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RESUMEN 

Los condensadores híbridos de iones de sodio (SHC) han captado una gran atención 

debido a las ventajas complementarias tanto de las baterías (alta densidad de energía) y los 

supercondensadores (alta densidad de potencia y estabilidad de ciclado). Además, el 

desarrollo de SHC es económicamente más favorable, especialmente para aplicaciones a gran 

escala, beneficiándose de la amplia disponibilidad de fuentes de sodio. Sin embargo, la 

aplicación práctica de los SHC está limitada por su baja densidad de energía como resultado 

del desequilibrio cinético entre la lenta "reacción faradaica" en los ánodos y la rápida 

"reacción no faradaica" en los cátodos. Aunque se han explorado varios materiales de ánodo 

para una cinética rápida de iones de Na, la intercalación acelerada de iones de Na está 

inevitablemente a expensas de la capacidad debido a que la difusión de iones de Na es mucho 

más lenta en comparación con la rápida absorción de los aniones en la naturaleza. La 

polarización del electrodo causada por la desequilibrada diferencia de carga, restringe aún 

más la separación de carga y la migración de iones de Na y, por lo tanto, da como resultado 

un desvanecimiento grave de la capacidad y una densidad de energía inadecuada. Además, 

los graves problemas de seguridad relacionados con separadores inflamables, la fuga de 

electrolito y la ignición impiden sus aplicaciones a gran escala, que existen en todo tipo de 

dispositivos de almacenamiento de energía basados en electrolitos orgánicos. Aunque se 

logró una considerable disminución de la inflamabilidad mediante la adición de retardantes 

de llama a los electrolitos, la disminución de conductividad iónica podría deteriorar 

significativamente el rendimiento electroquímico. Los cortocircuitos de electrodos 

relacionados con deformaciones del separador (perforación o contracción térmica) también 

dan lugar a fallos catastróficos en estos dispositivos. Frente a los problemas anteriores que 

existen actualmente en los SHC, esta tesis se centra principalmente en el desarrollo de ánodos 

nanoestructurados que contienen interfases bien diseñadas para inducir el almacenamiento 

pseudocapacitivo de iones de Na. Se espera que este mecanismo de almacenamiento avanzado, 

introducido en estos ánodos, minimice el desequilibrio cinético entre cátodo y ánodo y, por 

tanto, logre altas densidades de energía y potencia, así como estabilidad de ciclado a largo 

plazo. Además, también se ha desarrollado y aplicado un electrolito de estado casi sólido con 



 
 

baja inflamabilidad en los sistemas SHC anteriores para mejorar su seguridad frente a la 

ignición. Los detalles del trabajo se presentan a continuación: 

(1) El Capítulo 3 muestra un ánodo de nanoláminas de TiO2 que consta de cristales de 

bronce (∼ 15%) y anatasa (∼ 85%) (∼ 10 nm). Este ánodo pseudocapacitivo de fase dual 

exhibe una capacidad específica excepcional de 289 mAh·g−1 @ 0.025 mA·g−1 y una 

excelente capacidad de almacenaje energético (110 mAh·g−1 @ 1.0 mA·g−1). El SHC que 

integra un ánodo de nanoláminas de TiO2 de fase dual y un cátodo de carbón activado exhibe 

una alta densidad de energía de 200 Wh kg−1 y una densidad de potencia de 6191 W kg−1. 

Además, se observa una retención de capacidad excepcional del 80% después de 5000 ciclos 

de carga y descarga. El excelente rendimiento electroquímico del SHC demostrado se 

atribuye a la mejorada intercalación pseudocapacitiva de iones de Na en el ánodo 

bidimensional de TiO2 resultante de las nanointerfases entre los cristales de bronce y anatasa. 

Las investigaciones mecanicistas evidencian el almacenamiento de iones de sodio a través de 

la pseudocapacidad de intercalación con cambios estructurales mínimos. 

(2) El Capítulo 4 demuestra un ánodo de nanovarillas de Co3O4 rico en límites de 

nanogranos compuesto de nanocristales de ~ 20 nm. El SHC que integra este ánodo altamente 

pseudocapacitivo y cátodo de carbón activado exhibe una excelente densidad de energía (175 

Wh kg−1), densidad de potencia (6632 W kg−1), eficiencia culómbica (~ 100%) y estabilidad 

de cilado (6000 ciclos). El excelente rendimiento electroquímico se debe a la morfología 

jerárquizada de las nanovarillas de Co3O4 y los nanogranos bien diseñadas entre los 

nanocristales que evitan la aglomeración de partículas, inducen el almacenamiento de iones 

de sodio de tipo pseudocapacitivo y acomodar el cambio de volumen durante el proceso de 

sodiación-desodiación. El dopaje con nitrógeno de las nanovarillas de Co3O4 no solo genera 

defectos adicionales en la superficie para el almacenamiento de iones de sodio, sino que 

también aumenta la conductividad electrónica para una separación de carga eficiente y reduce 

la barrera de energía para la intercalación de iones de sodio. El mecanismo de reacción 

convencional y el almacenamiento de iones de Na pseudocapacitivo permiten una alta 

capacidad específica, una difusión rápida de iones de Na y una estabilidad estructural 

mejorada del electrodo de nanovarillas de Co3O4. 



(3) El Capítulo 5 demuestra un SHC de alta densidad de energía (153 Wh kg−1) y 

densidad de potencia (6357 W kg−1) basado en un ánodo 3D-CoO-NrGO diseñado con una 

interfase altamente pseudocapacitiva. Este ánodo de alto rendimiento (445 mAh·g−1 @ 0.025 

A mA·g−1, 135 mAh·g−1 @ 5.0 mA·g−1) consta de nanopartículas de CoO (~ 6 nm) unidas 

químicamente a la red 3D-NrGO a través de enlaces Co–O–C. El almacenamiento de carga 

pseudocapacitiva excepcional (hasta ~ 81%) y la retención de capacidad (~ 80% después de 

5000 ciclos) también se han identificado para este SHC. El excelente rendimiento del ánodo 

3D-CoO-NrGO y SHC se debe al efecto sinérgico de la reacción de conversión de CoO y el 

almacenamiento de iones de Na de tipo pseudocapacitivo inducido por numerosas 

nanointerfases de Na2O/Co/NrGO. Los enlaces Co-O-C y la microestructura 3D que facilitan 

la relajación de la deformación y la transferencia de carga eficientes también se han 

identificado como factores vitales responsables del excelente rendimiento electroquímico. 

(4) El Capítulo 6 demuestra un SHC de estado cuasi-sólido (QSS) basado en una 

estructura organometálica, un separador de PVDF-HFP modificado con UiO-66. La alta 

resistencia a la tracción y la estabilidad térmica dimensional del separador reducen el riesgo 

de cortocircuito del electrodo causado por la deformación del separador. La prueba de 

calorimetría por microcombustión (MCC) demuestra una reducción del 75% en la tasa 

máxima de liberación de calor (pHRR), lo que indica una mejorada resistencia del separador 

la ignición. Esto se debe a la transformación de UiO-66 en ZrO2 acompañada por el consumo 

de oxígeno y la formación de una barrera carbonizada que suprime la liberación de calor 

adicional. El electrolito QSS preparado en base a este separador presenta una conductividad 

iónica mejorada de 2.44 mS cm−1 y un índice de transferencia de iones de Na de 0.55, que 

están relacionados con la alta porosidad (> 70%) y la absorción de electrolitos (~ 320%) del 

separador. Además, los centros metálicos de UiO-66 pueden capturar PF6
− y, en consecuencia, 

liberar el Na+ para una migración más rápida, reduciendo así el desajuste cinético entre cátodo 

y ánodo. Dicho separador multifuncional permite que el SHC de estado cuasi-sólido alcance 

una alta densidad de energía (182 Wh kg−1 @ 31 Wh kg−1) y densidad de potencia (5280 W 

kg−1 @ 22 Wh kg−1), así como una excelente estabilidad cíclica (10000 ciclos @ 1000 

mA·g−1). 

 



 
 

  



ABSTRACT 

Sodium-ion hybrid capacitors (SHCs) have captured extensive attention due to the 

complementary advantages of both batteries (high energy density) and supercapacitors (high 

power density and cyclic stability). Moreover, developing SHCs is more economically 

favorable, especially for large-scale applications benefiting from the wide availability of 

sodium resources. However, the practical application of SHCs is limited by their low energy 

densities resulted from the kinetics imbalance between sluggish “Faradaic reaction” at anodes 

and fast “non-Faradaic reaction” at cathodes. Although various anode materials have been 

explored for fast Na-ion kinetics, the accelerated Na-ion intercalation is ineluctably at the 

expense of capacity due to the much more sluggish Na-ion diffusion compared to the fast 

absorption of anions in nature. The electrode polarization caused by the unbalanced charge 

numbers further restricts the charge separation and Na-ions migration and thus results in 

severe capacity fading and inadequate energy density. Besides, the serious safety issues 

related to electrolyte leakage and ignition impede their large-scale applications, which exist 

in all types of energy storage devices based on organic electrolytes. Although considerable 

non-flammability was achieved through the addition of flame retardants into the electrolytes, 

the decreased ionic conductivity could significantly deteriorate the electrochemical 

performance. Electrode short circuits related to separator deformations (puncture or thermal 

shrinkage) also give rise to a catastrophic failure of these devices. Facing the above issues 

existing in current SHCs, this thesis mainly focuses on the development of nanostructured 

anodes containing well-designed interfaces to induce pseudocapacitive Na-ion storage. This 

advanced storage mechanism introduced in these anodes is expected to minimize the kinetics 

imbalance between cathodes and anodes and thus achieve both high energy and power 

densities, as well as long-term cycling stability. Additionally, a quasi-solid-state electrolyte 

with flame retardance is also developed and applied in the above SHC systems to improve 

their fire safety. The details of the work are presented as follows: 

(1) Chapter 3 demonstrates an interface-engineered hierarchical TiO2 nanosheet anode 

consisting of bronze (∼ 15%) and anatase (∼ 85%) crystallites (∼ 10 nm). This 

pseudocapacitive dual-phase anode exhibits an exceptional specific capacity of 289 mAh·g−1 

at 0.025 A·g−1 and excellent rate capability (110 mAh·g−1 @1.0 A g−1). The SHC integrating 



 
 

a dual-phase TiO2 nanosheet anode and an activated carbon cathode exhibits a high energy 

density of 200 Wh kg−1 and power density of 6191 W kg−1. Furthermore, exceptional capacity 

retention of 80% is observed after 5000 charge-discharge cycles. The outstanding 

electrochemical performance of the demonstrated SHC is credited to the enhanced 

pseudocapacitive Na-ion intercalation of the two-dimensional TiO2 anode resulting from 

nanointerfaces between bronze and anatase crystallites. Mechanistic investigations evidence 

Na-ion storage through intercalation pseudocapacitance with minimal structural changes.  

(2) Chapter 4 demonstrates a nanograin boundaries rich Co3O4 nanorod anode composed 

of ~ 20 nm nanocrystallites. The SHC integrating this highly pseudocapacitive anode and 

activated carbon cathode exhibits excellent energy density (175 Wh kg–1), power density 

(6632 W kg–1), coulombic efficiency (~ 100%), and cycling stability (6000 cycles). The 

excellent electrochemical performance is due to the hierarchical morphology of Co3O4 

nanorods and the well-designed nanograin boundaries between the nanocrystallites that avoid 

particle agglomeration, induce pseudocapacitive-type Na-ion storage and accommodate 

volume change during the sodiation-desodiation process. Nitrogen doping of the Co3O4 

nanorods not only generates defects for extra surficial Na-ion storage but also increases the 

electronic conductivity for efficient charge separation and reduced energy barrier for Na-ion 

intercalation. Conventional reaction mechanism and pseudocapacitive Na-ion storage enable 

high specific capacity, fast Na-ion diffusion, and improved structural stability of the Co3O4 

nanorod electrode. 

(3) Chapter 5 demonstrates a high energy density (153 Wh·kg–1) and power density (6357 

W·kg–1) SHC based on a highly pseudocapacitive interface-engineered 3D-CoO-NrGO anode. 

This high-performance anode (445 mAh·g–1 @0.025 A·g–1, 135 mAh·g–1 @5.0 A·g–1) consist 

of CoO (~ 6 nm) nanoparticles chemically bonded to 3D-NrGO network through Co–O–C 

bonds. Exceptional pseudocapacitive charge storage (up to ~ 81%) and capacity retention (~ 

80% after 5000 cycles) are also identified for this SHC. Excellent performance of 3D-CoO-

NrGO anode and SHC is attributed to the synergistic effect of CoO conversion reaction and 

pseudocapacitive-type Na-ion storage induced by numerous Na2O/Co/NrGO nanointerfaces. 

Co–O–C bonds and 3D microstructure facilitating efficient strain relaxation and charge 

transfer correspondingly are also identified as vital factors accountable for the excellent 

electrochemical performance.  



(4) Chapter 6 demonstrates a quasi-solid-state (QSS) SHC based on a metal-organic 

framework, UiO-66 modified PVDF-HFP separator. High tensile strength and dimensional 

thermal stability of the separator reduce the risk of electrode short circuit caused by the 

separator deformation. The micro combustion calorimeter (MCC) test demonstrates a 

reduction of 75% in peak heat release rate (pHRR), indicating an enhanced fire-resistant 

property of the separator. This is due to the transformation of UiO-66 into ZrO2 accompanied 

by the consumption of oxygen and the formation of the barrier char that suppresses further 

heat release. QSS electrolyte prepared based on this separator presents an enhanced ionic 

conductivity of 2.44 mS·cm−1 and Na-ion transference number of 0.55, which are related to 

the high porosity (> 70%) and electrolyte uptake (~ 320%) of the separator. Moreover, the 

open metal sites of UiO-66 can capture PF6
–and consequently liberate the Na+ for faster 

migration, thus reducing the kinetics mismatch between cathodes and anodes. Such 

multifunctional separator enables the quasi-solid-state SHC to achieve high energy density 

(182 Wh·kg–1 @31 W·kg–1) and power density (5280 W·kg–1 @22 Wh·kg–1), as well as 

excellent cyclic stability (10000 cycles @ 1000 mA·g–1). 
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CHAPTER 1 

Introduction 

1.1 Background and Motivation 

Electrical energy is currently playing the main role in supporting the operation of 

industries and daily needs worldwide. Electricity demand is expected to double by the middle 

of this century.1 However, ~ 70% of the electrical energy supply relies on fossil fuels (Figure 

1.1), and their prolonged exploitation of these non-renewable energy sources causes an 

energy crisis shortly. Moreover, their rapid combustion produces a lot of greenhouse gasses 

(GHGs) that are responsible for the greenhouse effect.2  

 

Figure 1.1 Trends and forecasts of global energy consumption.3 

Reducing global GHG emissions to avoid dangerous levels of climate change will require 

the deployment of low-carbon technologies and measures across all world regions, and across 

all economic sectors within these regions. A global cooperation agreement had been made on 

the 21st Conference of the Parties (COP21) held in Paris in December 2015.4 It aims to 

decarbonize the energy supplies of industrialized countries and shift developing countries 

onto a low-carbon development path. Industries around the world are faced with increasing 

demands of updating their industrial structures and operating models to reduce GHG 

emissions and to achieve the goals of the Paris Agreement (Figure 1.2).5 
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Figure 1.2 Ambition mechanism in the Paris agreement.5 

To follow the new environmental policies, energy systems are gradually moving from 

fossil fuels toward renewable energy sources, such as wind, solar, geothermal, tidal power, 

etc., which are considered unlimited and environmentally friendly. However, these energy 

sources are weather dependant and geographically limited. They suffer fluctuations related to 

the strength of the wind, sunlight hours, and the movement of tides. Herein, a large-scale 

energy storage system (ESS) is essential to balance the electricity generation and 

consumption between on-peak and off-peak periods for a smart grid management (Figure 

1.3).6 

 

Figure 1.3 Renewable energies and smart grid management.7 
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Many available electrical energy storage (EES) technologies (Figure 1.4) have been 

developed for large-scale applications, which can be divided into mechanical (compressed air 

energy storage, pumped hydroelectric storage, and flywheels), thermochemical (solar fuels), 

thermal energy storage (sensible heat storage and latent heat storage), electrical (capacitors, 

supercapacitors, and superconducting magnetic energy storage), chemical (hydrogen storage 

with fuel cells), and electrochemical (conventional rechargeable and flow batteries).8, 9 

 

Figure 1.4 Classification of EES technologies.8 

Among the various types of energy storage technologies, electrochemical energy storage 

systems, especially rechargeable batteries, are arguably the most practical device for large-

scale storage of electricity due to their flexibility, high energy conversion efficiency, and 

simple maintenance. The development history of batteries can be summarized in Figure 1.5. 

Advances in this area also boosted the development of automotive and electronic markets, 

such as electric vehicles (EVs), hybrid electric vehicles (HEVs), plug-in hybrid electric 

vehicles (PHEVs), and portable electronic devices (PEDs) as well as the stationary storage 

devices in combination with the smart grids which could reduce dependence fossil fuels.10 

Although renewable energy harvesting technologies have made great progress in recent years, 

the supporting energy storage systems are still inadequate. The development of high energy 

density eco-friendly batteries capable of fast charging is one of the main challenges faced by 

modern electrochemistry. 
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Figure 1.5 History of batteries: a timeline. 

The benchmark Li-ion batteries (LIBs), using graphite anodes integrating with lithium 

transition metal oxide cathodes such as LiCoO2 (LCO), LiMn2O4 (LMO), LiFePO4 (LFP), 

LiNiMnCoO2 (NMC), etc. have been dominating the battery market for the past decades since 

they were commercialized in 1991.11, 12 Nowadays, the market for LIBs covers almost all 

electric vehicles and portable electronic devices. However, the current state-of-the-art LIBs 

cannot fully meet the requirement of longer range and lifespan, and faster charging. Moreover, 

the increasing demand for Li associated with large-scale applications forced us to consider 

the inflated price of Li resources because of its low abundance in the earth’s crust (0.0017% 

of the Earth’s crust). The total global Li consumption in 2008 was about 21280 tons. With an 

average growth rate of 5% per year, the existing resources of Li could be sustained for 65 

years at most which make the wide applications of LIBs difficult and costly.13 Additionally, 

only a few countries, such as Argentina, Chile, China, and the United States, are providing 

90.7% of Li resources (Figure 1.6).14, 15 The global supply chain of Li commodities could be 

subject to the economic or political instability in these primary suppliers. Under these 

circumstances, it is crucial to develop alternative high-performance battery technologies that 

rely on inexpensive and geographically abundant materials. 
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Figure 1.6 Geographical distribution of the known lithium reserves worldwide.15 

1.2 Sodium-Ion Batteries 

Sodium is a promising alternative to lithium due to its similar electrochemistry, higher 

abundance, and lower cost. As the fourth most abundant element on the earth, supplies of Na-

containing precursors are vast (2.3% of the Earth’s crust) and low-cost (about $135–165 per 

ton for Na2CO3) compared to Li (about $5000/ton for Li2CO3).
10 The redox potential of Na 

(𝐸𝑁𝑎+ 𝑁𝑎⁄
0 = − 2.71) is only 0.3 V higher than that of Li (𝐸𝐿𝑖+ 𝐿𝑖⁄

0 = − 3.04 V), making it a suitable 

alternative to Li, where Na analogs of the Li compounds could be adopted correspondingly 

in Na-ion batteries (SIBs).10, 16 Moreover, Recently, Na-ion based energy storage devices 

have attracted great interest as an alternative to conventional LIBs, especially for large-scale 

applications, such as stationary storage and smart grids connected to renewable power sources, 

in which their price is critical. The concept of Na-ion batteries (SIBs) is not newly proposed. 

The initial study of SIBs began nearly together with LIBs in the 1980s. However, the success 

of commercial applications of LIBs and their superior electrochemical performance compared 

to SIBs had been attracting the interest of most researchers in the past decades. On the 

contrary, very limited studies, papers, or patents on sodium-ion insertion materials were 

published since the 1980s (Figure 1.7).11 A few companies from Japan and the USA have 

ever developed Na-ion full cells referring to the commercialization of LIBs. The 

configuration was fabricated with a P2-type NaxCoO2 cathode and a sodium-lead alloy 
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composite anode.17 However, the electrochemical performance (low cyclability of ~ 300 

cycles and average discharge voltage of < 3.0 V) achieved is nowhere near that of LIBs of 

the same period, such as carbon||LiCoO2 cells.11, 18 Although these studies were reported even 

earlier than the commercialization of LIBs, they did not attract much attention from 

researchers. While LIBs began their rapid development at that time, the study of SIBs was 

almost abandoned. Today, the increasing demand for LIBs accompanied by the shortage of 

Li-resources forced researchers or companies to put their sights back on SIBs, the most 

potential substitutes for LIBs. 

 

Figure 1.7 A number of publications, related to sodium for energy storage devices, 

published in the past three decades.11 

SIBs share the same working principle as LIBs involving the reversible migration of 

cations across a separator toward the electrodes to realize voltage-driven electrochemical 

reactions (Figure 1.8).19 A major obstacle for developing SIBs is that it is difficult to get a 

Na-ion host material with comparable operating voltage and capacity as the LIBs. Firstly, the 

larger Na-ions radius (1.02 Å) compared to Li-ions (0.76 Å) lead to the kinetically sluggish 

Na-ions insertion/extraction and transport cross the host-material framework, which will 

seriously degrade the specific capacity and rate capacity.10, 19 Secondly, the larger volume 
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expansion caused by Na-ion insertion will also affect the phase stability of the host materials, 

making it difficult to achieve a favorable electrochemical stability. 

 

Figure 1.8 Schematic of a Na-ion battery.19 

1.2.1 Electrode Materials 

Anode materials for SIBs can be mainly classified into the following types: carbonaceous 

materials, alloying materials, transition metal oxides/sulfides, and organic compounds 

(Figure 1.9).10 Carbon-based materials are the most studied anodes for SIBs, due to their 

natural abundance and low cost. Graphite, the benchmark anode for LIBs, fails to intercalate 

Na-ions effectively due to the mismatching interlayer distance of graphite to the larger Na-

ion radius. Only a low capacity of 35 mAh·g−1 could be achieved by using graphite anodes.20, 

21 Therefore, expanded graphite, graphite oxide (GO), and amorphous carbons or non-

graphitizable carbons such as soft carbon (SC) and hard carbon (HC) were also investigated 

as anode materials due to their enlarged d-spacing for Na-ion intercalation.22 A reversible 

capacity of 284 mAh·g−1 has been reported based on an expanded graphite anode with 

interlayer spacing up to 4.3 Å.23 Likewise, GO with a high interlayer spacing of 3.71 Å 

demonstrates a specific capacity of 174 mAh·g−1.20 However, these moderate capacities are 

mostly achieved at low current densities, rate performance remains a challenge. Alloying 

materials (Si, Sn, Sb, Ge, etc.) can react with Na-ions to form alloy phases, yielding a much 

higher capacity (e.g. Na15Sn4: 847 mAh·g−1, Na3Ge: 1108 mAh·g−1, Na15Pb4: 484 mAh·g−1, 

Na3Sb: 660 mAh·g−1) than carbon-based materials, but suffer from enormous volume change 
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(200−420%) during charge-discharge process.10, 24, 25 For example, fully sodiated NaSi phase 

presents an ultrahigh theoretical capacity of 954 mAh·g−1, but with a severe volumetric 

change of ~ 250%. Transition metal oxides/sulfides (TMO/S, M= Fe, Co, Cu, Ni, Mn, Mo, 

Sn, Sb, etc.) based anode materials deliver high theoretical capacities due to their multi-

electron conversion reactions.24, 26, 27 The mechanism can be summarized as following two 

types: 1) Metal oxides based on Fe, Co, Ni, Cu, Mn, and Mo, react with Na-ion through 

conversion reaction: MOx + 2xNa+ +2xe– ↔ xNa2O + M; 2) Metal oxides based on Sn, and 

Sb, react with Na-ions initially via conversion reactions and second alloying reactions: xNa2O 

+ M +yNa+ + ye– ↔ xNa2O + NayM. Moreover, large volume variation, severe particle 

aggregation, structure collapse, and large over potential during the sodiation/desodiation 

cycles result in rapid capacity fading and low coulombic efficiency. Titanium-based 

insertion-type oxide materials, such as titanium dioxides, spinel-lithium titanate, and sodium-

titanate compounds, demonstrate great potential as anodes for SIBs due to their advantages 

such as nontoxicity, chemical stability, and structural stability during the charge-discharge 

process.16, 24, 28 However, a relatively low specific capacity could be realized because of their 

limited Na-ion storage sites. Organic compounds possess several advantages, including 

chemical diversity, tunable redox property, lightweight, mechanical flexibility, and low cost 

that provides more selections for anode materials in SIBs.29, 30 These organic materials also 

face low electronic conductivity, high solubility, and sluggish reaction kinetics issues. 

 

Figure 1.9 Types of SIB anodes, their working potential vs. specific capacity.10 
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Na-ion containing transition metal oxides are adopted as cathodes and carbon/ transition 

metal oxides as anodes.10 Cathode materials for SIBs are mainly categorized into oxides, 

polyanions such as phosphates, pyrophosphates, fluorosulfates, NASICON-based compounds, 

fluorides, and organic compounds (Figure 1.10)10, 31. Among them, transition-metal (Co, Mn, 

Fe, Ni, Cr, V, and multicomponent transition metals) oxides, such as NaxCrO2, NaxFeO2, 

NaxMnO2, and NaxNiO2, especially focused on various O3-type and P2-type layered oxide 

compounds have been intensively investigated.10, 31 Some of the already developed LIB 

cathode materials are included because of their large open tunnels and interstitial spaces for 

Na-ion storage and transport which could be able to sustain the multiple phase change that 

occurs during Na-ion insertion/desertion processes. Vanadium-based layered oxide 

compounds, such as α-V2O5, α-, β-NaxV2O5, and Na1+xV3O8 were investigated as SIB anodes 

in the early 1980s, which have layered and three-dimensional structures with wide channels 

for the Na-ion insertion.32 In general, these cathode materials deliver specific capacities of 

120–200 mAh·g–1 with an average operating potential of 2.6–3.2V, which is below the 

oxidation potential of organic electrolyte solutions. 

