues for the
development of sodium-ion energy storage. It is foreseen that ether-based solvents will

emerge as a strong candidate in the near future.

The usage of ionic liquids (ILs) as sodium solvents is at a very early stage. ILs, in general,
exhibit several advantages such as a large liquidus range, thermal and electrochemical
stability, and non-flammable.®>® A few research on ILs electrolyte were reported in the field
of NIBs,?” %% put very few reports were found in NICs.

Polymers exhibiting dimensional, thermal, chemical stability and flexibility, are promising
solvent candidates for NICs. Polymers also show high viscosities and low dielectric
constants. Therefore, separators can be exempted in the polymer-based cells. On the other
hand, utilization of solid polymer solvents in sodium-ion systems can reduce safety risks
without the risk of dendrite formation. The gel-polymer electrolytes, taking advantages of the
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high ionic conductivity of the liquid electrolytes and the polymer flexibility, employ a variety
of polymers as the scaffold to immobilize the liquid electrolytes,'® such as poly(vinylidene
fluoride) (PVDF), polyacrylonitrile (PAN), and poly(vinylidene fluoride-hexafluoropropylene)
(PVDF-HFP)."" The first gel-polymer solvent using in NIC was reported in 2015 when Wang
et al.”” reported a NIC consisted of a nanoporous disordered carbon as the anode and a
macroporous graphene as the cathode. This NIC achieved an energy density of over 160
Wh kg™ at a power density of 501 W kg ™" with a good cycling stability. Shortly after this report,
Li et al.'% introduced a quasi-solid-state NIC which was assembled with an urchin-like
Na,Ti;O7 as the anode and a peanut shell derived carbon (PSDC) as the cathode with a
sodium ion conducting gel polymer as electrolyte, achieving energy densities of 111.2 Wh
kg” and 33.2 Wh kg™ at power densities of 800 W kg™ and 11200 W kg™, respectively. The
good performance indicates that the polymers-based solvents are very competitive and hold

a great promise in sodium-ion energy storage.

Aqueous electrolytes exhibit outstanding characteristics such as high ionic conductivity,
improved safety, low cost and environmentally benign. Zhao et al.'® fabricated a NIC using
a NazV2(PO4)s/C as the cathode and an AC as the anode with 0.5 M Na;SO4 aqueous
electrolyte, delivering an energy density of 10 Wh kg'1 at a power density of 300W kg'1.
Another typical aqueous-based NIC was assembled by carbon micro-spheres as the anode
and a cobalt hexacyanoferrate as the cathode with 0.5 M Na,SO, as an electrolyte.'™ This
NIC showed an extended operating voltage window (2 V), excellent capacitance behavior,
and a high energy density of 54.4 Wh kg™ at a power density of 800 W kg™ with a good
cycling stability. The major disadvantage of water as an electrolyte solvent for NICs is its
intrinsically narrow electrochemical stability window (normally below 2 V) limiting maximum

cell voltage and consequently limiting the NIC’s energy density.'%®

2.3 Anode materials
Anode electrodes are typically battery-type electrodes in NICs which mainly associate in
ions insertion/extraction or redox reactions. According to the electrochemical mechanisms,

anodes in NICs can be classified into three types: (1) carbonaceous materials such as
graphite, hard carbon, biomass-derived carbon, and graphene-based materials, (2)
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insertion-type materials such as Mnexe, MoS;, Nb2Os, Na,TizO7, TiO, etc., (3) conversion-
type materials such as NiCo204 and SbyX; (X=0, S).

2.3.1 Carbonaceous materials

Carbonaceous materials exhibit different properties in conductivity, crystallinity, chemical
state and morphologies which are largely determined by their synthesis, processing,

precursor and chemical treatments."%

2.3.1.1 Graphite

Graphite has been commercialized in lithium-ion energy storage, but it could hardly
accommodate sodium ions when using carbonate-based electrolyte due to their unfavorable
kinetics and larger size of sodium ions. Fortunately, Philipp et al.'®" reported that this
problem can be solved by using co-intercalation phenomena in a diglyme-based electrolyte.
Soon Kang et al.?*** revealed that graphite exhibited a reversible intercalation of sodium
ions via forming a ternary graphite intercalation compounds in a diglyme-based electrolyte.
Inspired by these work, Han et al.'®® constructed a NIC with a commercial graphitic
mesocarbon microbead anode and a commercial AC as the cathode with a diglyme-based
electrolyte This NIC exhibited an energy density of 86.5 Wh kg™ at a power density of 2832
W kg™, and a 98% capacity retention after 3000 cycles with a voltage window of 1-4 V. The
good electrochemical performance of the graphite-based carbon develops new avenues for

the development of sodium-ion energy storage.

2.3.1.2 Hard carbon

Hard carbon (HC) exhibits disordered structure which is generally synthesized at high
temperatures (~1000 °C, inert atmosphere). Acting as the same role as graphite in lithium-
ion systems, these HC materials can accommodate sodium which are considered as the
“first-generation” anode for sodium-ion systems.* Stevens et al.'® proposed a simple
sodium insertion model of the HC structure, as shown in Figure 2.4a. The HC exhibits
random alignment of small-dimensional graphene layers with significant porosity, enabling
it accommodate a number of sodium ions. Kentaro et al.?° assembled a NIC using a sodium
pre-doped HC as the anode and an AC as the cathode. The pre-doping process sacrificed
some sodium metals to overcome the irreversible capacity during the first discharge process.
In addition, it can adjust the redox potential of the HC to a value that can work properly as
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an anode electrode. Figure 2.4b and c compared the electrochemical properties of the NIC
with LICs in which anode electrodes were Li pre-doped HC and mesocarbon microbeads
(MCMB). The lithium pre-doped HC showed better performance than that of MCMB in LICs.
Moreover, the capacitance of HC-based NIC and LIC decreased by 9% and 3% respectively
after 1000 cycles, suggesting that there is a room for further improvement for the
applications of HC in NICs.
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Figure 2.4 (a) Representation of model for sodium intercalates into HC. (b) Nyquist plots

and (c) cycling stability of NICs and LICs."%

Very recently, Ding et al.** assembled a NIC with nanotube-like HC (NTHC) as the anode
and activation/carbonization of polyaniline (PANI) nanotubes (APDC) as the cathode, as
shown in Figure 2.5. The NTHC electrode showed a capacity of 419.5 mAh g’ at 0.05A g’
"in a sodium half-cell. The NIC exhibited an energy density of 133.0 Wh kg™ at 2850 W kg"
" and remained 100.9 Wh kg™ at 14,250 W kg™. In comparison with other reported energy

storage devices, this NIC showed a very competitive performance.®® Considering the

24



characteristics of abundant, low cost, environmental friendliness and simple manufacturing,

this NTHC is a promising candidate in commercial applications.
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Figure 2.5 (a) Schematic of the NIC assembled with NTHC as the anode and
activation/carbonization of APDC as the cathode. (b) SEM and (c) TEM images of NTHC,
indicating a nanotube-like morphology. (d) CV curves of NTHC in a sodium half-cell. (e)
Ragone plot of the NIC in this work, in comparison with other reported energy storage

devices.>?

2.3.1.3 Biomass-derived carbon

Biomass is a renewable energy source because it is truly green and being derived from
organic waste products.’® Peanuts have drawn interests in NICs particularly because of

sufficient carbonaceous composites in their shells and skins.

Mitlin et al.?® fabricated a NIC with the anode and the cathode both being derived from
peanut shells, as shown in Figure 2.6. The cathode derived from peanut shell nanosheets
carbon (PSNC) displayed a hierarchically porous architecture with a sheet-like morphology
(Figure 2.6b), a surface area of 2396 m? g and 13.51 wt.% of oxygen, while the ion
intercalation anode derived from peanut shell ordered carbon (PSOC) showed a low surface
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area (Figure 2.6¢) with a capacity of 315 mA h g'1 at3.2A g'1. The assembled NIC exhibited
an energy density of 50 W h kg™ at a power density of 16.5 kW kg™, and a capacity retention
of 72% after 10,000 cycles with a voltage window of 1.5-3.5 V. Performance of this NIC can
compete with the other energy storage devices (Figure 2.6f).

After this report, a NIC was created by the anode and the cathode both being derived from
peanut skin carbons.”! The carbons displayed a nano-scale sheet-like morphology, and a
high surface area with hierarchically porous structure. In a sodium half-cell, the carbons
showed a reversible capacity of 461 mA h g™ at 100 mA g™'. The NIC displayed energy densities
of 112 and 45 Wh kg™ at power densities of 67 and 12 000 W kg ™", respectively. The capacitance
retention of the NIC was 85% after 3000 cycles.
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Figure 2.6 (a) Scheme of the material synthesis process employed for PSNC cathode and
PSOC anode. (b) SEM of PSNC. (c) SEM of PSOC. (d) CV curves of PSOC. (e) GCD
profiles of the NIC. (f) Ragone plot of the NIC in this work, in comparison with other reported
energy storage devices.?
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2.3.1.4 Graphene-based materials

The individual graphene sheets can store ions on their surfaces, edges and covalent sites,®*
has been reported as cathode electrode for NICs as briefly reviewed in the section 2.1.2.
For anode application, the most popular route is to harnessing these extraordinary
properties of graphene to incorporate composite materials.

Several approaches have been used to synthesize graphene, including: (1) chemical vapour
deposition (CVD) growth of graphene on substrates surfaces.''*'™ (2) Mechanical
exfoliation of graphite such as using adhesive tape and atomic force microscopy

115116 (3) Arc-discharge synthesis of multi-layered graphene.'"” (4) Chemical

cantilevers.
exfoliation of graphite by either the Brodie, Staudenmaier, or Hummers methods to prepare
graphene oxide (GO), and then reducing the GO to prepare graphene, as shown in Figure
2.7."%GOisa single monomolecular layer of graphite with oxygen-containing functionalities
such as carbonyl, carboxyl and hydroxyl groups.’* These groups provide active sites to
form chemical bonds between cations such as (Ti**, Ni** or Fe**) to form a composite.
However, the defects are generally not favorable for the electric conductivity which require

to be reduced in the follow-up experiment.

o 2

Oxidation
R —

) Chemically
graphite graphene oxide derived graphene

Figure 2.7 A scheme of the synthesis process for chemically derived graphene.'®

Oxidative exfoliation of natural graphite followed by a chemical reduction has been
considered as an efficient method for production of graphene for NICs. For example,
Kiruthiga et al.*®
(NaBH,) to reduce it to reduced-GO (rGO). This rGO was mixed with V205 nanorods to

prepare V.0s@rGO composite. As a result, an enhanced mass transport, electronic

used a Hummers method to prepare GO, then used sodium borohydride

conductivity, and cycle stability were obtained, which is discussed in section 2.3.2.6. Shortly
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after this report, the author used the similar method to prepare MoO,@rGO and used it as

an anode electrode for NIC, which showed an enhanced performance as well.'"

Thermal reduction is also a popular method to reduce GO. For example, Lim et al.?®

adopted
a modified Hummers method to prepare GO. Then uniformly dispersed NbOx nanoparticles
(NPs) on GO by controlling the pH values which determine the zeta potentials. The GO and
NbOx NPs attracted to form a hydrogel of NbO,@GO through an electrostatic attraction.
Finally, for the crystallization of NbOx NPs and reduction of GO, the NbO,@GO was heat-
treated under an Argon gas at 600 °C to obtain a composite of Nb,Os@C/rGO. A NIC was
assembled using this composite as the anode and an AC as the cathode, which is discussed

in the section 2.3.2.3.

Hydrothermal/solvothermal reaction is another widely used method to reduce GO. For

example, Lu et al.'®

prepared GO by a modified Hummers method. The GO was added to
a mixture of FeCl3-6H,0O, dodecylamine and 2 mmol NaOH, then transferred into an
autoclave and solvothermally treated in an air-flow electric oven at 200 °C for 4 days. In this
process, Fe*" was transformed to Fe;O, and simultaneously GO was reduced to rGO. The
slurry-like final product was collected and washed to obtain Fe3O4/rGO nanocomposites. A
NIC was assembled using the synthesized Fe;O4/rGO nanocomposite as the anode and
MnHCF as the cathode, with an aqueous electrolyte. The NIC provided an extended voltage of
1.8 V, an energy density of 27.9 Wh kg™, and a power density of 2183.5 W kg”. The good
performance is because such a configuration with a graphene conductive matrix and nanoscale
Fe30,4 particles can shorten the ion diffusion path and enable rapid electron transport through

the composite material.

To summary, using graphene to incorporate composite materials as high-performance
anode materials for NICs is a hot research topic, because graphene provides the merits: (1)
guarantees a good electronic contact, (2) offers a large surface area to contact with the
electrolyte and provides more active sites for electrochemical reaction, (3) accommodates
the volume change during sodium redox reaction or intercalation/de-intercalation. Practically,
however, efforts are still required to produce low-cost and high-quality graphene for the
development of large-scale energy storage applications.'®
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Carbonaceous materials are popular anode materials for NICs because of their advantages
of low cost, high conductivity, and long service life."?' However, they generally suffer from
low energy density because of their low volumetric mass density. Anode materials with
higher specific capacities are highly desired for advancing the performance of NICs.

2.3.2 Insertion-type materials

Insertion-type anode materials involve the insertion process of sodium ions into the
interstitial space of the host lattice during the discharging process, while the electrochemical
reaction was reversed during the charging process. Several insertion-type anode materials
including T,C MXene, MoS,, Nb,Os, Na,TisO7, etc. have been proposed to construct NICs.

2.3.2.1 Ti.C MXene

MXene material has been briefly reviewed in the section 2.1.3. Yamada et al.'®
demonstrated a MXene of ToCTx (T« stands for surface functional groups such as —OH, -F,
-O) allows sodium ions intercalation/de-intercalation into the interlayer of MXene sheets as
well as capacitive storage, which may emerge as a promising anode material for sodium-
ion storage. After this research, a NIC assembled with a NazFe(SO4); as the cathode and
a MXene Ti,CTy as the anode was reported.?® The MXene Ti,CT nanosheets exhibited an
expansion of the interlayer distance after the first sodium ions intercalation process, then
experienced invisible structural changes during subsequent cycles (as shown in Figure 2.8),
enabling the full NIC deliver an energy density of 260 W h kg™ at a power density of 1400
W kg™ (based on the weight of Ti»CT,). Though the capacity retention between the 2" to
100™ cycles was rather high, the long cycling stability remained a concern because of its
layer-restacking problem.
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Figure 2.8 (a) Scheme of ToCTy preparation: the MAX phase Ti,AIC was transformed to the
MXene TioCTx nanosheets under the hydrofluoric (HF) acid treatment. (b) CV curves of
Ti,CTxat 0.2 mV s™ in a sodium half-cell and its corresponding ex-situ XRD patterns. TioCTy
exhibited expansion of the interlayer distance after the first intercalation process, then

reversibly accommodated sodium ions without significant interlayer distance change.?®

To prevent aggregation and restacking of MXene sheets via van der Waals interactions and
hydrogen bonds, in the follow-up research, Yury Gogotsi et al.® fabricated porous TizC, T
with carbon nanotubes (CNTSs) films by an electrostatic attraction method. The restacking of
TizC2Tx nanosheets was effectively inhibited by CNTs as spacers. The composite exhibited
a much higher surface area (~180 m? g™') than that of TisC.T, (~18 m? g™"), which provides
more active sites to contact with the electrolyte. Very recently, Dong et al.'® reported the
transformation of accordion-like TisC, MXene into nanoribbons of sodium titanate
(NaTi1 5083, M-NTO) and potassium titanate (K2TisOg, M-KTO) through an oxidation and
alkalization process (as shown in Figure 2.9). The resulting M-NTO exhibited enhanced ion
kinetics with a large capacity of 191 mAh g'1 at 200 mA g'1 in sodium-ion storage, higher
than that of pristine TisC, (178 mAh g”') and commercial TiC derivatives (86 mAh g™).
Notably, M-KTO displayed a capacity of 151 mAh g~ at 50 mA g~ and long-term stable
cyclability over 900 times. The good performance is due to their suitable interlayer spacing,
narrow widths of nanoribbons and open macroporous structures. The synthesis approach is
flexible. Even though these MXene-derived materials have not been tested in NICs, the
good performance in sodium half-cells indicates that they hold a great promising as potential

candidates as anodes in NICs, which deserve further exploration in future.
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Figure 2.9 Schematic of the synthesis approach for M-NTO or M-KTO nanoribbons. Ti3C,
MXene was firstly prepared via selectively etching Al of TisAIC, MAX phase in HF. Then,
TisC, MXene was hydrothermally treated with NaOH or KOH solution in H,O- to produce M-

NTO or M-KTO nanoribbons.'?®

2.3.2.2 Molybdenum disulfide

Molybdenum disulfide (MoS,) is a typical layered structure with 2D atomic that has emerged
as an electrode material for sodium-ion energy storage. Its 2D layered structure provides
slit-shaped channels to accommodate ion intercalation/de-intercalation.'® However, the
easily-crack structure, the unstable SEI layer and the poor conductivity of MoS; hinder its
practical application in sodium-ion storage. Thus, Wang et al.?® have turned to compose
graphene (G) sheets with MoS; to fabricate three-dimensional (3D) architectures. The
addition of graphene contributed to an expanded d-spacing between MoS;, fast electrons
and ions transport. As expected, this MoS,/G composite exhibited a capacity of about 350
mAh g™ after 200 cycles at 0.25 C in a sodium half-cell. A NIC was assembled using this
MoS,/G composite as both anode and cathode. This NIC displayed a capacitance of 50 F g’
! after 2000 cycles at 1.5 C with a voltage window of 0.1-2.5 V.

31



Very recently, Wang et al.® synthesized a MoS,-carbon (MoS,—C) monolayer with an
interoverlapped structure via an interface-modification route. This structure was
demonstrated to have a wide voltage range of 0.4-3.0 V versus Na‘/Na, exhibiting an
improved cyclability, as shown in Figure 2.10. A NIC was assembled using MoS,—-C as the
anode and a homemade polyaniline derived porous carbon (PDPC) as the cathode. This
NIC exhibited a high energy density of 111.4 Wh kg™ and a high power density exceeding
12000 W kg™ with a voltage window up to 3.8 V.
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Figure 2.10 (a) Schematic illustration of structures of layered MoS; (left) and MoS,-C (right),
and the corresponding cycling performance in a sodium half-cell. (b) Schematic illustration
of the reaction mechanism of MoS,—C by electrochemical activation and Ragone plots of

the NIC assembled using a MoS,—C as the anode and a PDPC as the cathode.®

2.3.2.3 Niobium pentoxide

Niobium pentoxide (Nb2Os) shows the characteristics of low cost, environmentally benign
and stable in a wide range of temperature, which is a promising electrode material in sodium-

ion energy storage. Kong et al.'®

revealed that T-Nb,Os exhibited fast insertion kinetics for
lithium ions via pseudocapacitive reaction combined with an intercalation reaction as well.
However, Nb,Os generally exhibits a low electrical conductivity (=3x10° S cm™) which
hinders its application in sodium-ion energy storage. To improve the conductivity, Kang et
al.'®® fabricated an ordered-mesoporous Nb,Os with carbon composite (Nb2Os@C). In a

sodium half-cell, the composite exhibited a capacity of 1775 mAh g™ at 0.5 A g”. Shortly after
32



this study, the same group?® fabricated a Nb,Os@C/rGO to further enhance its capacity and
rate performance, as shown in Figure 2.11. This composite exhibited an improved capacity
(285 mAh g” at 0.025 A g ™), a good rate performance (110 mAh g at 3 A g”') and a
capacitive charge contribution of 46% in a sodium half-cell. A NIC was fabricated using
Nb,Os@C/rGO as the anode and a commercial AC as the cathode, exhibiting both high
energy density (76 W h kg™") and high power density (20 800 W kg™') with a superior cycling
performance at 1 A g among 3000 cycles. In comparison with other reported NICs, this

NIC showed a very competitive performance.
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Figure 2.11 (a) Schematic illustration of the synthesis procedure for Nb,Os@C/rGO
nanocomposites and a NIC assembled with this Nb,Os@C/rGO as the anode and an AC as
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the cathode. TEM images of (b) Nb.Os@C/rGO and (c) Nb,Os@C. (d) CV curves of
Nb2Os@C/rGO-50 with separation between total current and surface capacitive current
(shaded regions) at 0.1 mV s™. (e) GCD profiles of Nb,Os@C/rGO-50 at 0.025 A g™ in a
sodium half-cell. (f) Ragone plots of the NIC in this work, in comparison with the performance
of other NICs.?®

Followed these research, Hongsen Li et al.?° constructed a NIC using self-assembled Nb,Os
nanosheets as the anode and a peanut shell derived carbon as the cathode. A capacitive
charge contribution of about 77% was achieved in this Nb,Os anode. The resulting NIC
delivered an energy density of 43.2 Wh kg™ and a high power density of 5760 W kg™ with a
capacity retention of 80% at 1280 mA g' after 3000 cycles. Because of the
pseudocapacitive nature, the Nb,Os-based NICs exhibited high power density and long
cycling stability, holding a great promising for large-scale energy storage applications.

2.3.2.4 Sodium titanate and its derivative

Alkali titanates with the general formula of A;TinO2n+1 (A= alkali metals; 2 < n <9), generally
exhibit high ionic exchange ability and high sodium ions conductivity.'?” A typical alkali
titanate of layered sodium titanate (Na;TizO7) is capable of reversibly accommodate two
sodiums per Na;TizO7 with a low voltage of about 0.3 V, appearing as an appealing anode
electrode in a NIC.'® Yin et al.?" prepared Na,Ti;O7 nanotubes and used them as the anode,
coupled with an AC as the cathode to assemble a NIC. This NIC exhibited an energy density
of 34 Wh kg™ at a power density of 889 W kg™'. However, its cycling retention was only about
55% among 1000 cycles. To enhance the kinetics of sodium intercalation and de-

intercalation of Na,Ti;O7, Dong et al?’

developed an approach to in-situ grow Na,TizO7 on
1D CNTs. Due to the unique nanostructure with high electrical conductivity and distinct
pseudocapacitive behaviors, the Na;TizO;@CNT electrode exhibited an enhanced rate
performance and cycle stability. A NIC was assembled using this Na;TizO7@CNT as the
anode and a carbon derived from peanut shell as the cathode. This NIC exhibited a higher
energy and power densities (58.8 Wh kg™ and 3000 W kg™, respectively) and a higher

capacity retention of 75% at 0.4 A g”' among 4000 cycles.

Shortly after this study, Dong et al.*® used a simple hydrothermal process followed by an

annealing treatment to grow flexible Na,TizO7 (NTO) nanosheets onto carbon textiles with
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robust adhesion, as shown in Figure 2.12. Using this flexible electrode as the anode
combined with graphene film (GF) as the cathode, they fabricated a NIC that achieved an
energy density of 55 Wh kg™, a power density of 3000 W kg™, and a capacity retention of
80.3% at 0.5 A g among 2500 cycles. Particularly, the flexible NIC exhibited a stable
electrochemical performance with about 100% capacitance retention under harsh

mechanical deformation.
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Figure 2.12 (a) Schematic illustration of the synthesis procedure for NTO/Carbon textiles.
(b) SEM of NTO/Carbon textiles. (c) GCD profiles of NTO/Carbon textiles in a sodium half-
cell at 100 mA g™, (d) Schematic illustration of the flexible NIC device assembled with the
NTO/CT as the anode and GF as the cathode. (e) Ragone plot of the NIC in this work, in
comparison with the performance of other flexible devices.*

Na,Ti2O4(OH),, being one of the Na,TizO7 derivatives, exhibits the distorted TiOg octahedral
layers with each Ti** surrounded by an octahedron of six O ions separated by sodium ions
layers.’” A NIC was fabricated with a NaTi,O4(OH); as the anode and a chemically
activated rice husk derived porous carbon as the cathode. This NIC exhibited a stable
electrochemical performance with an energy density of about 65 Wh kg™ at a power density
of 500 W kg™ with a working voltage of 0-4 V.

35



2.3.2.5 Titanium dioxide

Titanium dioxide (TiO-) is a promising insertion-type pseudocapacitance anode for NIBs due
to its excellent intrinsic safety, low volume variations (less than 4%), and low working
potential of about 0.7 V versus Na/Na*."*® However, the anatase TiO- exhibits poor electron
mobility (~10"? S cm™) and low wettability which restrict its electrochemical properties.’’
To overcome these deficiencies, Liu et al.®' fabricated a nitrogen-doped anatase TiO
nanospheres (~100 nm) (N-TiO2) as the anode, using an AC as the cathode to assemble a
NIC. This N-TiO, showed a remarkable rate capacity (162 mAh g” and 136 mAh g at 1 A
g'and 20 A g™, respectively), and long-term cycling stability. The NIC displayed high energy
density and power density (~80.3 Wh kg™ and ~12500 W kg™, respectively) and a good
cycling stability after 6500 cycles.

Apart from the heteroatom doping, introducing highly conductive carbons such as
graphene® and carbon nanotubes (CNTs)'*? is an efficient way to improve the
electrochemical properties. Le et al.*® reported a composite of mesoporous single-crystal-
like TiO, particles anchoring on graphene sheets (MWTOG) as an anode material for NICs,
as shown in Figure 2.13. The MWTOG exhibited good pseudocapacitive charge storage
performance with high reversibility, fast kinetics, and negligible degradation to the
micro/nanostructure. As a result, it delivered a capacity of 268 mAh g’ at 0.2 C and
remained 126 mAh g™ at 10 C after 18 000 cycles. A NIC was assembled with this MWTOG
as the anode and a commercial AC as the cathode, exhibiting energy densities of 64.2 Wh
kg" and 25.8 Wh kg™ at power densities of 56.3 W kg™ and 1357 W kg™, respectively.
Remarkably, a high capacity retention of 90% was achieved after 10 000 cycles.
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Figure 2.13 SEM (a) and TEM (b, c) of MWTOG, and inset of b shows the SAED pattern of
TiO>. (d) Cycling stability of MWTOG electrode at 5 C and 10 C versus Na*/Na. (e) Plot of
capacity versus v~ to separate diffusion-controlled and capacitive-controlled contributions.
and inset represented that the capacitive process has accounted for 73% of the stored
charge at 3 mV s™'. (f) Ragone plot of the NIC in this work, in comparison with the
performance of other representative energy storage devices.*

Very recently, Zhu et al.** prepared TiO,@CNT@C nanorods through a signal-nozzle
electrospinning technique followed by a heat treatment. The ion and electron transport

kinetics of TIO.@CNT@C could be improved due to the addition of multi-walled CNT. As a
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result, TIO.@CNT@C exhibited excellent cyclic stability and outstanding rate capability in
sodium half-cell. A NIC was assembled using TiOo@CNT@C nanorods as the anode and
biomass-derived carbon with high surface area as the cathode, delivering a high energy
density of 81.2 Wh kg™ and a high power density of 12 400 W kg™ within 1.0-4.0 V.
Meanwhile, the capacity retention was 85.3% after 5000 cycles tested at 1 A g™

2.3.2.6 Vanadium pentoxide

Vanadium pentoxide (V20s) exhibits a layered crystalline structure with open channels for
facile sodium ions intercalation and de-intercalation by adjusting its layer spacing.'®
However, its poor electronic conductivity and slow ion diffusion restrict its development. To

enhance the electronic conductivity and wettability, Chen et al."®

synthesized
interpenetrating porous networks consisting of layer-structured V,0s nanowires and CNTs,
which was denoted as V,0s5/CNT, as shown in Figure 2.14. The interconnected pore
channels ensured facile ions transport and the conductive CNT network facilitated electrons
transport. As expected, this Vo,Os/CNT exhibited a fast pseudocapacitive charge storage
process, which seemingly avoided phase transformations during ion insertion/extraction,
contributing to an enhanced service life time. A NIC was fabricated using the V,0s/CNTs
nanocomposite as the anode and a commercial AC as the cathode, delivering an energy
density of 38 Wh kg'1 at a power density of 140 W kg'1, which was comparable to that of

other prototype supercapacitors.
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Figure 2.14 (a) SEM image of V,0Os/CNT. (b) Schematic of a nanocomposite consisting of
interpenetrating networks of V2,05 nanowires and CNTs. (c)The CV curves at a scan rate of
10 mV s”. The shaded region represented the capacitive current contribution, which
accounted for 82% of the total measured current. (d) Ragone plot of the NIC in this work, in

comparison with the performance of other prototype supercapacitors.'®

Very recently, Kiruthiga et al.*® anchored V,0s nanorods onto rGO (V.0s@rGO). The rGO
inside served as a backbone to combine V,0s and enhanced its electrical conductivity and
chemical stability. A fast faradic charge-storage process exhibited during the insertion and
extraction of sodium ions in V,05@rGO. A NIC was assembled using this V,0s@rGO as
the anode and a honey derived AC as the cathode, delivering an energy density of about 65
Wh kg™ at a power density of about 72 W kg™'. The capacity retention was 85% after 1000
cycles at 0.01 Ag™.

2.3.2.7 NaTi»(PO4)s

Sodium super ionic conductor of NaTiz(PO4)s (NTP) exhibits a 3D framework consisting of
the corner and edge-connected [PO,4] tetrahedral and [TiOg] octahedral, and it inherits a

theoretical capacity of 133 mAh g’ in sodium-ion energy storage.”™ However, the
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application of NTP is hindered by the low capacity release and the poor cycle stability owing
to its low electronic conductivity.’*® To overcome this problem, Roh et al.*” designed a
NTP/rGO microsphere composite as an anode material for sodium-ion energy storage. This
composite showed a superior rate capability of 93 mAh g™ at 50 C and a capacity retention
of 98% after 200 cycles at 10 C. A NIC constructed with a NTP/rGO microsphere composite
as the anode and an AC as the cathode delivered energy densities of 53 Wh kg™ and 31
Wh kg™ at power densities of 330 W kg™ and 6700 kW kg™ respectively in the voltage
window of 0 V-2.7 V.

Simultaneously, Wei et al.'® described a solvothermal method to prepare quasi-cubic
mesoporous NTP nanocages which are consisted of many nanocrystals with a mutual
growth orientation, forming a uniform cube-like structure filling with 3D quasi-cubic
nanopores. The tiny nanostructures and abundant pores provided sufficient active sites and
shortened the ion transport path to ensure fast ions transport kinetics. As a result, the as-
obtained NTP nanocages showed a reversible capacity of 120 mAh g™ at 0.2 C in sodium
half-cell, with a capacity retention of 74% after 10 000 cycles at 5 C, and high rate capability
of 97 mAh g™ at 10 C. A NIC was assembled with the NTP nanocages as the anode and an
AC as the cathode. Such a NIC achieved a capacity of 42.8 mAh g™ with a maximum energy
density of 56 Wh kg'1 in the voltage window of 0-2.5 V. However, as an anode material for
NICs, the NTP inherited a relatively high voltage of 2.0 V versus Na‘/Na, restricting the
working potential of the full NIC. The narrow working potential window may cause a practical
low energy density which hinders the practical application.

2.3.2.8 Other insertion-type materials

The insertion-type materials including Na;CoSiO4, NaMnSiO4, P2-Nage7AlkC01.xO2
(0.0=x<0.5) and cobalt hexacyanoferrate (CoHCF) were also reported for anode electrodes
in NICs using aqueous-based electrolytes. For example, a NIC was fabricated using a
Na,CoSiO,4 as the anode, an AC as the cathode, and an aqueous electrolyte, exhibiting a
capacitance of 42 F g™ and an energy density of 12.4 Wh kg™ at a power density of 782.7
W kg™'. The capacitance retention was 84% after 1500 cycles.”™’ Similarly, Na;MnSiOy

showed satisfying performance as an anode electrode in aqueous-based NICs.'®

P2-Nay 67AlC01402 (0.0x<0.5) is a material that substituted AI** entered into the Co>* and

showed a layered P2 structure with space group P6s/mmc.' The sodium ions
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de/intercalation occurred in P2-Nag 67AIkC01x02 accompanied by Co®**/Co** transformation.
The electrodes exhibited typical pseudo-capacitance behaviors in an aqueous electrolyte.
The specific capacitance of Nags7Alp3C00.702 was 260 F g'1 at1 A g'1 with a capacitance
retention of 80.1% after 5000 cycles, demonstrating to be a promising electrode material for
NICs.

CoHCF, known as Prussian blue analogues with a general chemical formula of AxPR(CN)e,
possesses a host framework with large interstitial space.'® Lu et al."® used a CoHCF as
the anode to assemble a NIC by pairing it with a carbon micro-spheres cathode with an
aqueous electrolyte, showing an extended operating voltage window (2 V) with an energy
density of 54.4 Wh kg™ at a power density of 800 W kg™

2.3.3 Conversion-type materials

Conversion-type materials generally experience a solid-state redox reaction during
sodiation/de-sodiation, in which the crystalline structure experience a change, accompanied
by the breaking and recombining chemical bonds.™° Two types of conversion-type materials
including NiCo204 and SbyX; (X=0, S) have been proposed to construct NICs.

2.3.3.1 Nickel cobaltite

Nickel cobaltite (NiCo204), a ternary metal oxide with two different metal cations, tends to
exhibit better electrical conductivity and higher electrochemical activity than nickel oxides or
cobalt oxides."' Additionally, the low cost, abundance and environmentally benign nature
of NiCo,04 (NCO) makes it a promising electrode material in energy storage.'~"*®In 2002,
the first report on NCO used in NIBs suggested that this material can induce conversion
reactions and achieve a capacity close to 200 mAh g™ at 0.1 C rate, much lower than its
theoretical capacity can reach to 890 mAh g'°' Later, a 3D hierarchical porous
nanostructure with carbon fiber cloth-supported NCO nanowire arrays was designed.'*® The
introduction of carbon fabric cloth significantly improved the capacity retention of NiC0,04
nanowire arrays from 16.7% to 82% after 50 cycles. In 2013, spinel NCO was investigated
as the anode for NIBs and NICs.?? This NCO electrode delivered a capacity of 236 mAh g’
at the 2" cycle, and it faded to 57 mAh g™ at the 30" cycle at a current density of 100 mA
g'. ANIC was fabricated using this NCO as the anode and an AC as the cathode. An energy
density of 13.8 Wh kg™ at a power density of 308 W kg™ was obtained. To further increase
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the electrochemical properties including energy density and power density, improvements
in the design of NCO are highly desired.

2.3.3.2 Antimony-based materials

Recently, antimony-based materials such as Sb203,"*" Sb,04,'*® Sb,S3,'*® and Sb alloy'°
have aroused interests as the anode electrodes in sodium-ion energy storage because of
their high theoretical capacities. For examples, Sb,O3 and Sb,S; possess high theoretical
capacities of 1109 and 946 mAh g, respectively.*® However, antimony-based materials often
suffer from poor electric conductivity and large volume change during repeated cycles,
leading to an inferior rate performance and poor cycling stability. To solve these problems,
Liu et al.*® fabricated SbyXs (X=0, S) onto a carbon fiber cloth (CFC) substrate, which was
denoted as SbyX3/CFC. The CFC not only provided rapid transport of electrons but also
supported Sb2X3 with strong synergistic effect with excellent mechanical performance. The
electrokinetics study indicated that the sodium-ion storage mechanism in Sb2X3/CFC involved
in a combination of surface capacitive contribution and diffusion-controlled insertion process. As
a result, a NIC was fabricated using Sb,S3/CFC and Sb,O3/CFC as the anodes and flexible
carbon fibers as the cathode, respectively delivering energy densities of 124 Wh kg™ and
117 Wh kg™ at a power density of 580 W kg™'. The capacity retention was about 90% after
4000 cycles in the voltage window of 1.5 V-4.3 V.

2.4 Summary and perspectives

Although the development of NICs is still in the initial stages, the NICs indeed hold a great
potential in the field of energy storage because of their characteristics of low cost,
competitive electrochemical performance, and environmentally friendly. Several attempts
have focused on searching for high-performance cathodes and anodes materials. Here, the
following aspects are proposed regarding the development of NICs:

1 AC has been widely used as the cathode material because of its high surface area, good
electric conductivity and high stability. The large-tunnel cathodes including MXene,
NazFex(SO4)3 and Nag44MnO; have been also explored as cathode materials in NICs,
but their long-term cycling stability remains a concern.
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2 The role of electrolytes is important because they largely determine the life time and
realistically performance in terms of practical capacity, rate capability and safety aspects.
Solid electrolytes are currently under the spotlight as the solution to the safety issue of
NICs.