 

Figure 1.10 Types of SIB cathodes, their working potential vs. specific capacity.10 

1.2.2 Electrolytes 

Electrolyte acts as the ionic charge carriers between the cathode and anode, which 

directly influence the electrochemical properties (rate performance, long-term stability) and 

the safety issues of a battery (Figure 1.11).33. Therefore, a suitable formulation electrolyte 
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should have the ability to form a stable passivation layer (SEI) on both electrodes, allow fast 

shuttling of Na-ions, and prevent dendrite formation.10, 11, 19, 33 So far, the majority of 

electrolytes used for SIBs rely on sodium salts such as NaClO4, NaPF6, NaFSI, and NaTFSI, 

dissolved in carbonate-based organic solvents, including, propylene carbonate (PC), ethylene 

carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl 

carbonate (EMC). Additives are also required for the functionalization of the electrolytes to 

modify the formation of SEI layers and to enhance their electrochemical stability. 

Fluoroethylene carbonate (FEC), vinylene carbonate (VC), transdifluoroethylene carbonate 

(DFEC), and ethylene sulfite (ES) are well-known to be efficient in both LIBs and SIBs.33, 34 

FEC additive is beneficial for forming a high-quality passivation layer on the electrode 

surface and suppressing the side reactions between the Na metal and PC solvent.35 VC could 

lead to polymerization products of carbonates due to containing a double-bond in its structure 

that stabilizes the SEI and prevent excessive reductive decomposition.36, 37 Additives working 

as flame retardants are also required to reduce the flammability of electrolytes, thus improve 

the battery safety.33 The flame retardants are mainly selected from a class of organic 

phosphate compounds, triphenylphosphate (TPP) and tributylphosphate (TBP), to improve 

the thermal safety in both LIBs and SIBs.38 However, the electrochemical performance is 

usually deteriorated due to their intrinsic instability and decreased ionic conductivity. Quasi-

solid state electrolytes incorporating organic liquid electrolytes in a polymer matrix, such as 

poly(vinylidene fluoride) (PVDF), polyvinyl alcohol (PVA), hexaflu poly(methyl 

methacrylate) (PMMA) PAN-based electrolytes, etc. are developed to solve the leakage 

issues of liquid electrolytes.39 These types of electrolytes also demonstrate improved safety 

and shape flexibility over a liquid one, but still face a high risk of flammability. All-solid-

state electrolytes are further investigated to reduce the use of flammable organic solvents and 

the leakage issues of liquid electrolytes. The most commonly used polymer to fabricate solid 

electrolyte is poly(ethylene oxide) (PEO), which possess significant advantages such as 

excellent salt-solvating ability, easy fabrication, low cost, and good interfacial compatibility 

with electrodes.40, 41 But it suffers from a low ionic conductivity and instability to fire. 

Ceramic compounds including sulfide, oxide, and phosphate compounds are considered as 

good all-solid-state electrolyte materials to get rid of fire hazards.42 However, ionic-
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conduction in these compounds takes place by the movement of ionic point defects. A proper 

conductivity is commonly achieved under a high-temperature condition, as the creation 

and/or movement of these ionic point defects require large energy. Although solid electrolytes 

can provide advantages over liquid electrolytes in terms of safety, reliability, and simplicity 

of design, the ionic conductivities of solids are generally lower than those of liquids, 

especially at ambient temperature. 

 

Figure 1.11 Basic requirements and common ingredients of the organic electrolytes for 

SIBs.33 

1.2.3 Advantages and Drawbacks 

Advantages over Li-Ion Batteries 

a. Abundant resources on earth: 2.3% of earth's crust. 

b. Low cost: Na ($2000-$2600 per metric tons) vs. Li ($7400 per metric tons). 

c. Similar intercalation chemistry to lithium: it is possible to use similar materials for both 

systems. 
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d. Non-reactivity of Na with Al: replace the expensive copper current collector. 

e. Suitable for large-scale application: stationary storage, smart grids connected to 

renewable power sources, in which costs are critical. 

Drawbacks 

a. Na-ions are larger in radius (1.02 Å) than Li-ions by 34%, which leads to sluggish Na-ion 

diffusion kinetics. 

b. Na-ions are also heavier which leads to lower theoretical capacity, gravimetric/volumetric 

energy density of batteries.  

c. Graphitic materials developed for LIBs cannot be used for SIBs due to their low interlayer 

spacing, thus new materials need to be developed. 

1.3 Na-Ion Hybrid Capacitors 

Recently, rechargeable batteries and supercapacitors (SCs) have attracted great interest 

as electrical energy storage devices (ESS). However, the emerging large-scale applications 

including electric vehicles and smart grid energy requires higher performance (high energy/ 

power density and long lifespan). Solely relying on rechargeable batteries cannot satisfy the 

need in power density, e.g. LIBs deliver power density < 1000 W kg−1 and cycle life < 1000 

times. Typically, electrochemical capacitors (ECs) possess many desirable properties 

including a high power density (> 10 kW kg−1) and ultralong lifespan (104–105 cycles) but 

present a low energy density (< 10 W h kg−1), which is far below that of commercial LIBs 

(150–250 Wh kg−1).43-47 Therefore, next-generation ESS devices with a high energy density 

close to batteries, high power density, and long cycle life similar to that of SCs are highly 

desired. Hybrid electrochemical capacitors, that integrate the working mechanism of batteries 

and SCs to simultaneously inherit their individual advantages are proposed as promising 

energy storage devices.43, 48, 49 The Ragone plots (Figure 1.12) of the most commonly 

developed EESs show their energy-power properties.44 Li-ion hybrid (LHCs) and Na-ion 

hybrid capacitors (SHCs) demonstrate the advantages of both high energy and power 

densities. 
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Figure 1.12 Ragone plots of the most commonly developed EES devices.44 

The concept of LHCs was initially proposed by Amatucci’s group integrating a Li4Ti5O12 

anode with an activated carbon (AC) cathode in 2001 and more electrode materials have been 

developed for the fabrication of LHCs subsequently.43, 48, 50, 51 However, developing SHCs is 

more economically favorable compared to LHCs, especially for large-scale applications 

benefiting from the wide availability of Na resources. Research on SHCs was first reported 

in 2012 using hard carbon as anode and AC as cathode.52 After that various materials have 

been adopted in SHCs and demonstrated moderate electrochemical performances.43, 44, 48, 49 

Typical SHC device integrating a capacitor-type cathode and a battery-type anode is 

presented in Figure 1.13. In this case, high energy/ power densities could be realized via 

different storage mechanisms of individual electrodes (redox reaction on anodes and surface 

ion sorption on cathodes).53 Fast capacitive process of cathodes instead of diffusion-

dependent intercalation reaction significantly enhances the cycling capability of electrodes. 

During charge, Na-ions migrate to the anode (Faradaic reactions), and meanwhile, anions in 

the electrolyte migrate and adsorb (double layer formation) on the cathode surface (non-

Faradaic reactions). During the subsequent discharge process, Na-ions and anions return to 

the electrolyte. The charge-discharge processes of these two electrodes are performed in 

different potential ranges, which can efficiently enlarge the operating potential window and 

result in an enhanced energy density.43, 51 However, the mismatch between the sluggish 
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“Faradaic reaction” of anodes and the fast “non-Faradaic reaction” of cathodes usually leads 

to inadequate energy densities.53 Moreover, the phase stability of the host materials caused 

by the volume expansion during Na-ion insertion remains unsolved based on conventional 

Na-ion storage techniques. Developing high energy density SHCs is still a great challenge 

caused by the lack of suitable high capacity and long cycle-life anodes capable of fast 

charging. 

 

Figure 1.13 Typical cell structure of Na-ion hybrid capacitors.43 

1.3.1 Capacitor-Type Cathode Materials  

Capacitor-type cathodes in SHCs whose energy storage mechanisms are mainly based 

on adsorption/desorption of anions on the electrode material surface require a large surface 

area to provide sufficient energy storage sites. Attracted by the successful commercialization 

of graphite for LIBs, carbonaceous materials are mostly explored as electrodes in SHCs 

including activated carbon (AC), carbon nanotubes (CNTs), graphene, and their composites, 

etc. Other materials, such as MXene (V2C), natrium superionic conductor (NASICON), etc. 

have also been applied as SHC cathodes and exhibited moderate performance.43, 44, 49 

Carbonaceous Materials: 

Most promising examples of SHCs are based on activated carbon (AC) cathodes because 

of their porous structure and chemical stability. ACs or porous carbons can be derived from 

various precursors, including biomass, metal-organic frameworks, and polymers, which make 

them more achievable and economically feasible as electrode materials.54-59 ACs deliver 

ultrahigh surface area of ~ 3000 m2·g−1 due to the high degree of microporosity (pore size of 
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2–5 nm), which also benefits the electrolyte penetration.43 As the energy storage for AC 

cathodes consists of surface adsorption and fast redox reaction processes, the specific 

capacitance of ACs is typically increasing with its specific surface area (SSA). Therefore, 

fine-tuning of AC properties such as rationally designed meso/ microporosity, active 

functional groups are frequently conducted during/ after the AC synthesis process.60, 61 These 

well-designed pores of AC can provide large SSA for superior electrode/electrolyte contact, 

large space for electrolyte reservation, and smooth channels for ion transport. The active 

functional groups could also enhance the capacitance of AC cathode through 

pseudocapacitance contribution. ACs exhibit high conductivity (~ 60 S·m−1), which is good 

for the charge transfer during charge/ discharge process. The electronic structure of ACs can 

be further modified via heteroatom doping, such as N, O, P acting as electron donor and B 

serving as electron acceptor elements.62, 63 As an SHC cathode, ACs exhibit a stable working 

potential of 1–4.3 V in NaPF6 or NaClO4-based organic electrolytes, which is good for SHCs 

to achieve a high capacity in a wide voltage range.64, 65 However, the energy storage ability  

 

Figure 1.14 (a) The synthesis process for peanut shell nanosheet carbon (PSNC) cathode 

and peanut shell ordered carbon (PSOC) anode and the relevant charge storage mechanisms 

in SHC. (b) Ragone plot (c) Cycling stability of PSOC||PSNC SHC.54 

of an AC cathode is insufficient and a specific capacity of ~ 50 mAh g−1 obtained is relatively 

low compared to most anodes. Therefore, more mass loading of AC, 2–4 times that of anode, 

is commonly required for charge balance while assembling SHCs. In this case, the energy 
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density/ power density will be reduced dramatically, and cathodes with higher specific 

capacity are thus highly needed for high-performance SHCs. Nanosheet carbon (PSNC) and 

ordered carbon (PSOC), obtained from peanut shells, were recently reported as high-

performance cathode and anode materials respectively (Figure 1.14).54 The PSNC||PSOC 

SHC shows high energy densities up to 201 Wh·kg−1 in the voltage range of 1.5–4.2 V, which 

is almost two times higher than that of using commercial AC cathode with PS-OC anode 

under the same testing condition. Moreover, it demonstrates excellent cycling stability with 

~ 88% of capacity retention after 1,00, 000 cycles in the voltage range of 1.5–3.5 V. 

Different from ACs with amorphous structures, sp2 carbon materials, such as carbon 

nanotubes (CNTs), nanofibers (CNFs), and graphene, have higher crystallinity and present 

good electrical conductivity.66, 67 They have been also widely investigated as electrodes for 

energy storage. However, working as a cathode material, the capacitance of CNTs is seriously 

limited by their low surface areas. Only a low capacitance of 18 F g−1 is reported for the 

supercapacitor based on aligned CNTs on bulk metals, which is far away from insufficient 

for the fabrication of SHCs.68 For instance, combining CNTs (high conductivity) with ACs 

(large surface area) by a direct and reproducible synthesis could improve their 

electrochemical performance in supercapacitors.69 Noked et al.70 synthesized a CNT/AC  

 

Figure 1.15 (A) Schematic representations of the successive steps applied for the 

fabrication of CNT-C composites. (B) Scanning electron micrograph of the microporous 

CNT assembly.71 
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composite by dissolving the CNTs in a mixture of vinyl dichloride monomer before 

polymerization (CNTs@PVDC) followed by a carbonization and activation process. The 

composites obtained demonstrate both high surface area and electric conductivity. Mazurenko 

et al.71 reported a CNT-carbon composite with uniform pore size distribution that was 

achieved by electrophoretic co-deposition (Figure 1.15). The surface area of the CNT-C 

composites was significantly enlarged ~ 5 times larger than that of solo CNTs, and the specific 

capacitance improved from 6 mF·cm2 to 200 mF·cm2 in the presence of the largest content 

of amorphous carbon 

Graphene with unique 2D structure and great physical and chemical advantages such as 

large surface area (> 2600 m2 g−1), superior electronic conductivity, chemical stability, and 

mechanical flexibility demonstrates great potential to overcome the limitations of ACs and 

CNTs.44, 67, 72 Benefiting from its large exposed surface area and numerous functional groups 

offering more active sites for ion absorption, it possesses a high theoretical capacitance of 

550 F g−1 when used as capacitor electrodes.72 The open structure with accessible pores and 

interlayer brings shorter paths for fast ion diffusion, which is critical for SHCs to achieve high 

power density. However, their electrochemical performance is usually limited by the 

restacking of the graphene sheets during the electrode fabrication process. In this case, the 

effective surface area decreases dramatically, thus leading to a reduced capacitance since the 

surface area is a key parameter for a capacitive-type cathode. Tang et al.73 developed a single-

wall carbon nanotube (SWCNT) and graphene (SG) composite electrode by inserting 

SWCNT in between the graphene sheets to form a well-mixed 3-D network which can 

effectively prevent or reduce the restacking of graphene. Such SG electrode shows improved 

electric conductivity, electrolyte ion diffusion, structural stability, and high porosity. The 

supercapacitor based on this electrode demonstrates both high energy density and power 

density. The electrochemical chemical performance of these graphene-based cathodes can be 

further improved through heteroatom doping, which can enhance the conductivity and 

provide more pseudocapacitive active sites. Wang et al.74 reported boron-doped graphite 

sheets that can reversibly store anions through a surface-controlled pseudocapacitive reaction 

and show superior electrochemical performance when adopted as the cathode in SHC. 

Reduced graphene oxides (rGO) with strong electronic coupling and expanded interlayer 
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space can effectively facilitate electron transfer. The surface functionalization of rGO 

demonstrates further improvement in capacitance of graphene-based cathodes (Figure 1.16). 

Ali et al.75 studied the feasibility of using reduced graphene oxide (rGO) as a high-

performance cathode material for SIBs. Graphene oxide is synthesized by a modified 

Hummers’ method and reduced using a solid-state microwave irradiation method. With the 

existence of functional groups on the rGO, the cathode delivers a high specific capacity of 

240 mAh·g−1 with stable cycling up to 1000 cycles. Zhang et al.76 reported a surface oxygen-

functionalized crumpled graphene (OCG) electrode, which exhibits a high specific capacity 

of 105 mAh·g−1 with a voltage window of 2.5−4.2 V and good capacity retention of 91% after 

3000 cycles. 

 

 

MXene: 

MXenes are 2D layered inorganic compounds consisting of few-atom-thick layers of 

transition metal carbides, nitrides, or carbonitrides with a general formula of Mn+1XnTx (n = 

1–3), where M is the transition metal (e.g. Ti, V, Cr, Nb, Mo, etc.), X is carbon and/or nitrogen, 

and Tx represents for the surface terminations (e.g., hydroxyl, oxygen, or fluorine).77 MXenes 
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(e.g. T3C2) employed as promising active materials for the charge storage demonstrate high 

specific capacitance which is ~ 3 times higher than conventional AC and graphene.78 Simon 

et al.79 proved the feasibility of the SHC based on 2D vanadium carbide V2CTx cathode and 

a hard carbon anode (Figure 1.17). The SHC shows a high capacitance of ~ 100 F g−1, which 

is much larger than for AC cathode-based devices. V2CTx exhibits a wide working potential 

range of 1–3.5 V and pseudocapacitive behavior towards Na-ions so that it can be utilized as 

a potential candidate as a cathode or anode and to construct SHCs. 

Figure 1.17 (a) Synthesis of V2CTx and its sodium intercalation, (b) SHC with hard carbon 

anode and V2CTx cathode. (c) Charge–discharge curves of V2CTx cathode and hard carbon 

anode. (d) Charge–discharge curves and (e) Specific capacity of the SHC.79 

Natrium Superionic Conductor (NASICON): 

Na-ion superionic conductor, NASICON was also applied as an SHC cathode presenting 

a decent specific capacity and rate capability despite the capacity fading. It is anticipated that 

alluaudite-type compounds Na2-xM2(SO4)3 (M = Mg, Ti, Mn, Co, Ni, V, and VO) can be 

promising candidates for SHC cathodes due to their high chemical diffusion coefficient 

(Figure 1.18a).48, 49, 80, 81 NASICON electrodes could be efficiently used as both negative (~ 

1.63 V vs. Na) and positive (~ 3.36 V vs. Na) electrodes with decent working potential and 

capacity.82 For example, Na3V2(PO4)3 (NVP), the most representative NASICON, possesses 
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3D open structures of PO4 tetrahedra and VO6 octahedra that can provide 3D pathways for 

rapid Na-ion migration.80, 81, 83, 84 Unfortunately, the specific capacity and rate capability are 

limited by the low inherent electronic conductivity of NVP. Therefore, NASICON materials 

are usually modified by adopting other carbonaceous material coating or making composites 

for application as cathodes in SHCs.49, 85 Lv et al.86 reported a free-standing Na3V2(PO4)3/ 

carbon nanofiber membrane (Figure 1.18b), which deliver excellent cycling capability with 

specific capacity of 112 mAh·g−1 at 1 C after 250 cycles (Figure 1.18c, d). 

 

Figure 1.18 (a) Schematic illustration of the Na3V2(PO4)3 (NVP) structure.81 (b) TEM) 

images, (c) Charge-discharge curves, (d) Cyclic performance of Na3V2(PO4)3/carbon 

nanofiber composite electrode.86 

1.3.2 Battery-Type Anode Materials 

Drawing on the experience of the anode materials in SIBs, many battery-type anodes 

with rapid Na-ion intercalation ability have been developed for SHCs since the year 2012.52 

These electrode materials can be classified into carbonaceous materials, MXenes, Ti-based 

compounds, transition metal (Nb, Mo, W, and V) compounds and their hybrids with 

carbonaceous substrates.44, 49, 87, 88  
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Carbonaceous Materials: 

Carbon-based materials with low cost, good chemical stability, and natural renewability 

demonstrate great commercial prospects in energy storage devices. For example, the 

successful commercialization of graphite anode in LIBs has attracted researchers to develop 

proper carbonaceous electrodes in other energy storage devices. Carbonaceous electrodes 

have a low working potential ~ 0.1 V vs. Na/Na+, which can be expected to enlarge the full-

cell voltage window for an improved energy density.20, 43 However larger Na-ion cannot 

reversibly intercalate into graphite due to the narrow interlayer spacing and the absence of 

stable Na-C binary compounds, thus only a limited specific capacity of ∼ 35 mAh·g−1 was 

achieved.20, 21 To realize the Na-ion storage of graphite-based electrodes, some special 

treatments have to be carried out to enlarge their interlayer spacing. In this case, Na-ion can 

be effectively stored at the graphite oxide (GO) and expanded graphite through an 

intercalation mechanism (Figure 1.19).89 Chou et al.90 reported a reduced graphene oxide  

 

Figure 1.19 Na-ion storage in graphite-based materials.89 

(rGO) with an enlarged interlayer of 0.371 nm for possible Na-ion intercalation that delivers 

a reversible capacity of 174.3 mAh·g−1 at a current density of 40 mA·g−1. Wang et al.89 

demonstrated expanded graphite with an enlarged interlayer of 0.43 nm by reducing GO. The 

expanded graphite anode exhibits excellent Na-ion storage capability with a specific capacity 

of 284 mAh·g−1 at 20 mA·g−1 and good cycling stability of 2000 cycles. These works can 

provide potential opportunities for the application of graphite-based electrodes in SHCs. For 

example, Zhang et al.76 proposed a quasi-solid-state SHC based on surface oxygen-

functionalized crumpled graphene with a dense and porous structure that provides numerous 

active sites for Na-ion intercalation and a short path for Na-ion diffusion. This device achieves 
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high energy of 121.3 Wh·kg−1, high power density of 8000 W·kg−1, and good capacity 

retention of ~ 86.7% after 2500 cycles. 

Non-graphitizable carbon materials such as hard carbon with turbostratic structures have 

also been developed for Na-ion storage due to the kinetically favorable for the 

accommodation of Na-ions.10, 20, 49 These amorphous carbon materials with various 

nanostructures, such as hollow nanostructured, porous carbon materials, carbon nanosheets, 

and carbon fibers can be easily and economically achieved from high-temperature pyrolysis 

of bio-mass, polymer or hydrocarbons.91 Moreover, the electronic and chemical properties of 

these carbons can be rationally tailored through heteroatom-doping to further improve their 

electrochemical performance. Dahn and Stevens92 firstly reported glucose derived hard 

carbon anode for Na-ion storage that presents a high specific capacity of ~ 300 mAh·g−1 with 

a low operating potential of ~ 0 V. They further clarified the “house of cards” (Figure 1.20a)93 

insertion mechanism of Na-ions storage at hard carbon, which consists of two domains in the 

turbostratic structures without staging transition (Figure 1.20b)92, 94 Na-ions storage firstly  

 

Figure 1.20 (a) The “house-of-cards” model for Na-ion storage inside a hard carbon 

structure.93 (b) Sodiation/desodiation potential profiles for glucose-derived hard carbon 

formed by pyrolysis at 1000 ℃.92 

occurs by inserting into the parallel graphene layers of hard carbon upon increasing the 

interlayer space (the sloping voltage region of 0.2−1.0 V). More Na-ions subsequently fill the 

interstitial pores in the voids of the disordered carbon structure (the plateau region near 0.1 

V). With such a fast intercalation Na-ion storage mechanism, hard carbon is expected to be 

employed as anode for high-performance SHCs. Goikolea et al.56 prepared SHC electrodes 

based on hard carbon materials derived from recycled olive pit bio-waste. Semigraphitic hard 

carbon with a low specific surface area was obtained by paralyzing olive pits and used as 
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battery-type anodes for the Na-ion intercalation. Meanwhile, same hard carbon with large 

specific surface area was obtained through chemical activation with KOH and employed as 

capacitor-type cathode for the ion-adsorption. This SHC system demonstrates a high energy 

density up to 100 Wh·kg−1 at a power density of 150 W·kg−1 and capacity retention of 70% 

after 5000 cycles. Wang et al.56 reported a high-performance SHC consisting of N-doped 

hollow carbon nanowires (N-HCNWs) anode and AC cathode, which strikes a balance 

between the energy density (108 Wh·kg−1) and power density (108 W·kg−1), and exhibits high 

cyclic stability (capacity retention of ∼ 70% after 2000 cycles). 

Transition Metal Oxides Materials: 

Titanium-based compounds (e.g. TiO2 and Na2Ti3O7) are commonly used as insertion-

type anodes for SHCs due to their proper potential of Ti-redox (Ti4+/Ti3+) range from 0.5 to 

1.0 V, which could avoid the risk of sodium dendrites. Since insertion-type, anodes possess 

a layered structure with big enough gaps, where large Na-ions can insert without causing 

severe volume expansion.95 TiO2 has opening structures, lower average potential for Na-ion 

storage (0.7 V vs Na/Na+). The opening structure of TiO2 is beneficial for the Na-ion 

intercalation with rapid redox kinetics and inherent pseudocapacitive behavior that effectively 

improves the electrochemical performance of SHCs. However, TiO2 is a semiconductor with 

a wide bandgap leading to a poor electronic conductivity that lowers the charge separation 

and migration. Various strategies have been taken to improve the electrical conductivity: a) 

minimizing TiO2 particle size into nanoscale to shorten Na-ion diffusion pathways and 

improve the ionic diffusion efficiency. b) designing inducing structural defects by introducing 

heteroatom dopants and oxygen vacancies could increase the electronic conductivity of TiO2 

and induce pseudocapacitance. c) Coupling with highly conductive materials (CNTs, 

graphene, GO, etc.) can also enhance the charge separation efficiency. Wang et. al.96 

demonstrated a flexible oxygen-deficient TiO2−x/CNT composite film with a well-designed 

porous yolk-shell structure that endows large surface area, provides short ion diffusion length, 

improves electrical conductivity, and enhances ion diffusion kinetic. A quasi-solid-state SHC 

was fabricated integrating a TiO2−x/CNT anode and AC/CNT cathode and exhibits high 

energy densities of 109 Wh·kg−1 at 250 W·kg−1 (Figure 1.21a, b). Similarly, layered 

Na2Ti3O7 possess a lower working potential of ~ 0.3 V vs. Na with possible accommodation 
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of 2 moles of Na-ions in a reversible manner. The open structural framework of sodium 

titanate can easily accommodate alkali ions in the host matrix, which is very crucial to 

improve their electrochemical properties. Notably, the bulk Na2Ti3O7 undergoes a two-phase 

redox reaction upon Na-insertion/extraction process, which could reduce the structural 

stability. Sodium pre-insertion and CNT coating are usually carried out to improve its 

capacity and stability.97. Zhang et al.98 presented an in-situ grown Na2Ti3O7 on 1D CNTs 

anode with enhanced pseudocapacitive charge storage. The Na2Ti3O7@CNT electrode 

exhibits excellent electrochemical performance with high rate capability and superb cycling 

stability. SHC based on this anode and peanut shell-driven AC cathode achieves a dramatic 

improvement in the energy density and cyclability, for example, energy density of 58.5 

Wh·kg−1 and long term cycle life of 75% capacity retention after 4000 cycles. 