3 The conversion-type anodes such as NiCo204 and SbyX3 (X=0, S) with rich electroactive
sites stand out for their low cost, abundance in nature, and high theoretical specific
capacities. They are emerging and developing as high-performance anodes materials in

sodium-ion energy storage.
4 Integrating the electrode materials with conductive substances such as carbon,

graphene and conductive polymer is an effective approach to improve the electric and
ionic conductivities for high electrochemical properties.
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Chapter 3 Research methodology

This chapter describes the chemicals, the experimental methods and technical
measurements used in this thesis project. Specifically, materials characterization including
X-ray diffraction analysis, scanning electron microscope, transmission electron microscope,
nitrogen and argon adsorption/desorption isotherms, X-ray photoelectron spectroscopy
spectra, thermal gravimetric analysis are described. Electrochemical measurement
techniques such as galvanostatic charge and discharge test, cyclic voltammetry curves and
the electrochemical impedance spectroscopy tests are described.

3.1 Chemical reagents and materials

Table 3.1 lists the chemicals and reagents for the synthesis of electrode materials. All

chemicals were used without further purification.

Table 3.1 Chemicals and reagents used to prepare electrode materials.

Name Company P;:iatzeor

Graphite flakes Sigma-Aldrich AR
Sodium nitrate (NaNO3) Merck AR
Potassium permanganate (KMnQy,) Merck AR
Hydroxide peroxide (H20,) Merck 30%
Hydrochloric acid (HCI) Merck 37%
Sulphuric acid (H2S0,) Merck 98%
Cobalt nitrate hexahydrate (Co(NOs3).-6H20) Sigma-Aldrich 98%

Nickel nitrate hexahydrate (Ni(NO3),:6H20) Sigma-Aldrich 99.9%
Urea (CH4N20O) Chem-supply AR
Glycerol (C3HgOs3) Chem-supply AR
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Isopropanol (C3HgO) Sigma-Aldrich 99.5%

Ethylenediamine (C2HgN2) Alfa Aesar 99%
Sodium hydroxide (NaOH) Sigma-Aldrich 97%
Poly(diallyldimethylammonium chloride
((CsH16CIN)n) Sigma-Aldrich 20%
Hydrochloric acid (HCI) Merck 37%
Ammonia solution (NH3-H20) Emsure 28-30%
Nickel (Il) sulfate hexahydrate (NiSO4-6H20) Sigma-Aldrich 98%
Hexamethylenetetramine (CeH12N4) Sigma-Aldrich 99%
Iron (Il) sulfate heptahydrate (FeSQO4:7H20) Sigma-Aldrich 99%

Anode materials synthesis are described in the following chapters for details.

3.2 Materials characterization

X-ray diffraction (XRD) analysis was performed to measure various structures of materials
such as phases composition and grain size. Electron microscopes including field-emission
scanning electron microscope (FESEM) and transmission electron microscope (TEM) were
used for morphology characterization. Nitrogen and argon adsorption/desorption isotherms
were applied to characterize surface area and pore structures of materials. X-ray
photoelectron spectroscopy (XPS) spectra were used to measure the elemental composition,
chemical state, empirical formula, and electronic state of the elements in a material. Thermal
gravimetric analysis (TGA) was performed to measure the mass of a sample/ component as
the temperature changes. The equipment and measurements details are described in the
following chapters.

3.3 Electrochemical measurements

The electrolyte preparation, the coin cell assemblies and disassembles are described in the
following chapters. The galvanostatic charge and discharge (GCD) tests of the sodium half-
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cells were performed on a Neware battery tester (CT3008). The cyclic voltammetry (CV)
curves and the electrochemical impedance spectroscopy (EIS) tests were recorded with an
electrochemical work station (CHI-600D). The capacitive performance of the NIC cells was
characterized using the CV and GCD techniques on an Autolab PGSTAT302N workstation.

3.3.1 Galvanostatic charge and discharge

GCD is a standard technique to test the performance of capacitors. The potential was
recorded by applying a constant current between the cells. The specific capacitance of the
cell can be deduced from the discharge curve of GCD, as has been given in the equations
(1-1) to (1-3) in Chapter 1.

3.3.2 Cyclic voltammetry

CV is a commonly used method for studying dynamic electrochemistry. By applying a
potential difference between the cells, the electrode is scanned at a given rate potential
while the current is recorded. The average specific capacitance (C, in F g™") for this cell can
be calculated integrated from a CV curve, which is:

4 __t (Vg -
= 2y =y . L)V (3-1)
where q (in C) is the total charge, integrating the positive and the negative sweeps in a CV
curve, m is the mass of the electrode (in g), V is the scan rate (in V s™), and V.-V. is the

potential window (in V).

3.3.3 Electrochemical impedance spectroscopy

EIS is a non-destructive method to distinguish the contribution of each component in an
electrochemical cell. The EIS is usually employed at a sine wave with a defined frequency
(0.01-10 000 Hz) and small amplitude (5-10 mV). A curve of EIS data is to plot Z' against -
Z" to obtain a Nyquist plot. Impedance Z is a complex number, which can be calculated by:

Z(w)=Z" (w)+jZ"(w) (3-2)
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where w=2rf, f is the frequency (in Hz), Z' and Z" are the real and imaginary parts of

impedance, respectively.

3.3.4 Ragone plot

Ragone plot provides the values of specific energy versus specific power. The plot was

named after David V. Ragone®’

Energy density and power density are the amount of energy
and power stored in the energy storage device per volume or mass, respectively. Based on
the overall specific capacitance (C, in F g') of a two-electrode device, the maximum energy
density (Emax, in J g'1 stored) and power (Pmax, in W g'1) density delivered for the storage

energy device are calculated by:

Epmax = 5 CV? (3-3)
V2
Bnax = 4R, (3-4)

where V is the operating voltage (in V), which is determined by the thermodynamic stability
of the electrolyte and the electrodes. Rs is the equivalent serious resistance (in ohm).
According to the equations of (3-3) and (3-4), a large capacitance, a wide operating voltage,
and a minimum resistance are preferred to achieve high energy and power density.

The below equations (3-5 and 3-6) were usually used to calculate the practical energy density
(E, in Wh kg™') and power density (P, in W kg™):

£ =25 (3-5)
p= 3600 E (3—6)

t

where C is the specific capacitance (in F g™'), V is the operating voltage (in V), and t is the

discharge time (in s).
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Chapter 4 Sodium-ion storage
performance of thermally treated

NiCo,0, spheres

Nickel cobaltites (NiC0204) spheres were synthesized using a solvothermal method followed
by a thermal treatment at three different temperatures, namely 250, 350 and 450 °C. The
as-prepared NiCo,04 spheres were comprised of interconnected nanoparticles whose
crystal structure and electrochemical properties were greatly influenced by the thermal
treatment temperature. The NiCo,O4 sample treated at 350 °C showed an optimal

performance as the anode in sodium-ion batteries and sodium-ion capacitors.

4 1 Introduction

Lithium-ion storage including lithium-ion batteries (LIBs) and lithium-ion capacitors (LICs)
have achieved great success in the past decade as an efficient energy storage system, and
are still being pursued for powering portable electronics and electric vehicles.'®6°1%2
However, the geographical location and limitation of lithium resources will raise the cost of
lithium in the near future. Therefore, energy storage based on sustainable and economically
feasible resources is desired. In this regard, sodium-ion storage including sodium-ion
batteries (NIBs) and sodium-ion capacitors (NICs) are considered as appealing alternatives
because of sodium’s abundance in the earth’s crust and low cost of sodium precursors.'**1%*
However, graphite, the anode material that has been used in lithium-ion storage is generally
not suitable for sodium-ion storage because of the large atomic radius and high ionization
energy of sodium.®' Therefore, alternative anode materials for reversibly storing sodium

51,156-158

ions must be developed. A number of anode materials such as oxides, sulfides,

163-166 110.167.168 and organic compounds,'®®'"® have been investigated as

182 alloy, carbons
candidates for sodium-ion storage. Oxides materials, especially transition-metal oxides,'"”

seem to be the most promising anodes. In this regard, nickel cobaltite (NiCo20.), a ternary
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metal oxide with two different metal cations, has been shown to display a better

electrochemical activity than that of nickel oxides or cobalt oxides,’

and subsequent
studies''"*® have indeed confirmed NiCo,0, (NCO) is a very promising electrode material

for energy storage.

According to Alcantara et al.”" the theoretical specific capacity of NCO could reach 890 mAh
g'. However, previous experimental results showed that the practical capacity and cycling
stability of NCO were low. For examples, Lee et al.>® synthesized NCO nanoneedle array
electrode for NIBs. This material delivered a specific capacity of 236 mAh g™ at the 2™ cycle,
which shows a capacity of 215 mAh g™ after 50 cycles at the current rate of 50 mA g™'. Ding

1.?? prepared a spinel NCO as an anode, exhibiting a specific capacity of 57 mAh g™ at

eta
the 30™ cycle in NIB owing to the severe volume change upon cycling. A NIC assembled
with this spinel NCO as the anode and a commercial activated carbon (AC) as the cathode
exhibited a poor electrochemical performance with an energy density of 13.8 Wh kg™ at a

power density of 308 W kg™.

In this chapter, NCO spheres were synthesized using a solvothermal method followed by a
thermal treatment. It was found that the thermal treatment temperature played an important
role in determining the crystal structure and particle size of the NCO. The sample thermally
treated at 350 °C exhibited an optimal cycling stability and rate capability in NIBs, which is
due to perfect crystallization and optimal particle size. A NIC assembled using this sample
as the anode and a commercial AC as the cathode delivered an energy density of 33.75 Wh
kg™ at a power density of 900 W kg™, with a cycling retention of 70.3 % at 3 A g™' after 1000

cycles.

4.2 Experimental section

4.2.1 Materials synthesis

A spherical NCO was prepared via a solvothermal route and a subsequent thermal treatment
under different temperatures in air. In a typical synthesis, 6 mmol of Co(NO3),.6H,0 and 3
mmol of Ni(NO3),.6H20 were dissolved in 45 mL of isopropanol and 9 mL of glycerol. After
stirring for 20 min, the mixture was transferred to a Teflon-lined stainless steel autoclave

and heated at 180 °C for 6 h. After the reaction mixture cooling to room temperature, the
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solid product was collected by centrifugation and washed with distilled water and ethanol
several times and dried in an oven at 80 °C. The intermediate solid was subsequently
thermally treated at 250 °C, 350 °C, and 450 °C in air for 2 h, respectively, with a heating
rate of 2 °C min™". Samples thus obtained were labeled as NCO-250°C, NCO-350°C and
NCO-450°C, respectively.

4 2.2 Materials characterization

XRD patterns were collected on a Bruker D8 X-ray diffractometer with Ni-filtered Cu Ka
radiation (A = 1.54056 A, 40 kV, 30 mA) at a scan rate of 2° min™". FESEM (JEOL 7100) and
TEM (F20Tecnai 20) were used to characterize the morphology of samples. Nitrogen
adsorption/desorption isotherms were measured on a Tristar Il 3020 (Quantachrome) at the
liquid nitrogen temperature. The specific surface areas of the samples were calculated using
the Brunauer-Emmett-Teller (BET) method from the nitrogen adsorption isotherms. TGA
was conducted in air from room temperature up to 550 °C at a heating rate of 5 °C min”’
using a Perkin-ElImer STA 6000.

4.2.3 Electrochemical measurements

The electrodes were prepared by mixing 70 wt.% of active materials, 20 wt.% of an electrical
conductor (carbon black), and 10 wt.% of a binder (carboxymethyl cellulose, CMC) in de-
ionized water to form a slurry, which were subsequently coated on a copper current collector
for NCO slurry and an aluminium foil current collector for the AC (a specific surface area of
1200 m? g'1 provided by AC Technologies Pty Ltd, Australia) slurry. After the electrodes
were dried at 60 °C overnight in a vacuum oven, they were punched into circular discs and
assembled in a 2032-type coin cell with GF/C glass fibre (Whatman, USA) as the separator
and 1 M NaClO4 dissolved in a mixture of propylene carbonate (PC) and ethylene carbonate
(EC) (volume ratio: 1:1) plus 2 vol. % fluorinated ethylene carbonate (FEC, provided by HSC
Corporation) as the electrolyte. The electrolyte preparation, the coin cell assemblies and

disassembles were performed in an Argon filled glovebox.

Sodium half-cells were assembled by using the above-prepared electrodes with sodium
metal plates as the reference electrodes. A full NIC cell was fabricated with the NCO

electrode as the anode and a commercial AC (a specific area of 1200 m? g™ from AC
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Technologies Pty Ltd, Australia) as the cathode. Before assembling the full cell, The NCO
electrode was pre-cycled 3 times at 0.1 A g™ in a sodium half-cell and then sodiated to 0.005

V versus Na*/Na. The mass ratio of the cathode over the anode was 3.0.

4.3 Results and discussion

Figure 4.1a shows the XRD pattern of the as-prepared intermediate product. According to

the literature, ! 172

the XRD pattern shows a characteristic of metal alkoxides. To assess
the follow-up thermal treatment process of the as-prepared intermediate product, a TGA
measurement was performed. Figure 4.1b shows the TGA curve of the as-prepared
intermediate product. Two obvious weight-loss events were observed. The first weight loss
event below 230 °C with about 23% weight loss can be attributed to the removal of physically
adsorbed water and gases. The second region from 230 °C to 250 °C showed a significant
weight loss of about 29%, which is due to the decomposition of the intermediate product to
form NCO. To explore an optimal thermal treatment temperature for maximizing
electrochemical performance, the intermediate product was then thermally treated at 250

°C, 350 °C, and 450 °C in air for 2 h.
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Figure 4.1 (a) XRD pattern and (b) TGA curve of the as-prepared intermediate product.

Figure 4.2 shows the XRD patterns of the NCO samples synthesized by thermally treating
the intermediate product at 250 °C, 350 °C, and 450 °C. In NCO-250°C sample, the peaks
of (311), (400), and (440) can be indexed to the cubic spinel structure, NCO (JCPDS 73-
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1702). However, the absence of (111), (511) and (220) peaks indicated that the intermediate
product has not completely transformed into NCO at 250 °C. The samples treated at 350 °C
and 450 °C presented a series of characteristic peaks which match well with the NCO spinel
phase. While rising the treatment temperature from 350 °C to 450 °C, the diffraction peaks
of NCO gradually sharpened, which indicates an increase of crystallinity. By using the
Scherrer's formula based on the (311) peak, the grain size of NCO was calculated to be 9.4
nm, 11.2 nm, 14.8 nm for 250 °C, 350 °C, and 450 °C, respectively. Notably, at the thermal
treatment temperature above 250 °C, an impurity phase, namely cubic NiO appeared as
evidenced by the presence of the two peaks at 43.1° and 64.0° two theta, which can be
indexed to NiO (JCPDS 78-0643). According to previous studies,'?'">'"* the formation of
NiO is due to partial decomposition of spinel NCO. The presence of NiO phase may
influence the performance of the NCO electrode. To verify its influence, a spherical NiO
sample was synthesized and tested as an anode for NIBs (the experimental details and
characterizations are provided in the supplement data 4.5). Figure S4.1 shows the XRD
pattern and SEM image of the NiO sample. All diffraction peaks in Figure S4.1a can be
indexed to a crystal phase of NiO (JCPDS 78-0643).
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Figure 4.2 XRD patterns of (a) NCO-250°C, (b) NCO-350°C and (c) NCO-450°C.

Figure S4.2 shows the FESEM images of the intermediate product. From Figure S4.2a, this

sample shows spherical morphology with diameter varied from 0.2 to 1.8 um. Upon higher
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resolution magnifications (Figure S4.2b), the sphere was assembled by many layered flakes.
Figure 4.3 shows the FESEM images of the NCO samples obtained at different temperatures.
After thermal treatment, the overall morphology of the particles has been well preserved as
spheres, as can be seen in Figures 4.3a, c, and e. However, differences in the morphology
can be clearly observed from the high-magnification images (Figures 4.3b, d and f). Treating
at 250 °C did not lead to a complete crystallization of the intermediate product, therefore
producing spheres which were assembled by many irregularly shaped particles. The
samples treated at 350 °C and 450 °C comprised well-defined nanoparticles with clear
edges because of good crystallization. With the increase in treatment temperature from 350
to 450 °C, the grain size of nanoparticles increased (Figures 4.3d and f), due to further

crystallization, which is consistent with the XRD analysis above.

Figure 4.3 FESEM images of (a,b) NCO-250°C, (c,d) NCO-350°C and (e,f) NCO-450°C.
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Figure S4.3 shows TEM images of the intermediate product. TEM images further confirmed
that the intermediate product was assembled by many flakes. Figure 4.4a, b and ¢ show
TEM images of the NCO samples obtained at 250 °C, 350 °C and 450 °C, respectively. The
inserted smaller images showed that all thermally treated samples were spherical in nature.
Figure 4.4a, b and c reveal that the spheres were comprised of interconnected nanopatrticles,
which is consistent with that observed in FESEM. Treating the sample at 250 °C, produced
spheres which were assembled by many particles without clear domains, indicating they are
poorly crystallized. Treating at 350 °C produced nanoparticles with clear edges, and the
particle size is in the range of 8-12 nm. Moreover, the NCO-450 °C sample exhibited 12-18
nm nanoparticles with sharp edges due to improved crystallization. These results
corroborate with the XRD and FESEM analysis.

Figure 4.4 TEM images of (a) NCO-250°C, (b) NCO-350°C and (c) NCO-450°C.
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The nitrogen adsorption-desorption isotherms of the NCO thermally treated at different
temperatures are shown in Figure S4.4. The NCO-250°C sample exhibited a specific surface
area of 31 m? g™'. The specific surface area decreased to 21 and 8 m? g™ for NCO-350°C
and NCO-450°C samples respectively. This could be because the majority of the surface
area is contributed by the inter-spacing between the agglomerated nanoparticles, which
would be decreased by the particle growth at higher temperatures.

4.3.1 Electrochemical performance in sodium half-cells

The electrochemical behavior of the NCO samples obtained at different temperatures was
investigated by using CV curves in the potential range of 0.005-2.50 V (versus Na*/Na) with
a sweep rate of 0.2 mV s™. Figure 4.5 shows the 3™ cycle of CV curves for the thermally
treated samples. For comparison, Figure S4.5a shows the 3 cycle of CV curve of the NiO
sample. The location of the main peaks in the CV curves of the calcined samples was similar
and essentially reflected the redox reaction involved the insertion and extraction of Na™ in
metallic Ni and Co. The reduction products of metallic Ni and Co are from NCO during the
first discharge process.”’ Among the three thermally treated samples, the NCO-250°C
sample exhibited the greatest broadening of the redox peaks while the NCO-450°C sample
showed the narrowest redox peaks. The narrow redox peaks can be associated with the
high lattice order due to the high crystallinity.'” For the NCO-450°C sample, the sharp peak
at about 0 V observed from the CV curve was due to the severe polarization of the cell,
which is probably related to the large size of the nanoparticles.'”® The anodic scans of
thermally treated samples exhibited three obvious peaks at around 0.88 V, 1.20 V, and 1.70
V, respectively. The two peaks at 0.88 VV and 1.20 V are mainly attributed to the oxidation of
Ni to NiO and Co to CoO."""""® The last peak at 1.70 V might be due to the oxidation of CoO
to Co,03.""® However, further investigation is needed to understand the redox reactions of
NCOin NIBs.
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Figure 4.5 CV curves of NCO samples for the 3™ cycle from 0.005 to 2.5 V versus Na*/Na
atascanrate of 0.2 mVs™,

Figure 4.6 shows the capacity-voltage profiles between 0.005 V and 2.5 V at a current rate
of 100 mA g™ for the 2", 50", and 100™ cycles of the NCO samples obtained after thermal
treatment. The main discharge voltage plateau for the electrodes was around 0.4 V, which
is in good agreement with the CV results. The sample treated at 250 °C showed a sloping
profile with a small plateau region at around 0.4 V. By increasing the temperature further to
350 °C, a longer plateau near 0.4 V can be observed. The longer plateau can be associated
with the high lattice order due to the high crystallinity of NCO-350°C sample. Further
increasing the temperature to 450 °C led to the growth of nanoparticles, which enhances
the diffusion length of sodium ions and causes severe polarization of the cell with a smaller
plateau. The long discharge plateau enabled a constant power output, which is very
important for the commercial use of secondary batteries.?
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Figure 4.6 GCD curves between 0.005 V and 2.5 V versus Na*/Na at a current rate of 100
mA g™ for the 2", 50", and 100™ cycles of (a) NCO-250°C, (b) NCO-350°C, (c) NCO-450°C.

Figure 4.7 shows the cycling stability and rate performance of thermally treated samples.
The initial discharge capacity loss of all samples is due to the formation of a SEI.*8" For
the following several cycles, the capacity of the samples increased slightly, due to the
activation of the NCO. Among the three samples studied, NCO-250°C sample showed the
lowest specific capacity in both cycling stability and rate performance. The NCO-350°C
sample exhibited the highest specific capacity among all cycles as well as the best rate
performance. Specifically, the NCO-350°C sample exhibited a discharge capacity of 353
mAh g™ at the first few cycles, and 274 mAh g™ at the 100" cycle at a current density of 100
mA g'1, with a capacity retention of 78%. Even at a high current density of 5.0 A g'1, the
capacity of NCO-350°C sample still reached 150 mAh g"'. Meanwhile, its capacity can
recover when the current density was reversed back to the initial low current density, which

confirmed that this sample was able to tolerate the high current rate.
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The 450 °C sample delivered a lower performance than that of 350 °C sample in terms of
the cycling stability and rate performance. This is mainly because the increased particle size
of NCO-450 °C sample with an increased sodium ions transport distance would deteriorate
the electrochemical performance. The increased amount of impurity (NiO) derived from
higher temperature is another reason to compromise the property of NIB, since NiO
contributes less specific capacity compared to NCO (see Figure S4.5b and c). In addition,
the decreased surface area of NCO-450°C would reduce the active sites accessible to the

electrolyte, leading to a poor rate performance.
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Figure 4.7 (a) Cycling stability at a current rate of 100 mA g™ and (b) rate capability of NCO-
based electrodes.

Overall, the best performance of NCO-350°C sample can be attributed to: (1) it inherits
sufficient active sites, because the intermediate product has been completely transformed
into NCO at 350 °C; (2) it shows nanoparticles with sizes in the range of 8-12 nm, which
facilitates the sodium ions transport; (3) it shows high surface area (21 m? g™') with sufficient

active sites accessible to electrolyte which contributes to a relatively high specific capacity.

4.3.2 Electrochemical performance in a full sodium-ion capacitor cell

A full cell of NIC was assembled with NCO-350°C as the anode and a commercial AC as

the cathode. The CV curves of the NIC cell (Figure 4.8a) exhibited evident redox peaks

indicated an electrocapacitive charge storage mechanism at the electrode/electrolyte
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interface. In addition, no polarizations appeared in NCO//AC NIC at the voltage range from
0-3 V, so the working voltage window of this NIC was set to be 0-3 V. Figure 4.8b presents
the GCD profiles at current rates ranging from 0.5 A g”" to 5 A g”'. The energy and power
densities were estimated and presented in Figure 4.8c. The NIC delivered an energy density
of 33.75 Wh kg™ at a power density of 900 W kg™'. Even at a high power output of 9000 W
kg™, it showed an energy density of 23.75 Wh kg™'. Figure 4.8d shows the capacitance
retention of the NIC, which was 70.3 % after 1000 cycles at 3 A g™.
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Figure 4.8 (a) CV plots, (b) GCD curves, (c) Ragone plot of the NCO//AC NIC and (d) its
cycling performance at a current rate of 3 A g™

4.4 Conclusions

In summary, we report a facile method to synthesize spherical NCO consisted of

nanoparticles. The particle size and crystallinity of the NCO crystals were found to be both

strongly influenced by thermal treatment temperature. The sample treated at 250 °C did not
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lead to a complete crystallization of the intermediate product, therefore showed a poor
electrochemical performance in NIBs. With the increase in treatment temperature, the
nanoparticles of the products became larger and better crystallized. The sample treated at
350 °C showed highly crystallized nanoparticles with sizes in the range of 8-12 nm. Raising
the temperature to 450 °C led to an increased nanoparticle size of 12-18 nm with an
increased amount of NiO phase, as well as a decreased surface area. Overall, the NCO
obtained at 350 °C exhibited the highest specific capacity, and the best rate performance,
delivering a discharge capacity of 274 mAh g™ after 100 cycles at 100 mA g™ and 150 mAh
g'at5A g’ ANIC assembled using this sample as the anode and a commercial AC as the
cathode delivered an energy density of 33.75 Wh kg™ at a power density of 900 W kg™, with
a cycling stability of 70.3 % (3 A g'1) after 1000 cycles. Through this work we demonstrated
that the crystal structure and electrochemical properties of spherical NCO were greatly
influenced by the thermal treatment.

4.5 Supplement data

Synthesis of NiO: 3 mmol of Ni(NO3),.6H20 were dissolved into 45 mL of isopropanol and 9
ml of glycerol. After stirring for 20 minutes, the solution was transferred to a Teflon-lined
stainless steel autoclave and kept at 180 °C for 6 h to acquire NiO-precipitate (NiO-p). After
cooling down naturally, the NiO-p solid was collected by centrifugation and washed with high
purified water and ethanol several times and dried in an oven at 80 °C. Then the NiO-p were
thermally treated at 350 °C in air for 2 h with a slow heating rate of 2 °C min™, producing
NiO.

(a)

NiO (JCPDS 78-0643)

Intensity (a.u.)

0 10 20 30 40 S50 60 70 80 90

2 Theta

Figure S4.1 (a) XRD pattern and (b) SEM image of NiO sample.
60



10 nm

Figure S4.3 TEM images of (a) low and (b) high magnification of the intermediate product.
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Figure S4.4 Nitrogen adsorption/desorption isotherms of NCO samples.
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Chapter 5 Pre-sodiated NiCo,0,for
high-performance sodium-ion

capacitors

This chapter has been published in Journal of Power Sources, 2017, 362, 358—365.

This chapter studies the sodium-ion storage mechanism in nickel cobaltite (NiCo204), and
demonstrates that pre-sodiation of NiCo,O4 can significantly improve its energy density.
Here, NiCo204 hollow spheres with a chestnut shell morphology have been solvothermally
synthesized and tested in a sodium half-cell. The NiCo2,04 material exhibited a reversible
capacity of 313 mAh g" at 1 A g”'. A sodium-ion capacitor fabricated with pre-sodiated
NiCo,0, as the anode and an activated carbon as the cathode delivered an energy density
of 60 Wh kg'1 at the power density of 10,000 W kg'1. Ex-situ XRD and TEM results reveal
that the NiCo,04 phase was converted to metallic nickel and cobalt and Na,O phases during
the pre-sodiation. The metallic nickel and cobalt phases are kinetically favorable for the
electrolyte diffusion and electrochemical reactions, thus significantly improving the
performance of the pre-sodiated NiCo0,0,4 electrode.

5.1 Introduction

Electrochemical capacitors (ECs) store energy using either ion adsorption (electrical double-
layer capacitors, EDLCs) or surface redox reactions (pseudocapacitors) with prominent
properties, such as high power density and long cycle life.**'8? But, the energy density of
ECs is low. Rechargeable batteries exhibit high energy density, but low power density.'®
Hybrid energy storage devices have been investigated with considerable effort in recent
years.'®"'% The idea is to combine the high power density of ECs with the high energy
density of batteries within one system. Lithium-ion capacitors (LICs) are a typical example
of such hybrid energy storage systems, which integrates the electrode component of ECs

and rechargeable lithium-ion batteries (LIBs).'®'®” This integration enables the LIC to
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exhibit a higher energy output than ECs and a higher power output than LIBs,'8%189:16:11.190

However, the increasing cost and limitation of lithium resources have largely hindered wide
applications of this advanced energy storage technology.®'®" In this regard, sodium-ion
capacitors (NICs) have been considered as a promising alternative to LICs due to the nature

abundance of sodium resources.

A NIC is generally configured with a porous carbon as the cathode and a battery electrode
as the anode. A number of research attempts towards developing anode materials in the
recent past as the anode significantly determines the cell performance in terms of power
density and life time. To date, various anode materials have been explored, such as NayH.
Ti307,2" V,05/CNT,"®  NazTisO;@CNT,>”  NiCo,04,% nitrogen-doped TiO,,*' and
Nb,Os@C/rGO.?® Among them, nickel cobaltite (NiCo,04) with a theoretical specific capacity

of 890 mAh g °" is of particular interest for both NICs®? and sodium-ion batteries.>>~>>2%4

I. 54

Zhang et al.”” studied the sodium-ion storage properties of NCO spheres in a sodium half-

cell. A specific capacity of about 440 mAh g™ after 200 cycles was achieved at a current

density of 0.1 A g”'. Ding et al.??

investigated NiCo,04 (NCO) material as an anode in a full
NIC cell with an activated carbon (AC) as the cathode. A poor electrochemical performance

with an energy density of 13.8 Wh kg™ at a power density of 308 W kg™ was obtained.

In this work, NCO spheres with a chestnut shell morphology were solvothermally
synthesized. The pre-sodiation strategy that has been found to be effective in improving the
performance of hard carbon?® and graphitic mesocarbon microbeads (Na,MCMB)'® for
NICs was adopted to improve the performance of NCO. Our experimental results showed
that pre-sodiation of NCO significantly enhanced the energy density. A NIC fabricated with
a pre-sodiated NCO as the anode and a commercial AC as the cathode delivered energy
densities of 120.3 Wh kg™ and 60.0 Wh kg™ at power densities of 200 W kg™ and 10,000 W
kg™, respectively. The electrode also exhibited a good stability against cycling with a
capacitance retention of 85 % after 2000 cycles at 3 A g™.
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5.2 Experimental section

5.2.1 Materials synthesis

NCO was synthesized using the solvothermal method. In brief, 2 mmol of Co(NOs3)2*6H,0,
1 mmol of Ni(NO3),*6H20 and 3.6 g of urea were dissolved in a mixture of 45 mL isopropanol
plus 9 mL water under stirring. Then, 175 uL ethylenediamine was added under stirring.
After 10 min, the the mixture was transferred to a 70 mL Teflon-lined stainless steel
autoclave and heated at 120 °C for 10 h. The solid product was collected by centrifugation
and washed with distilled water and ethanol, and dried in an oven at 80 °C. The solid was
then thermally treated at 350 °C in air for 2 h at a heating rate of 1 °C min™ to obtain the as-
synthesized NCO. The pre-sodiation of the as-synthesized NCO was conducted by
galvanostatically discharging a sodium half-cell (NCO//Na) from open circuit potential to
0.005 V. The discharging current density was set to be 100 mA g™'. After disassembling the
cell, a pre-sodiated NCO sample was obtained. The pre-sodiated sample is hereinafter
designated as Na,NCO.

5.2.2 Materials characterization

Crystalline phases were analysed using a Bruker D8 X-ray diffractometer with Ni-filtered Cu
Ka radiation (A = 1.54056 A, 40 kV, 30 mA) at a scan rate of 2 ° min™". FESEM (JEOL 7100)
and TEM (F20Tecnai 20) were used to characterize the morphology of samples. XPS
spectra was acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer with a 165
mm hemispherical electron energy analyzer and a monochromatic Al Ka (1486.6 eV)
radiation at 225 W (15 kV, 15 mA). Nitrogen adsorption/desorption isotherms were
measured on a Tristar Il 3020 (Quantachrome) at the liquid nitrogen temperature. The
specific surface areas of the samples were calculated using the BET method from the
nitrogen adsorption isotherms. The total pore volumes were estimated from the nitrogen
volumes absorbed at the maximum relative pressures equal to 0.99. The pore size
distribution curves were obtained by the Barrett-doyner-Halenda (BJH) method based on
the nitrogen desorption data. For both ex-situ XRD and TEM measurements, electrode
samples were collected at different states of charge and discharge by disassembling coin
cells in an Ar-filled glovebox. The ex-situ XRD measurement was conducted in an Ar-filled

container. For the ex-situ TEM measurement, a drop of sample suspension in ethanol was
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deposited onto a carbon-coated Cu-grid and dried naturally in the glove box before
transferring to the TEM chamber.

5.2.3 Electrochemical measurements

The NCO and a commercial AC with a specific surface area of 1200 m? g~ from AC
Technologies Pty Ltd, Australia, were respectively used as the anode and cathode in
assembling NIC cells. Electrodes were prepared by mixing 70 wt.% of an active material, 20
wt.% of an electrical conductor (carbon black), and 10 wt.% of a binder (carboxymethyl
cellulose, CMC) in de-ionized water to form a slurry, which were subsequently coated on a
copper current collector for NCO slurry and an aluminium foil current collector for the AC
slurry. After the electrodes were dried at 60 °C overnight in a vacuum oven, they were
punched into circular discs and assembled in a 2032-type coin cell with a glass fibre (GF/C,
Whatman, USA) as the separator and 1 M NaClO, dissolved in a mixture of ethylene
carbonate (EC) and propylene carbonate (PC) (volume ratio: 1:1) plus 2 vol. % fluorinated
ethylene carbonate (FEC, provided by HSC Corporation) as the electrolyte. The electrolyte
preparation, the coin cell assemblies and disassembles were all performed in an Argon filled
glovebox.

The sodium half-cell (NCO//Na) was assembled by using the NCO and Na metal plate as
the electrodes. A NIC cell (Na,NCO//AC) was assembled using the Na,NCO as the anode
electrode and the AC as the cathode electrode. The mass ratio of the cathode electrode
(m.) over the anode electrode (m.) was varied from 2.0 to 3.6 for optimizing the device
performance. For comparison purpose, a NIC cell (NCO//AC) was assembled using the as-
prepared NCO without pre-sodiation as the negative electrode and the same AC as the
positive electrode. A symmetric AC//AC supercapacitor cell was also assembled using the
AC as both anode and cathode electrode.

5.3 Results and discussion

The XRD pattern (Figure S5.1a, in the supplementary data 5.5) of the NCO sample before
pre-sodiation matches well with that of the NCO phase (73-1702). The FESEM images
depicted in Figure 5.1a and 1b revealed that the NCO sample consists of spherical particles

with a chestnut shell morphology. The spheres are hollow (Figure 5.1b). The TEM image
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(Figure 5.1c) further confirmed the hollow structure and chestnut shell morphology. The TEM
image in Figure 5.1d taken from the marked area of Figure 5.1c shows that each needle

was composed of numerous nanoparticles.

Figure 5.1 (a, b) SEM images, and (c, d) TEM images of the NCO sample before pre-
sodiation.

Figure S5.1b shows the N, adsorption-desorption isotherms of the as-synthesised NCO
sample. The type IV isotherm with a hysteresis loop in the relative pressure range between
0.7 and 1.0 is an indicative of a mesoporous material. The specific surface area was
estimated to be 62.0 m? g, and the pore volume was 0.291 cm® g™'. The inset in Figure
S5.1b shows the corresponding pore size distribution curve, which exhibits two prominent

mesoporous peaks at 9.8 and 27 nm, respectively. The presence of mesopores provides
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not only extra space for alleviating the volume expansion upon charging/discharging, but
also facilitates charge transfer.

Figure 5.2 shows the XPS spectra of the as-synthesised NCO sample. The wide scan survey
spectrum (Figure 5.2a) shows the presence of Ni, Co, O and C. Figure 5.2b shows the Ni
2p core electron spectrum, which was deconvoluted with two peaks assigned to Ni?* and
Ni®* respectively, along with two satellite peaks. Similarly, the Co 2p spectrum (Figure 5.2c)
was deconvoluted with two peaks of Co?* and Co®" also with two shakeup satellites. Figure
5.2d shows the O 1s XPS deconvoluted spectra. The three peaks at about 532.6, 531.0 and
529.4 eV were due to adsorbed water, oxygen-containing groups (defects), and metal-
oxygen bonds, respectively.'* 1% The XPS results suggest that NCO sample contains the

chemical bonds of Ni?/Ni** and Co?*/Co®, which is in agreement with the
146,194,196,197

literature.
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Figure 5.2 XPS spectrum of (a) survey spectrum, (b) Ni 2p, (c) Co 2p and (d) O 1s for NCO.
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5.3.1 Electrochemical performance in a sodium half-cell

Before assembling a full NIC, the electrochemical performance of the NCO materials was
assessed in a sodium half-cell. Figure 5.3a shows the CV profiles of the first three cycles.
Two cathodic peaks at 0.47 and 0.95 V respectively appeared in the first cycle. However,
only one cathodic peak at 0.63 V can be observed from the CV curves of the second and
third cycles. The different CV profiles in the first and subsequent cycles indicate that the
cathodic reaction path of the first cycle was different from that in the subsequent cycles. In
contrast, two anodic peaks at 1.08 and 1.68 V respectively can be seen over the three cycles,
corresponding to redox reactions, which is discussed in the section 5.3.3. Figure 5.3b shows
the GCD profiles at current rates 0.1 and 1 A g, respectively. The discharge plateau
exhibited a small voltage difference when the current rate changed from 0.1 to 1 A g™,
indicating that the cell experienced a low electrochemical polarization.'®®'*° Figure 5.3c
shows the specific capacities at different current rates. It can be seen that the cell achieved
specific capacities of about 530, 480, 310, and 170 mAh g'1 at current densities of 0.05, 0.1,
1,and 5 A g, respectively. Remarkably, the cell delivered a capacity of 450 mAh g~ when
the current density was reversed back to 0.1 A g™ after having been cycled at higher current
densities, indicating a good reversibility. Figure 5.3d shows the cycling performance of the
as-synthesized NCO electrode. At 0.1 A g™, the initial discharge and charge capacities were
695 mAh g™ and 480 mAh g™, respectively. The initial capacity loss was mainly due to the

formation of solid electrolyte interphase (SEI).?