 

Figure 1.21 (a) Illustration of the flexible quasi-solid-state TiO2−x/CNT||AC/CNT device 

and (b) Cycle stability and the corresponding coulombic efficiency of SHC at 1.0 A g−1.96 

(c) Diagram of the Nb2O5@C/rGO nanocomposites and (d) Ragone plots in comparison 

with results of other SHCs.99 

Layered metal oxides such as niobium pentoxide (Nb2O5) and vanadium pentoxide (V2O5) 

are also utilized as SHC anodes because of their large tunnels that are favorable for Na-ion 

insertion. V2O5 has a large lattice of (001) (lattice distance ~ 9.5 Å) to store a wide range of 
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foreign cations (Li+, Na+, and K+) during the Faradic reaction.100
 However, inferior electrical 

conductivity (~ 10–6 S·cm–1) leads to sluggish ion diffusion behavior. The low conductivity 

could be circumvented by coupling CNTs with higher conductivity. For example, V2O5/CNTs 

composite provides a short pathway for ion diffusion and easy access to vanadium redox 

centers.101 Nb2O5 with intrinsic pseudocapacitive behavior and large interplanar lattice 

spacing of 3.9 Å has also been studied as promising electrode materials for hybrid capacitors. 

Nevertheless, the poor electrical conductivity, low reversible capacity, and slow reaction 

kinetics seriously limit the rate performance of SHCs. Incorporation with effective conductive 

carbon and designing reasonable architectures can be an effective way to improve the 

electrochemical performance of Nb2O5-based electrodes. Lee et al.102 demonstrated a 

nanocomposite anode comprising Nb2O5@Carbon core-shell nanoparticles (Nb2O5@C NPs) 

and reduced graphene oxide (rGO) (Figure 1.21c). SHC using this anode and AC cathode 

delivers high energy density (76 Wh·kg−1) and power density (20 800 W·kg−1) with a stable 

cycle life (Figure 1.21d). 

Other Type Materials: 

Since alloying type materials (Si, Sn, Sb, Ge, etc.) have sluggish diffusion kinetics and 

severe volume variation in their bulk form during the reversible alloying reaction, there are 

very limited reports on their applications in SHCs. Designing nanostructures, as well as 

carbon composites, are the most effective strategies to solve these issues as these well-

designed structures can present pseudocapacitive behavior with fast reaction kinetics.103 This 

surface-controlled storage mechanism can minimize the volume change of bulk material. The 

pseudocapacitive Na-ion storage process of SnO2 nanocrystals (< 10 nm) distributed on 

graphene has been demonstrated by Wang et al.103 (Figure 1.22a, b). Integrating with a CNT 

cathode, quasi-solid-state SHC achieves an energy density of 86 Wh·kg−1 and a power density 

of 5800 W·kg−1. An interlaced Sb2S3 micro-nanospheres grown on carbon fibers has also been 

investigated as an anode in SHC by Liang et al.,104 which delivers improved energy density 

of 117 Wh·kg−1 and a high power density of 5800 W·kg−1. 

MXene phases exhibit high electrical conductivity and a large surface area that provides 

numerous electrochemical active sites for redox reactions, ion adsorption, and intercalation.77 

MXenes, such as Ti3C2, Ti2C, V2C, and Mo2C have been investigated as the electrodes for 
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Na-ion storage with moderate electrochemical performance. Tao et al.105 reported Ti3C2 

MXene based anode with enlarged interlayer spacing through an alkali metal ion pillaring 

method (Figure 1.22c, d). This modified Ti3C2 MXene possesses more active sites and a 

lower diffusion barrier toward Na-ions. The SHC integrating the Ti3C2 MXene anode and AC 

cathode exhibits an energy density of 80.2 Wh·kg−1 and a high power density of 6172 W·kg−1 

with a capacity retention of 78.4 after 15000 cycles. The structure of Ti3C2 MXene can be 

further modified by compositing with CNTs that provide larger a surface area of 180 m2·g−1, 

which is 10 times higher than the original Ti3C2.
106 

 

Figure 1.22 (a) SEM images of SnO2@graphene. (b) pseudocapacitance contribution 

of SnO2@graphene at 1 mV·s−1.103 Schematic illustration of (c) pillared Ti3C2 MXene, (d) 

Na-ion storage and diffusion in Ti3C2 and Na-Ti3C2,
105 and (e) sodium storage reaction of 

polyimide.59 
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Organic materials have also been investigated as anode material for Na-ion storage as 

they possess high theoretical capacities. This is due to the fast reaction kinetics caused by 

their internal electroactive carbonyl groups. Flexible polymer backbones can benefit the faster 

migration of large-sized Na-ions and thus increase the kinetics of Na-ion diffusion. Aromatic 

polyimide (PI) with abundant electroactive functional groups, preferable mechanical strength, 

and good thermal stability has been considered as a promising anode candidate in SHCs. 

During the charge-discharge reaction (Figure 1.22e), Ar denotes aromatic nucleus and R is 

an alkyl chain with a length from C0 to C4.
59 An SHC with a polyimide anode and a polyimide-

derived carbon cathode has been reported by Zhao et al.59 demonstrated an energy density of 

66 Wh·kg−1and a power density of 1200 W·kg−1. 

1.3.3 Advantages and Drawbacks  

Advantages over Na-Ion Batteries: 

a. High rate capability: high power density can be obtained via a rapid non-faradaic process 

on cathodes (capacitor-type); high energy density can be achieved via the faradaic process 

on anodic parts (battery-type). 

b. Excellent cycling performance: Na-ion storage on anode and cathode are pseudocapacitive 

and double-layer type respectively. This ultrafast Na-ions storage mechanism minimizes 

phase change of the electrode material (reduced strain) and enables long-term cycling 

stability. 

Drawbacks: 

a. The development of high-power and high energy density anode materials is in its infancy 

for SHCs: the faradaic anode reaction is much more sluggish compared to the non-faradaic 

reaction of cathodes.  

b. This enlarges the kinetics mismatch between the faradaic reaction controlled by ion 

diffusion and fast non-faradaic double-layer adsorption/desorption of solvated ions in 

SHCs.  
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1.4 Concept of Pseudocapacitance 

Since the kinetic of Na-ion storage on anodes is restricted by the Faradaic reactions, new 

battery-type anodes capable of the fast charge-discharge process are highly needed to reduce 

their kinetic mismatch with capacitor-type cathodes. Pseudocapacitive electrodes have been 

previously utilized to improve the capacity of electrochemical double-layer capacitors 

(EDLCs) by the synergy of surficial redox reaction and electrostatic ion absorption induced 

ion storage.87 These experiences provide a guideline for developing battery-type anodes for 

SHCs with enhanced kinetics of Na-ion storage. Pseudocapacitive-type Na-ion storage has 

been demonstrated recently to be superior to intercalation, conversion, and alloying-type 

processes, especially in the case of Na-ions. Diffusion independent nature of the 

pseudocapacitive process facilitates fast charge-discharge process of electrode materials.107 

Since pseudocapacitance is a surface/near-surface process, Na-ion insertion/ extraction is not 

affected by the bulk ionic conductivity and is independent of the electrode crystal structure, 

facilitating long-term cycling stability. Moreover, high specific capacities can be achieved 

through the synergy between conventional and pseudocapacitive-type Na-ion storage. 

In the 1990s, Conway and co-workers have identified several faradaic mechanisms 

showing capacitive electrochemical features.108, 109 These charge storage behaviors can be 

categorized as the following three types: (i) monolayer absorption pseudocapacitance (2D), 

(ii) surface redox pseudocapacitance (2D), and (iii) intercalation pseudocapacitance (quasi-

2D).87, 107 Energy storage involving pseudocapacitance is not limited by solid-state ion 

diffusion, based on which the devices demonstrate a moderate electrochemical performance 

in a middle ground between electrochemical capacitors and batteries. 

Monolayer adsorption (Figure 1.23a) of metal-ion takes place at the surface of a foreign 

metal substrate at potentials that can be dramatically less negative than that for deposition on 

the same metal surface as the adsorbate.110, 111 This process is also named as underpotential 

deposition (UPD) A classic example has indicated that lead (Pb) ions can be deposited onto 

gold (Au) metal surface more easily than onto itself, owing to the stronger interaction of Pb-

Au compared with that of Pb-Pb in crystalline Pb metal.110 UPD can be also applied to other 

adsorbed layers such as H from H3O
+ or H2O pseudocapacitance. 
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Figure 1.23 Schematic of the different faradaic processes involved in pseudocapacitive 

charge storage.87 

Surface redox pseudocapacitance (Figure 1.23b) originates from the electrochemical 

adsorption of metal ions onto the surface or near-surface of an electrode material via faradaic 

charge transfer with no crystallographic phase changes.107 The first report of surface redox 

pseudocapacitive behavior is based on the study of hydrous ruthenium dioxide (RuO2·nH2O) 

by Trasatti and Buzzanca in 1971.112 They found that the cyclic voltammogram (CV) curves 

of RuO2·nH2O are rectangular, which is the typical feature of a capacitor. Interestingly, the 

charge storage processes in RuO2 present a Faradaic nature. The pseudocapacitive behaviors 

of RuO2 are proved to be the joint effects of the surficial redox reaction of Ru4+ and the 

decreased diffusion distances related to the large outer/ inner surface area in the porous 

RuO2.
113, 114 Such surficial process is independent of the bulk electronic/ ionic conductivity 

and the crystal structure of the electrode materials, that facilitates better cycling stability.  

Intercalation pseudocapacitance (Figure 1.23c) occurs when ions intercalate into the 

tunnels, layers, or crystal structures of the electrode materials of a redox-active material 

accompanied by a faradaic charge-transfer. Different from the surface redox 

pseudocapacitance, intercalation pseudocapacitance occurs in the bulk of electrode materials, 

but there are no kinetic limitations from solid-state ion diffusion.115 Dunn and co-workers 
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demonstrate that an intercalation pseudocapacitive charge storage occurs when Li-ions 

intercalate into mesoporous and nanocrystal films of orthorhombic Nb2O5 (T-Nb2O5).
115, 116 

The crystal structure of T-Nb2O5 allows pathways with low energy barriers for Li-ion transfer. 

Such Li-ion intercalation into T-Nb2O5 is accompanied by only negligible phase changes, 

lattice constant changes, and unit-cell volume variations. The CV curves of T-Nb2O5 show 

that current responses are linearly proportional to the voltage sweep rates, while the capacity 

is not increasing proportionately with prolonged charging time, indicating no diffusion 

limitations in bulk T-Nb2O5. As the high-rate capability is generated from the fast ion 

diffusion in the bulk, this charge storage mechanism theoretically fits well for thick electrodes 

because the surface area exposed to the electrolyte is not critical.  

Given the properties of these pseudocapacitive mechanisms, metal ions can deposit at 

grain boundaries, nano-interfaces, nano-defects, and/or intercalate into the tunnels in crystals 

and layers to induce large pseudocapacitance. These active sites for ion storage can be 

rationally designed through nano-engineering techniques. Generally, the Na-ion storage 

process on an anode involves Na-ion diffusion and electron transport. For Na-ion diffusion, 

the diffusion time (τ) is related to the diffusivity coefficient (D) and the diffusion distance (L) 

as follows.25, 117, 118 

𝜏 =
𝐿2

2𝐷
                                                Equation 1.1 

In contrast, it is more feasible to realize a fast Na-ion diffusion by reducing L than increasing 

D. Therefore, an alternative solution to the kinetic issues is to design nanostructured electrode 

materials via tuning the lattice structure to introduce a pseudocapacitive energy storage 

mechanism (Figure 1.24).118 Pseudocapacitance can also be achieved by combining carbon 

coating or coupling. Creation of mixed material phases for crystal mismatch leading to gaps 

and channels, an increase of grain boundaries, and structural defect creation such as atomic 

vacancies also serve as ion-accommodation sites allowing intercalation pseudocapacitance. 
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Figure 1.24 Galvanostatic discharge behavior (where Q is charge) of (a) MnO2 

pseudocapacitor is linear for both bulk and nanoscale material, but (b) LiCoO2 nanoscale 

material exhibits a linear response while the bulk material shows a voltage plateau.118 

1.4.1 Identification of Pseudocapacitance 

Although the pseudocapacitive-type charge storage contains Faradaic redox reactions, it 

is a non-diffusion-controlled process. These reversible faradaic chemical reactions present 

similar electrochemical behavior to EDLCs, where the energy storage is via non-faradaic ion 

adsorption at the surfaces of the electrode without any redox reactions. Identification of 

pseudocapacitance can be performed by recording and analyzing galvanostatic charge-

discharge and cyclic voltammetry (CV) curves. A capacitor electrode will exhibit a 

rectangular CV curve (Figure 1.25a) and linear voltage responses during constant-current 

discharging (Figure 1.25c). The total charge Q stored by this mechanism is a continuous 

function of the potential difference ΔU.115, 117 

𝑄 = 𝐶Δ𝑈                                             Equation 1.2 

𝐶 = ε𝑟ε0A/d                                      Equation 1.3 

where C, εr, ε0, A, and d represent the capacitance of EDLCs, the dielectric constant of the 

electrolyte, the dielectric constant of vacuum, the distance between electrodes, and surface 

area, respectively. CV curve of a battery-type electrode is quite different from that of a 

capacitor-type electrode, where intense, clearly separated anodic and cathodic peaks can be 

observed (Figure 1.25d, e), and the galvanostatic charge-discharge curve demonstrates 

obvious plateaus (Figure 1.25f). In general, a pseudocapacitive electrode contains the 

electrochemical characteristics of one or more of the following categories: (1) surface redox 
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electrodes (Figure 1.25b, e.g., MnO2), (2) intercalation-type electrodes (Figure 1.25g, e.g., 

Li insertion in Nb2O5), or (3) intercalation-type electrodes with broad but electrochemically 

reversible redox peaks (Figure 1.25h, e.g., Ti3C2). Pseudocapacitive materials present a 

sloping galvanostatic charge-discharge curve that intermediates between a battery and a 

capacitor (Figure 1.25i). 

 

Figure 1.25 Schematic CV curves and corresponding galvanostatic discharge curves for 

different types of energy storage materials.117 

Capacitive and diffusion-controlled charge storage behavior of pseudocapacitive 

electrodes can be further quantified using the following method proposed by Dunn and co-

workers.107 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1
2                               Equation 1.4 

Where i is the total applied current, k1 and k2 are constants, and v is the scan rate. k2v
1/2 and 

k1v represent the diffusion-controlled and capacitive processes ((fast surface/near-surface 

redox reactions or fast ion intercalation), respectively. k1 and k2 can be determined from the 

intercept and slope of the scan rate vs current density plots. Thus, the percentage of diffusion-
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limited and capacitive contribution can be determined at a fixed potential. The difference 

between anodic and cathodic peaks (ΔE) positions and the voltage shift of these peak 

positions can be used to analyze the reversibility of the electrochemical reactions.87, 107, 118 

Pseudocapacitive materials with good reversibility usually have a minor and nearly constant 

ΔE within a critical sweep rate (Figure 1.26a). On the contrary, a large ΔE can be observed  

 

Figure 1.26 Plots of changing scan rates for (a) a full pseudocapacitor, (b) a classical 

faradaic battery. (c) Peak current vs. sweep rate graph in logarithmic scale representing the 

slope change for capacitive behavior and diffusion-controlled behavior.87 (d) Plot of 

capacity vs. v−1/2 to separate diffusion-controlled and capacitive-controlled contributions for 

mesoporous single-crystal-like TiO2-graphene nanocomposite electrode.119 

for battery-type materials, which indicates a crystallographic phase transformation during the 

charge insertion process (Figure 1.26b). The peak currents i toward scan rates v in the CV 

curves also obey the power-law relationship.87 

𝑖 = 𝑎𝑣𝑏                                               Equation 1.5 
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The charge storage process could be confirmed by b values which represent the slop of the 

logv vs logi plot. b = 0.5 corresponds to the diffusion-controlled process, and b = 1.0 implies 

the surface-controlled process (Figure 1.26c). An example of this kinetic analysis of an SHC 

anode based on mesoporous single-crystal-like TiO2-graphene nanocomposite has been 

demonstrated by Lu et al.119 68% of the total Na-ion storage is confirmed from the capacitive 

process in a time scale of 10 min, which corresponded to a capacity of 118 mAh·g−1(Figure 

1.26d). 

1.4.2 Pseudocapacitive Electrode Design 

Pseudocapacitance can be intrinsically or extrinsically induced through surface redox 

reactions or ion intercalation. The reactions are not diffusion-controlled, leading to a high 

power density. Typical intrinsic pseudocapacitive materials include RuO2, TiO2 (B), MnO2, 

α-MoO3, T-Nb2O5, V2O5, Na2Ti3O7, and Li4Ti5O12.
107, 116, 120-123 Corresponding charge 

storage is independent of their crystalline properties, morphology, or particle size. RuO2 can 

be a good example that demonstrates pseudocapacitive behavior in a wide range of 

morphologies and particle sizes.107 Kavan et al.121 studied the pseudocapacitive features of 

Li-ion intercalation into TiO2 (B) and TiO2 (anatase) by analyzing their CV curves. The redox 

 

Figure 1.27 Dependence of intrinsic pseudocapacitive behavior on crystal structure TiO2 

(B) and TiO2 (anatase).121 
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peaks of TiO2 (B) centered at 1.5 and 1.6 V represent the Li-ion insertion of the lattices, which 

are lower and broader than that of anatase (~ 1.70 V). The peak current of TiO2 (B) toward 

sweep rate has a linear relationship that indicates capacitive-dominated charge storage. 

Although the TiO2 (anatase) has a surface area 3 times larger than TiO2 (B), the latter exhibits 

a capacitive contribution of 68% that is 2 times higher than the former (Figure 1.27). The 

pseudocapacitive behavior of TiO2 (B) is due to the open structure that allows fast Li-ion 

transport in the bulk TiO2 (B) lattice along the b-axis. 

Electrochemical responses of traditional battery-type electrodes are strongly dependent 

on the particle size and morphology of the electrode materials. Therefore, surface redox 

pseudocapacitance could be realized through downsizing of the particles, known as extrinsic 

pseudocapacitance. Dunn et al 124 demonstrated that the capacitive contribution of TiO2 

(anatase) is improved by reducing its particle size at nanoscale. The CV curves of TiO2 

(anatase) show a decrease in the ΔE with decreasing particle size (Figure 1.28a). The 

calculated capacitive contributions of 30, 10, and 7 nm sized TiO2 (anatase) are 15, 35, and 

55% of the total capacity, respectively. The effect of particle size on galvanostatic discharge 

behavior is also exanimated (Figure 1.28b). The voltage plateau for the smaller particles is 

 

Figure 1.28 Dependence of the extrinsic pseudocapacitive behavior on crystallite size: (a) 

CV curves, and (b) galvanostatic discharge curves.124 
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much shorter and more sloping than the one for the larger particles that indicates a “transition” 

from diffusion-controlled behavior to pseudocapacitive one. 

In addition to the size control of nanoparticles, a rational design of nanostructures with 

various morphologies (nanoparticles, nanorods, nanosheets, etc.) is proposed to shorten the 

ion diffusion length for fast charge-transfer kinetics in the surface or bulk. However, most of 

the pseudocapacitive materials have poor electronic and ionic conductivity that lowers the 

charge separation and migration. An effective method to induce surface redox 

pseudocapacitance is to design hybrid electrodes with an electrochemically active part 

(pseudocapacitive and battery-type material) and a highly conductive part (various carbonous 

materials). In this case, electrochemical performance can be further improved by the 

synergistic effect of their individual components. For example, TiO2@CNT@C nanorod 

composite is prepared and used as anode material Na-ion storage (Figure 1.27a and 1.27b). 

 

Figure 1.27. (a) Schematic diagrams, (b) high-resolution TEM image, (c) Galvanostatic rate 

performance, (d) CV curves and specific peak current at various sweep rates, (e) Peak 

current dependence of the scan rate, and (e) Capacitive (red) and diffusion (gray) charge 

storage contribution of TiO2@CNT@C.53 

The advanced architecture of TiO2@CNT@C demonstrates excellent rate capability in half-

cells (Figure 1.27c). The contribution of extrinsic pseudocapacitance (81% at 3 mV·s−1) 

affects the rate capability to a large extent, which is identified by kinetics analysis (Figure 

1.27d and 1.27e). The remarkable pseudocapacitance is due to the enhanced ion/electron 
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transfer dynamics of TiO2@CNT@C and surface pseudocapacitance arising from the 

additional multiwalled carbon nanotubes as and TiO2 nanoparticles. 

1.5 Aim of the Project 

The main aim of this project is to increase the rate performance (power density), specific 

capacity (energy density), and cycling stability of anode materials through nanoscale 

engineering. Since pseudocapacitance is a surface/near-surface process, Na-ion insertion/ 

extraction is not affected by the bulk ionic conductivity and is independent of the electrode 

crystal structure, facilitating long-term cycling stability. Synergistic effect of 

conversion/insertion reactions and interfaces/defects induced pseudocapacitance will be 

exploited for superior Na-ion storage. Extrinsic pseudocapacitance could be realized through 

downsizing of the particles, designing nanostructures (nanoparticles, nanorods, nanosheets, 

etc.) with rational-designed interfaces/ defects, and/or combining carbon coating or coupling 

to create more accessible interfaces for Na-ion storage. Creation of mixed material phases for 

crystal mismatch leading to gaps and channels, increase of grain boundaries and structural 

defect also allow intercalation pseudocapacitance. In addition, multifunctional separators will 

also be developed and applied in the SHC systems to improve both electrochemical 

performance and fire safety. 

Specific Objectives: 

• Developing mixed-phase material anodes (dual-phase TiO2 nanosheets) with mismatched 

crystallites (anatase and bronze) to provide gaps and channels to induce Na-ion 

intercalation pseudocapacitance. 

• Designing nanostructured anodes (Co3O4 nanorods) containing nanograin boundaries to 

induce pseudocapacitive Na-ion storage.  

• Designing transition metal oxides/carbon hybrid anodes (3D-CoO-NrGO) to provide 

numerous active sites (Na2O/Co/NrGO interfaces) for Na-ion storage and accommodate 

volume change during sodiation/desodiation. 
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• Investigating Na-ion storage mechanism in newly developed anode materials through ex-

situ spectroscopic (ex-situ XRD and Raman spectra) and microscopic techniques (post-

cycled SEM and TEM images).  

• Rational design of multifunctional separators (UiO-66@PVDF-HFP quasi-solid-state 

electrolyte) with fast charge transfer and high safety. 
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CHAPTER 2  

Experimental and Characterization Techniques 

2.1 Materials 

Titanium chloride (TiCl3, 99.9%, Acros Organics), Ethylene glycol (EG, 99.9%, Fisher 

Scientific), Urea (CH4N2O, 99.9%, Honeywell), Graphite flakes (98%, 50 mesh, Georg H. 

LUH Gmbh), Potassium permanganate (KMnO4, 99%, Sigma-Aldrich), Sulfuric Acid 

(H2SO4, 98%, Sigma-Aldrich), Phosphoric acid (H3PO4, 98%, Sigma-Aldrich), Hydrochloric 

acid (HCl, 98%, Sigma-Aldrich), Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O, 99.9%, 

Honeywell), N-Methyl-2-pyrrolidone (NMP, 99.9%, Aladdin Chemicals), Acetylene black 

(MTI Chemicals), Activated carbon (AC, MTI Chemicals), Poly(vinylidene difluoride) 

(PVDF, MW: 600 000, MTI Chemicals), Carboxymethyl cellulose (CMC, MW: 400 000, 

MTI Chemicals), Citric acid (Sigma-Aldrich), Glass fiber (GF/B, Whatman), Na metal 

(Sigma-Aldrich), NaPF6 (99.9%, Sigma Aldrich), Propylene carbonate (99.9%, Sigma 

Aldrich). Zirconium (IV) chloride (ZrCl4, 99.8%, Alfa Aesar), Terephthalic acid (H2BDC, 

98.0%, Sigma-Aldrich), N, N-dimethylformamide (DMF, 99.8%, Sigma-Aldrich), 

Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, battery grade, Kynar-

Flex®2801, Arkema Inc.). 

2.2 Synthesis of Electrode and Separator Materials 

2.2.1 Synthesis of Hierarchical TiO2 Nanosheets 

Hierarchical TiO2 nanosheets were prepared via a solvothermal method followed by 

calcination. The synthetic method of single- and dual-phase TiO2 nanosheets is presented in 

Figure 2.1. Briefly, 4.0 mL of 20% TiCl3 and 4.0 mL of H2O were mixed with 50 mL of EG 

to obtain a dark-brown solution. The resulting solution was transferred to a PTFE-lined 

autoclave and kept at 150 ℃ for 6 h. The product was collected by centrifugation and washed 

several times with H2O and ethanol. The resulting precipitate was then dried at 100 ℃ 

overnight to obtain bronze TiO2 nanosheets. Dual-phase (anatase-bronze) and single-phase 
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anatase hierarchical TiO2 nanosheets were prepared by heating bronze TiO2 nanosheets at 

400 and 450 ℃, respectively, for 2 h under airflow at a heating rate of 10 ℃·min−1. 

 

Figure 2.1 Schematic of synthesis processes of single-and dual-phase TiO2 nanosheets. 