It should be noted that 85% of capacity
was retained (266 mAh g') after 100 cycles at a current density of 1 A g, showing a good

stability against cycling at high current rates.
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Figure 5.3 Electrochemical performance of the NCO electrode before pre-sodiation in a
sodium half-cell: (a) CV curves at a scan rate of 0.2 mV s™, (b) GCD profiles at current rates

of 0.1 Ag' and 1 A g, (c) specific capacities at different current rates, and (d) cycling
performance at a current rate of 1 A g™,

5.3.2 Electrochemical performance in a full sodium-ion capacitor cell

In the hybrid system Na,NCO//AC, the mass balance between the cathode and anode has
a significant impact on the overall device performance. To optimize the mass ratio of the two
electrodes, the GCD technique was used to test the performance of the 4.0 V Na,NCO//AC
cells configured with different mass ratios between the cathode (m.) and the anode (m.)
(m./m. = 2.0. 2.4, 2.8, 3.2 and 3.6) under a current rate of 0.5 A g, and the results are
shown in Figure 5.4a. Figure 5.4b shows the capacitance as a function of mass ratio.
Evidently, the maximum capacitance of the NIC cell was achieved when the mass ratio of
the cathode over the anode was 3.2, which was 38.8 F g
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Figure 5.4 (a) GCD curves and (b) specific capacitance as a function of mass ratio between
cathode and anode at 0.5 A g™ of Na,NCO//AC NIC.

Figure 5.5 compares the electrochemical performance of the NCO electrode materials
before and after pre-sodiation measured using full NIC cell configuration. Unlike the CV
curves of the NCO//AC NIC cell (Figure 5.5d) which exhibited evident redox peaks, the
nearly rectangular shape of the CV curves of the Na,NCO//AC cell (Figure 5.5a) indicates
an electrocapacitive charge storage mechanism at the electrode/electrolyte interface.'®%2"
In addition, the severe polarizations appeared in NCO//AC NIC at the voltage range from 0-
4V and 0-3.5 V, so the working voltage window of this NIC was set to be 0-3 V. However,
a potential range from 0 to 4 V was achieved in Na,NCO//AC cell. The high potential can be
attributed to the pre-sodiation process. AC positive electrode generally shows a potential of
1.5-4.2 V versus Na*/Na.?? The pre-sodiation process enables the open circuit potential of
the NCO electrode (2.25 V) decrease to 0.005 V, allowing Na,NCO negative electrode
shows a potential of 0.005-2.5 V versus Na*/Na (Figure 5.3b). A high working voltage
window of the capacitor is favorable to enhance the energy density and power density of the
device. This Na,NCO//AC NIC combing the advantages of the rechargeable battery and a
supercapacitor, with a high operating voltage windows renders fast energy storage kinetics,
is expected to acheive higher energy and power densities.

The GCD curves of Na,NCO//AC and NCO//AC NICs are shown in Figure 5.5b, c, and e, f,
respectively. At a current density of 0.1 A g™, the hybrid NIC fabricated with the pre-sodiated
NCO as the anode delivered a capacitance of 54.2 F g, three times higher than the hybrid
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capacitor cell fabricated with the non-pre-sodiated NCO as the anode (19.1 F g). The
Na,NCO//AC NIC exhibited an energy density of 120.3 W h kg™ at a power density of 200
W kg™, while the NCO//AC NIC showed a much lower performance with an energy density
of 24.0 Wh kg'1 at a power density of 120 W kg'1. The performance of NCO without pre-
sodiation is comparable to that of a previously reported NCO//AC NIC.?? At a higher current
rate, namely 5 A g'1, the Na,NCO//AC NIC still performed well to deliver a specific
capacitance of 27.0 F g™, an energy density of 60.0 Wh kg™ and a power density of 10,000
W kg™, in sharp contrast to the performance of NCO //AC NIC, which had a specific
capacitance of 5.4 F g™, an energy density of 6.8 Wh kg™ at the power density of 6 kW kg
'. Figure 5.5g compares the Ragone plots of Na,NCO//AC and NCO//AC NICs, with other

19.21,22.27.28.31102The electrochemical properties of

AC-based NICs reported in the literature.
the symmetric AC//AC supercapacitor were also tested for comparison purpose (Figure
S5.2). Evidently, the Na,NCO//AC NIC fabricated in this work with pre-sodiated NCO as the
anode performed the best. The electrode stability against cycling was studied at a current
density of at 3 A g™, and the results are shown in Figure 5.5h. It can be seen that 85.0 % of
its initial capacitance can be retained after 2000 cycles, indicating this NCO is

electrochemically stable against charge/discharge cycles at high current density.
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Figure 5.5 CV plots of the Na,NCO//AC (a) and the NCO//AC NICs (d), GCD curves of the
Na,NCO//AC NIC (b and c) and the NCO//AC NIC (e and f) at different current rates, (g)
Ragone plot of the Na,NCO//AC cell in comparison with other AC-based NIC cells, and (h)
cycling performance of the Na,NCO//AC NIC at 3 A g™

5.3.3 Sodium-ion storage mechanism

To reveal phase change of NCO during cycling, samples after charge/discharge at different
voltages, designated as D-0.7V, D-0.005V, C-1.2V, and C-2.5V, where D and C represent
discharge and charge, respectively, were collected and are shown in Figure 5.6a. The ex-
situ XRD patterns of the as-synthesized NCO before cycling (pristine) along with the
samples collected at different discharge/charge voltages are shown in Figure 5.6b. The
pristine sample showed all XRD peaks corresponding to spinel NCO (Figure 5.1a). The XRD
peaks became broader for sample D-0.7V, and the XRD pattern of sample D-0.005V
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became featureless. The broadening and almost disappearing of the XRD peaks upon
discharging were most probably due to particle size decreasing, as has been observed
before '782%% This is supported by the ex-situ TEM results (Figure S5.3), from which it can
be estimated that the particle size of the pristine sample is in the range of 5-10 nm (Figure
S5.3a) while the discharged sample at 0.005 V exhibited smaller particle sizes in the range
of 2-4 nm (Figure S5.3b). During the first charge, the XRD patterns appeared peaks at 43.0
and 61.5 two theta at C-1.2V which could be assigned to phases NiO (78-0643) and CoO
(78-0431), and further appeared peak at 36.8 two theta at C-2.5V which could be contributed
by Co304 (78-1969). The phases at C-2.5V were further confirmed by the HRTEM images
(Figure S5.2¢). The lattice fringes spacing of 2.09 A and 2.43 A correspond to the planes of
NiO (200) and Co304 (311), respectively.
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Figure 5.6 (a) First charge/discharge curves of the NCO electrode at 0.1 A g™ and (b) ex-
situ XRD patterns of electrode samples before and after charge/discharge.

Figure 5.7a shows the selected area electron diffraction (SAED) patterns of the NCO
electrode during the first charge/discharge. The SAED pattern of the pristine sample
confirmed the NCO phase. After the first discharge, the NCO phase was changed to metallic
Ni and Co, as well as Na,0,*" as revealed by the presence of the (200) diffraction rings of
both Ni and Co, as well as the (220) diffraction ring of Na2O (Figure 5.7c). Besides, a couple
of diffusive rings of NiO and CoO phases can be observed on sample D-0.005V. The two
phases were formed probably due to self-discharging.?®* During the first charge, it appears
phase changes occurred from the nickel cobaltite phase to NiO and CoO phases at C-1.2V
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(Figure 5.7d), and further to NiO and Co304 phases at 2.5 V (Figure 5.7¢). The two steps of
conversion reaction during the charging process were evidenced by the two anodic peaks
at 1.08 Vand 1.68 V of the CV curves shown in Figure 5.3a. The SAED results are consistent
to the XRD patterns.

: NiO, CoO (311)
NiC0,0,(620)

NiC0,0,(620)—* NiCo,0,(511) NiO, CoO (220) .
NiC0,0,(511) ™ Ni, Co (200) Ni, Co (200) -
) Na,0 (220)" &
NiCo,0, (400)— % NiO, CoO (zqy

Nic,ozq,{'( A\ NiO, CoO (111;)'

)

2 1/nm

(e) C0,0, (533) >
NiO, CoO (311)— Co;04(620)
) R NiO Q20—
NiO, CoO (220)—

' =y
NiO (200), Co,0, (y'
.
Co,0, (311

Na,O (220)

Ni, Co (200) ——
2 1/nm 2 1/nm

Figure 5.7 Ex-situ TEM SAED patterns of (a) pristine NCO, (b) D-0.7V, (c) D-0.005V, (d) C-
1.2V, and (e) C-2.5V.

On the basis of the ex-situ XRD and TEM analysis results, the sodium-ion storage
mechanism of NCO in a sodium half-cell during charge/discharge are summarized below:

In the first discharge:
NiCo,0, + 8Na* + 8e —» Ni + 2Co + 4Na,0
In the first charge:
Ni+ 2Co + 3Na,0 — NiO + 2Co0 + 6Na™ + 6e

2 2 4 . 4
2Co0 +§Na20 - 560304 +§Na +§e
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In summary, upon pre-sodiation, the NCO phase is converted to a nanocomposite consisting
of Ni, Co an, NayO, which are the active materials in the Na,NCO//AC NIC cell. The pre-
sodiation provides more sodium ions to the NIC system and facilitates the conversion
reaction taking place in the subsequent charge/discharge cycles. In addition, the small
particle sizes of Ni and Co phases are kinetically favfavorabler the electrolyte diffusion as
well as for fast interfacial electrochemical reactions,?® thus minminimizing ectrode
polarization and expanding the working voltage of the NIC cell, providing the device with a
high energy density and a good power density.

5.4 Conclusions

Hollow NCO spheres with a chestnut shell morphology synthesized in a solvothermal system
exhibited a specific capacity of 313 mAh g at 1 A g™ with a capacity retention of 85% after
100 cycles measured in a sodium half-cell. Pre-sodiation of the NCO electrode by
galvanostatically discharging the sodium half-cell from an open circuit potential to 0.005 V
is an excellent strategy to improve the electrode performance. A hybrid NIC fabricated with
the pre-sodiated NCO as the anode and a commercial activated carbon as the cathode
delivers energy and power densities of 120.3 Wh kg™ and 10,000 W kg™, 5-9 times higher
than a NIC based on the NCO electrode without pre-sodiation. The better performance of
pre-sodiated NiCo0,04 electrode is because NCO phase is converted to metallic Ni, Co and
Na O phases during pre-sodiation process. The small particle size of products (Ni and Co)
is kinetically beneficial to the fast interfacial electrochemical reactions, while the Na,O phase

provides sodium ions.
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5.5 Supplementary data
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Figure S5.1 (a) XRD pattern and (b) Nitrogen adsorption-desorption isotherm with inserted
corresponding pore size distribution of NCO.
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Figure S5.2 Electrochemical properties of the symmetric AC//AC supercapacitor: (a) CV
plots, (b and c) GCD curves, (d) Ragone plot.
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Figure S5.3 Ex-situ TEM images of NCO before (a) and after discharge to 0.005 V (b) and
charge to 2.5 V (c).
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Chapter 6 Encapsulation of NiCo,0, in
nitrogen-doped reduced graphene oxide

sheets for sodium-ion capacitors

This chapter has been published in Journal of Materials Chemistry A, 2018, 6, 14146-14154.

Nickel cobaltite (NiCo204) with rich electroactive sites is a promising anode material for
electrochemical capacitors and hybrid ion capacitors. However, this material is unstable due
to large volume changes during repeated cycles. Here, we report an approach to improving
the stability of NiCo,O4 against cycling by using a nitrogen-doped graphene framework to
encapsulate NiCo,04 particles. The graphene framework guarantees a good electronic
conductivity and serves as a buffer to alleviate the volume changes of NiC0,04. In a sodium
half-cell, the composite electrode displayed a reversible capacity of about 450 mAh g'1 with
a current rate of 0.1 A g at the 100" cycle. A sodium-ion capacitor configured with the
composite as the anode and a commercial activated carbon as the cathode delivered an
energy density of 48.8 Wh kg'1 at a power density of 9750 W kg'1 with a stable cycle life.
The good electrochemical performance of the electrode material indicates that using
nitrogen-doped graphene sheets to stabilize NiCo,O4 particles is a feasible approach
towards developing high-performance anode materials for sodium-ion capacitors.

6.1 Introduction

Energy storage devices with both high energy and power densities are essential to the
sustainable energy future.®® While lithium-ion batteries (LIBs) have been widely used to
power electronic devices, their power density is relatively low in comparison with, for
example, supercapacitors (SCs).42 Amatucci and co-workers firstly demonstrated a lithium-
ion capacitor (LIC) with energy density higher than that of SCs and power density higher
than that of LIBs.?°®?” This LIC stored energy via both non-faradaic process on the cathodic
parts (capacitor-type) and faradaic process on anodic parts (battery-type). Despite the
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successful commercialization of the LIC technology developed by Maxwell Technologies
Inc,’® the fast-growing demand for large-scale energy storage applications raises concerns

over the limitation and cost of lithium resources.??®

Sodium-ion capacitors (NICs) have attracted significant attention as an alternative for LICs
because sodium is abundant in nature and cheaper than lithium."® One of the current grand
challenges facing the development of the NIC technology is to find a suitable anode
material.®? Transition-metal oxides such as Ti0,,** Nby05,2%?° Na,Tiz07 %, V,0s,"
Fe30.4,"® and NiCo,04,*® have been demonstrated to be promising anode materials for NICs.
For example, NiCo,04 (NCO) holds a theoretical specific capacity as high as 890 mAh g™,
yet the material is cost-effective and environmentally benign.51 In one of our previous
studies*®, it was found that NCO exhibited good charge storage capacity and rate
performance. However, it was also found that being an anode material for sodium-ion
storage, NCO experienced a large volume change due to phase changes during

charge/discharge, leading to a poor stability against cycling.

The cycling stability of NCO can be improved by using carbon materials such as graphene,®

> and carbon cloth®®. Graphene that has high electrical conductivity, outstanding

mechanical flexibility for buffering volume changes,?%%'?

and good sodium-ion storage
capacities**, is particularly suitable for stabilizing NCO. In this work, NCO particles with a
cubic morphology were synthesized using a solvothermal method. To improve the stability
against cycling and the electronic conductivity, the NCO cubes were encapsulated in
nitrogen-doped reduced graphene oxide (N-rGO) sheets. Experimental results showed that
the composite electrode delivered a capability as high as 335 mAh g at 2 A g with a
significantly improved stability against cycling. A hybrid NIC cell fabricated with the
composite as the anode and a commercial activated carbon (AC) as the cathode showed

both high energy and power densities with a long-term stability.

6.2 Experimental section

6.2.1 Materials synthesis

Synthesis of graphene oxide (GO):
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The GO used in this work was synthesized from natural graphite using a modified Hummers
method.?"*?'* The atom percentage of oxygen and carbon in this GO was about 31.1% and

68.9%, respectively.

Synthesis of NiCo,04 (NCO):

NCO particles with a cubic morphology were synthesized using the solvothermal method. In
brief, 2 mmol of Co(NO3), *6H,0, 1 mmol of Ni(NOs3), *6 H,O and 3.6 g urea were dissolved
in a mixture of 45 mL ethylene glycol plus 9 mL water. Next, 182 mg NaOH was added under
stirring. Then, the mixture was transferred to a Teflon-lined stainless steel autoclave and
heated at 120 °C for 10 h. The solid product was collected by centrifugation and washed
with distilled water and ethanol, and dried in an oven at 80 °C. The solid was then thermally
treated at 350 °C in air for 2 h at a heating rate of 1 °C min™" to obtain NCO.

Preparation of NCO@N-rGO composite:

The obtained NCO was first modified using poly (diallydimethylammonium chloride) (PDDA)
to change the surface chemistry of the NCO particles. Briefly, 50 mg of NCO was added to
40 mL de-ionised water, followed by adding 1 g of PDDA under continuously magnetic
stirring. The PDDA-modified NCO was obtained after centrifugation and washing with de-
ionised water. Then, the PDDA-modified NCO was dispersed in 5 mL of de-ionised water to
form a dispersion. This dispersion was added into 10 mL of aqueous GO suspension (0.8
mg- mL™") under stirring at pH = 4 to form a precipitate, which is designated as NCO@GO.
Finally, NCO@GO was dispersed in a mixture of 500 mg urea in 10 mL of aqueous GO
suspension (0.8 mg mL'1). The mixture was transferred into a Teflon-lined stainless steel
autoclave and hydrothermally heated at 120 °C for 4 h. The solid product was filtrated off
and freeze-dried, followed by annealing at 350 °C for 2 h in a nitrogen atmosphere to obtain
a sample, which is designated as NCO@N-rGO.

For comparison purpose, a nitrogen-doped rGO sample was prepared by reducing GO using

the hydrothermal method in the presence of urea and further annealing at 350 °C for 2 h in

a nitrogen atmosphere. This sample is denoted as N-rGO.
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6.2.2 Materials Characterization

XRD patterns were collected on a Bruker D8 X-ray diffractometer with Ni-filtered Cu Ka
radiation (A = 1.54056 A, 40 kV, 30 mA) at a scan rate of 2 ® min™". FESEM (JEOL 7001)
and TEM (JEOL2100) were used to characterize the morphology of samples. XPS spectra
was acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer with a 165 mm
hemispherical electron energy analyzer and a monochromatic Al Ka (1486.6 eV) radiation
at 225 W (15 kV, 15 mA). TGA was conducted in air from room temperature up to 600 °C at
a heating rate of 5 °C min™" using a Perkin-Elmer STA 6000.

6.2.3 Electrochemical measurements

Electrodes were prepared by mixing 70 wt.% of an active material, 20 wt.% of an electrical
conductor (carbon black), and 10 wt.% of a binder (carboxymethyl cellulose, CMC) in de-
ionized water to form a slurry, which was subsequently coated on a current collector (copper
foil for NCO, NCO@N-rGO and N-rGO and an aluminium foil current collector for AC,
respectively). The AC exhibits a specific area of 1200 m? g™', provided by AC Technologies
Pty Ltd, Australia. After the electrodes were dried at 60 °C overnight in a vacuum oven, they
were punched into circular discs with a diameter of 1 cm. The half and full cell tests were
conducted using 2032-type coin cells with GF/C glass fiber (Whatman, USA) as the
separator and 1 M NaPF;s dissolved in diethylene glycol dimethyl ether solvent as the
electrolyte. The amount of electrolyte for each cell was 200 uL. The electrolyte preparation,
the coin cell assemblies and disassembles were all performed in an Argon filled glovebox.

A sodium half-cell was assembled by using the above-prepared electrode and Na metal
plate as the electrodes. The mass loading of the NCO, NCO@N-rGO and N-rGO electrodes
was about 1 mg cm™. A full NIC cell was fabricated with NCO@N-rGO as the anode and a
commercial AC (a specific area of 1200 m? g™’ from AC Technologies Pty Ltd, Australia) as
the cathode. Before assembling the full cell, The NCO@N-rGO electrode was pre-cycled 3
times at 0.1 A g™' in a sodium half-cell and then sodiated to 0.1 V versus Na*/Na. To balance
the charge density of the two electrodes, the mass loading of the cathode and the anode

was about 3.2 mg cm?and 1 mg cm™, respectively.
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6.3 Results and discussion

Scheme 6.1 schematically illustrates the procedure for preparing the composite material,
NCO@N-rGO. The solvothermally synthesized NCO particles were modified with PDDA to
render the surface to be positively charged at pH < 8 as is seen from the zeta potential
profile shown in Figure S6.1 (Supplementary data 6.5). GO is negatively charged at a wide
range of pH. Therefore, the PDDA-modified NCO interacted strongly with GO sheets via
electrostatic forces at pH 4, enabling the latter to encapsulate the former to form a precipitate
(NCO@GO), which was further hydrothermally treated in a urea-containing GO dispersion.
This treatment not only guaranteed a well encapsulation of the NCO particles by GO sheets,
but also enabled cross-link between GO and NCO@GO via oxygen-containing groups.®®
Simultaneously, GO was reduced and doped with nitrogen by urea.?'® After freeze-drying
and thermal treatment, NCO@N-rGO was obtained.

(0]

[swm]nglmqu

NCO@N-rGO

NCO@GO

e—oxygen containing groups (C-0/C-O-C and C=0) e —nitrogen containing groups (pyridinic N, pyrrolic N and graphitic N)

Scheme 6.1. Schematic and photograph illustration of the preparation of NCO@N-rGO: (1)
formation of NCO@GO via electrostatic attraction, (2) dispersing NCO@GO in a urea-
dissolved GO suspension for hydrothermal treatment to obtain NCO@N-rGO.

Figure 6.1 shows the SEM and TEM images of sample NCO@N-rGO, along with elemental
mapping results. A porous graphene framework can be seen from the SEM image in Figure
6.1a. NCO cubes (as confirmed by the SEM images in Figure S6.2) with sizes between 200
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and 250 nm were encapsulated in the porous graphene framework (Figures 6.1b and c).
This structure was further confirmed by the TEM image in Figure 6.1d, which shows that
NCO cubes were intimately encapsulated in a few-layer graphene substrate with wrinkles
surrounding them. Such a close contact guarantees a good electronic contact between NCO
and N-rGO. The HAADF-STEM image and elemental mapping results of NCO@N-rGO
(Figure 6.1e) confirmed the NCO cubes were encapsulated in N-rGO with Ni, Co, and O,
while N and C were well distributed over all scope, suggesting that N heteroatoms are

homogeneously doped in the graphene sheets.

-

Figure 6.1 The morphology and microstructure characterization of NCO@N-rGO: (a-c)
SEM images at different magnifications, (d) TEM image, (e) HAADF-STEM image and

elemental mapping results.

Figure 6.2a shows the XRD pattern of sample NCO@N-rGO. All the sharp diffraction peaks
can be indexed to crystalline NCO (JCPDS 73-1702). The small diffraction hump appearing
in the range of 22-28 degrees two theta is attributed to stacked graphene sheets as
confirmed by the XRD pattern of sample N-rGO in Figure S6.3, which depicts the XRD
patterns of samples NCO, N-rGO, and GO. For N-rGO sample, a broad peak in the two
theta ranges of 22-28 degree can be seen, but the peak at 11.2 degrees two theta
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disappeared, indicating the GO sheets were reduced after the hydrothermal treatments,
leading to sheet stacking. The TGA profile shown in Figure S6.4 showed that sample
NCO@N-rGO contained 16.1 wt.% graphene, which was lower than the graphene content

of previously reported NCO/graphene composites.'®>"8

Figure 6.2b shows the wide-scan XPS survey spectrum of sample NCO@N-rGO. The
binding energies of 399.8, 530.8, 779.8 and 854.8 eV corresponded to N 1s, O 1s, Co 2p
and Ni 2p, respectively, with the reference binding energy at 284.8 eV for the C 1s peak.
Figs. 2c and 2d present the high-resolution XPS spectra of Ni 2p and Co 2p of NCO@N-
rGO, respectively. The Ni 2p and Co 2p spectra were deconvoluted with two peaks assigned
to Ni?*/Ni** and Co?*/Co® respectively, with two satellite peaks as well. This matched well
with previously reported XPS spectra of Ni 2p and Co 2p in NCO.*! Figure 6.2e shows the
high-resolution XPS spectrum of N 1s, which can be resolved into three components
centered at 398.2, 399.6 and 401.6 eV, representing the pyridinic, pyrrolic and graphitic
types of N atoms, respectively. In addition, the XPS analysis revealed that the N-doping
level was 4.05 at.% in N-rGO. Doping N in graphene not only enhances its electronic
conductivity, but also improves the wettability between graphene and the organic
electrolyte.?’® Figure 6.2f compares the C 1s high-resolution XPS spectra of GO and
NCO@N-rGO; the dramatic loss of oxygen-containing functional groups (C-O/C-O-C and
C=0) further confirmed the reduction of GO. Therefore, the XRD and XPS result confirmed
the integration of NCO and N-rGO, the reduction of GO and the successful N-doping in GO.
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Figure 6.2 (a) XRD patterns of NCO@N-rGO and the standard NCO (JCPDS card no. 73-
1702). (b) XPS survey of NCO@N-rGO. (c, d and e) High-resolution XPS spectrum of Ni 2p,
Co 2p and N 1s for NCO@N-rGO, respectively. (f) High-resolution XPS spectrum of C 1s
for NCO@N-rGO and GO.

6.3.1 Electrochemical performance in sodium half-cells

Figure 6.3a shows the GCD profiles of sample NCO@N-rGO at the potential range between

0.1 and 3.0 V versus Na*/Na at current densities of 0.1 to 5.0 A g”'. As previously reported

in our study, the NCO phase reacted with sodium ions to produce Ni, Co and Na;O phases

during discharging, then transformed into NiO and Co3;O4 phases during charging,

corresponding with evident voltage plateaus in the GCD profiles.*® However, in this work,

NCO@N-rGO produced GCD profiles without a noticeable plateau at all current densities.
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This might imply that the reaction mechanism between sodium ions and NCO@N-rGO not
only involves in phases conversion but also has a large contribution of surface capacitive

behavior.

Figure 6.3b compares the rate performance of NCO@N-rGO and NCO. Both electrodes
exhibited continuously decreasing capacities at the first few cycles. The capacities loss can
be attributed to the formation of solid electrolyte interphase (SEI) on the electrode surface,
leading to an irreversible reaction of sodium ions during the discharge process. As the
current rate steadily increased, the difference in rate capability between these two
electrodes became obvious. Specifically, electrode NCO@N-rGO delivered capacities of
439, 420, 388, 378, 358, 335 and 308 mAh g™ at current rates of 0.05, 0.1, 0.2, 0.5, 1, 2 and
5 A g, respectively. When the current rate was reversed back to 0.05 A g™, the electrode
capacity was about 438 mAh g™, very close to 439 mAh g™. In contrast, the capacity of
electrode NCO dropped sharply in the first 10 cycles, and the specific capacities in the
subsequent cycles at different current rates were much lower than those of NCO@N-rGO.
The observed high rate capability of electrode NCO@N-rGO is ascribed to the porous
graphene framework providing a continuous pathway for both sodium ions and electron

transfers.

The cycling stability of NCO@N-rGO was also much better than that of NCO as is shown in
Figure 6.3c. Both electrodes were cycled using a current rate of 0.1 A g™'. Despite the decay
in the initial few cycles, the reversible capacity of electrode NCO@N-rGO exhibited a slowly
increasing trend from the 8" cycle, reaching to 452 mAh g™ at the 100™ cycle. This capacity-
increasing trend with cycling is most probably due to the activation of sodium transport sites
in the electrodes (e.g., nano-cavities between RGO sheets and edge-type sites).?'* For the
NCO electrode, it showed a high specific capacity of 693 mAh g™ at the 2™ cycle. However,
its rapid capacity fading resulted in a capacity of only 116 mAh g™ at the 100™ cycle. For
comparison, the performance of N-rGO was also measured and the data are included in
Figure 6.3c. Electrode N-rGO contributed a reversible specific capacity of 205 mAh g™ at
the 100" cycle, which was higher than that of a rGO electrode reported previously.®* This is
because the nitrogen functional groups are highly active which promote the electrolyte

adsorption and diffusion.??%%*’
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The NCO@N-rGO electrode also displayed a long cycling performance as shown in Figure
6.3d. After activated at 0.1 A g for the first few cycles, NCO@N-rGO remained the capacity
of 309 mAh g” at 1 A g™ at the 400" cycle with a capacity retention of 86.3%. Such a good
cycling performance of the NCO@N-rGO sample was attributed to the structure robustness
of the N-rGO sheets, which provided space for accommodating the volume changes of the
NCO particles during charge/discharge as schematically illustrated in Figure 6.3e.
Meanwhile, the high electronic conductivity of N-rGO facilitated the electron and sodium ions
transport, leading to the observed good cycling and rate performance. Moreover, the
coulombic efficiency of NCO@N-rGO electrode was higher than 96% after the 2" cycle at
both current densities of 0.1 A g™' (Figure 6.3c) and 1 A g™ (Figure 6.3d).

Figure 6.3f shows the Nyquist plots of electrodes of NCO@N-rGO and NCO, along with a
fitted circuit. Both plots showed a single semicircle in the high-to-medium frequency region
and the charge-transfer kinetics at the electrode/electrolyte interface (R.:), as well as a slope
in the low frequency region which stands for the diffusive Warburg impedance (W). R; is the
resistance of the electrolyte. According to the fitting results as listed in Table. S6.1, NCO@N-
rGO showed a smaller resistance of R (117 Q) than that of NCO (264 Q), further
demonstrating that N-rGO indeed improved the electron transport kinetics of the electrode

materials.
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Figure 6.3 (a) GCD profiles of NCO@N-rGO at various current densities from 0.05 to 5.0 A
g'. (b) Rate performance of NCO and NCO@N-rGO electrodes. (c) Cycling performance
combined with coulombic efficiency of NCO@N-rGO, NCO and N-rGO electrodes at 0.1 A
g”". (d) Cycling performance combined with coulombic efficiency of NCO@N-rGO at 1 A g
'. (e) A schematic illustration of the NCO@N-rGO electrode reacting with sodium ions upon
charge/discharge, showing the function of graphene sheets for stabilizing NCO crystals and
improving the electronic conductivity. (f) Nyquist plots of NCO and NCO@N-rGO electrodes.

6.3.2 Electrokinetics study

The electrokinetics of electrode NCO@N-rGO was studied using the cyclic voltammetry (CV)
technique and the results are shown in Figure 6.4a. The main cathodic peak is labeled with
C1 and the second small and broad cathodic peak is labeled with C2. The two anodic peaks
are labeled with A1 and A2, respectively. The energy storage contributions from the surface
capacitive and diffusion-controlled faradic processes can be differentiated from the

parameters in the following power-law kinetics 29°%%2;

i =av? (6-1)
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where iis the current (A), vis the scan rate (mV s'1), a and b are variables values. By plotting
log (]i]) versus log (v), the b value can be derived from the slope of the liner line. Generally,
b-value of 0.5 indicates the reaction is a diffusion-controlled sodium ions faradic process,
while a value of 1.0 indicates a capacitive charge storage (here is pseudocapacitance and
double-layer capacitance taking place in the surface/interfaces of NCO@N-rGO).

Figure S6.5a shows the plog of log (|i]) versus log (v) for anodic (A1 and A2) and cathodic
peaks (C1 and C2), The b-value of C1 was 0.58, indicating diffusion-controlled contribution
was more pronounced, while the b-value of C2, A1 and A2 were 0.88, 0.72 and 0.63
respectively, indicative of combined capacitive and diffusion-controlled sodium-ion storage.
More specifically, we quantitatively separated the contributions from surface capacitive and
diffusion-controlled sodium- ion storage by using the following equation between current (/)

and scan rate (v) 2°°:

i ES klv + kzvl/z (6'2)

where ksand k. are variables values. Here, ksv and kzv"?represent the capacitive and faradic
elements, respectively. Through dividing both sides of the eq (6-2) by the square root of the

2 versus v'?, a straight line with a slope of k; and an intercept of

scan rate and plot the i/v
ko, was obtained, which provides quantitative information regarding the capacitive and
diffusion-controlled mechanisms (see Figure 6.4b). Based on this quantitative analysis, we
divided the electrochemical reactions into four regions as shown in Figure S6.5b and Table.
S6.2. It is clear that the diffusion-controlled redox reaction occurred primarily in region C1%,
while other regions (C2*, A1*, A2*) involved in redox reaction combined with a large
contribution of capacitive reaction. The total ratios of the capacitive contribution to the
diffusion-controlled contribution at different scan rate were calculated and shown in Figure
6.4c. At a scan rate of 1 mV s, 44.69% of the stored charge is attributed to the capacitive
process. Based on the quantitative contributions of capacitive storage for different
electrochemical regions in Table S2, the surface capacitive charge can be roughly outlined
by the shadow area as shown in the Figure 6.4d. Overall, capacitive behavior provides a
large contribution (39.6%-46.8% from 0.2-1.2 mV s™") to the charge storage in the NCO@N-
rGO electrode, allowing ultrafast uptake and release of sodium ions with small degradation

of the active material.
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Figure 6.4 Kinetics analysis of the electrochemical behavior towards sodium ions for
NCO@N-rGO electrode. (a) CV curves at various sweep rates from 0.2 to 1.2 mV s™. (b)
Peak current dependence on the scan rate, used to determine the capacitive and
intercalation contributions to energy storage. (c) Quantitative contributions of surface
capacitive and diffusion-controlled faradic reactions to sodium-ion storage. (d) CV curve of
NCO@N-rGO with separation between total current (solid line) and surface capacitive
current (shaded regions) at 1 mV s™.

6.3.3 Electrochemical performance in a full sodium-ion capacitor cell

A full cell of NIC was assembled with NCO@N-rGO as the anode and a commercial AC as
the cathode to evaluate the electrochemical performance of the composite electrode. The
working potential window of each electrode was determined by using the CV technique in a

half-cell configuration (top of Figure 6.5a). The AC electrode stored energy (POs anion) via
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an electric double layer mechanism up to 4 V versus Na/Na" during charge. To avoid
electrolyte decomposition and other possible side reactions, the working voltage window of
the full NIC cell was set between 0.1 and 3.8 V (bottom of Figure 6.5a). Figure 6.5b presents
the GCD profiles at current rates ranging from 0.2 A g” to 5 A g"'. The energy and power
densities are presented in the inset of Figure 6.5c. Specifically, the NIC delivered an energy
density of 92.8 Wh kg'1 at a power density of 390 W kg'1. Even at a high power output of
9750 W kg™, it showed an energy density of 48.8 Wh kg™'. Figure 6.5d shows the cycling
stability of the NIC at 2 A g™'. The energy density decreased in the first 500 cycles, and
retained over 83.7% of its initial energy density after 4000 cycles. Compared in Figure 6.5d
are the Ragone plots of the NIC cell fabricated in this work with some representative
graphene-based NIC devices. The NIC device reported in this work exhibited a higher
energy density at the same power density when compared to those of previous graphene-
based NICs, such as TiO.@graphene,® Nb,Os@C/rGO,?® Na,Ti;O;@GF,??
SnS,/Graphene-CNT,*” and NaTiy(PQ,)s/rGO,*, further demonstrating that using nitrogen-
doped graphene sheets to stabilise NCO particles is a feasible approach towards developing
high performance NICs.
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Figure 6.5 (a) CV curves of NCO@N-rGO and AC in half cells (top) and full cell of NIC
(bottom) at 5 mV s™, indicating the voltage window of the full cell from 0.1 to 3.8 V. (b) GCD
profiles at 0.2-5 A g'1. (c) The long-term cycle life of NIC at 2 A g'1, with inset of rate capability
of the NIC at various current densities from 0.2 to 5 A g™'. (d) Ragone plots in comparison

with representative graphene-based NICs in literature.

The good electrochemical performance of the NCO@N-rGO material can be interpreted as
follows: (1) the close contact between NCO particles and N-rGO surface guarantees a good
electronic contact between them, which was beneficial for the electrons transfer between
these two components, (2) N-rGO framework serves as a buffer to accommodate the volume
change during charge/discharge, (3) the combined capacitive and diffusion-controlled
sodium-ion storage mechanism is beneficial to the good rate capability and long-term cycling

stability.
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6.4 Conclusions

Encapsulation of NCO particles in nitrogen-doped graphene framework is a feasible
approach to improving the electrochemical performance of NCO. The robust architecture in
combination with the fast electron transport pathways, and the large contribution of surface
capacitive charge storage are the primary factors contributing to observed good sodium-ion
storage properties of the composite material with the high-rate capability and cycling stability.
The composite electrode delivered a reversible capacity of 450 mAh g™ at the 100™ cycle at
a current rate of 0.1 A g”'. By coupling with a commercial AC as the cathode, a full NIC
exhibited an energy density as high as 92.8 Wh kg™ at a power density of 390 W kg™, or as
high as 48.8 Wh kg™ at a power output of 9750 W kg™". Moreover, over 83.7% of the energy
density was retained after 4000 cycles. All of these features manifest the NCO@N-rGO
composite material a promising anode for sodium-ion based electrochemical energy storage
devices.