2.2.2 Synthesis of Hierarchical Co3O4 Nanorods 

Hierarchical Co3O4 nanorods containing numerous nanograin boundaries were prepared 

through a solvothermal reaction followed by calcination (Figure 2.2). Briefly, 0.17 g of 

Co(NO3)2·6H2O and 0.18 g of urea were dissolved in 150 mL of H2O under stirring. The 

solution obtained was heated to 150 ℃ at a rate of 10 ℃·min–1 for 6 h in Teflon-lined stainless 

steel autoclaves. The resulting precipitate was thoroughly washed with H2O and ethanol 

followed by drying at 100 ℃ for 12 h. The resulting precursor was then annealed at 600 ºC 

at a heating rate of 10 ℃·min–1 in air for 2 h to form hierarchical Co3O4 nanorods. 

 

Figure 2.2 Schematic of the synthesis of hierarchical Co3O4 nanorods. 

2.2.3 Synthesis of 3D-CoO-NrGO Hybrids  

The synthesis process of interface-engineered 3D-CoO-NrGO is presented in Figure 2.3. 

Graphene oxide (GO) was firstly synthesized through improved Hummers’ method.125 Briefly, 

1.0 g of graphite flakes and 6.0 g of KMnO4 were added successively into a 9:1 mixture of 

concentrated H2SO4/ H3PO4. The reaction system was then heated to 50 ℃ under 
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stirring for 12 h. After cooling to room temperature, 200 g of ice was added into the reaction 

mixture followed by 2.0 mL of 30% H2O2. The precipitate was separated by centrifugation 

(4000 rpm for 30 min) washed in succession with 200 mL of 37% HCl, 200 mL of water, and 

200 mL of ethanol. The resulting material was dried in a vacuum oven at 80 ℃ for 12 h. In 

the typical synthesis of 3D-CoO-NrGO, 1.16 g of Co(NO3)2·6H2O and 0.12g of urea were 

dissolved into 90 mL of ethylene glycol and 10 mL of H2O mixture followed by dispersing 

100 mg of GO power. The homogeneous suspension obtained was loaded in autoclave 

reactors to react at 150 ℃ for 5 h. The precipitate was purified through centrifugation and 

thoroughly washed with H2O and ethanol. The precursor obtained after drying at 100 ℃ for 

5 h was heated at 400 ℃ under Ar for 2 h to get 3D-CoO-NrGO. CoO loading of these samples 

was controlled by using appropriate amounts of Co(NO3)2·6H2O. Control samples 3D-NrGO, 

2D-CoO-NrGO, and hybrid without N-doping (3D-CoO-rGO) were synthesized without 

using Co(NO3)2·6H2O, ethylene glycol, and urea, respectively. Physically mixed sample 

(CoO+3D-NrGO) and 3D-Co3O4-NrGO were also prepared for comparison.  

 

Figure 2.3 Schematic of the synthesis process of 3D-CoO-NrGO hybrids. 

2.2.4 Synthesis of Metal-Organic Framework, UiO-66 

Zirconium terephthalate framework (UiO-66) was prepared via a solvothermal reaction 

followed by heat treatment under an inert atmosphere (Figure 2.4).126 Briefly, 0.85 g of ZrCl4, 

0.82 g of H2BDC, and 4.0 mL of HCl were dissolved in 50 mL of DMF. The homogeneous 

solution was then loaded into a Teflon autoclave reactor and kept at 120 ℃ for 24 h.  

 

Figure 2.4 Schematic of the synthesis of UiO-66. 
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The precipitate obtained was collected through centrifugation and thoroughly washed with 

methanol followed by drying at 80 ℃ under vacuum for 12 h. The resulting white powder 

was calcined at 400 ℃ for 1 h under Ar-flow to get the activated UiO-66. 

2.3 Fabrication of Energy Storage Devices 

2.3.1 Electrode Fabrication 

The typical electrode fabrication process is presented in Figure 2.5. Single-phase 

(anatase or bronze), dual-phase (anatase-bronze hybrid), and physically mixed 

(anatase/bronze = 85:15) TiO2 nanosheet anodes were prepared by homogeneously mixing 

active material (70 wt%), acetylene black (20 wt%), CMC (5 wt%), and citric acid (5 wt%) 

in H2O. The obtained slurry was coated on a Cu foil (∼ 10 μm thickness) followed by drying 

at 80 ℃ under vacuum for 12 h. A typical anode consists of ∼ 2.0 mg·cm−2 active material. 

The Co3O4 nanorod and Co3O4 nanoparticle anodes were prepared by coating the 

homogenous slurry consisting of active materials (70 wt%), acetylene black (20 wt%), and 

PVDF (10 wt%) in NMP on a copper foil followed by drying at 80 ℃ under vacuum for 12 

h. A typical anode consists of ∼ 2.0 mg·cm−2 active material. 3D-CoO-NrGO anode was 

prepared by coating a slurry composed of active materials (80 wt%), acetylene black (10 wt%), 

and PVDF (10 wt%) in NMP onto a Cu foil followed by drying at 80 ℃ under vacuum for 

12 h. A typical anode consists of ∼ 1.8 mg·cm−2 of active material.  

 

Figure 2.5 Schematic of the electrode fabrication process. 

Control anodes, 3D-NrGO, 2D-CoO-NrGO, 3D-CoO-rGO, 3D-CoO+NrGO, and 3D-Co3O4-

NrGO, were also prepared for parallel experiments. The activated carbon (AC) cathode was 
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obtained by a similar process by mixing AC (80 wt%), acetylene black (10 wt%), and PVDF 

(10 wt%) in NMP and pasting onto Al foil (∼ 10 μm thickness). A typical anode consists of 

∼ 2.0 mg·cm−2 active material. 

2.3.2 Separator Fabrication 

UiO-66/PVDF-HFP hybrid membranes were prepared following previous reports with 

minor modifications (Figure 2.6).127, 128 Briefly, 0.7 g of PVDF-HFP was dissolved into 4.0 

g of DMF and acetone mixture (weight ratio of 7:1) under stirring for 1h at 25 ℃ to get a 

transparent solution. UiO-66 powder with a specific weight was dispersed into the above 

solution under ultrasonication for 30 min and stirred for 2 h successively. The homogeneously 

mixed solutions obtained with different UiO-66 concentrations, 0 wt%, 3 wt%, 6 wt%, and 9 

wt%, are defined as PVDF-HFP, 3-Hybrid, 6-Hybrid, and 9-Hybrid, respectively. The 

solutions were then individually coated on a glass substrate using a doctor blade with a gap 

size of 400 μm. Membranes obtained were immersed into a 9:1 mixture solution of water and 

ethanol at 25℃ for 12 h and then transferred into fresh water solution to remove the track 

solvent. After drying at 80 ℃ for 6 h under vacuum, the membranes were cut into circular 

disks with a diameter of ~1.6 cm being used as separators. Separators obtained were then 

immersed into the liquid electrolyte solution (1.0 M NaPF6 in PC) for 5 h to form quasi-solid-

state (QSS) electrolytes for the subsequent experiments.  

Figure 2.6 Schematic of the fabrication of separator. 

2.3.3 Cell Assembly 

Electrochemical measurements were performed on 2032-type coin-cells, and the cell 

assembly is presented in Figure 2.7. Half-cells were assembled with a Na-metal counter/ 

reference electrode and a glass fiber separator. The electrolyte is composed of 1.0 M NaPF6 

in PC. Na-ion hybrid capacitors were assembled with the above anodes and AC cathodes 
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(different active material weight ratio was used for cell-balancing). Individual electrodes were 

presodiated in their corresponding voltage ranges to circumvent the first-cycle irreversible 

capacity loss related to the formation of the solid electrolyte interface (SEI). 

 

Figure 2.7 Schematic of coin cell assembly. 

2.4 Characterization Techniques 

2.4.1 X-Ray Diffraction (XRD) Analysis  

X-ray diffraction (XRD) analysis is a non-destructive analytical technique, which 

provides information about the crystallographic structure, crystallite size (grain size), 

crystallinity degree, chemical composition, and physical properties of materials. An unknown 

structure can be identified by comparing its diffraction pattern with those of already 

established structures.  

 

Figure 2.8 Bragg diffraction. 
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The working principle (Figure 2.8) of XRD spectroscopy is based on the Bragg’s law of 

diffraction (Equation 2.1).129 

𝑛𝜆 = 2𝑑sin𝜃                                              (Equation 2.1) 

where λ is the wavelength of the X-ray beam, d is the crystal interlunar spacing, n is an integer 

that represents the orders of reflection, and θ the angle of incidence or reflection of the X-ray 

beam.  

In this work, X-ray diffraction patterns were recorded with a PANalytical Empyrean 

high-resolution diffractometer equipped with a Cu-Kα X-ray source (λ=1.54 Å). The average 

crystallite size of the electrode materials is calculated from their characteristic XRD 

diffraction peaks using Scherrer formula (Equation 2.2).130 

𝐷 =
𝐾𝜆

𝜔Cos𝜃
                                             (Equation 2.2) 

where D is the particle size, λ = 0.154 nm, K is the shape factor, ω is the full width at half 

maximum (FWHM) of diffraction peak, and θ is the measured angle. 

2.4.2 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique relying on the scattering effect when 

monochromatic light interacts with molecules (Figure 2.9). It can be used to probe vibrational, 

translational, and rotational modes of molecular structures. The light is usually a laser in the 

visible, near-infrared, or near-ultraviolet range. For the spontaneous Raman effect, a photon 

excites the molecule from the ground state to a virtual energy state.131 

When the molecule relaxes, it emits a photon and returns to a rotational or vibrational 

state. If the emitted photon has less energy than the absorbed photon, the energy difference is 

called a Stokes shift, on the contrary, it is an Anti-Stokes shift. These shifts are for the balance 

of the total energy of the system. Raman scattering intensity and the model of the shifts are 

determined by the polarizability change of the molecule and vibrational states of the sample, 

respectively. In this work, a Renishaw PLC Raman spectrometer fitted with a 532 nm Nd: 

YAG laser is used for collecting the Raman spectra of active electrode materials. The laser 

power is limited to 5.0 mW to avoid damage to the samples.



2.4 CHARACTERIZATION TECHNIQUES 
 

46 
 

 

Figure 2.9 Theory of Raman effect.131 

2.4.3 X-Ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that gives 

information about valence states, elemental composition, and the empirical formula of the 

elements that present in the sample. XPS measurements are performed by irradiating a 

material with a beam of X-rays while synchronously measuring the kinetic energy (KE) and 

the number of electrons that escape from the top 1 to 10 nm of the sample (Figure 2.10). 

Ultra-high vacuum (UHV) conditions are required to count the real number of electrons with 

a minimum error. 

 

Figure 2.10 Schematic of X-ray photoelectron spectrometer. 
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The electron analyzer plots the number of electrons detected vs. the binding energy (BE) 

of the emitted electrons. The BE can be determined by using the equation (Equation 2.3) 

based on the work of Ernest Rutherford.132  
𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝛷)                  (Equation 2.3) 

 

where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray photons 

being applied, Ekinetic is the kinetic energy of the electron as measured by the instrument, and 

is the work function of the spectrometer. These energy peaks can provide information about 

specific elements existing on the surface of the material being analyzed and the quantity of 

the elements. Besides, the area of each peak is proportional to the number of atoms available 

in each element. In this work, XPS spectra were collected using a Thermo Fisher Scientific 

Multilab 2000 equipped with an Al Kα X-ray source, h = 1486.6 eV. 

2.4.4 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) is a technique that monitors the weight loss of a 

sample, against the time or temperature in a specific atmosphere (Figure 2.11). This method 

can give information about certain physical and chemical phenomena such as decomposition, 

oxidative degradation, sublimation, absorption, desorption, etc.133 In this work, TGA was 

performed using a TA Q50 apparatus. Samples were heated from room temperature to 700 °C 

with a heating rate of 10 °C·min−1 under air or N2 flow. 

 

Figure 2.11 Schematic of Thermogravimetric analyzer.133 
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2.4.5 Micro Combustion Calorimeter (MCC) 

Microscale combustion calorimeter (MCC) is similar to TGA, in which the sample of 

milligram size is first decomposed in the pyrolysis chamber in an oxygen/nitrogen mixture 

environment (Figure 2.12). The decomposed products are then transported into the 

combustor for an oxidation process at a specific temperature. The heat release rate, Q(t) (W·g–

1), as a function of time is calculated according to the oxygen consumption theory (Equation 

2.4).134 

𝑄(𝑡) =
𝜌𝐶𝐹(𝑡)

𝑚0
Δ𝑋𝑂2

(𝑡)                              Equation 2.4 

where ρ, C, F(t), m0, and ΔXO2 are the density of oxygen, heat of oxygen combustion with 

typical organic fuels, initial sample weight, instantaneous total flow rate recorded during the 

test, and the change in the volume fraction of oxygen in the dried combustion gas stream. In 

this work, the fire behavior of all samples is investigated using Micro-scale Combustion 

Calorimeter (MCC, FTT) with a sample weight of ~ 5.0 mg. The combustion heat with 

consuming 1.0 g oxygen is fixed at 13.1 kJ with 4% derivation. The system was heated to 

700 °C at a heating rate of 1.0 °C·s−1 under a 20 cm3·min−1 gas stream consisting of oxygen 

(20%) and nitrogen (80%). 

 

Figure 2.12 Schematic of microscale combustion calorimeter.134 
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2.4.6 Differential Scanning Calorimetry (DSC) 

Differential scanning calorimetry (DSC) is a thermoanalysis technique that mainly 

providing information about phase transitions, such as melting, glass transitions, or 

exothermic decompositions. These transitions involving energy or heat capacity change can 

be detected by DSC. The DSC experiment plots heat flow versus temperature or versus time 

(Figure 2.13). This curve can be used to calculate enthalpies of transitions by integrating the 

peak corresponding to a given transition using the following equation (Equation 2.5).135  

∆𝐻 = 𝐾𝐴                                             (Equation 2.5) 

where H, K, A are the enthalpy of transition, calorimetric constant, and area under the curve, 

respectively. DSC was performed on a TA Q200 instrument at a heating rate of 10 °C·min−1. 

 

Figure 2.13 Schematic of differential scanning calorimeter, and a typical DSC curve.135 

2.4.7 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) is one of the most frequently used methods to 

obtain information about the surface microstructure of material from electron-matter 

interactions created by an electron beam. Electron microscopes use electrons for imaging that 

is superior to the optical microscope due to significantly higher magnifications resulting from 

the shorter wavelength of electrons compared to visible light.136 The obtained image is formed 

by the secondary electrons arising from the sample (Figure 2.14). When electrons cross the 

sample and impact the sample holder, a photomultiplier converts the voltage signal into a 

light signal, then forming an image.136, 137 Additionally, energy dispersive X-ray analysis 
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(EDX) is used to analyze the elemental composition of the sample. In this work, SEM images 

of electrode materials were collected using an FEI Helios NanoLab 600i microscope 

operating at 20 kV. 

 

Figure 2.14 Schematic of scanning electron microscope.137 

2.4.8 Transmission Electron Microscopy (TEM)  

Transmission electron microscopes (TEM) are using the same working principle as an 

optical microscope, the only differences are the electron beam instead of light and the use of 

electromagnetic lenses instead of glass ones (Figure 2.15). TEM provides information about 

the inner structure of the sample, such as the crystal structure and morphology. Images 

obtained are of higher magnification and resolution at nanoscale dimensions compared to 

SEM. High energy electrons (up to 300 kV) are accelerated to nearly the speed of light and 

focused into a small and thin beam using a condenser lens with high angle electrons being 

excluded by the condenser aperture. This beam is used to trike the sample, and the transmitted 

electrons are focused by the objective lens into a phosphor screen to convert the electron 

signal to a visible image.138 In this work, FEI Talos F200X FEG microscope working at an 

acceleration voltage of 200 kV was used to record the high-resolution TEM images and 

selected area electron diffraction (SAED) patterns. 
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Figure 2.15 Schematic of transmission electron microscope. 

2.4.9 Surface Area Analysis 

Brunauer–Emmett–Teller (BET) theory aims to explain the physical adsorption of gas 

molecules on a solid surface and widely serves as an analysis technique for the measurement 

of the specific surface area of materials (Figure 2.16).139, 140 BET equation (Equation 2.6) is 

commonly used for this calculation by calculating the amount of gas adsorbed corresponding 

to a monomolecular layer on the surface.  

1

𝑊((𝑃0/𝑃) − 1)
=

1

𝑊𝑚𝐶
+

𝐶 − 1

𝑊𝑚𝐶
 (𝑃/𝑃0)                      Equation 2.6 

where W is the weight of gas adsorbed at a relative pressure (P/P0), and Wm is the monolayer 

capacity of the adsorbed gas at P/P0. C is the BET constant exponentially related to the energy 

of adsorption in the first adsorbed layer, and its value is an indication of the magnitude of the 

adsorbent/adsorbate interactions. 
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Figure 2.16 Schematic of surface area analyzer.139 

Multipoint BET method (Figure 2.17). The BET equation linearly plots 1/f vs. P/P0, 

where f = W(P0/P−1). The standard multipoint BET procedure requires at least three points 

in the appropriate relative pressure range. Wm can be obtained from the slopes and intercept i 

of the BET plot (Equation 2.7−2.9). 

𝑠 =
𝐶 − 1

𝑊𝑚𝐶
                                                Equation 2.7 

𝑖 =
1

𝑊𝑚𝐶
                                                   Equation 2.8 

𝑊𝑚 =
1

𝑠 + 𝑖
                                               Equation 2.9 

The specific surface area S of the solid can be calculated by the following relationships 

(Equation 2.10 and 2.11). 

𝑆𝑡 =
𝑊𝑚𝑁𝐴𝐶𝑆

𝑀
                                          Equation 2.10 

𝑆 =
𝑆𝑡

𝑊
                                                     Equation 2.11 

where St is the total surface area of the sample, N is Avogadro’s number (6.023×1023 

molecules per mole), M is the adsorbate molecular weight, Acs is the molecular cross-sectional 

area of the adsorbate molecule. Nitrogen is commonly adopted for the determination of 

surface area as it has intermediate values of 50−250 for the C constant on the surface of most 

solids. For the hexagonal close-packed nitrogen monolayer at 77 K, the Acs for nitrogen is 

16.2 Å2. 
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Figure 2.17 Multipoint BET plot. 

In this work, Nitrogen adsorption−desorption isotherms were acquired at 77 K using a 

Quantachrome Quadrasorb surface area analyzer. Specific surface area was calculated using 

a Brunauer−Emmett−Teller (BET) model in the P/P0 range of 0.05−0.2. Pore volumes and 

diameters were investigated through the Barrett−Joyner−Halenda (BJH) model. 

2.4.10 Fourier Transform Infrared (FTIR) Spectroscopy 

Infrared (IR) spectroscopy is a common method based on absorption spectroscopy and 

is used to collect an IR region spectrum of emission, absorption, and photoconductivity. 

When a sample is irradiated with IR radiation, absorptions happen as a result of the variation 

of the molecular dipole moment during vibrational motions (Figure 2.18).  

 

Figure 2.18 Schematic of FTIR spectrometer. 
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In this work, the FTIR spectra are recorded on the FTIR (Nicolet iS50) with the wave 

number ranging from 4000 to 400 cm−1. The powder sample is mixed with KBr 

homogeneously and pressed into a pellet of around 1 mm thickness. The background spectra 

are collected with the neat KBr pellet. 

2.4.11 Electrochemical Impedance Spectroscopy (EIS) 

EIS spectra separate individual electrochemical processes by their characteristic 

timescales, enabling both qualitative and quantitative analysis of electron transport, reaction 

rates and mechanisms, intercalation processes, mass transport, and electrode structure. 

Qualitative analysis of EIS spectra generally involves assessing the shape of Nyquist plot 

features to identify and quantify different types of internal resistances..141 Nyquist plots of 

electrodes are composed of a nonsymmetrical semicircular at high-frequency, a semicircle at 

medium-frequency, and a slanted line at low-frequency region corresponding to the solid 

electrolyte interface (SEI) resistance (Rs), charge transfer resistance (Rct), and Na-ion 

diffusion resistance (Zw), respectively (Figure 2.19). 

 

Figure 2.19 Typical Nyquist plot.141 

In this work, EIS spectra at open circuit potential (OCP) were recorded using a ZIVE 

SP1 electrochemical workstation by sweeping the frequency from 0.01 Hz to 1.0 MHz. Na-

ion diffusion coefficients were calculated using the following equation.142 

𝐷 =
1

2
(

𝑅𝑇

𝐴𝐹2𝜎𝑤𝐶
)                                       Equation 2.12 
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where, D, R, T, A, F, σw, and C represent diffusion coefficient, gas constant, the absolute 

temperature in Kelvin, electrode area, Faraday’s constant, Warburg impedance coefficient, 

and sodium concentration, respectively.  

2.4.12 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) is a dynamic electrochemical method for acquiring qualitative 

and quantitative information about the redox processes occurring. This method is based on 

recording the current while the potential of the working electrode is scanned between two 

limiting values at a certain scan rate. It is known that the charge stored in the electrode is 

contributed by capacitive process and diffusion-controlled faradaic process. Specific 

contributions of diffusion-controlled processes and capacitive effects could be quantified by 

the following equation.122, 124 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1
2                                      Equation 2.13 

where, k1, k2 are constants, i represents the current at corresponding potential, 𝑣 the scan rate. 

𝑘1𝑣 and 𝑘2𝑣½ correspond to capacitive-controlled and diffusion-dominated Na-ion storage 

processes, respectively. 𝑘1 and 𝑘1 can be calculated by plotting 𝑖/𝑣½ vs. 𝑣½, thus the fraction 

of the charge from capacitive effects and the diffusion-controlled faradaic process could be 

determined.  

2.4.13 Galvanostatic Cycling  

Galvanostatic cycling rate performance aims to study the Na-ion storage performance of 

the electrodes. A fixed current is extracted or supplied between the two electrodes, while the 

voltage response between the electrodes is monitored. Current is usually expressed in C rate 

(a terminology that signifies a charge or discharge rate), where the magnitude of the current 

determines the rate of the charge and discharge processes. In this work, batteries are cycled 

under different currents densities on a Neware BTS-4000 battery tester. Na-ion half-cells and 

SHCs were tested in the voltage range of 0–3.0 V and 1.0–4.0 V, respectively. Energy density 

(E, Wh·kg–1) and power density (P, W·kg–1) of the SHCs (based on the total mass of active 

materials on both electrodes) were calculated according to the following equations.53, 119 

𝐸 = ∫ 𝐼𝑉𝑑𝑡
𝑡2

𝑡1

                                             Equation 2.14 
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𝑃 =
𝐸

𝑡
                                                    Equation 2.15 

where I is the current density (A·g–1); V is the voltage (V); t1 and t2 are the beginning and 

ending of discharging time, respectively; t is the total discharging time (h). 
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CHAPTER 3 

High-Performance Na-Ion Hybrid Capacitors Enabled by 

Interface-Engineered TiO2 Nanosheet Anodes 

3.1 Introduction 

TiO2 possesses several advantages such as non-toxicity, chemical stability, and structural 

stability during the charge-discharge process.53, 119 Sodiation occurs through percolation 

pathways of amorphous TiO2. Whereas intercalation channels facilitate Na-ion diffusion in 

anatase and bronze crystalline polymorphs.143, 144 Lower sodiation potential of TiO2 (0.7 V 

vs. Na/Na+) is also beneficial to achieve good energy density. Strong dependence of crystal 

structure and exposure of specific planes on Na-ion intercalation kinetics of TiO2 have been 

reported recently.53, 119, 143-145 Despite the several advantages of TiO2, low electronic 

conductivity, inadequate capacity, and poor stability on extended cycling greatly hinder its 

implementation in SHCs.53, 119 Several strategies such as morphology/size control, 

hybridization with carbonaceous materials, and heteroatom doping are proposed to address 

these issues.53, 119, 143, 146-151 Nevertheless, only marginal Na-ion storage performance 

enhancement is identified for the modified TiO2 compositions. Hence, alternative strategies 

are required to improve the rate capability, specific capacity, and cycling stability of TiO2 

based anode materials for high-performance SHCs. 

Pseudocapacitive type Na-ion storage is demonstrated recently as superior to 

intercalation, conversion, and alloying type processes, especially in the case of Na-ions. 

Diffusion-independent nature of the pseudocapacitive process facilitates a fast charge-

discharge process of the electrode materials.26, 119, 149, 151 Since pseudocapacitance is a 

surface/near-surface process, Na-ion insertion/extraction is not affected by the bulk ionic 

conductivity and independent of the electrode crystal structure, facilitating long-term cycling 

stability.26, 124, 152 Moreover, high specific capacities can be achieved through the conventional 

reaction mechanism and pseudocapacitive-type Na-ion storage.47, 119, 152 Intrinsically 

pseudocapacitive anodes such as Li4Ti5O12 and Nb2O5 usually exhibit low specific capacities 
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(< 150 mAh·g–1) that are not sufficient for high-energy applications.53, 153, 154 Intercalation-

type pseudocapacitance of TiO2 is also low (~ 4%) owing to the increased size of Na-ions. 

This often resulted in the inadequate energy densities of SHCs based on TiO2 anodes.53, 119, 

155, 156 Although charge-transfer and intercalation type pseudocapacitive Li-ion storage of 

TiO2 anodes were improved by nano-structuring and hybridization with electronically 

conducting carbonaceous materials, few efforts have been previously reported on improving 

the intercalation type pseudocapacitance. Hu et al. recently reported a heterostructured 

anatase/TiO2-B nanobelt anode for superior Li-ion storage.157 Increased performance, in this 

case, resulted from superior Li-ion diffusion kinetics, and pseudocapacitance improvement 

mainly resulted from the open tunnels along b and c-axes of bronze phase TiO2. Iversen et al. 

reported enhanced pseudocapacitive Li-ion storage in a high-temperature stabilized anatase-

bronze mixture.156 Reversible Na-ion storage capacity of 70 mAh·g–1 demonstrated in this 

case is rather low. Yang and Fan et al. reported the use of anatase-bronze-carbon hybrid as 

SIB anode.148 Enhanced performance is explained by charge-transfer type surface Na-ion 

storage. Anatase phase TiO2 and carbon support in this case act as an electron sink and Na-

ions are stored on bronze TiO2. Chen and Wen et al. reported graphene-coupled TiO2 as Na-

ion host material, which reduces the diffusion energy barrier and thus enables superior 

pseudocapacitive Na-ion storage.145 Hence, highly pseudocapacitive TiO2 anodes capable of 

increased Na-ion storage are necessary for high energy density SHCs.  

In this section, we demonstrate for the first time, a high energy density SHC based on 

interface engineered TiO2 nanosheet anodes consisting of anatase and bronze nanocrystallites 

(~ 10 nm). Designing the highly pseudocapacitive TiO2 nanosheet anode for Na-ion storage 

is based upon the following aspects. (i) Two-dimensional morphology with improved 

interfacial Na-ion diffusion results in enhanced contact with the electrolyte. (ii) Hierarchical 

microstructure enables the formation of numerous interfaces between adjacent 

nanocrystallites of anatase and bronze titania (iii) Moreover, crystal mismatching of bronze 

and anatase nanocrystallites generates extra active sites for pseudocapacitive-type rapid Na-

ion insertion. Unique microstructural features of the above dual-phase TiO2 nanosheet anode 

resulted in improved energy/power densities and significantly extended cycle-life of the 

asymmetric SHCs. 
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3.2 Results and Discussion 

3.2.1 Characterization of Hierarchical TiO2 Nanosheets 

Controlled bottom-up growth (Figure 2.1) in this case is achieved by the careful selection 

of a precursor and a reaction medium. Use of TiCl3 instead of more reactive Ti{OCH(CH3)2}4 

and TiCl4 enabled controlled crystallization of TiO2 nanosheets. Ethylene glycol (EG) plays 

a dual role in this synthetic method. First, the interaction between the OH groups of glycol 

and crystallographic planes of TiO2 enables anisotropic crystal growth that facilitates two-

dimensional (2D) morphology formation. Additionally, increased viscosity of EG reduces the 

crystal growth and enables uniform size distribution. The reaction between EG and TiCl3 

results in the formation of a Ti-glycolate complex, which undergoes condensation followed 

by hydrolysis in the course of the solvothermal reaction to produce two-dimensional TiO2 

composed of bronze nano crystallites. Controlled calcination of bronze TiO2 possessing 

nanosheet morphology at 400 and 450 ℃ lead to the formation of hierarchical dual-phase and 

anatase-phase nanosheets. 

The TGA curve is shown in Figure 3.1a. Bronze TiO2 nanosheets experience a weight 

loss of 19.8% in the range of 30−220 ℃ representing the loss of physically and chemically 

adsorbed water molecules. Additional weight loss of 7.4% in the range of 220−450 ℃ 

corresponds to the removal of residual glycol molecules and phase change from bronze to 

anatase. X-ray diffraction patterns of single- and dual-phase TiO2 nanosheets are presented 

in Figure 3.1b. Distinct reflections are well consistent with the reference XRD patterns of 

bronze (JCPDF No. 46−1237) and anatase (JCPDF No. 21−1272) TiO2 polymorphs.53, 122, 148 

The anatase/bronze ratio of dual-phase TiO2 nanosheets was determined to be 85:15 

according to the relative ratio of bronze (310) and anatase (004) signals at 33.4 and 37.8°, 

respectively. Average crystallite sizes calculated by the Scherrer formula for bronze, dual-

phase, and anatase nanosheets are 5±2, 7±2, and 10±2 nm, respectively. Raman spectroscopy 

is used for the additional compositional analysis of TiO2 nanosheets. Raman spectra of TiO2 

nanosheets (Figure 3.1c) are consistent with the active modes of anatase and bronze.157, 158 

Relative amounts of anatase and bronze polymorph of the dual-phase TiO2 nanosheets are 

confirmed to be 84:16 by fitting the corresponding Raman signals at 147 cm−1 and bronze at 
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124 cm−1, respectively (Figure 3.1d).122, 157, 158 This is consistent with the XRD results, 

validating both phase purity and uniform distribution of anatase/bronze nanocrystallites. 

 

Figure 3.1 (a) TGA curve of TiO2 (B) under air flow. (b) XRD patterns, (c) Raman spectra, 

and (d) Anatase and bronze phase quantification of TiO2 (A+B). 

Further surface chemical characterizations of dual-phase TiO2 nanosheets were 

performed with XPS. The Ti 2p spectrum (Figure 3.2a) consists of Ti 2p1/2 (464.4 eV) and 

Ti 2p3/2 (458.5 eV) with a 5.8 eV spin energy separation that is slightly larger than previously 

reported TiO2, possibly owing to the oxygen vacancies and 2D morphology.159 O 1s spectra 

(Figure 3.2b) comprise the main peak at 529.7 eV corresponding to Ti−O bonds and an 

additional broader signal that can be deconvoluted into peaks centered at 531.9 and 533.3 eV. 

These additional signals originate from oxygen/moisture adsorbed at oxygen vacancies and 

carbonate groups (resulting from Ti-glycolate decomposition), respectively.159, 160 The 

presence of oxygen vacancies and moisture is common for low-temperature-treated high-

surface TiO2, especially for the (110) plane of the bronze polymorph.160 The presence of 

crystal defects such as oxygen vacancies and Ti3+ is beneficial for obtaining superior 
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electronic conductivities and surface Na-ion storage. The use of TiCl3 as a TiO2 precursor 

also facilitates oxygen vacancy and Ti3+ in the nanosheets.161 N2 adsorption-desorption 

isotherms (Figure 3.2c) provide further details of the textural properties of TiO2 nanosheets. 

Both single- and dual-phase samples showed isotherms and hysteresis of types IV and H3, 

respectively, which are characteristic of mesoporosity. Superior N2 adsorption in the relative 

pressure range P/P0 = 0.4−1.0 indicates the mesoporous structure.162 BJH pore size analysis 

confirms the mesoporous nature of TiO2 nanosheets. As expected, dual-phase TiO2 (106.4 

m2·g−1) and anatase TiO2 (80.1 m2·g−1) nanosheets exhibit lower surface areas compared to 

bronze TiO2 nanosheets (124.0 m2·g−1). This is due to the increased crystal growth through 

high-temperature calcination. Mesoporous nature of single- and dual-phase TiO2 nanosheets 

is evident from the BJH analysis (Figure 3.2d). 

 

Figure 3.2 (a) Ti 2p and (b) O 1s XPS spectra of TiO2 (A+B). (c) Nitrogen adsorption-

desorption isothermal curves and (d) Pore size distribution of TiO2 (A), TiO2 (B), and TiO2 

(A+B). 

As expected, lower surface area and increased pore size are observed for heat-treated 

nanosheets (Table 3.1) compared to bronze TiO2 nanosheets. Superior contact with the 
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electrolyte solution can be achieved for these samples due to the high surface area and 

mesoporosity in addition to the possibility of extra Na-ion storage in the mesopores.163 

Table 3.1 Phase composition and textural properties of TiO2 nanosheets. 

Composition 
Anatase 

(%) 

Bronze 

(%) 

BET Surface area 

(m2·g–1) 

BJH Pore 

volume (cm3·g–1) 

Pore diameter 

(nm) 

Bronze 0 100 124.0 0.215 3.60 

Hybrid 85 15 106.4 0.285 3.69 

Anatase 100 0 80.1 0.254 4.16 

Scanning electron microscopy (SEM) images (Figure 3.3a-c) confirm the highly 

agglomerated and interconnected nature of dual-phase TiO2 nanosheets. The high-resolution 

image (Figure 3.3c) also revealed an average thickness of ∼10 nm for individual nanosheets. 

Such hierarchical microstructures and ultrathin nature are beneficial for enhanced solid-state 

Na-ion diffusion compared to individually separated nanosheets and superior contact with the 

electrolyte solution. Transmission electron microscopy (TEM) images (Figure 3.3d-f) at 

different magnifications verify the microstructure of dual-phase TiO2 nanosheets. The lattice 

spacing of 0.62 and 0.36 nm represent (001) and (101) crystal planes of bronze and anatase 

phases, respectively.119, 164  

 

Figure 3.3 (a-c) SEM and (d-f) TEM images of hierarchical TiO2 (A+B). 
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The high-resolution image (Figure 3.3f) also confirms the presence of anatase and bronze 

nanocrystallites (8±2 nm), which matches well with the XRD results. Well-defined interfaces 

between anatase and bronze nanocrystallites are visible in these images, which can be 

anticipated due to the mismatch in the crystals of these polymorphs. Such a microstructure of 

TiO2 nanosheets consisting of nanointerfaces between individual anatase and bronze 

crystallites is very attractive due to the possible surface Na-ion storage and improved 

diffusion through interfaces. In summary, controlled hydrolysis of TiCl3 in the EG solvent 

and following calcination result in the formation of single- and dual-phase hierarchical 2D 

TiO2 nanosheets. 

3.2.2 Electrochemical Performance of Hierarchical TiO2 Nanosheet Anodes 

Electrochemical performance of TiO2 nanosheet anodes was systematically tested in a 

Na-ion half-cell configuration in the voltage range of 0−3.0 V. Dual-phase TiO2 demonstrate 

significantly higher specific capacity (289 mAh·g−1 @0.025 A·g−1) and better rate 

performance (110 mAh·g−1 @1.0 A·g−1) than anatase- and bronze-phase nanosheets (Figure 

3.4a). The first discharge capacity of 514 mAh·g−1 and reversible Na-ion storage of the dual-

phase are vastly better than crystalline and amorphous TiO2 electrodes reported previously 

(Figure 3.4b).143, 145, 164-167 As expected, dual-phase TiO2 nanosheet anode experiences 44% 

of the first-cycle capacity loss (Figure 3.4c) due to solid electrolyte interface (SEI) formation 

and irreversible Na-ion insertion in crystal surface/lattice defects.148, 164 Fabrication of SHCs 

needs further improvement of the first-cycle coulombic efficiency, which can be achieved by 

adopting special electrolyte solutions containing additives/excess Na-ions, presodiation of the 

anodes, or use of protected Na metal in the electrode composition to supply additional Na-

ions required for first-cycle irreversible processes.145, 149, 150, 168 Second charge-discharge 

profiles of dual-phase TiO2 at corresponding current densities are presented in Figure 3.4d. 

Sloping charge-discharge profiles without plateaus at the current density range of 0.025−1.0 

A·g−1 signify the pseudocapacitive-type Na-ion storage. The increased slope of the voltage 

profile at higher current densities indicates the dominant pseudocapacitive mechanism at 

higher charge-discharge rates.53, 119, 152 
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Figure 3.4 (a) Galvanostatic rate performance of TiO2 (A), TiO2 (B), and TiO2 (A+B) 

anodes. (b) Specific capacity comparison of TiO2 based anodes. (c) First-cycle voltage 

profiles of TiO2 (A), TiO2 (B), and TiO2 (A+B) anodes. (d) Voltage profiles of TiO2 (A+B) 

anode at different current densities. 

Cyclic voltammetric studies (Figure 3.5a) provide further information to clarify the Na-

ion storage mechanism. A broad signal around 0.5 V during the first cathodic scan 

corresponds to SEI formation, which is in good agreement with the irreversible capacity loss 

of the first cycle. The absence of this signal in the following scans confirms the complete 

surface-layer formation in the first cycle. The sloping cathodic signal in the voltage range of 

2.25−0.4 V in the second and consecutive cathodic scans represents diffusion-independent 

pseudocapacitive Na-ion diffusion. This correlates well with the sloping galvanostatic voltage 

profiles. An additional signal in the 0.4−0 V range corresponds to diffusion-dependent Na-

ion intercalation in the anatase and bronze TiO2 crystal structure.53, 148 Broad anodic signals 

between 0.79 and 2.25 V and a shoulder at 0.25 V correspond to pseudocapacitive and 
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diffusion dependent-type Na-ion deintercalation, respectively. CV curves overlap during the 

consecutive cycles, demonstrating high reversibility of the Na-ion storage. The unique shape 

of the CV curves also visualizes the dominant pseudocapacitive Na-ion storage process 

compared to previous reports.147, 169 Superior Na-ion diffusion is also visible from the 

increased sodiation potentials. This diffusion-independent nature could facilitate a fast 

charge-discharge process without affecting the crystal structure of the electrode material and 

ensure long-term cycling stability. As expected, dual-phase TiO2 exhibits excellent cycling 

stability in the half-cell configuration (Figure 3.5b), with a capacity retention of 207 mAh·g−1 

and a Coulombic efficiency of 99.9% after 100 cycles at a current density of 0.1 A·g−1. 

Identical voltage profiles on extended cycling (Figure 3.5c) indicate the highly reversible Na-

ion intercalation/deintercalation process. 

 

Figure 3.5 (a) CV curves at a scan rate of 0.1 mV·s−1, (b) Galvanostatic cycling 

performance, and (c) Corresponding voltage profiles of TiO2 (A+B) anode. (d) Nyquist plot 

and Randles equivalent circuit (inset) of TiO2 (A), TiO2 (B), and TiO2 (A+B) anodes. 
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The Nyquist plots of all three samples (Figure 3.5d) are composed of a low-frequency 

sloping line and a high-frequency semicircle characteristic of solid-state diffusion (Zw) and 

charge-transfer resistance (Rct) of Na ions, respectively. Nyquist plot fitting with the 

equivalent circuit (Figure 3.5d inset) verifies Rct of 236.4 Ω for dual-phase TiO2 nanosheets, 

349.2 Ω for the phase-pure bronze anode, and 66.9 Ω for anatase nanosheets.152, 167, 170 Lower 

charge-transfer resistance of bronze- and anatase-phase TiO2 compared to the dual-phase can 

be attributed to their increased surface area and pore size, respectively, which enable 

preferable contact with the electrolyte. It is noteworthy that the Na-ion storage performance 

of high-surface-area (124.0 m2·g−1) bronze TiO2 is inferior to lower-surface-area anatase 

(80.1 m2·g−1) and dual-phase nanosheets (106.4 m2·g−1). Therefore, the surface area is not the 

only factor determining the electrochemical performance of TiO2 nanosheet anodes. Bronze, 

dual-phase, and anatase TiO2 nanosheets demonstrate Na-ion diffusion coefficients of 1.73 × 

10−15, 2.65 × 10−14, and 1.79 × 10−14 cm2·s−1, respectively. Such an increased diffusion 

coefficient of the dual-phase TiO2 nanosheet anode is key for achieving superior 

pseudocapacitive performance. These results verify a huge impact on the phase composition 

diffusion kinetics of Na-ions and pseudocapacitance. A dominant pseudocapacitive-type Na-

ion storage observed in dual-phase TiO2 nanosheets benefits the prolonged cycle life due to 

minimized structural change associated with the process.  

Cyclic voltammograms of single- and dual-phase TiO2 nanosheets were collected at a 

scan rate range of 0.1−100 mV·s−1 (Figure 3.6a-c) to further investigate the Na-ion storage 

mechanism. As expected, peak currents of all samples increase linearly with an increase of 

the scan rate, which is characteristic of pseudocapacitive charge storage. Although the bronze 

TiO2 polymorph consists of open channels for Na-ion diffusion, peak currents appear to be 

lower than the dual-phase and anatase TiO2 electrodes. Notable differences in the Na-ion 

storage process of the three TiO2 nanosheet samples are evident from these cyclic 

voltammograms. Pseudocapacitive contributions of the single- and dual-phase TiO2 

electrodes at a scan rate of 1.0 mV·s−1 (Figure 3.6d-f) also demonstrate a significant 

difference in the Na-ion storage mechanism. Dual-phase TiO2 shows the highest 
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pseudocapacitive contribution of 69% followed by anatase (45%) and bronze (21%) 

nanosheets. The dual-phase TiO2 electrode also exhibited higher sodiation potentials and 

broader cathodic/anodic signals in contrast to single-phase compositions, which illustrates 

energetically more favorable Na-ion insertion resulting from anatase-bronze nanointerfaces. 

 

Figure 3.6 (a-c) CV curves and (d-f) Pseudocapacitance contribution (blue region) of 

TiO2 (A), TiO2 (B), and TiO2 (A+B) anodes. 

Pseudocapacitive Na-ion storage contribution of both single- and dual-phase TiO2 

nanosheets increased with an increase of scan rates (Figure 3.7a-c), which is typical of 

dominant capacitive charge storage at higher charge−discharge rates. Na-ion diffusion 

kinetics of dual-phase TiO2 electrodes are further investigated using the power-law 

relationship of peak currents (i) and scan rates (v): i = avb, where b = 0.5 corresponds to the 

diffusion-controlled process and b = 1.0 implies the surface-controlled process.124, 145 Anodic 

and cathodic b-values are 0.8 for scan rates < 20 mV·s−1, (Figure 3.7d), which is more 

inclined to the fast surface-controlled capacitive process. However, the anodic and cathodic 

b-values reduce to 0.4 and 0.2, respectively, at scan rates > 20 mV·s−1, indicating the 

diffusion-limited Na-ion kinetics due to the increased ionic size. Similar results are previously 

observed for other pseudocapacitive SIB anodes.171 It is worth noting that capacitive 

contribution includes double layer and pseudocapacitive parts, in which the double layer 

capacity is proportional to the surface area of the electrode material (typically 10 μF·cm−2 
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contribution for > 1500 m2·g−1 surface area).107, 169 Only a low double-layer specific capacity 

of 8.7 mAh·g−1 should be expected for dual-phase TiO2 due to its low surface area (106.4 

m2·g−1). Hence, the major specific capacities originate from the pseudocapacitive Na-ion 

intercalation processes rather than surface double-layer-type storage. The remarkable 

pseudocapacitive nature makes the dual-phase TiO2 nanosheet a promising anode for SHCs. 

Enhanced Na-ion diffusion properties are also identified for the interface-engineered dual-

phase TiO2 nanosheets compared to single-phase compositions. 

 

Figure 3.7 (a-c) Pseudocapacitance contributions at various scan rates of TiO2 (A), TiO2 

(B), and TiO2 (A+B) anodes, respectively. (d) Peak current dependence of the scan rate of 

TiO2 (A+B) anode.  

To investigate the feasibility of high-energy and high power-density SHCs, dual-phase 

TiO2 nanosheet anodes were integrated with activated carbon (AC) cathodes. Galvanostatic 

charge-discharge profiles and CV curves of the dual-phase TiO2, activated carbon, and SHC 

full-cell in the voltage ranges of 0−3.0, 1.0−4.0, and 1.0−4.0 V, respectively, are presented in 

Figure 3.8a, b. Completely sloping voltage profile and square CV curve of the activated 
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carbon verify the capacitive double-layer-type Na-ion storage. The near-rectangular CV curve 

of TiO2||AC SHC demonstrates the charge storage contribution from the Faradaic 

pseudocapacitive process and non-Faradaic double-layer capacitive reactions.53, 119 

Galvanostatic rate performance of the SHC device is presented in Figure 3.8c. An excellent 

discharge capacity of 188 mAh·g−1 is achieved at a current density of 0.025 A·g−1 and retained 

a high capacity of 89 mAh·g−1 even at a high current density of 1.0 A·g−1, which are notably 

higher compared to SHCs reported earlier.152, 171, 172 Sloping charge-discharge profiles of the 

SHC (Figure 3.8d) are characteristic of dominant pseudocapacitive-type Na-ion storage.  

 

Figure 3.8 (a) Voltage profiles of the TiO2 (A+B) anode and the AC cathode. (b) CV of 

TiO2 (A+B) (red color), AC (black color), and TiO2||AC SHC (blue color). (c) 

Galvanostatic rate performance and (d) Voltage profiles of TiO2||AC SHC. 

Cyclic voltammograms of the SHC at various scan rates (Figure 3.9a) and the linear 

current-scan rate relationship also indicate the diffusion-independent kinetics. This is further 

confirmed by the high pseudocapacitance contribution (86.9% at 1.0 mV·s−1) of the SHC 
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(Figure 3.9b). Furthermore, the SHC also exhibits ∼100% Coulombic efficiency and 80% 

capacity retention at 1.0 A·g−1 after 5000 galvanostatic cycles (Figure 3.9c). Maximum  

 

Figure 3.9 (a) CV curves at various scan rates and (b) Pseudocapacitance contribution (red 

region), and (c) Galvanostatic cycling performance of the TiO2||AC SHC. Ragone plot 

comparison of the TiO2||AC SHC with (d) literatures, and (e) energy storage devices. 

energy density of 200 Wh·kg−1 at 0.025 A·g−1 and power density of W·kg−1 at A·g−1 are 

obtained (Figure 3.9d). This high energy density is radically higher than previously reported 

SHCs.46, 53, 107, 119, 154, 171-176 These values are in the energy and power density ranges of LIBs 
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(100−300 Wh·kg−1) and supercapacitors (5000−15 000 W·kg−1), respectively. To identify the 

advantages of the newly developed SHC, its Ragone plot is compared with other most 

commonly used energy storage devices (Figure 3.9e). This result demonstrates that carefully 

nanoengineered pseudocapacitive anodes can significantly boost the electrochemical 

performance of SHCs. 

3.2.3 Pseudocapacitive Na-Ion Storage Mechanism 

Pseudocapacitive Na-ion intercalation of dual-phase TiO2 nanosheets was finally 

investigated to explain the outstanding electrochemical performance of the SHC. Post-cycling 

XRD patterns of electrodes at different charged/discharged states and corresponding voltage 

profiles at a current density of 0.025 A·g−1 are presented in Figure 3.10a. The discharge 

profile in the voltage range of 3.0−1.0 V indicates a specific capacity gain of 45 mAh·g−1 

without change in the XRD pattern. Specific capacity contribution increases to 316 mAh·g−1 

in the voltage range of 1.0−0.25 V (Figure 3.10b). Corresponding XRD patterns reveal 

reduced peak intensities related to a partial loss of crystallinity and a slight shift of (101)/(310) 

reflections. The large Na-ion storage occurring in this potential range is ascribed to the SEI 

formation and Na-ion intercalation into the dual-phase TiO2 lattice.25, 148, 150, 164 Capacity gain 

of 139 mAh·g−1 in the voltage range of 0.25−0.01 V corresponds to diffusion-dependent Na-

ion insertion in TiO2 and the carbon conductive additive.143, 177 XRD signal positions are 

unaffected, and their intensities increased during charge to 3.0 V. No additional peaks 

corresponding to Ti metal and Na2O are observed in the ex-situ XRD patterns, which indicates 

the Na-ion storage through the intercalation reaction. Excellent structural stability during the 

charge-discharge process as identified from XRD measurements is highly beneficial for 

achieving extended cycling stability of SHCs. The reversible color change is also identified 

during the charge/discharge of dual-phase TiO2 nanosheets (Figure 3.10c-e). The blue color 

of the TiO2 powder discharged to 0 V indicates Ti3+ generation during Na-ion intercalation. 

The original white color of the dual-phase TiO2 is completely restored after charging to 3.0 

V. Schematic of the proposed Na-ion intercalation reaction is presented in Figure 3.10f. It is 

worth noting that pseudocapacitive intercalation is energetically more favorable compared to 

diffusion-limited insertion and conversion of Na-ion storage processes reported earlier for 
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TiO2 anodes.143, 144, 164-166, 177 Moreover, such an intercalation mechanism is completely 

different from the previously reported surficial charge-transfer-type Na-ion storage.148, 149, 151 

 

Figure 3.10 (a) Ex-situ XRD patterns (I: pristine; II−IV: discharged states; and V−VII: 

charged states), Photos of (b) pristine, (c) sodiated, and (d) desodiated states (e) Voltage 

profile, and (f) Pseudocapacitive Na-ion intercalation mechanism of TiO2 (A+B) electrode. 

Reversible Ti4+ reduction to Ti3+ is further evidenced by Ti 2p XPS spectra of dual-phase 

TiO2 electrodes at both charging and discharging states (Figure 3.11a). The absence of 

signals corresponding to Ti2+ and T0 species in the Ti 2p XPS spectra of the discharged 

electrode also excludes the possible Na-ion storage through conversion or alloying reaction. 

Reduced crystallinity and Ti3+ formation observed in this case unlike during the Li-ion 

intercalation of TiO2 could be ascribed to the larger radius of the Na-ion. Subsequent charge 

compensation and strain during Na-ion intercalation cause reversible Ti4+ reduction.124, 156, 164, 

165, 177, 178 Complete sodiation of the dual-phase TiO2 nanosheets, in this case, results in an 

only minor change of lattice parameters compared to previous reports, where the storage 

mechanism involves diffusion-dependent insertion/conversion reactions. Hence, Na-ion 

storage involves the pseudocapacitive intercalation reaction rather than surface storage on 

TiO2 nanosheets. This is additionally verified through the reduced performance of bronze 



3.2 RESULTS AND DISCUSSION 

73 
 

TiO2 nanosheets with high surface areas compared to the dual-phase sample. Finally, Na-ion 

storage in interface-engineered dual-phase TiO2 nanosheets can be summarized by the 

following equation, where Ti4+ undergoes reversible reduction during pseudocapacitive Na-

ion intercalation: Ti4+O2 + xNa+ + xe- ↔ Nax(Ti3+
xTi4+

1-x)O2 (x ≤1). 

 

Figure 3.11 (a) Ti 2p XPS of pristine, discharged, and charged TiO2 (A+B). (b) 

Galvanostatic rate performance of TiO2 (A+B) and physically mixed TiO2 (A)+(B). 

Excellent energy/power densities of SHC can be attributed to the superior 

pseudocapacitive Na-ion intercalation of dual-phase TiO2 nanosheets. The unique 

microstructure of TiO2 nanosheets presented herein consists of several features such as 

mesoporosity, 2D morphology, ultrathin nature, high surface area, and anatase-bronze 

nanointerfaces, advantageous for pseudocapacitive intercalation Na-ion storage. 