6.5 Supplementary data
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Figure S6.1 Zeta potential profiles of PDDA-modified NCO and GO in the pH range between
2 and 10.
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Figure S6.2 SEM images of NCO particles.
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Figure S6.3 XRD patterns of GO, N-rGO and NCO.

95




100

95 +

Weight (%)

83.9%

85 1

80 T T T T T
100 200 300 400 500 600

Temperature (OC)

Figure S6.4 TGA of NCO@N-rGO.

Table S6.1 Fitting results of the EIS spectra in Figure 6.3f using the inserted equivalent

circuit.

Circuit element NCO@N-rGO NCO
R (Q) 5.73 3.80

Ret (Q) 117 264

Cet (nF) 690 902

W (mMho) 2.65 757
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Figure S6.5 (a) b-values plotted as a function of potential for anodic and cathodic sweeps.

(b) The electrochemical reactions were divided into four regions (A1*, A2*, C1*, and C2*).

Table S6.2 Quantitative contributions of capacitive sodium-ion storage for different
electrochemical regions in Figure S6.5b.

Scan rate A1* A2* c1* c2*
0.2 33.47% 24.14% 3.95% 76.05%
0.4 41.57% 31.03% 5.50% 81.79%
0.6 46.56% 35.53% 6.65% 84.62%
0.8 50.16% 38.89% 7.60% 86.40%

1 52.94% 41.57% 8.42% 87.66%
1.2 55.20% 43.80% 9.16% 88.61%
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Chapter 7 Three-dimensional nitrogen-
doped holey graphene and transition-
metal oxides composites for sodium-ion

storage

This chapter has been published in Journal of Materials Chemistry A, 2019, DOI:
10.1039/C8TA09188A.

Nickel cobaltite (NCO) with rich electroactive sites is a promising anode material for sodium-
ion storage. However, this material suffers from large volume change during
charge/discharge, poor electron conductivity and severe aggregation of NCO nanoparticles.
Here, we report an approach to improve the electrochemical performance of NCO
nanoparticles by stabilizing them on three-dimensional (3D) nitrogen-doped holey graphene
(N-HG), forming a NCO@N-HG composite material. The thin graphene sheets in the
composite facilitate the electron transport and buffer the volume changes, while the
interconnected 3D macroporous network with a pore size in several micrometers range,
combined with the nanopores in the N-HG provide pathways for rapid ion transport. As
expected, the composite showed high specific capacities, rate capability and cycling
performance in NIBs. This approach was also extended to modify magnetite (Fe;O4) by
synthesizing Fe;O4@N-HG composite. The good electrochemical performance of the
electrode materials indicates that using N-HG to support NCO and Fe3zO4 nanoparticles is
an effective approach towards developing high-performance anode materials for sodium-

ion storage.

7.1 Introduction

Sodium-ion storage including sodium-ion batteries (NIBs) and sodium-ion capacitors (NICs)

are gaining fast growing attention as an alternative to lithium-ion storage because of the rich
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abundance and low cost of sodium sources.**?%® One of the current grand challenges of
the sodium-ion storage technology is to find suitable anode materials with both high
reversible capacities and long cycling life.'*®'?" Transition-metal oxides (TMOs) such as
Ti02,%4?% Nb,0s5,°%" NiC0,04,***® and Fe304,°**** have been demonstrated to be
promising anode materials for sodium-ion storage. However, the TMOs suffer from large
volume change and sluggish kinetics of both ion and electron transport, as well as severe
aggregation for TMOs nanoparticles (NPs), resulting in poor rate performance and cycling
stability.’"?*" One strategy for solving these problems is to combine TMOs with carbon
materials, such as graphene, to prepare composite electrodes.’®*"??8232 Whjle graphene is
an excellent carbon material, graphene sheets tend to stack or agglomerate during

electrochemical reactions, leading to blockage of some ion transport pathways.®®’

Using three-dimensional (3D) porous graphene aerogels with 3D ion diffusion channels to
support TMOs has been shown to be a more effective approach to fabricating TMO-
graphene composite electrode materials.®>??423272% However, ion transport across the
basal plane of individual two-dimensional (2D) graphene sheets has been a great
challenge.®® Introducing nanoholes in graphene sheets is regarded as a good approach to
solve this problem. Zhao et al.?® reported that graphene can be etched by nitric acid to obtain
holy graphene (HG). Jiang et al.” reported that potassium hydroxide can also be used to
create holes for preparing HG. The HG in the above two work exhibited a significantly
improved rate capability with an excellent cycling stability as anode for lithium-ion batteries.
Later, Xu et al.*® reported that graphene can be etched by using a more environmentally
friendly agent, namely hydrogen peroxide (H2O;) to obtain HG, which showed efficient
capacitive energy storage. Recently, Sun and co-workers®® prepared a HG by etching
graphene in the presence of H,0,, which was then used as a conductive scaffold for Nb,Os
to form a 3D architecture electrode. The HG greatly improved ion access to the Nb,Os,
leading to an ultrahigh-rate lithium-ion storage with a capacity of 75 mAh g™ at 100 C. On
the other hand, nitrogen (N) doping is an effective approach to further improving the electron
conductivity and wettability of carbon materials.®>?'® Therefore, it can be expected that
constructing a 3D porous architecture consisting of nitrogen-doped HG (N-HG) and the
TMOs could significantly facilitate electron and sodium ion transport throughout the entire
architecture.
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It has been reported that nickel cobaltite (NCO) *®°*°® and magnetite (Fe304)??®23°2% are
typical TMOs with rich electroactive sites are promising electrode materials for
electrochemical energy storage due to their low cost, abundance in nature, and high
theoretical specific capacities in NIBs (~ 890 mAh g™ for NCO and 925 mAh g for Fe30s).
However, their severe volume change during electrochemical cycling, inferior electric and
ionic conductivity, and severe aggregation of NPs are critical issues that must be solved
before such TMOs can find practical applications. In this work, N-HG was used to modify
NCO and Fe3O4 nanoparticles by forming 3D porous N-HG supported NCO and Fe3O4
composites, which were designated as NCO@N-HG and Fe;O4@N-HG, respectively. The
thin graphene sheets in both composites facilitate the electron transport and buffer the
volume changes. In addition, the interconnected 3D macroporous network with a pore size
in several micrometers range, combined with the nanoporous channels in the N-HG provide
pathways for rapid ion transport. As expected, the composites exhibited enhanced rate
capabilities with specific capacities of 403 and 350 mAh g™ for NCO@N-HG and Fe3;04@N-
HG at a current rate of 1 A g™, respectively, and a stable cycling performance when used
as anodes in NIBs. NICs configured with the composites as the anode and a commercial
AC as the cathode delivered an energy density of 52 Wh kg™ for NCO@N-HG, and 47 Wh
kg™ for Fes04@N-HG at power densities of 10, 000 W kg™.

7.2 Experimental section

7.2.1 Materials synthesis

Synthesis of graphene oxide (GO):
The GO used in this work was synthesized from natural graphite using the modified
Hummers method as described elsewhere.?'®

Synthesis of holey GO (HGO):

The HGO was prepared by etching GO with H,O, using a previously reported method.®2%
Briefly, 40 mL of 2 mg mL™" GO aqueous dispersion was mixed with 4 mL of 30% H,O
aqueous solution under stirring. The mixture was heated at 100 °C for 2 h still under stirring.
The as-prepared HGO was purified by washing and centrifuging to remove the residual H,O»

and then re-dispersed in 30 mL deionized (D.l.) water to obtain a HGO dispersion.

100



Preparation of Graphene-supported TMOs composites (TMO@G):

The graphene-supported NCO composite (NCO@G) was synthesized using the
hydrothermal method. In brief, 4 mmol of Co(NO3)2*6H>0, 2 mmol of NiSO4+6H,0 and 0.3
g hexamethylenetetramine (HMTA) were dissolved in 10 mL D.l. water under stirring. Then,
20 mL of GO aqueous dispersion (2 mg mL™") was added under stirring. After 10 min, the
mixture was transferred to a Teflon-lined stainless steel autoclave and heated at 180 °C for
12 h. The solid product was filtered off and washed with D.l. water, freeze dried, and
thermally treated at 300 °C in air for 2 h at a heating rate of 1 °C min™' to obtain NCO@G
sample. The graphene-supported Fe;O4 composite (Fe;04@G) was prepared according to
a method reported previously.?*® Briefly, 10 mL of D.l. water containing 2.5 mmol of
FeS0,-7H,0 was added into 15 mL of 2 mg mL™ GO dispersion. Then, 2.5 mL of D.I. water
containing 0.20 g of NaOH was added under stirring. After 1 h, 10 mL of NoH4-H2O was
added. The mixture was sealed in a Teflon-lined stainless steel autoclave and heated at
180 °C for 8 h. The solid product was filtered off and washed with D.l. water, and freeze

dried to obtain a Fe;04@G sample.

Preparation of 3D N-HG and TMO composites (TMO@N-HG):

NCO@N-HG was prepared by co-assembly of the aforementioned HGO and NCO@G. In
brief, 15 mg of NCO@G was dispersed in a mixture of 100 mg urea and 2.5 mL of aqueous
HGO suspension under ultrasonication. The mixture was then transferred into a Teflon-lined
stainless steel autoclave and hydrothermally heated at 120 °C for 4 h. The solid product was
filtrated off, washed with D.I. water, freeze-dried, and thermally treated at 350 °C for 2 h in
a nitrogen atmosphere to obtain a composite sample of NCO@N-HG. Another sample,
Fe;04@N-HG was similarly prepared by hydrothermal treatment of Fe;0,@G and HGO.

Preparation of other samples:

NCO and Fe3O4 nanoparticles were also synthesized following the same synthesis
procedure of NCO@G and Fe;04@G composites without adding GO. N-HG was prepared
by hydrothermally reducing 2.5 mL HGO suspension in the presence of 100 mg urea at 120
°C for 4 h, followed by thermal treatment at 350 °C for 2 h in a nitrogen atmosphere.
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7.2.2 Materials characterization

XRD patterns were collected on a Bruker D8 X-ray diffractometer with Ni-filtered Cu Ka
radiation (A = 1.54056 A, 40 kV, 30 mA) at a scan rate of 2 ° min”"'. FESEM (JEOL 7100F)
and TEM (TECNAI F20) were used to characterize the morphology of samples. XPS was
acquired on a Kratos Axis ULTRA X-ray photoelectron spectrometer with a 165 mm
hemispherical electron energy analyzer and a monochromatic Al Ka (1486.6 eV) radiation
at 225 W (15 kV, 15 mA). Argon sorption isotherms were measured on Tristar |1 3020 at the
liquid Argon temperature. Before measurement, the samples were degassed at 150 °C for
24 h. The pore size distribution curves were obtained by the density functional theory (DFT)
method. TGA was conducted in air from room temperature up to 700 °C at a heating rate of
5°C min™ using a Perkin-Elmer STA 6000.

7.2.3 Electrochemical measurements

All electrodes were prepared by mixing 70 wt. % of an active material, 20 wt. % of an
electrical conductor (carbon black), and 10 wt.% of a binder (carboxymethyl cellulose, CMC)
in D.l. water to form a slurry, which was subsequently coated on a copper foil. After drying
at 60 °C overnight in a vacuum oven, the copper foil was punched into circular discs.

A NIB was assembled using a 2032-type coin cell with the discs as the anode, sodium foil

as the counter electrode, glass fiber (Whatman, GF/C, USA) as the separator and 1 M

NaPF;s dissolved in diethylene glycol dimethyl ether solvent as the electrolyte. Both the

electrolyte preparation and the coin cell fabrication were performed in an Argon-filled

glovebox. Full NIC cells were fabricated with NCO@N-HG or Fe;O.@N-HG as the anode

and a commercial AC (a specific area of 1200 m? g™ from AC Technologies Pty Ltd, Australia)
as the cathode. Before assembling the full cells, both NCO@N-HG and Fe;Os@N-HG

electrodes were pre-cycled 3 times at 0.1 A g in sodium half-cells and then sodiated to 0.1

V versus Na*/Na. To balance the charge density of the two electrodes, the mass loading of
the cathode and the anode was about 3.2 mg cm?and 1 mg cm™, respectively.

102



7.3 Results and discussion

7.3.1 Structure and electrochemical performance in sodium half-cells

Scheme 7.1 illustrates the procedure for preparing of the composite of TMO@N-HG. HGO
was firstly prepared by etching the carbon atoms around the defective sites of GO with
H,0,.%82%" TMO@G were prepared in a hydrothermal method. In this process, oxygen-
containing groups (carboxyl, hydroxyl and epoxy groups) in GO served as the active sites
for nucleation and growth of TMO NPs. In the meantime, GO was reduced.?”® TMO@N-HG
was then prepared by co-assembly of the aforementioned HGO and TMO@G. Briefly, the
obtained TMO@G was crushed and dispersed in a urea dissolved aqueous HGO
suspension for a hydrothermal treatment. During this treatment, the HGO linked with
TMO@G via oxygen-containing groups to self-assemble into 3D hydrogels. Simultaneously,
HGO was reduced and doped with nitrogen by urea. After freeze-drying and thermal
treatment, a TMO@N-HG with macroporous channels derived from 3D assembly, as well
as nanoporous channels derived from the etched nanoholes in graphene sheets formed.

The details of sample preparation are provided in the experimental section.

Nanoporous channels N-HG
R 2

Macrosporous

Urea channels

Hydrothermal
assembly A3)

TMO@N-HG

TMO@G

Scheme 7.1 The overall synthetic procedure of TMO@N-HG: (1) preparation of HGO by
etching GO sheets with H,03, (2) preparation of TMO@G using a hydrothermal method, (3)
dispersing TMO@G in a urea-dissolved HGO suspension for a hydrothermal treatment to
obtain TMO@N-HG.
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Figure 7.1a shows the TEM image of N-HG, which was synthesized by etching GO with
H.O, followed by a hydrothermal reaction in the presence of urea. The N-HG sheets
exhibited abundant in-plane nanoholes of diameters ranging from 1.0 to 3.5 nm. This
confirmed that H,O, can partially oxidize and etch GO, leaving behind nanoholes in GO to
form HGO.%*® The HGO assembled with NCO@G (Figure S7.1a, in the supplementary data
7.5) to prepare 3D NCO@N-HG composite based on the synthetic procedure in Scheme 1.
As expected, the composite exhibited various cumulative volumes of pores (Figure S7.2),
and the pore size distribution curve indicates the presence of both micropores peaked at 1.1
nm and prominent mesopores peaked at 3.2 nm, which is consistent with the TEM study in
Figure 7.1a. Figures 1b-g show the SEM and TEM images of sample NCO@N-HG. A 3D
graphene framework with interconnected macrospores ranging from sub-micrometers to
several micrometers can be seen from Figures 7.1b and 1c. The TEM images (Figure 7.1d
and e) of NCO@N-HG show that many NCO NPs with sizes of about 5 nm were on the
graphene sheets. The lattice fringes of NCO NP with a space of 0.245 nm agrees well with
the d-space of the (311) plane of the NCO crystal.?'® Meanwhile, the selected area electron
diffraction (SAED) pattern show diffraction rings (Figure 7.1f) of (311), (400), (511), and (620)
which were well indexed to the crystal planes of NCO.*® The high-angle annular dark-field
scanning TEM (HAADF-STEM) image and elemental mapping results of NCO@N-HG
(Figure 7.1g) confirmed the existence of elements C, N, Ni, Co, and O, suggesting that N
has been doped in the graphene sheets. The unique macro- and nanoporous feature of
NCO@N-HG combined with nitrogen doping is favorable for electrolyte accessibility and
rapid sodium ions transport.
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Figure 7.1 (a) TEM images of N-HG sheets with etched pores. (b-c) SEM images of
NCO@N-HG at different magnifications. (d and e) TEM and HRTEM images, (f) SAED
pattern, and (g) HAADF-STEM image and elemental mapping results of NCO@N-HG.

Figure 7.2a shows the XRD pattern of sample NCO@N-HG. The broad diffraction peak at
36.7 degrees two theta confirmed that the size of the NCO crystals is in the nanometer range,
which is consistent with the TEM data. The small diffraction hump appearing in the range of
22-28 degrees two theta is attributed to the re-stacked graphene sheets as confirmed by the
XRD pattern of sample N-HG shown in Figure S7.3, which compares the XRD patterns of
samples N-HG and GO. For sample N-HG, a broad peak in the two theta ranges of 20-30
degrees can be seen. However, the peak at 11.2 degrees two theta disappeared, indicating
the GO sheets were reduced after the hydrothermal treatment, leading to sheets stacking.

Figure 7.2b shows the XPS survey scan of sample NCO@N-HG. The binding energies of
284.8, 399.8, 530.8, 779.8 and 854.8 eV corresponded to C 1s, N 1s, O 1s, Co 2p and Ni
2p, respectively, confirming the integration of NCO and N-HG. Figures 7.2c and 7.2d present
the high-resolution XPS spectra of Ni 2p and Co 2p of NCO@N-HG, respectively. The Ni 2p
and Co 2p spectra were deconvoluted with two peaks assigned to Ni**/Ni** and Co**/Co*,
respectively, with two satellite peaks as well. This matched well with previously reported
XPS spectra of Ni 2p and Co 2p in NCO."" Figure 7.2e shows the high-resolution XPS
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spectrum of N 1s, which can be resolved into three components centered at 398.2, 399.6
and 401.6 eV, representing the pyridinic, pyrrolic and graphitic types of N atoms,
respectively. In addition, the XPS results revealed that the N-doping level was 6.0 at.% in
N-HG. Doping N in graphene not only enhances its electronic conductivity, but also improves
the wettability between graphene and the organic electrolyte.?'® Figure 7.2f compares the C
1s high-resolution XPS spectra of GO and NCO@N-HG. The dramatic loss of oxygen-
containing functional groups (C-O/C-O-C and C=0) further confirmed the reduction of GO.
Therefore, the XRD and XPS results confirmed the formation of NCO and N-HG composite,

the reduction of GO and the successful N-doping in graphene.