Mesoporosity, 2D morphology, ultrathin nature, and high surface area facilitate preferable 

contact with the electrolyte and thus improve Na-ion diffusion kinetics.178 It has been reported 

that particle size reduction below 10 nm and surface area increase of TiO2 can greatly improve 

the pseudocapacitance of TiO2 electrodes.124 This mainly results owing to the presence of 

surface defects and improved charge transfer kinetics owing to superior contact with the 

electrolyte. The hierarchical nature of the TiO2 nanosheets enables the formation of anatase-

bronze nanointerfaces, thus providing additional channels for efficient Na-ion diffusion. 

Moreover, structural defects such as Ti3+ and associated oxygen vacancies on TiO2 have also 

been demonstrated to effectively enhance the Na-ion diffusion kinetics by increasing 

electronic conductivity and reducing internal resistance.161
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As discussed earlier, the use of the TiCl3 precursor facilitates the formation of oxygen 

vacancies and Ti3+, which further facilitates Na-ion insertion of TiO2 anodes. Since dual-

phase TiO2 possesses mesoporosity, 2D morphology, ultrathin nature, high surface area, and 

hierarchical microstructure, it is necessary to differentiate the critical factor for exceptional 

electrochemical performance. Despite the high surface area and smallest crystallite size, 

bronze TiO2 nanosheets demonstrated low electrochemical performance compared to low-

surface-area anatase and dual-phase nanosheets. This observation confirmed the fact that 

there are other factors than the surface area governing Na-ion storage performance. This is 

additionally validated by the reduced performance of physically mixed two-dimensional TiO2 

lacking anatase-bronze nanointerfaces (Figure 3.11b). It is thus clear that the anatase-bronze 

nanointerfaces are the critical factor responsible for the excellent pseudocapacitance of dual-

phase TiO2 nanosheets.  

3.3 Summary 

In summary, the Na-ion hybrid capacitor based on highly pseudocapacitive interface-

engineered hierarchical TiO2 nanosheet anodes demonstrates a high energy density of 200 

Wh·kg−1. Coulombic efficiency and cycling stability of the hybrid device are also exceptional. 

The outstanding electrochemical performance of the SHC demonstrated herein is attributed 

to the enhanced Na-ion storage induced by the anatase-bronze nanointerfaces. While 

mesoporosity and nanosheet morphology are beneficial for the enhanced Na-ion storage 

performance, nanointerfaces induced by crystal mismatch between anatase and bronze 

crystallites are identified as the critical reason for the improved pseudocapacitive Na-ion 

intercalation pseudocapacitance. Integration of such highly pseudocapacitive anodes 

overcomes the kinetic mismatch between battery-type anodes and capacitor-type cathodes, 

resulting in excellent electrochemical performance of SHCs. The interface-engineered dual-

phase TiO2 nanosheet anode presented herein is an attractive anode material for next-

generation SHCs. The demonstrated strategy also offers guidelines for designing other high-

performance electrode materials for SHCs 
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CHAPTER 4  

High-Performance Sodium-Ion Hybrid Capacitors Enabled 

by Nanograin-Boundary induced Pseudocapacitance of 

Hierarchical Co3O4 Nanorod Anodes 

4.1 Introduction 

Pseudocapacitive-type charge storage mechanism has been recently established as 

advantages with diffusion-independent nature and independence of the bulk electronic 

conductivity. Activating pseudocapacitance of electrodes is beneficial for the fast kinetics of 

the battery-anodes.107, 124 Thus, the synergy of pseudocapacitance with conventional Na-ion 

storage demonstrates great potential for achieving high specific capacity, rate performance, 

and structural stability in the same electrode material. Since pseudocapacitive-type Na-ion 

storage can be induced by the defects, grain boundaries, and interfaces of nanostructured 

anodes, a large amount of Na-ion host materials thus could be redesigned for SHCs through 

nano-engineering technology.107 Insertion-type anodes based on TiO2, Na2Ti3O7, 

NaTi2(PO4)3, Nb2O5, V2O5 or their carbon-based (graphene, rGO, CNT, etc.) hybrids, MXene 

(Ti2C, V2C), and biomass-derived carbons have been reported previously for SHCs due to 

their intrinsic or extrinsic pseudocapacitance and rapid Na-ion intercalation.53, 101, 102, 105, 179-

182. Although good rate performance and high cycling stability of these SHCs are achieved, 

the limited energy densities (< 100 Wh·kg–1) are still not comparable with conventional Li-

ion capacitors (LICs), let alone Li-ion batteries (LIBs). The intercalation-dominated 

mechanism is still the bottleneck of insertion-type anodes for achieving high specific capacity 

due to the larger size (1.02 Å) of Na-ions compared to Li-ions (0.76 Å).10, 83, 183 

Transition metal oxides are attractive for Na-ion storage of high specific capacity due to 

their multi-electron reactions.10, 26 The mechanism can be summarized as following two types: 

1) Metal oxides based on Fe, Co, Ni, Cu, Mn, and Mo, react with Na-ion through conversion 

reaction: MOx + 2xNa+ +2xe– ↔ xNa2O + M; 2) Metal oxides based on Sn, and Sb, react 

with Na-ions initially via the conversion reaction and a second alloying reaction: xNa2O + M 

+yNa+ + ye– ↔ xNa2O + NayM. However, these conversion-type electrodes are rarely 
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adopted in SHC systems due to the sluggish Na-ion diffusion concerning the chemical 

transformation, which is against the original intention of fast charging/discharging. Moreover, 

large volume variation, severe particle aggregation, structure collapse, and large overpotential 

during the sodiation/desodiation cycles result in rapid capacity fading and low coulombic 

efficiency.26 Strategies such as advances in nanotechnology (designing unique nanostructures 

including nanowires, nanosheets, nanotubes, nanotubes, nanospheres, nanoflowers, etc.) and 

the carbon-conducting technique (hybridizing with CNTs, graphene, rGO, etc.) have been 

developed for achieving faster charge separation and better accommodation of volume 

variation.184-190 Nevertheless, the aforementioned electrodes demonstrate negligible 

pseudocapacitance due to the lack of well-designed defects, grain boundaries, and 

nanointerfaces. Therefore, electrodes solely relying on interaction- or conversion-dominated 

mechanisms cannot realize high specific capacity, fast charging/discharging, and cyclic 

stability simultaneously.  

In this section, nanograin-boundary rich hierarchical Co3O4 nanorods composed of ~ 20 

nm-sized nanocrystallites are prepared through a facile hydrothermal strategy. Selecting 

Co3O4 as Na-ion host material is mainly based on its high theoretical capacity (890 mAh·g–

1), which is double more than that of the most commonly used graphite (372 mAh·g–1) in 

LIBs. Hierarchical one-dimensional (1D) morphology and mesoporosity on the nanorods are 

beneficial to achieve improved charge transfer kinetics by enhancing contact with the 

electrolyte solution. Nanograin-boundaries between the nanocrystallites can induce 

pseudocapacitive Na-ion storage and provide a good accommodation of volume change 

during sodiation/desodiation process. Nitrogen doping of the Co3O4 nanorods not only 

generates defects for extra surficial Na-ion storage but also increases the electronic 

conductivity for efficient charge separation and reduces the energy barrier for Na-ion 

intercalation. The synergy of pseudocapacitance with conventional Na-ion storage enables 

high specific capacity, fast Na-ion diffusion, and improved structural stability of Co3O4 

nanorod electrodes. Such a highly pseudocapacitive electrode is expected to minimize the 

kinetics mismatch issue in SHC systems and achieve both high energy density and power 

density as well as prolonged cycle life. 
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4.2 Results and Discussion 

4.2.1 Characterization of Hierarchical Co 3O4 Nanorods 

Hydrothermal reactions take place at 150 °C that gradually produce NH3 and CO2 by the 

hydrolysis of urea (Figure 2.2). The progressive release of NH3 (higher solubility) and CO2 

(lower solubility) in the aqueous solution further generates OH− and CO3
2− anions and creates 

a weak alkaline condition favoring the heterogeneous nucleation of Co species.191  

(NH2)2CO + H2O → 2NH3 + CO2 

NH3 + H2O → NH4
+ + OH− 

CO2 + H2O → CO3
2− + 2H+ 

Co2+ + OH−+ 0.5CO3
2− + 0.11H2O → Co(CO3)0.5(OH)·0.11H2O 

Excessive NH3 and CO2 existing in the form of bubbles in the solution act as soft 

templates (no precipitates were obtained without urea).191, 192 Co2+ reacts with OH− and CO3
2− 

forming the nuclei of negatively charged cobalt hydroxy carbonate and further results in self-

assembly of oriented particle stacking via the interactions of electrostatic force and hydrogen 

bonding, etc. Initially, the crystallized Co(CO3)0.5(OH)·0.11H2O nanoparticles grow and 

stack loosely surrounding the bubbles to form a hierarchical structure before precipitation. 

By Ostwald ripening, the nanoparticles tend to stack along the crystallographic axis of the 

[001] orientation forming 1D nanorods..193 In addition, nitrogen doping of nanorods can be 

also realized by the NH4+ generated from the hydrolysis of urea. After high-temperature 

calcination under airflow, the resulting Co3O4 nanorods were finally obtained. 

2Co(CO3)0.5(OH)·0.11H2O ∆→Co3O4 + 1.22 H2O + CO2  

SEM and TEM are employed to observe the morphologies and microstructures of Co3O4 

nanorods. The formation of the 1D nanorod morphology with smooth surface during the 

hydrothermal reaction is evidenced from the precursor, Co(CO3)0.5(OH)·0.11H2O (Figure 

4.1a, b). Meanwhile, the hierarchical microstructure (Figure 4.1c-e) resulted from the 

thermal decomposition of the precursor is also distinct. Particle agglomeration and structure 

collapse are not observed indicating excellent structural stability of Co3O4 nanorods. 

Hierarchical Co3O4 nanorods composed of 20–30 nm-sized nanoparticles have a diameter of 

30–40 nm and length of 1–2 μm. Numerous nanograin-boundaries allowing fast Na-ion 
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diffusion are formed between adjacent nanoparticles. Moreover, defects caused by nitrogen 

doping, as expected, can also be observed on individual nanoparticles which provide extra 

active sites for surficial-type Na-ion storage, improve electronic conductivity, and lower the 

energy barrier for Na-ion intercalation. HRTEM image (Figure 4.1f) reveals the lattice 

spacing of 0.280 nm corresponding well to the (220) crystal plane of the cubic Co3O4.
194 

 

Figure 4.1 (a) SEM and (b) TEM images of Co(CO3)0.5(OH)·0.11H2O. (c) SEM and 

(d-f) TEM images of hierarchical Co3O4 nanorods. 

Phase-purity and composition of precursor and Co3O4 nanorods are confirmed by X-ray 

diffraction (XRD) analysis (Figure 4.2a). Diffraction peaks of precursor and Co3O4 nanorods 

can be assigned to Co(CO3)0.5(OH)·0.11 H2O (ICSD 169233) and cubic Co3O4 (JCPDS 65–

3103), respectively.195, 196 Impurity phases, such as cobalt hydroxide/ carbonate, are not 

detected in the Co3O4 nanorod sample, which indicates the complete decomposition of the 

precursor during calcination. The average crystallite size of the Co3O4 nanorods calculated by 

Scherrer equation is 23 nm, which is in good agreement with the TEM observation. The 

nanocrystalline size of individual building blocks of hierarchical Co3O4 nanorods can 

dramatically shorten the distance of Na-ion migration.195 Typical Raman spectra (Figure 4.2b) 

of the Co3O4 nanorods are also well consistent with the five active vibrations (3F2g, Eg, and 

A1g) located at 190, 470, 513, 609, and 677 cm–1, respectively.197, 198 
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Figure 4.2 (a) X-ray diffraction patterns and (b) Raman spectra of 

Co(CO3)0.5(OH)·0.11H2O and Co3O4 nanorods. 

X-ray photoelectron spectroscopy (XPS) measurements are performed to further determine 

the chemical composition of the Co3O4 nanorods. Signals corresponding to Co, O, and C are 

identified from the survey scan in the range of 0–1200 eV (Figure 4.3a). The high-resolution 

XPS spectrum of Co 2p (Figure 4.3b) exhibits two major peaks at 780.1 and 795.1 eV with  

 

Figure 4.3 XPS (a) survey and (b) Co 2p, (c) O 1s, and (d) N 1s high-resolution spectra 

of Co3O4 nanorods. 
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a spin energy separation of 15 eV, corresponding to characteristic Co 2p1/2 and Co 2p3/2 

components of Co3O4. High-resolution O 1s XPS signals (Figure 4.3c) at 529.9 and 531.3 

eV correspond to oxygen atoms of Co3O4 and oxygen adsorbed at surface oxygen vacancies 

respectively.198 Nitrogen-doping in Co3O4 nanorods was also confirmed by high-resolution N 

1s spectra (Figure 4.3d), which could generate more active sites and effectively enhance its 

electronic conductivity.  

Textural properties of hierarchical Co3O4 nanorods are investigated using N2 adsorption-

desorption method. Isotherms of Co3O4 nanorods exhibit type IV characteristics (Figure 

4.4a). Co3O4 nanorods have a relatively low surface area of 17.1 m2 g–1, which is only half of 

Co3O4 nanoparticles (34.5 m2 g–1). The BJH pore-size distribution (Figure 4.4a inset) exhibits 

pores in the range of 2–30 nm, demonstrating the mesoporous nature of Co3O4 nanorods. This 

is in good agreement with nano-sized voids observed between the individual nanoparticles of 

the hierarchical nanorods. Thermogravimetric analysis (TGA) curve (Figure 4.4b) of the 

 

Figure 4.4 (a) Nitrogen adsorption-desorption isotherm and pore-size distribution (inset) of 

Co3O4 nanorods. (i) Thermogravimetric analysis of Co3O4 nanorods precursor under airflow 

at a heating rate of 10 °C min–1. 

precursor, Co(CO3)0.5(OH)·0.11 H2O is recorded to follow the formation of Co3O4 nanorods 

under air. As demonstrated, the first weight loss of ~ 20% occurs between 100 and 250 °C 

due to the removal of physically adsorbed/chemically bonded water and oxygen-containing 

functional groups. The second weight loss of ~ 8% between 250 and 500 °C can be attributed 

to the cobalt carbonate decomposition and associated CO2 release. No further weight loss 

after 500 °C indicates the complete transformation of the precursor into Co3O4. The average 
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crystallite size of Co3O4 nanorods calculated by Scherrer formula is found to increase with 

an increase in the calcination temperature and the surface area decreases correspondingly 

(Table 4.1). To get a relatively low surface area and avoid particle agglomeration under 

higher calcination temperature, 600 °C is selected as the optimal temperature to obtain phase-

pure Co3O4 nanorods.  

Table 4.1 Specific surface areas of Co3O4 nanoparticles and Co3O4 nanorods under 

different annealing temperatures. 

Samples Specific surface area (m2·g-1) 

Co3O4 NRs 500 oC 19.1 

Co3O4 NRs 600 oC 16.1 

Co3O4 NRs 700 oC 12.2 

Co3O4 NPs 34.5 

4.2.2 Electrochemical Performance of Hierarchical Co3O4 Nanorod anodes 

Electrochemical performance of Co3O4 nanorod and Co3O4 nanoparticle based anodes 

were first evaluated in Na-ion half-cells with Na-foil as counter and reference electrodes. As 

shown in Figure 4.5a, Co3O4 nanorod anode demonstrates remarkably higher specific 

capacity (810 mAh g−1@ 0.025 A g−1) and better rate performance (355 mAh g−1@ 5.0 A g−1) 

than that of Co3O4 nanoparticle anode (580 mAh g−1@ 0.025 A g−1 and 40 mAh g−1@ 5.0 A 

g−1). The low specific capacity and poor rate capability of Co3O4 nanoparticle anode can be 

credited to the lack of expected pseudocapacitance induced by nanograin-boundaries and the 

severe particle agglomeration during the Na-ion insertion/desertion process, respectively. In 

the first cycle, Co3O4 nanorod anode experiences ~ 25% of irreversible capacity loss due to 

the SEI formation and electrolyte decomposition on the electrode surface during the Na-ion 

insertion process. This problem can be minimized by adopting special electrolytes or using 

presodiation technique, which is crucial for full-cell fabrication.145, 149, 150 In contrast, the 

dramatically higher capacity loss (~ 40%) of Co3O4 nanoparticle anode is confirmed 

indicating severe side reactions during the first discharging process. This could be attributed 

to the relatively large surface area of Co3O4 nanoparticles exposed to the electrolyte and the 

lack of functional nanostructure to steady the SEI layer and hinder the electrolyte 
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decomposition. Such a thick SEI layer and heavy depletion of the electrolyte are blocking the 

Na-ion diffusion into electrode material and resulting in poor rate performance, which occurs 

more at higher current densities. Figure 4.5b presents the second charge/discharge profile for  

 

Figure 4.5. (a) Galvanostatic rate performance and (b-d) Charge-discharge voltage profiles 

of Co3O4 nanoparticles and Co3O4 nanorod anodes in Na-ion half-cell configuration.  

Co3O4 nanorod anode at a current density of 0.025 A g–1 demonstrating distinct Na-ion storage 

mechanisms under related discharging voltages. The sloping region between 0.8–3.0 V, 

plateau between 0.3–0.8 V, and sloping region between 0.0–0.3 V correspond to surficial type, 

conversional type, and interfacial type Na-ion storage, respectively. The slight slope of the 

flat conversion plateau is indicative of the diffusion independent Na-ion diffusion resulting 

from the nanostructure of Co3O4 nanorods. Improved specific capacity (230 mAh g−1 @0.025 

A g−1) of Co3O4 nanorod anode is apparently from the region of interfacial type Na-ion 

storage induced by the nanograin-boundaries (Figure 4.5c). Capacity contribution from 

interfacial type Na-ion storage increases significantly upon increasing the charge-discharge 

rates (Figure 4.5d). Sloping voltage profiles at higher current densities clearly indicate the 

dominant pseudocapacitive Na-ion storage mechanism.  
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Cyclic voltammograms (CV) are recorded in the voltage range of 3.0–0.0 V at a scan rate 

of 0.1–5.0 mV s–1 to obtain further insight into the Na-ion storage mechanism. The first 

cathodic scan of Co3O4 nanorod (Figure 4.6a) exhibits a broad peak centered at 0.4 V and a 

small signal at 0.7 V corresponding to the SEI formation and reduction of Co3O4 (Co3O4 + 

8Na+ + 8e– → 3Co + 4Na2O), respectively.199-201 The signal corresponding to the SEI 

formation has low intensity compared to the results of Co3O4 nanoparticles (Figure 4.6d) and 

previous reports. This can be credited to the low surface area of Co3O4 nanorods, and such a 

low reactivity with electrolyte solution is desired for practical applications of Na-ion storage 

devices. In the anodic scan, peaks observed at 0.8 and 1.2 V correspond to the re-oxidation 

of Co to CoO and CoO to Co3O4, respectively. The area of the second CV cycle is only 

slightly lower than the first cycle, which demonstrates the high reversibility of conversion 

reaction and limited SEI formation. CV of Co3O4 nanorod anode at various scan rates (Figure 

4.6b) are collected for the quantitative analysis of the Na-ion storage mechanism. As expected, 

 

Figure 4.6 (a, d) First three CV curves of at a scan rate of 0.1 mV s–1, (b, e) CV curves at 

various scan rates, and (c, f) Scan rate dependence of peak current of Co3O4 nanorod and 

Co3O4 nanoparticle anodes. 

peak currents increase linearly with an increase of scan rates indicating the characteristic of 

capacitive type Na-ion storage, which is different from that of Co3O4 nanoparticles (Figure 

4.6e). The relation between current density (i) and scan rate (v) obeys the power-law (i = avb), 
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through which Na-ion storage mechanisms can be classified by b values, where b = 0.5 

signifies a diffusion-controlled process, and b = 1.0 implies a capacitive-controlled process. 

The b values can be obtained by the slope of the log(v)-log(i) curve.124 Such high b values of 

0.71/ 0.78 for anodic/ cathodic peaks of Co3O4 nanorod anode indicate a more capacitive-

dominated process differing from the diffusion-limited process of Co3O4 nanoparticle anode 

with low b values of 0.55/ 0.60 (Figure 4.6c, f). 

Co3O4 nanorod anode demonstrates a high pseudocapacitive contribution of 72% at a 

scan rate of 1.0 mV s–1 dominating the whole voltage range with the least in the 0.3–0.8 V, 

where the diffusion-controlled conversion reaction occurs (Figure 4.7a). Such highly 

pseudocapacitive behavior is crucial for Na-ion hybrid capacitors to achieve superior energy/ 

power density in a wide voltage range, which could not be realized in the case of Co3O4 

nanoparticle anode with a less pseudocapacitive contribution of 38% (Figure 4.7c). 

 

Figure 4.7 (a, c) Pseudocapacitive contribution at a scan rate of 1.0 mV s–1, and (b, d) 

Capacitive contribution percentages at various scan rates of Co3O4 nanorod and Co3O4 

nanoparticle anodes  

Pseudocapacitive contribution increases with an increase of scan rates (Figure 4.7b) and 

achieves a maximum of 84% at 5.0 mV s–1, which is dramatically higher than that of Co3O4 

nanoparticles (Figure 4.7d). It is indeed expected that Na-ions tend to store at the nanograin-
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boundaries at higher charge-discharge rates due to the kinetic limitation of Na-ion diffusion 

and conversion reaction. This is also in good agreement with the sloping voltage profiles at 

higher current densities, where the Na-ion storage is dominated by pseudocapacitive 

mechanism. 

Na-ion diffusion kinetics of the Co3O4 nanorod and Co3O4 nanoparticle anodes are 

further investigated using electrochemical impedance spectroscopy (EIS) technique. Nyquist 

plots fitted by equivalent circuit (Figure 4.8a) consist of two partially overlapped semi-circles 

at the high- and medium-frequency regions and an inclined line at low-frequency regions 

corresponding to SEI film (RSEI), Na-ion charge transfer resistance (Rct) at electrode surface, 

and Na-ion diffusion resistance (Zw) into the bulk of electrode materials, respectively.202 The 

relatively lower RSEI of Co3O4 nanorods (3.1 Ω) further confirms the thinner SEI formation 

compared with Co3O4 nanoparticles (6.3 Ω), which is beneficial to Na-ion diffusion into the 

active materials. No significant difference is observed in the Na-ions transfer resistances of 

Co3O4 nanorods (106 Ω) and Co3O4 nanoparticles (117 Ω), even though Co3O4 nanoparticles 

have higher specific surface area. The superior electrochemical performance of Co3O4 

nanorods anode to Co3O4 nanoparticles anode demonstrate that the surface area is not the only 

factor deciding the Na-ion storage performance of these conversion-type electrodes. However, 

the Na-ion diffusion coefficient of Co3O4 nanorods (2.3 × 10–15 cm2 s–1) calculated according 

to Warburg impedance (Equation 2) is significantly higher than that of Co3O4 nanoparticles 

(6.4 × 10–16 cm2 s–1). Moreover, the slope of the slanted line in the low-frequency region is 

much higher than 1.0, indicating a dominant pseudocapacitive Na-ion storage process 

compared with Co3O4 nanoparticles. This can be credited to the thinner SEI film and 

nanograin-boundaries formed on the Co3O4 nanorods that facilitate superior Na-ion diffusion 

in addition to providing additional active sites for pseudocapacitive surface Na-ion storage. 

Such highly pseudocapacitive behavior of Co3O4 nanorod anode enables higher specific 

capacity, faster charging, and better cycling stability compared with the previous reports of 

Co-based electrodes. As expected, Co3O4 nanorod anode demonstrated negligible capacity 

loss and excellent coulombic efficiency of ~ 100% after 100 cycles at a current density of 1.0 

A g–1, whereas Co3O4 nanoparticle anode only kept ~ 50% of capacity retention under the 

same experimental conditions (Figure 4.8b). 
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Figure 4.8 (a) Nyquist plots. Inset: Randles equivalent circuit used for fitting the Nyquist 

plot. (b) Galvanostatic cycling at a current density of 1.0 A g–1 of Co3O4 nanorod and Co3O4 

nanoparticle anodes. 

To investigate the feasibility of high energy and high power density SHCs, full-cell 

configurations (Co3O4 nanorods||AC SHCs) are fabricated by integrating Co3O4 nanorod 

anodes with activated carbon (AC) cathodes. The working potential window of individual 

electrode is separately determined by CV tests (Figure 4.9a) in Na-ion half-cell 

configurations. AC cathode shows a completely capacitive CV curve related to the adsorption 

of PF6
− anions up to 4.0 V during charge. The operating voltage window of Co3O4 

nanorods||AC SHC is set between 0.5 and 4.0 V to take full advantage of the pseudocapacitive 

Na-ion storage and avoid the risk of electrolyte decomposition and other side reactions. As 

expected, Co3O4 nanorods||AC SHC delivers an excellent rate capability (Figure 4.9b) of 161 

mAh g–1@ 0.025 A g–1 and 77 mAh g–1@ 5.0 A g–1 (based on the anode weight). 

Galvanostatic charge-discharge profiles (Figure 4.9c) exhibit quasi-linear triangular curves 

at various current densities further validating the pseudocapacitance-dominated Na-ion 

storage kinetics mechanism, which is realized by the simultaneous combination of the battery-

type anode and capacitor-type cathode. The CV curves (Figure 4.9d) of Co3O4 nanorods||AC 

SHC with a near-linear relationship between current response and scan rate indicate a non-

diffusion-limited kinetic behavior.  
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Figure 4.9 (a) CV curves of Co3O4 nanorod anode, AC cathode, and Co3O4 

nanorods||AC Na-ion hybrid capacitor (b) Galvanostatic rate performance, (c) Charge-

discharge voltage profiles at different current densities, and (d) CV curves at various scan 

rates of Co3O4 nanorods||AC Na-ion hybrid capacitor. 

Active mass ratio of individual electrode is well balanced to realize the optimal energy/ 

power densities of Co3O4 nanorods||AC SHC (Figure 4.10a). This device exhibits a 

maximum energy density of 175 Wh kg–1@ 40 W kg–1 and power density of 6632 W kg–

1@37 W kg–1, as well as excellent cycling stability with ~ 80% capacity retention and ~ 100% 

coulombic efficiency after 6000 cycles at a current density of 1.0 A g–1 (Figure 4.10b). These 

excellent electrochemical performances made Co3O4 nanorods||AC SHC stand out from many 

other state-of-the-art SHC systems reported previously and the most commonly used energy 

storage devices (Figure 4.10c, d). 
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Figure 4.10 (a) Ragone plot of Co3O4 nanorods||AC Na-ion hybrid capacitor based on 

different active mass ratios between Co3O4 nanorod anode and AC cathode. (b) 

Galvanostatic cycling performance at a current density of 1.0 A g–1 of Co3O4 nanorods||AC 

Na-ion hybrid capacitor. (c, d) Ragone plot comparison with earlier reports and different 

energy-storage devices respectively. 

4.2.3 Pseudocapacitive Na-ion Storage Mechanism. 

Ex-situ HRTEM images of Co3O4 nanorod anode (Figure 4.11a) are collected to 

investigate the effect of sodiation/desodiation on structural and morphology changes. Co3O4 

nanorods retain their structural stability after extended galvanostatic cycling, and EDX 

elemental mapping displays the uniform distribution of Co, O, and Na in the sodiated 

electrodes. Lack of particle agglomeration and structure pulverization is thus evidenced in the 

case of Co3O4 nanorods, which can be credited to the pseudocapacitance-assisted Na-ion 

storage with minimal structural changes. Excess SEI formation, usually found in the case of 

high volume expansion conversion-type electrodes, is not identified for Co3O4 nanorods due 

to its low surface area that reduces electrolyte decomposition. This is in good agreement with 
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the results obtained from cyclic voltammetry studies. The formation of a thin SEI is also 

crucial to obtain superior Na-ion diffusion and pseudocapacitive type Na-ion storage. 

 

Figure 4.11 (a) Ex-situ TEM image, HAADF image, and corresponding EDX elemental 

mapping of cycled Co3O4 anodes. (b) Ex-situ XRD patterns of pristine, discharged, and 

charged Co3O4 anodes. (c) Schematic of the Na-ion storage mechanism in Co3O4 

nanorods||AC Na-ion hybrid capacitor. 

Ex-situ XRD of Co3O4 nanorods (Figure 4.11b) at different charge-discharge states is 

performed to follow the phase change during the sodiation-desodiation process. Diffraction 

peaks of Co3O4 completely disappear on sodiation, and signals characteristic of Na2O, CoO, 

and Co appear. Diffraction peaks of Co3O4 reappear on charging to 3.0 V, whereas CoO and 

Na2O are also detected. These results suggested an incomplete reduction and oxidation of 

Co3O4 and Co during the sodiation and desodiation processes, respectively. Only a low 

capacity should be expected based on the identified partial reduction of Co3O4, especially at 

higher charge-discharge rates due to the kinetic limitation of conversion reactions. This result 
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also matches well with the high pseudocapacitive contribution of Co3O4 nanorod anodes that 

increase with an increase in scan rates. In the charging process (Figure 4.11c), anions (PF6
−) 

continuously adsorb onto the surface of AC cathode via a fast capacitive process. Meanwhile, 

Na-ions migrate to the Co3O4 nanorod anode and store via conversion of Co3O4 and 

nanograin-boundary induced pseudocapacitive type storage. Such Na-ion storage has been 

confirmed as a pseudocapacitive dominated process as discussed above, which endows Co3O4 

nanorod anode the properties of highly reversible redox reactions, less structure deformation, 

and fast charge-transfer kinetics to match the cathode part. 

Hence, the high specific capacity and rate performances identified are attributed to the 

conversion reaction and pseudocapacitive type Na-ion storage. As mentioned earlier, poor 

Na-ion storage electrochemical performance of Co3O4 nanoparticles can be credited to severe 

volume changes and particle aggregation during the sodiation/ desodiation cycles. In the case 

of Co3O4 nanorods, hierarchical morphology avoids particle agglomeration, additional 

nanograin-boundaries induce pseudocapacitive Na-ion storage. Moreover, the dominant 

pseudocapacitive Na-ion storage of Co3O4 nanorods benefits the prolonged cycle-life and 

facilitates faster Na-ion diffusion, which is crucial for the fabrication of SHCs. 

4.3 Summary 

In summary, nanograin-boundary rich hierarchical Co3O4 nanorod anode with high Na-

ion storage pseudocapacitance is demonstrated in this work. Na-ion hybrid capacitor 

integrating Co3O4 nanorod anode and activated carbon cathode exhibits excellent energy 

density (175 Wh kg–1), power densities (6632 W kg–1), coulombic efficiency (~ 100%), and 

cycling stability (6000 cycles). The excellent electrochemical performance of Co3O4 nanorod 

anode and Na-ion hybrid capacitor is attributed to the hierarchical morphology of nanorod 

that avoids particle agglomeration, additional nanograin-boundaries induced 

pseudocapacitance, and accommodation of volume change during sodiation/ desodiation 

process. Conversion reaction mechanism of Co3O4 and pseudocapacitive type Na-ion storage 

enable high specific capacity and good rate performances. Moreover, the dominant 

pseudocapacitive behavior of Co3O4 nanorods benefits the prolonged cycle life and facilitates 

faster Na-ion diffusion. Incorporation of such high capacity and pseudocapacitive anodes 
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overcome the kinetic mismatch with capacitor type cathode and enable to achieve high energy 

density and power density simultaneously. Nanograin-boundaries assisted pseudocapacitive 

Na-ion storage demonstrated herein can be also extended for other transition metal oxide 

anodes. The integration of pseudocapacitive Na-ion storage in conversion-type electrodes 

through tailored designing of nanograin-boundaries opens up numerous possibilities for the 

development of high-performance Na-ion hybrid capacitors. 
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CHAPTER 5  

High-Performance Sodium-Ion Hybrid Capacitors Enabled 

by Extremely Pseudocapacitive Interface-Engineered 3D-

CoO-NrGO Hybrid Anodes  

5.1 Introduction 

Metal oxide-based insertion-type anodes (TiO2, Nb2O5, and Na2Ti3O7, etc.) are usually 

adopted as anodes for SHCs due to rapid Na-ion intercalation and good cycling stability. 

However, their energy densities are limited by the inadequate capacities.107, 119, 124, 152, 203-206 

Although, conversion (Fe2O3, WO3, NiO, CoO, Co3O4, SnO2, CuO, MnO2, etc.) and alloying 

(Sb, Sn, Ge, etc.) materials are explored as high capacity anodes for Na-ion batteries, rapid 

capacity fading due to extreme volume changes and electrode pulverization make them 

unsuitable for SHCs applications.10, 102, 207-210 Cobalt oxides (CoO & Co3O4) are attractive for 

Na-ion storage owing to their high theoretical specific capacities (716 & 890 mAh·g–1).142, 199, 

211, 212 However, these anodes experienced fast capacity fading due to large volume changes 

(~ 200%) and severe particle aggregation during the Na-ion insertion/extraction process.142, 

188, 211, 212 Furthermore, the formation of electronically insulating Na2O during the sodiation 

also deteriorates the electrochemical performance.184, 185, 188 Designing nanostructures such 

as nanowires, nanorods, nanotubes, nanosheets, hollow nanospheres, etc. have been presented 

to improve the Na-ion storage performance of Co-based electrodes.186, 187, 189, 190, 213 

Nevertheless, these efforts result in only marginal improvement, especially the rate 

performance caused by the diffusion-limited nature of conversion reaction.102, 142, 184-190, 199, 

208-214 

Pseudocapacitive charge storage has been recently demonstrated for achieving ultrafast 

charge-discharge rates, excellent cycling stability, and high specific capacity of Na-ion 

battery anodes.107, 124, 206 Diffusion-independent nature and synergy of pseudocapacitance 

with conventional Na-ion storage mechanisms are responsible for these improved 

electrochemical performances. Moreover, such pseudocapacitive process is independent of 
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the bulk electronic conductivity of electrode materials.107 Insertion-type metal oxides (TiO2, 

Na2Ti3O7, Nb2O5, etc.) and their hybrids with carbonaceous materials (graphene, rGO, CNT, 

etc.) are commonly used as pseudocapacitive anodes in SHCs. Despite the excellent rate and 

cycling performance of these anodes, low specific capacity is inadequate for attaining desired 

energy density.102, 208, 209 Conversion-type anodes based on transition metal oxide usually 

demonstrated negligible pseudocapacitance. Although extrinsic pseudocapacitance could be 

induced through nanoscale engineering, this technique remains indefinable mainly because 

of the sluggish Na-ion diffusion.107, 124, 204 Increased pseudocapacitive Na-ion storage are also 

not achieved for Co3O4 or CoO hybrids with carbonaceous materials due to the absence of 

well-defined nanointerfaces and efficient charge transfer.142, 188, 211, 212 

In this section, we demonstrate a high-performance SHC based upon a highly 

pseudocapacitive interface-engineered 3D-CoO-NrGO anode. Designing of this unique 

anode architecture is intended to integrate many advantages in the single electrode. 1) 

Selecting CoO as active material instead of the commonly used Co3O4 reduces the formation 

of electronically insulating Na2O; 2) 3D microstructure composed of interconnected NrGO 

layers improves the effective contact area of active material with electrolyte, facilitates fast 

electron/ ion transfer and strain relaxation toward the volume variation of CoO nanoparticles; 

3) Immobilizing ultrafine CoO nanoparticles on NrGO sheets via Co–O–C bonds prevents 

particle agglomeration and rGO sheets restacking, ensuring efficient charge separation; 4) N-

doping of rGO is aimed at the generation of more defects to enhance the electronic 

conductivity and active sites for Na-ion insertion, thus achieving efficient charge separation 

and good rate capability. Such a tailor-made highly pseudocapacitive 3D-CoO-NrGO anode 

endows SHCs with high energy and power density and ultralong cycle-life. 

5.2 Results and Discussion 

5.2.1 Characterization of 3D-CoO-NrGO Hybrids. 

Improved Hummers method is implemented for the synthesis of graphene oxide (GO) 

layers through exfoliation of natural graphite flakes (Figure 2.3). These GO sheets possess 

numerous oxygen-containing functional groups that can act as active sites to immobilize CoO 

nanoparticles through Co–O–C bonds. Hydrothermal reaction in presence of urea completed 
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the reduction of GO into rGO. In addition to the role of complexing agent, urea also reduces 

different numerous oxygen-containing functional groups present on the surface of GO sheets. 

Urea hydrolysis generates numerous NH4+, resulting in the N-doping of rGO.28, 198 This is 

beneficial for the defect generation that effectively lower the energy barrier for Na-ion 

intercalation, improve electronic conductivity and increase active sites for possible surface 

Na-ion storage. The use of high viscosity (1.61×10−2 Pa·s) solvent ethylene glycol solvent, in 

this case, is aimed at lowering the growth rate of CoO nanoparticles to effectively control the 

particle size and homogeneous distribution on rGO surface.28, 215 Ethylene glycol also acts as 

a structure-directing agent to assist the formation of 3D microstructure via the interaction of 

–OH groups with oxygen-containing functional groups (C=O, C−OH, C−O−C) of GO. 3D 

microstructure composed of interconnected NrGO layers with uniform distribution of 

nanosized CoO particles on NrGO sheets can potentially minimize its restacking during the 

hydrothermal, heat treatment, and electrode fabrication process, and thereby ensure superior 

electrode/electrolyte contact. 

Detailed microstructural analyses of 3D-CoO-NrGO were performed through SEM and 

TEM techniques. SEM images (Figure 5.1a-c) and TEM images (Figure 5.1d, e) verify its 

3D porous structure consisting of interconnected NrGO sheets decorated with CoO 

nanoparticles. 

 

Figure 5.1 (a) SEM image of GO synthesized through improved Hummers’ method. (b, c) 

SEM images, (d, e) TEM images, and (f-i) TEM-EDX mapping images of 3D-CoO-NrGO. 
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High-resolution TEM image (Figure 5.1e) further reveals the uniform coverage of CoO 

nanoparticles (~ 6 nm) and lack of rGO agglomeration. Lattice spacing (0.21 nm) displays in 

the high-resolution TEM image (Figure 5.1e inset) corresponds to the (200) plane of CoO, 

which further confirms the absence of other cobalt oxide impurities in 3D-CoO-NrGO.216, 217 

Uniform distribution of C, O, and Co are also evident from the EDX elemental mapping 

(Figure 5.1f-i) of the 3D-CoO-NrGO. Analogous microstructure of precursor, 3D-

(NH)4Co8(Co3)6(OH)6·4H2O-NrGO (Figure 5.2), verify the fact that 3D microstructure is 

formed during the solvothermal reaction through self-assembly. The microstructure reported 

herein is completely different from previous reports of CoO/ Co3O4 hybrids with rGO, where 

3D interconnected microstructures are not observed. This unique 3D microstructure with 

homogenously distributed CoO on NrGO layers provides a large active surface area for 

superior electrode/ electrolyte contact. 

 

Figure 5.2 SEM images of precursor, 3D-(NH)4Co8(Co3)6(OH)6·4H2O-NrGO. 

Phase purity and composition of the 3D-CoO-NrGO hybrids were further investigated 

through XRD measurements. As presented in Figure 5.3, (111), (200), and (220) diffraction 

peaks of 3D-CoO-NrGO are in good agreement with phase pure cubic CoO (JCPDS no. 43–

1004).216, 218 XRD pattern of GO exhibit distinctive (001) peak at 10º corresponding to the 

interlayer spacing of 9.0 Å, confirming the complete exfoliation of graphite though improved 

Hummers method.218 Disappearance of this peak of 3D-CoO-NrGO confirms the rGO 

restacking prevention aided by the anchored CoO nanoparticles. Moreover, the lack of cobalt 

hydroxide/ cobalt carbonate XRD signals demonstrates the complete decomposition of 3D-

(NH)4Co8(Co3)6(OH)6·4H2O-NrGO (JCPDS 52–0552) during heat treatment. The average 

particle size of CoO (~ 6 nm) is further confirmed by Scherrer equation, matching well with 

the TEM observation. 
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Figure 5.3 XRD patterns of GO, 3D-(NH)4Co8(Co3)6(OH)6·4H2O-NrGO and 3D-CoO-

NrGO. 

Phase purity of CoO nanoparticles is further presented in the Raman spectra of 3D-CoO-

NrGO (Figure 5.4a). Peaks located at 474.9 and 679.3 cm–1 are identified as Eg and A1g active 

modes of CoO, and signals at 192.1 and 517.9 cm–1 are assigned to F2g active mode of CoO.211, 

219 D and G bands centered at 1342.1 and 1596.4 cm–1 reveal the existence of NrGO sheets in 

3D-CoO-NrGO. The D-band in this case is credited to the existence of structural defects or 

disordered carbon structures of NrGO, while G-band represents vibration the ordered 

graphitic backbone of rGO in the hybrid.211, 218 The D/G ratio of all the samples are less than 

1.0 (Figure 5.4b) indicating an ordered nature of the graphene layers.220, 221 Such graphene 

layers used for CoO anchoring enable superior electronic conductivity of 3D-CoO-NrGO. 

 

Figure 5.4 Raman spectra of GO, 3D-(NH)4Co8(Co3)6(OH)6·4H2O-NrGO precursor and 

3D-CoO-NrGO. 
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XPS analysis of GO and 3D-CoO-NrGO hybrid was performed to further investigate 

their chemical composition. High-resolution Co 2p spectra (Figure 5.5a) exhibits two major 

peaks centered at 780.6 eV and 796.3 eV with a spin-orbit separation of 16.2 eV, representing 

the Co 2p3/2 and Co 2p1/2 of CoO, respectively, which are consistent with the CoO reported 

previously.217, 222, 223 Satellite peaks located at 785.2 eV and 803.1 eV corresponding to Co2+ 

demonstrated phase purity of CoO.185, 199 The C 1s spectrum of GO (Figure 5.5b) can be 

 

Figure 5.5 (a) Co 2p spectra of 3D-CoO-NrGO. (b) C 1s and (c) O 1s spectra of GO and 

3D-CoO-NrGO. (d) N 1s spectra of 3D-CoO-NrGO.  

deconvoluted into four peaks including C=C (284.7 eV), C–O (287.0 eV), C=O (287.8 eV), 

and O=C–O (288.9 eV).211, 224 For 3D-CoO-NrGO, signals corresponding to oxygen-

containing functional groups disappear, indicating a complete GO reduction during the 

solvothermal reaction. The O 1s spectrum of GO (Figure 5.5c) consists of signals 

characteristic of C=O (531.6 eV) and C–O (533.2 eV) functional groups. New O 1s signals 

of 3D-CoO-NrGO represent Co–O (529.8 eV) and Co–O–C (531.2 eV) bond.224 Such 

chemical bonding between NrGO sheets and CoO particles ensures superior interfacial charge 
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separation in addition to the effective prevention of particle agglomeration during the 

sodiation-desodiation process. Nitrogen doping (~ 2%) which is favorable for enhanced 

electronic conductivity is identified from the N 1s spectra (Figure 5.5d) of 3D-CoO-NrGO.28 

Textural properties of the 3D-CoO-NrGO hybrid are investigated by N2 adsorption-

desorption measurements (Figure 5.6a). The specific surface area and pore diameter of 3D-

CoO-NrGO hybrid are 179.11 m2·g–1 and 2–4 nm according to the BET and BJH analysis, 

respectively. Such increased surface area in comparison to CoO (33 m2·g–1) and mesoporosity 

are beneficial for superior electrode/ electrolyte contact, fast Na-ion diffusion, and good 

buffering of volume expansion during sodiation-desodiation. TGA of 3D-

(NH)4Co8(Co3)6(OH)6·4H2O-NrGO and 3D-CoO-NrGO was recorded under Ar and air 

separately (Figure 5.6b) to clarify the 3D-CoO-NrGO formation and CoO content estimation. 

As observed on the TGA curve of the precursor, weight loss of 25.1% between 50 and 230 ℃ 

represents the removal of moisture and surface oxygen-containing functional groups. Weight 

loss of 26.8% between 230 and 350 ℃ represents the precursor decomposition and CoO 

crystallization. No further weight loss after 350 ℃ indicates the complete conversion of 3D-

(NH)4Co8(Co3)6(OH)6·4H2O-NrGO into 3D-CoO-NrGO. Based on this result, 400 ℃ is 

selected as the preferred temperature to anneal the precursor under Ar to form 3D-CoO-NrGO. 

The total weight loss of 30.9% observed from the TGA curve of 3D-CoO-NrGO under air 

flow confirmed ~ 65% of CoO loading in this hybrid. 

 

Figure 5.6 (a) Nitrogen adsorption-desorption isotherm and pore diameter distribution 

(inset) of 3D-CoO-NrGO. (b) TGA of 3D-CoO-NrGO and its precursor under air and Ar-

flow respectively. 
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5.2.2 Electrochemical Performance of 3D-CoO-NrGO Hybrid Anodes 

Na-ion storage performances of 3D-CoO-NrGO anodes containing different CoO 

loading were initially tested in Na-ion half-cells to identify the optimal composition (Figure 

5.7a). 3D-CoO-NrGO anode containing 65% CoO delivers greater specific capacity 

compared to those containing lower (~ 50%) and higher (~ 70%) loading. Inferior 

electrochemical performances of those electrodes containing lower and higher CoO loading 

are caused by the reduced active material and excess NaO2 formation, respectively. Limited 

capacity contribution of 3D-NrGO (Figure 5.7b) (173 mAh·g–1 @0.025 A·g–1 and 78 mAh·g–

1 @5.0 A·g–1) confirms conversion reaction of CoO and Na2O/Co/NrGO interfaces induced 

pseudocapacitance as the main Na-ion storage mechanisms. Low specific capacities of 3D-

NrGO are due to the diffusion-controlled Na-ion intercalation into NrGO layers. All 

electrodes experience irreversible capacity losses on the first discharging cycle caused by the 

SEI formation. This could be minimized with a special electrolyte or presodiation strategy, 

which is crucial for full-cell fabrication.145, 149 

 

 Figure 5.7 Galvanostatic rate performance of 3D-CoO-NrGO anodes containing 

different CoO loadings and 3D-NrGO anode. 

The reversibility of 3D-CoO-NrGO anode (Figure 5.8a) improves greatly from the 

second cycle, demonstrating no further side reactions after the SEI formation. A high specific 

capacity of 445 mAh·g–1 at 0.025 A·g–1 is observed and it even remained 135 mAh·g–1 at 5.0 

A·g–1. In contrast, CoO nanoparticle anode exhibits poor specific capacities (194 mAh·g–1 

@0.025 A·g–1 and 73 mAh·g–1 @5.0 A·g–1). Despite the high specific capacity of Co3O4 

nanoparticle anode (585 mAh·g–1 @0.025 A·g–1), it suffers serious capacity fading at high 
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charge-discharge rates (36 mAh·g–1 @5.0 A·g–1). This can be credited to the well-known 

issues such as excess Na2O formation, severe particle agglomeration, and sluggish Na-ion 

diffusion associated with these transition metal oxide anodes. Charge-discharge profiles of 

3D-CoO-NrGO are displayed in Figure 5.8b. The identical shape of profiles at different 

current densities indicates similar electrochemical processes. Sloping charge-discharge 

profiles indicate capacitive-type Na-ion storage, which differs from the conventional 

conversion-type profiles of CoO and Co3O4 nanoparticles that consist of plateaus around 0.5 

V (Figure 5.8c and 5.8d). The sloping region of 2.5–1.2 V represents the surficial Na-ion 

storage on 3D-CoO-NrGO. Lower voltage regions of 1.2–0.5 V and 0.5–0 V represent the 

conversion reaction of CoO (3CoO + 6Na+ ↔ 6e- + 3Co + 3Na2O) and interfacial Na-ion 

storage, respectively.188, 212 For the CoO and Co3O4 nanoparticle anodes, the discharging 

regions of 3.0–0.6 V, 0.5–0.3 V, and 0.3–0 V represents the surface storage, conversion 

reaction, and interfacial Na-ion storage, respectively.  

 

Figure 5.8 (a) Galvanostatic rate performance and (b) Charge-discharge voltage profiles 

of CoO, Co3O4, and 3D-CoO-NrGO anodes in Na-ion half-cells. 
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Cyclic voltammograms of 3D-CoO-NrGO anode were collected to further investigate the 

redox reactions responsible for Na-ion storage (Figure 5.9). The broad cathodic peak at 

around 0.5 V on the first cycle represents the SEI formation and conversion reaction of CoO. 

The intensity of this peak reduced significantly and shifted to 0.6 V in the following cathodic 

cycles, indicating the complete SEI formation during the first discharge. Cathodic signals at 

lower voltage ranges of 0–0.25 V represent the Na-ion intercalation into NrGO layers.188 Two 

anodic peaks at 0.25–0.5 V and 1.0–1.5 V corresponds to the desodiation of NrGO and 

conversion of Co to CoO, respectively. Thus, it can be seen that the Na-ion storage process 

involves a conversion reaction of CoO nanoparticles and intercalation into the individual 3D-

NrGO layers. 

 

Figure 5.9 First three CV curves at 0.1 mV·s–1 of 3D-CoO-NrGO anode. 

Cyclic voltammetry of 3D-CoO-NrGO anode at various scan rates was performed 

(Figure 5.10a) to further clarify the charge storage mechanism. As observed, anodic and 

cathodic currents increased with increasing the scan rates. According to the power-law 

relationship between scan rates (v) and peak current densities (i): ip = avb, the charge storage 

process could be confirmed by b values which represent the slop of the logv vs. logi plot. b = 

0.5 represents a diffusion-dominated process, while b = 1.0 implies a capacitive-dominated 

behavior.124, 145 The b values (Figure 5.10b-d) for anodic/ cathodic peaks of 3D-CoO-NrGO, 

CoO, and Co3O4 are 0.83/0.81, 0.60/0.53, and 0.60/0.55, respectively. Such high b values of 

3D-CoO-NrGO indicate fast kinetics dominated by a pseudocapacitive process instead of a 

diffusion-limited mechanism.  
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Figure 5.10 (a) CV curves at various scan rates of 3D-CoO-NrGO anode. Scan rate 

dependence of peak current of (a) 3D-CoO-NrGO, (b) CoO NP, and (c) Co3O4 NP anodes. 

3D-CoO-NrGO electrode demonstrated a high pseudocapacitive contribution of 74% at 

a scan rate of 1.0 mV·s–1 (Figure 5.11a). Pseudocapacitance contribution (~ 40% of total 

capacitance) below 1.0 V suggests the diffusion-limited nature of CoO conversion and Na-

ion intercalation at NrGO layers. Pseudocapacitance contribution (~ 60% of total capacitance) 

in 1.0–3.0 V can be endorsed to Na-ion storage at the Na2O/Co/NrGO nanointerfaces. Such 

a highly pseudocapacitive process is beneficial for SHCs to achieve superior energy/ power 

density in a wide voltage range, which could not be realized in the case of CoO and Co3O4 

nanoparticle-based anodes (Figure 5.11b and 5.11c). As expected, pseudocapacitance 

contribution increases with increasing the scan rates, and the highest contributions of 89%, 

26%, and 38% for 3D-CoO-NrGO, CoO, and Co3O4 for are identified at a scan rate of 5.0 

mV·s–1 (Figure 5.11d-f). 
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Figure 5.11 First three CV curves at 0.1 mV·s–1of 3D-CoO-NrGO anode. 