~ —_~
= @ NCO@N-HG | & |(®)
. < Ni 2p
& bttt s PR ~ Co 2p O1s

>
z 311 JCPDS 731702 | & Cls
172}

=
5 11 220 222 400 511 440 3 N 1s
= . —— L] =
=10 20 30 40 50 60 70 80 900 800 700 600 500 400 300 200

2 theta Binding energy (eV)
-~ - -~
s | (¢) Ni2p 2+ 5 [(@Co2p ,, 3+ 2t 3+
< 2+ 3+ o
~— 3+ ~
iy iy
1721 w
5 g
= =
890 885 880 875 870 865 860 855 850 — 810 805 800 795 790 785 780 775
Binding energy (eV) Binding energy (eV)
®

- -~
= =
5] ]
-’ N’
& 2
‘@ =
= =
%) %]
~— ~—
= =
L) )

404 402 400 398 396 290 288 286 284 282
Binding energy (eV) Binding energy (eV)

Figure 7.2 (a) XRD pattern of NCO@N-HG and the standard NCO JCPDS card (no. 73-
1702). (b) XPS survey of NCO@N-HG. (c, d and e) High-resolution XPS spectrum of Ni 2p,
Co 2p and N 1s for NCO@N-HG, respectively. (f) High-resolution XPS spectrum of C 1s for
NCO@N-HG (bottom) and GO (top).

Figure 7.3a shows the CV curves of the NCO@N-HG electrode for the first four cycles in

the potential range of 0.005 to 3.000 V (versus Na*/Na) at a scan rate of 0.2 mV s™'_For the
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first cathodic scan, the strong reduction peak observed at 0.76 V corresponds to the
reduction of Ni?*/Ni** and Co?*/Co® to Ni® and Co°, and the formation of a solid electrolyte
interphase (SEI). For the anodic scan, two broad peaks appeared at 0.76 V and 1.73 V,
which are attributed to the oxidation of Ni®’Co° to Ni**/Co®*, and Co?* further to Co®,
respectively.*® Figure 7.3b shows the GCD profiles of NCO@N-HG at current densities
ranging from 0.1 to 5.0 A g'. NCO@N-HG produced GCD profiles without a noticeable
plateau at all current densities. This indicates that the reaction mechanism between sodium
ions and NCO@N-HG not only involves in phases conversion but also has a large
contribution of surface capacitive behavior.?** The NCO@N-HG electrode also displayed a
long cycling performance, as shown in Figure 7.3c. After activated at 0.1 A g'1 for the first
few cycles, NCO@ N-HG remained the capacity of 348 mAh g at 1 A g™ at the 500" cycle
with a capacity retention of 85.7 %.

An electrochemical study compared with NCO@G (Figure S7.1a) and NCO (in Figure S7.1b)
electrodes was performed in Figure 7.3d-f. Figure 7.3d shows the rate performance of
samples NCO@N-HG, NCO@G and NCO. All electrodes exhibited continuously decrease

in capacity in the first few cycles. The capacity loss can be attributed to the formation of SEI

on the electrode surface. In the subsequent cycles, electrode NCO@N-HG delivered

capacities of 639, 446, 442, 427, 403, 370, and 310 mAh g™ at current rates of 0.05, 0.1,

0.2,0.5,1,2and 5 A g", respectively. When the current rate was reversed back to 0.1 A g
' the electrode capacity was about 443 mAh g™, very close to 446 mAh g, indicating an

excellent cycling stability of this electrode. In contrast, the capacities of NCO and NCO@G

electrodes dropped fast in the first 20 cycles, and the specific capacities in the subsequent
cycles at different current rates were much lower than that of electrode NCO@N-HG.

Figure 7.3e compares the cycling performance of the three electrodes measured at 0.1 A g
' Despite the decay in the initial few cycles, NCO@N-HG exhibited the best cycling
performance with a capacity which was slowly increased to 510 mAh g™ at the 100" cycle.
This capacity-increasing trend with cycling is most probably due to the activation of sodium
transport sites in the electrodes,?'* and the reversible formation of a polymeric gel-like film,
which grows continuously and delivers additional reversible capacity after the first few
cycles.?**%%2 By contrast, the capacities of NCO@G and NCO were rapidly decreased to
221 and 150 mAh g™ respectively at the same testing conditions. The superior rate and
cycling performance of NCO@N-HG was attributed to the structure robustness of 3D N-HG
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foam, which could buffer the volume change of NCO during the charge/discharge process.
Meanwhile, the high electronic conductivity of the graphene enhanced the electron transport,
and the unique pore structure consists of macrospores in the 3D network and nanopores in
the graphene sheets facilitated the sodium ions transport.

Figure 7.3f compares the Nyquist plots of electrodes, along with a fitted circuit. Both plots
showed a single semicircle in the high-to-medium frequency region and the charge-transfer
kinetics at the electrode/electrolyte interface (R.), as well as a slope in the low frequency
region which stands for the diffusive Warburg impedance (W). R; is the resistance of the
electrolyte. According to the fitting results, NCO@N-HG showed a smaller resistance of R
(63 Q) than that of NCO@G and NCO (128 and 227 Q, respectively), further demonstrating
that addition of N-HG indeed improved the electron transport kinetics of the electrode materials.
Based on TGA measurement (Figure S7.4), the mass ratio of the graphene in NCO@N-HG
composite was about 31.9%.
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Figure 7.3 (a) CV curves at a scan rate of 0.2 mV s, (b) GCD profiles at various current
densities from 0.1 to 2.0 A g™, and (c) cycling performance at 1 A g”' of NCO@N-HG. (d)
Rate performance from current densities from 0.05 to 5.0 A g, (e) cycling performance at
0.1 A g™ and (f) Nyquist plots of NCO@N-HG, NCO@G and NCO electrodes.

The 3D Fe3z04@N-HG architecture was also constructed based on the synthetic procedure
in Scheme 7.1. Fes04@N-HG (Figures 7.4a and b) showed a similar morphology to that of
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NCO@N-HG, exhibiting the macroporous structure arising from the 3D graphene
architecture. DFT analysis (Figures S7.5a and b) of Fe;04@N-HG confirmed the presence
of the nanopores peaking at about 1.0 and 3.3 nm which were mainly derived from the
addition of holey graphene. The mass ratio of graphene in FesO4@N-HG was about 34.3%
(Figure S7.4), similar to that of graphene in NCO@N-HG. TEM images (Figure 7.4c and d)
show that graphene sheets were anchored with nanoparticles with sizes about 20 to 35 nm.
The lattice fringes of NP (Figure 7.4d) with a space of 0.253 nm corresponds to the d-space
of the (311) plane in Fe3zO4, and the diffraction rings of (220), (311), (400), (422), (511) and
(440) in the SAED patterns (Figure 7.4e) further confirmed that the nanoparticles were
Fes;O4 crystals. This is in consistent with the XRD patterns in Figure S7.5c. The HAADF-
STEM image and elemental mapping results of FesO4@N-HG (Figure 7.4f) confirmed the
existence of elements C, N, Fe and O, suggesting that N has been doped in the graphene
sheets.

100 nm
—

100 nm 100nm- 100 nm
S Seaeely T 5 .

Figure 7.4 (a, b) SEM images, (c-d) TEM images, (e) SAED pattern and (f) HAADF-STEM
image with elemental mapping results of the Fe;Os@N-HG.
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Figure 7.5a shows the CV curves of the Fe;04@N-HG electrode for the first four cycles in
the potential range of 0.005 to 3.000 V versus Na/Na* at a scan rate of 0.2 mV s™. For the
first cathodic scan, the strong reduction peak observed at 0.65 V corresponds to the
reduction of Fe**/Fe® to Fe’, and the formation of a SEI.?®%% For the anodic scan, two
broad peaks appeared at 0.78 V and 1.50 V, which are attributed to the oxidation of Fe° to
Fe?*, and further to Fe*", respectively.?*? In the subsequent cycles, the full sodiation potential
was characterized by a high voltage at 0.75 V. This potential change from 0.65 to 0.75 V is mainly
in virtue of the improved kinetics of Fe3O4@N-HG, originating from the inherent nanosize effects
in the TMO electrode during cycling.?*® Figure 7.5b shows the GCD profiles of Fe30s@N-HG
at current densities ranging from 0.1 to 5.0 A g'. The slope charge-discharge curves reveals
that the sodium storage in Fe3O4@N-HG involved in both the capacitive and diffusion-
controlled process.?* Figure 7.5c compares the rate performance of the Fe;04@N-HG,
Fe;0.@G and Fe304 electrodes. Electrode Fe;O4@N-HG delivered capacities of about 448,
442, 425, 390, 350, 310, and 220 mAh g™ at current rates of 0.05, 0.1, 0.2, 0.5, 1, 2 and 5
A g, respectively. When the current rate was reversed back to 0.1 A g, the electrode
capacity was about 444 mAh g”, very close to 442 mAh g'. By contrast, the specific
capacities of Fes04@G and Fe3O4 at different current rates were much lower than those of
Fe;04@N-HG. For example, Fe;04@G and Fe3;O4 showed the low capacities of only 205
and 245 mAh g at 0.1 A g, respectively. At a current rate of 2 A g, low capacities of 155
and 130 mAh g” were exhibited, respectively. The low capacities were mainly due to the
significant aggregation of Fe;04@G (Figure S7.1c) and Fe3O4 (Figure S7.1d) occurred
during electrode preparation, thus lowering the active sites accessible to the electrolyte. The
cycling performance of the three samples is shown in Figure 7.5d. The capacity of
Fe;04@N-HG was also superior to that of Fes04@G and Fe3;O4 electrodes. The Fe;Os@N-
HG sample kept a capacity-increasing trend with a capacity of 443 mAh g™ at the 100" cycle
at0.1 A g™, which was higher than the reported Fe;0, based materials for NIBs,22%:229232.236
The enhanced electrochemical performance of Fe;04@N-HG was mainly attributed to the
bi-continuous pathways for both sodium ions and electrons constructed by the N-HG

framework.
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Figure 7.5 (a) CV curves at a sweep rate of 0.2 mV s™ and (b) GCD profiles at various
current densities from 0.1 to 2.0 A g™ of Fe30,@N-HG. (c) Rate performance from current
densities from 0.05 to 5.0 A g™ and (d) cycling performance of Fes0.@N-HG, Fe;0,@G,
and Fe;0, electrodes at 0.1 Ag™.

7.3.2 Electrochemical performance in full sodium-ion capacitor cells

Full cell of NICs were assembled with NCO@N-HG or Fe;0,@N-HG electrodes as the
anodes and commercial activated carbons (AC) as the cathodes. The assembled NICs
which were designated as NCO@N-HG//AC and Fe;O,@N-HG//AC, respectively. Figure
7.6a and b shows their GCD curves from 0.5 A g” to 5 A g™'. Both GCD curves are not
strictly linear, indicating an electrocapacitive charge storage mechanism at the
electrode/electrolyte interface. The energy and power densities were estimated and
presented in Figure 7.6c. At power densities of 400 W kg™ and 10, 000 W kg™ 1, the NCO@N-
HG//AC NIC delivered energy densities of 107 Wh kg™ and 52 Wh kg™, respectively, while
the Fe;04@N-HG//AC NIC exhibited the energy densities of 106 Wh kg™ and 47 Wh kg
correspondingly. Figure 7.6d shows the cycling stability of the NICs at a current rate of 3 A

111



g'. The capacitance retentions for both NICs were more than 89.0% after 1000 cycles,

further demonstrating that using nitrogen-doped holey graphene sheets to stabilize NCO

and Fe30q4 particles is an effective approach towards developing high performance NICs.
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Figure 7.6 GCD curves of (a) NCO@N-HG//AC and (b) FezsO4@N-HG//AC. (c) Ragone plot
of the NICs. (d) Cycling performance of NICs at a current rate of 3 A g'1.

7.4 Conclusions

We have demonstrated an effective approach to preparing high-performance sodium-ion

storage anode materials by loading NCO and Fe3O4 nanoparticles in 3D N-HG framework.

The thin graphene sheets buffer the volume change and the unique macroporous

architecture in combination with the presence of nanopores in graphene sheets facilitate ion

transport and during charge/discharge, contributing to the observed high capacity and good
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cycling performance. Specifically, charge storage capacities of 510 mAh g and 443 mAh
g" were achieved with electrodes NCO@N-HG and Fe;0,@N-HG, respectively, at the 100"
cycle at 0.1 A g in NIBs. By coupling with a commercial AC as the cathode, the NCO@N-
HG//AC NIC delivered energy densities of 107 Wh kg™ and 52 Wh kg™ at power densities of
400 W kg™ and 10, 000 W kg™ respectively, while the Fes0s@N-HG//AC NIC exhibited the
energy densities of 106 Wh kg™ and 47 Wh kg™ correspondingly. These features manifest
the NCO@N-HG and Fe;O4@N-HG composite materials as promising anodes for sodium-
ion storage. While only NCO and Fe3;O4 were investigated in this work, it is believed that the
approach can be extended to modify other transition-metal oxides for sodium-ion storage,
such as Co304, NiO, Fe»03, and TiOa.

7.5 Supplementary data

Figure S7.1 SEM images of (a) NCO@G (the inset shows its TEM image), (b) NCO, (c)
F6304@G and (d) Fes0a.
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Chapter 8 Conclusions and

recommendations

8.1 Conclusions

The objectives of this PhD project were to significantly improve the electrochemical

properties of nickel cobaltite (NiC0204) in sodium-ion capacitors (NICs). As a transition metal

oxide (TMO), NiCo,04 (NCO) with rich electroactive sites is a promising anode material for

sodium-ion storage. However, this material suffers from large volume change during

repeated cycles and poor electronic/ionic conductivity, leading to poor rate capability and

cycling stability. This PhD thesis work has significantly improved the physical and

electrochemical properties of nickel cobaltite with regard to electrical conductivity, structural

stability, and sodium ion diffusivity in the bulk electrode.The following conclusions could be

drawn:

1

Spherical NCO particles have been synthesized by using a solvothermal method. It was
found that subsequent thermal treatment temperature played an important role in
determining the crystalline structure and electrochemical properties of spherical NCO.
The NCO sample treated at 350 °C showed an optimal performance as anode in a
sodium half-cell with a specific discharge capacity of 274 mA h g™ after 100 cycles at a
current density of 100 mA g™'. A NIC assembled using this sample as the anode and a
commercial activated carbon (AC) as the cathode delivered an energy density of 33.75
Wh kg™ at a power density of 900 W kg™, with a cycling retention of 70.3 % after 1000
cycles. Hollow NCO spheres with a chestnut shell morphology have also been
synthesized using the solvothermal method. It exhibited a reversible capacity of 313 mAh
g'at1Ag"ina sodium half-cell.

Mechanism study revealed that the NCO phase was converted to metallic nickel, cobalt
and sodium oxide phases upon pre-sodiation. The pre-sodiation of NCO was found to
improve its energy density by 5-9 times in a NIC. A NIC assembled with the pre-sodiated
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NCO as the anode and an AC as the cathode exhibited an energy density of 60 Wh kg™
at a power density of 10,000 W kg™, much better performance than that reported in the

literature.

The physical and electrochemical properties of the NCO particles were improved by
using nitrogen-doped reduced graphene oxide (N-rGO). A porous N-rGO framework was
used to encapsulate NCO particles to form a NCO@N-rGO composite. In addition to
enhance electronic conductivity and alleviated the volume changes of NCO during
charge/discharge, the N-rGO network also contributed to charge storage via a capacitive
mechanism. A NIC assembled with NCO@N-rGO as the anode and an AC as the
cathode delivered an energy density of 48.8 Wh kg™ at a power density of 9750 W kg™
with a stable cycle life. The good electrochemical performance of the electrode material
indicates that using N-rGO to stabilize NCO particles is a feasible approach towards
developing high-performance anode materials for NICs.

A three-dimensional (3D) nitrogen-doped holey graphene (N-HG) was prepared and
used to stabilize NCO particles, forming a NCO@N-HG composite. This composite
exhibited good rate capabilities with a capacity of 403 mAh g™ at a current density of 1
A g, which was higher than the 358 mAh g of NCO@N-rGO in a sodium half-cell. A
NIC assembled with NCO@N-HG as the anode and an AC as the cathode also delivered
a higher energy density of 52 Wh kg'1 at a power density of 10,000 W kg'1. The physical
and electrochemical properties of magnetite (Fe3O4) nanoparticles were also improved
by using the 3D N-HG. The thin graphene sheets in the composites facilitate the electron
transport and buffer the volume changes during charge/discharge, while the
interconnected 3D macroporous network with a pore size in several micrometers range,
combined with the nanopores in the N-HG provide pathways for rapid ion transport. The
good electrochemical performance of the composites indicates that using 3D N-HG to
support TMOs particles is an effective and general approach towards developing high-

performance anode materials for sodium-ion storage.
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8.2 Recommendations

The good electrochemical performance indicates that NCO-based materials hold a great
promise as anode for high-performance NICs with competing energy and power densities.
Based on the research results obtained in this thesis work, a few recommendations are

given in the future studies:

1 NCO hollow spheres with a chestnut shell morphology showed high specific capacity in
sodium-ion storage, but the tap density of NCO should be low due to its porous and
hollow structure. The low tap density of NCO is still a critical issue which needs to be
addressed in the future for commercial use.

2 Using 3D N-HG framework to support TMOs particles is an effective and general
approach towards developing high-performance anode materials for sodium-ion storage.
Balancing well the weight ratio of NCO and N-HG could further optimize the performance.

This is an issue for future research to explore.

3 The mass loadings of anodes electrodes were about 1 mg cm™ in this thesis work.
Optimization of the mass loadings can maximize the volumetric energy density, which
deserves further discussion to develop the materials into practical applications.

4 Inthis thesis work, electrodes were prepared by using a binder (carboxymethyl cellulose,
CMC) to stick the active materials and an electrical conductor (carbon black), which were
subsequently coated on a copper current collector. However, further attempts on using
the 3D graphene composites aerogel as a flexible free-standing electrode without the

addition of any additives, binders, or current collectors are desired.
5 The initial coulombic efficiency of graphene composites samples were relatively low due

to the solid electrolyte interphase (SEIl). The mechanism of such SEI formation is

interesting and needs further investigation.
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