This excellent pseudocapacitance endows 3D-CoO-NrGO anode faster charging, high 

specific capacity, and superior cycling stability compared to previously reported Co-based 

anodes (Table 5.1). It also exhibited excellent capacity retention of 211 mAh·g–1 at 0.1 A·g–

1 after 200 cycles, which is significantly better than those of CoO and Co3O4 nanoparticle 

anodes (Figure 5.12a) under similar experimental conditions.  

 

Figure 5.12 (a) Cycling performance at 1.0 A·g–1 after rate performance test, and (b) 

Nyquist plots of CoO, Co3O4 nanoparticle, and 3D-CoO-NrGO anodes.  

EIS patterns are recorded to further clarify the Na-ion diffusion kinetics of CoO, Co3O4, and 

3D-CoO-NrGO anodes (Figure 5.12b). Nyquist plots of these anodes are composed of a 

nonsymmetrical semicircular at high-frequency, a semicircle at medium-frequency, and a 
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slanted line at low-frequency region corresponding to the SEI film (Rs), charge transfer 

resistance (Rct), and Na-ion diffusion resistance (Zw), respectively.202 Lower Rct of 3D-CoO-

NrGO (73 Ω) in comparison to those of CoO (105 Ω) and Co3O4 (121 Ω) is ascribed to 

enlarged surface area supported by its 3D porous structure that enables superior electrode/ 

electrolyte contact. According to Warburg impedance (Equation 2), Na-ion diffusion 

coefficients calculated for 3D-CoO-NrGO (5.037 × 10–15 cm2·s–1) is approximately 10-fold 

higher than those of CoO (6.9 × 10–16 cm2·s–1) and Co3O4 (6.4 × 10–16 cm2·s–1). Furthermore, 

the slope of the slanted line in the low-frequency region is much higher than 1.0, indicating a 

pseudocapacitive-dominated Na-ion storage behavior in comparison to CoO and Co3O4.  

Table 5.1 A comparison of the rate performance of the 3D-CoO-NrGO anode with 

previously reported Co-based anodes for Na-ion batteries. 

Anodes 
Voltage  

(V) 

Specific capacity 

(mAh·g-1) 

Current density 

(A·g-1) 

Capacity 

retention/ cycles 

Co3O4 

Nanoplatelets199 
0.01–3.0 

415 

160 

0.089 

4.47 
60%/ 50 

Co3O4/CNTs225 0.01–3.0 
410 

190 

0.05 

3.2 
96%/ 100 

Co3O4 fibers201 0.01–3.0 578 0.09 68%/ 30 

Pyramid-like 

Co3O4
185 

0.01–3.0 520 0.025 86%/ 50 

Co3O4 nanocubes/ 

CNTs226 
0.01–3.0 

495 

258 

0.1 

1.6 
76%/ 100 

Co3O4 nanosheets/ 

3D graphene188 
0.01–3.0 

525 

82.3 

0.025 

0.5 
92%/ 50 

Co3O4/NC227 0.01–3.0 
235 

130 

0.1 

4.0 
91%/ 100 

CNF/CoO228 0.01–3.0 
585 

423 

0.2 

1.0 
95%/ 100 

CoO microflowers229 0.01–3.0 
340 

105 

0.091 

1.454 
81%/ 100 

Co/CoO/Carbon230 0.01–3.0 
307 

110 

0.1 

5.0 
87%/ 100 

CoO/Carbon black231 0.01–2.5 300 0.089 60%/ 50 

3D-CoO-NrGO 0.01–3.0 
445 

135 

0.025 

5.0 
93%/ 200 
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To verify the feasibility of a high-performance Na-ion hybrid capacitor, full-cell 

configurations were fabricated by combining 3D-CoO-NrGO hybrid anode with activated 

carbon (AC) cathode (3D-CoO-NrGO||AC SHC). The optimal working potential of 

individual electrodes was separately measured by the CV test in half-cell configuration 

(Figure 5.13a). Square type cyclic voltammograms of high surface area AC cathode indicate  

 

Figure 5.13. (a) CV curves of 3D-CoO-NrGO anode, AC cathode, and 3D-CoO-

NrGO||AC SHC. (b) Rate performance, (c) Charge-discharge voltage profiles, and (d) CV 

curves of 3D-CoO-NrGO||AC SHC. 

a typical double-layer type ion storage mechanism. Increased specific capacity of 3D-CoO-

NrGO electrode at higher potentials in contrast to CoO and Co3O4 nanoparticles is favorable 

to achieve a high energy density of the SHC. The operating voltage window of 3D-CoO-

NrGO||AC SHC is limited to 1.0–4.0 V to take full advantage of the pseudocapacitive Na-ion 

storage and to avoid electrolyte decomposition. The near-rectangular CV curves of 3D-CoO-
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NrGO||AC SHC indicate the Na-ion storage resulting from pseudocapacitive and double-layer 

capacitive processes. As expected, 3D-CoO-NrGO||AC SHC device exhibits good rate 

capability (Figure 5.13b) with discharge capacities of 128 mAh·g–1 @0.025 A·g–1 and 24 

mAh·g–1 @5.0 A·g–1. Charge-discharge profiles of 3D-CoO-NrGO||AC SHC at various 

current densities (Figure 5.13c) are a near-linear correlation of capacitive properties, further 

indicating the dominant pseudocapacitive Na-ion storage kinetics. CV of 3D-CoO-NrGO||AC 

SHC is performed at various scan rates and presented in Figure 5.13d. The near-linear 

relationship between scan rates and current responses indicates that the kinetic behavior of 

this system is not diffusion-limited. This further verifies the pseudocapacitive-dominated Na-

ion storage of this hybrid device. 

 

Figure 5.14 (a) Ragone plot of 3D-CoO-NrGO||AC SHC based on a different active 

mass ratio between 3D-CoO-NrGO anode and AC cathode. (b, c) Ragone plot comparison 

with earlier reports and different energy-storage devices respectively, and (d) Cycling 

performance of 3D-CoO-NrGO||AC SHC. 
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The optimal energy/ power densities of the 3D-CoO-NrGO||AC SHC system were achieved 

by balancing the active mass ratio of individual electrodes (Figure 5.14a). High energy/ 

power densities (153 Wh·kg–1 @ 41 W·kg–1 and 31 Wh·kg–1 @ 6357 W·kg–1) are achieved, 

which are exceptional among the reference SHCs previously reported and current-generation 

energy storage devices (Figure 5.14b, 5.14c and Table S2). Furthermore, 3D-CoO-

NrGO||AC SHC also exhibits outstanding capacity retention of 81% with ~ 100% coulombic 

efficiency after 5000 cycles at 1.0 A·g–1 (Figure 5.14d).  

Table 5.2 Energy and power density comparison of 3D-CoO-NrGO||AC with the earlier 

reported SHC devices. 

SHC devices 
Voltage 

(V) 

Energy density 

(Wh kg-1) 

Power density 

(Wh kg-1) 

Capacitance 

retention/ cycles 

TiO2||AC180 1.0–4.0 
68 

23 

625 

7500 
80%/ 10000 

TiO2@CNT@C||AC53 1.0–4.0 
81 

37.9 

126 

12400 
83%/ 5000 

MWTOG||AC119 1.0–3.8 
64 

25 

56 

1357 
90%/ 10000 

Na2Ti2O5−x||AC182 1.0–3.8 
70 

24 

240 

3600 
82%/ 5000 

Nb2O5@C/rGO||AC102 1.0–4.3 
76 

6 

80 

20800 
< 70%/ 2000 

MXenes||AC179 1.0–3.8 
80 

42 

237 

6172 
78%/ 15000 

NHPC||NHPAC232 0–4.0 
115 

20 

200 

4000 
< 50%/ 10000 

3D-CoO-NrGO||AC 1.0–4.0 
153 

31 

41 

6357 
81%/ 5000 

Excellent electrochemical performance of the 3D-CoO-NrGO||AC SHC device is 

attributed to the synergistic effect of Na-ion insertion into NrGO layers, pseudocapacitive-

type Na-ion storage at Na2O/Co/NrGO interfaces, and conversion-type Na-ion storage of 

CoO nanoparticles. CoO nanoparticle immobilization on NrGO through Co–O–C bonds plays 

a dual role by preventing particle agglomeration and provide electronic pathways for 

enhanced charge separation and interfacial charge storage. Electronically conducting 3D-

NrGO further facilitates efficient charge separation. Uniform distribution and immobilization 
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of CoO nanoparticles prevent rGO restacking and facilitate the formation of well-defined 

Na2O/Co/NrGO nanointerfaces, which is key for interfacial pseudocapacitive Na-ion storage. 

The use of CoO active material instead of the commonly used Co3O4 reduces the formation 

of electronically insulating Na2O, which is favorable for improving the overall rate 

performance. Moreover, the ultrafine size of CoO nanoparticles and the 3D-interconnected 

microstructure of the hybrid electrode facilitate the accommodation of volume change during 

the sodiation-desodiation reaction in addition to providing enhanced electrode/ electrolyte 

contact. 

5.2.3 Pseudocapacitive Na-Ion Storage Mechanism. 

Post-cycling TEM analysis and EDX mapping of 3D-CoO-NrGO anode were carried out 

to observe the morphology and microstructure changes during the charge-discharge process. 

TEM image (Figure 5.15a) proves excellent structural stability during the sodiation-

desodiation process. Excessive SEI formation is not observed in this case, which is evident 

from the similar morphology of the cycled and pristine 3D-CoO-NrGO hybrid anode. 

 

Figure 5.15 (a) TEM image, (b-e) TEM-EDX mapping images of cycled 3D-CoO-NrGO 

anode. (f, g) TEM-EDX mapping images of fully discharged 3D-CoO-NrGO anode. 
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Such thin SEI is beneficial for fast Na-ion diffusion and superior long-term cycling stability. 

Homogeneous distribution of metallic cobalt, oxygen, and sodium are evident from the EDX 

analysis of the discharged sample (Figure 5.15b-e). These images also reveal the 3D 

microstructure retention and the lack of particle agglomeration, which are crucial for 

achieving such excellent electrochemical performance. TEM-EDX mapping images of fully 

discharged 3D-CoO-NrGO electrode (Figure 5.15f, g) display uniform distribution of Co-

metal (~ 3 nm) in Na2O matrix. Numerous Na2O/Co/NrGO nanointerfaces thus generate 

providing additional active sites for interfacial pseudocapacitive Na-ion storage.  

Ex-situ XRD measurements were performed to follow the phase changes of the 3D-CoO-

NrGO hybrid anode during the sodiation-desodiation process (Figure 5.16a). The peak 

intensity of CoO gradually decreases during the discharging (sodiation) process accompanied 

by the emerging of Na2O and Co signals. No metallic Na peaks are observed in the partially 

and completely discharged samples, ruling out the possibility of high capacity resulting from 

Na-metal plating. 

Figure 5.16. (a) Ex-situ XRD patterns and voltage profiles of 3D-CoO-NrGO electrodes at 

different charge-discharge states. (b) O 1s spectra of pristine and discharged 3D-CoO-NrGO 

anode. (c) Na-ion storage process in 3D-CoO-NrGO||AC SHC. 
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Intensity of CoO peaks recovers, and Na2O/Co signals gradually decrease during charging 

(desodiation) process, suggesting the reversibility of Na-ion conversion reaction (3Co + 

3Na2O +6e- ↔ 3CoO + 6Na+). However, only a limited capacity (~ 130 mAh·g–1) should be 

expected if the Na-ion storage is only based upon the conversion reaction of CoO 

nanoparticles. High-resolution Co 2p spectra of the discharged sample (Figure 5.16b) also 

indicate the existence of metallic cobalt linked to oxygen, confirming the Co–O–C bond 

retention after complete sodiation, which is in good agreement with its improved 

pseudocapacitance, rate capability, and cycling stability. Interfacial Na-ion storage also exists 

at CoO and Co3O4 electrodes, while the capacity contribution is very low. This is caused by 

the sluggish Na-ion diffusion and absence of well-defined Co/Na2O nanointerfaces, which 

result in particle agglomeration of active material and inferior charge separation. The Na-ion 

storage process of this hybrid device involves multiple mechanisms (Figure 5.16c). During 

the charging process, anions (PF6
−) in the electrolyte migrate to the AC cathode and adsorb 

onto the surface via a fast capacitive process. Meanwhile, Na-ions migrate to the 3D-CoO-

NrGO anode and store via conversion of CoO, insertion into the NrGO layers, and 

pseudocapacitive charge storage at Na2O/Co/NrGO nanointerfaces. 

Control electrochemical measurements were carried out to distinguish the decisive 

factors supporting the outstanding performance of 3D-CoO-NrGO||AC SHC. The inferior 

performance of 2D-CoO-NrGO, 3D-Co3O4-NrGO, and 3D-CoO-rGO compared to the 3D-

CoO-NrGO electrode (Figure 5.17a) confirms the important roles of 3D structure, Na2O 

formation, and N-doping on the Na-ion storage performance. Nevertheless, these different 

advantageous factors play only a secondary role in comparison to Co–O–C bonds. It is 

verified by the inferior performance of CoO+3D-NrGO anode (198 mAh·g–1 @ 0.025 A·g–1) 

without Co–O–C bonds (Figure 5.17b). Hence Co–O–C bonds are the decisive factor 

accountable for the excellent pseudocapacitance enhanced Na-ion storage of 3D-CoO-NrGO 

electrode. Extremely pseudocapacitive interface-engineered 3D electrodes demonstrated 

herein also match the Na-ion storage kinetics of capacitor-type cathode commonly used in 

SHCs. This is due to the integration of surface storage, intercalation, conversion reaction, and 

interfacial pseudocapacitive charge storage processes in the single electrode architecture. The 
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synergy between these multiple mechanisms makes it an excellent electrode for high-

performance SHCs. 

 

Figure 5.17 Galvanostatic rate performance of (a) 2D-CoO-NrGO, 3D-Co3O4-NrGO, 3D-

CoO-rGO, and 3D-CoO-NrGO anodes, and (b) CoO+3D-NrGO and 3D-CoO-NrGO 

anodes. 

5.3 Summary 

In summary, a high energy density (153 Wh·kg–1) Na-ion hybrid capacitor was realized 

through interface engineering of a highly pseudocapacitive 3D-CoO-NrGO anode. The power 

density and cycling stability of this device are also superb. Synergetic effect of Na-ion 

intercalation into NrGO layers, CoO conversion reaction, and pseudocapacitive Na-ion 

storage resulting from numerous Na2O/Co/NrGO nanointerfaces are endorsed to the excellent 

performance of 3D-CoO-NrGO electrode. Crucial factors are identified as 3D microstructure, 

Na2O/Co/NrGO nanointerfaces, nitrogen doping, and Co–O–C bonds. Incorporation of such 

high capacity and pseudocapacitive hybrid anode overcomes the kinetic mismatch with 

capacitor-type cathode and enables to achieve high energy density. A large number of 

transition metal oxide anodes for high-performance hybrid capacitors can be designed by 

implementing the demonstrated strategy of interface engineering. 
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CHAPTER 6  

High-Performance Quasi-Solid-State Sodium-Ion Hybrid 

Capacitors Enabled by UiO-66@PVDF-HFP 

Multifunctional Separators: Selective Charge Transfer and 

High Safety 

6.1 Introduction 

As mentioned in the previous sections, many efforts to address the kinetics mismatch 

between cathodes and anodes mainly focus on exploring proper anode materials for fast Na-

ion insertion/desertion. For example, insertion-type anodes based on TiO2, Na2Ti3O7, 

NaTi2(PO4)3, Nb2O5, V2O5 or their carbon-based (graphene, rGO, CNT, etc.) hybrids, MXene 

(Ti2C, V2C), and biomass-derived carbons have been reported previously for SHCs due to 

their intrinsic or extrinsic pseudocapacitance and rapid Na-ion intercalation.53, 54, 101, 102, 105, 

119, 179-182, 204, 233 However, the accelerated Na-ion insertion/desertion is ineluctably at the 

expense of capacity due to the much more sluggish Na-ion diffusion compared to the fast 

absorption of anions in nature. The electrode polarization caused by the unbalanced charge 

numbers can further restrict the charge separation and Na-ions migration, and thus results in 

severe capacity fading and inadequate energy density. Relying solely on optimization of 

anodes could not realize comprehensively high-performance SHCs. Besides, the serious 

safety issues related to flammable separators, electrolyte leakage, and ignition impede their 

large-scale applications, which exist in all types of energy storage devices based on organic 

electrolytes.40, 234-236 Although considerable non-flammability was achieved through the 

addition of flame retardants into the electrolytes, the decreased ionic conductivity could 

significantly deteriorate the electrochemical performance.234, 235, 237 Electrode short circuits 

related to separator deformations (puncture or thermal shrinkage) also give rise to a 

catastrophic failure of these devices.238  

As an effective strategy, modifications of the separator-electrolyte system, the bridge for 

charge shuttling, and the protection wall for battery operation have demonstrated great 
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potential for fast ion kinetics, fire safety, electrolyte saving, and leakage proof. Functional 

coating materials (Polymers, MXenes, Nanofibers, Al2O3, Al(OH)3, SiO2, TiO2, and ZrO2 

nanoparticles, etc.) have been adopted to modify the polyethylene (PE) or polypropylene (PP) 

membranes, the most commonly used separators in commercial Li-ion batteries.239-243 These 

bilayer separators exhibit good mechanical strength and improved thermal stability from the 

coating materials. However, these efforts achieved only marginal improvement due to the 

inherent drawbacks of PE and PP, such as deficient thermal stability, poor wettability to 

electrolytes, and low porosity (~ 40%), resulting in high internal resistance for ion transport, 

especially for Na-ions with larger radius (1.02 Å) compared to Li-ions (0.76 Å). Moreover, 

the issues related to electrolyte leakage remain unsolved. 

Recently, poly(vinylidene fluoride-hexafluoropropylene) (PVDF-HFP) based 

membranes with multi-scale pore structures have been widely studied and demonstrated many 

advantages as separators for energy storage devices. (i) PVDF-HFP has good chemical 

stability and wettability toward common organic solutions to form quasi-solid-state (QSS) 

electrolytes thus preventing electrolyte leakage.244 (ii) PVDF-HFP with a relatively low 

melting point (~ 140 ℃) ensures that the pores of separators close at the early stage of 

combustion and shut down the battery before catastrophic failure happens.245 The β-phase 

polymer chains of PVDF-HFP are electroactive and beneficial for charge transfer in 

separators.246 (iii) PVDF-HFP can be easily processed into membranes with tunable porous 

structures at a micrometer scale.247 (iv) PVDF-HFP based membranes have excellent 

mechanical strength, thermal stability, and non-flammability.238, 247 In addition, the 

incorporation of active fillers into the PVDF-HFP polymer matrix has presented further 

improvement in ionic conductivity, mechanical strength, or dimensional thermal stability.238, 

247-250 Benefiting from the inorganic-organic hybrid nature, metal-organic frameworks (MOFs) 

offer multiple advantages as active fillers of good compatibility with polymer-based 

separators. The pores of MOFs consisting of angstrom-sized windows and nanometer-sized 

cavities have been reported to work as selective filters and conducting channels for alkali 

metal ions.251, 252 Their open metal sites could potentially coordinate with anions to liberate 

charge mobility.253, 254 Mesoporous structure of MOFs with high porosity can act as a liquid 

electrolyte reservoir to improve the wettability of separators and thus reduce their interfacial
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resistance.247 Moreover, MOFs and their derivatives possess abundant fire-retardant elements, 

potential carbon sources, and transition metal species (Fe, Co, Cu, Zn, Zr, etc.) that exhibit 

great improvement in the thermal stability and flame retardancy of polymer substrates.255, 256 

Transition metal zirconium has been proved as an effective fire-retardant element, for 

example α-zirconium phosphate (α-ZrP). This resulted from the unsaturated metal and 

formation of ZrO2 that promote the catalytic carbonization process.257, 258 It facilitates the 

formation of a barrier and thus protects the underlying polymer substrate. Therefore, Zr-based 

MOFs can be potential candidates as multifunctional additives to comprehensively improve 

the performance of PVDF-HFP separators. However, to our knowledge, there are very few or 

no works reported to exploit these unique properties of PVDF-HFP and MOFs especially for 

Na-ion based energy storage systems. 

In this section, a high-performance quasi-solid-state Na-ion hybrid capacitor enabled by 

a multifunctional UiO-66/PVDF-HFP hybrid separator is presented. Activated UiO-66 is 

selected as active fillers into the PVDF-HFP based on the following aspects.247, 259, 260 (i) Their 

fully open pores and metal sites can absorb more electrolyte solution and selectively transport 

Na-ions. The acid defect positions of UiO-66 have been proved highly beneficial for ion 

transport, thus reducing the kinetics mismatch between cathodes and anodes. (ii) The function 

as a flame retardant additive ensures better operating safety of Na-ion hybrid capacitors. (iii) 

UiO-66 has good chemical stability in organic electrolytes that avoids the deterioration and 

contamination of electrolytes caused by side reactions. (iv) UiO-66 is unreactive to Na-ions 

that can avoid Na dendrites caused by the Na-ion deposition on the MOF/separator and thus 

reduce the risk of internal short circuit. (v) The fast and low-cost synthesis of UiO-66 makes 

the separators more economically favorable. 

6.2 Results and Discussion 

6.2.1 Characterization of UiO-66@PVDF-HFP Separators 

A high-temperature activation process (Figure 2.4) was performed to remove the 

moisture, solvent, and residual reactants from the pores, and thus ensure high purity of UiO-

66 with relatively open pores and metal sites.251, 261 The removal of guest molecules out of 

the organic frameworks could lead to a volume contraction of the unit cells possibly due to 
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the strong edge-to-face π-π stacking interactions between the aromatic rings of the organic.262 

263, 264 Non-solvent induced phase separation (NIPS) method (Figure 2.6) is adopted due to 

its simple tunability of porosity degree and pore sizes of membranes. Asymmetric porous 

morphology of the membranes is realized through the diffusion exchange of the solvent (DMF 

and acetone) in PVDF-HFP solution with the non-solvent (water and ethanol) in a coagulation 

bath at 25 ℃. The properties of the porous structure can be strongly affected by the exchange 

rate between the solvent and non-solvent..263, 264 In principle, a higher exchange rate leads to 

larger pore size and uneven pore distribution. In this work, the exchange rate was controlled 

by adjusting the additive amount of ethanol in water solution as the PVDF-HFP/DMF/acetone 

system has stronger thermodynamic stability in ethanol compared to water solution. 

Thermogravimetric analysis (TGA) was initially performed to evaluate the thermal 

stability of as-prepared UiO-66 (Figure 6.1a). The first weight loss under 100 ℃ represents 

the desorption of physisorbed moisture, while the second weight loss between 100 and 450 ℃ 

is related to the removal of residual DMF and the dihydroxylation of the zirconium-oxo 

clusters.265 The rapid weight loss after 450 ℃ is due to the decomposition of the organic 

linkers in the UiO-66 frameworks. This result suggests good thermal stability of UiO-66 

below 400 ℃. To avoid the structural transformation/decomposition, the heating temperature 

of 400 ℃ was determined to achieve a complete activation of UiO-66. Unchanged crystal 

structure of UiO-66 before and after high-temperature activation can be proved by the XRD 

result (Figure 6.1b). 

 

Figure 6.1 (a) TGA curve of inactivated UiO-66 under N2 flow. (b) XRD patterns of 

inactivated and activated UiO-66. 
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Detailed microstructure analysis of the membranes was performed using scanning 

electron microscopy (SEM). The PVDF-HFP membrane (Figure 6.2a-c) exhibits an 

asymmetric porous structure with a pore size of 1–2 μm and thickness of ~ 60 μm, which 

dramatically differ from the commercial Celgard (Figure 6.2d) with pore size of 200–300 

nm, thickness of ~ 25 μm and porosity of ~ 40%. The larger pore size and higher porosity of 

the PVDF-HFP membrane observed here are beneficial for better electrolyte wettability and 

higher electrolyte uptake. It consequently reduces charge transfer resistance, ensures superior 

electrolyte/electrode contact, and provides sufficient Na-ions for quasi-solid-state SHCs. 

Notably, the incorporation of UiO-66 and PVDF-HFP further enlarged the pore size (1–3 μm) 

and porosity (> 70%) of hybrid membranes. Such morphology change is possibly due to the 

hydrophilicity of UiO-66 that accelerates the exchange rate of solvent and non-solvent during 

the pore formation process  

 

Figure 6.2 Surface and cross-section (inset) SEM images of (a) 3-Hybrid, (b) 6-Hybrid, 

(c) 9-Hybrid membranes, and (d) Celgard. (e) HAADF image and corresponding EDX 

elemental mapping of the hybrid membrane. 
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However, overloading of UiO-66 resulted in severe non-uniform distribution of pores, 

uncontrollable increase of pore size, and pore closure. The oversize pores could increase the 

risk of internal short circuits caused by metal dendrites or the direct contact of electrodes. 

Moreover, the non-uniform distribution of pores could limit the utilization of active materials 

on electrodes, reducing the energy density and accelerating the degradation of SHCs. Uniform 

distribution of F, C, and Zr elements are evident from the EDX elemental mapping (Figure 

6.2e) of the hybrid membrane, indicating good miscibility of UiO-66 and the PVDF-HFP 

substrate.  

Electrolyte wettability was observed by dropping electrolyte solution on the surface of 

separators and photos were recorded after 60 s (Figure 6.3a). In comparison to the Celgard, 

the PVDF-HFP and hybrid separators demonstrate much better wettability due to the good 

affinity of PVDF-HFP and UiO-66 fillers toward PC electrolyte and their high porosity that 

provides large space for electrolyte adsorption. Electrolyte uptake of the separators was 

calculated and listed in Table 6.1. Higher electrolyte uptake capability of PVDF-HFP 

separator (~ 250%) compared to commercial Celgard (~ 80%) supports that PVDF-HFP 

absorbs plenty of electrolyte solution to form gel electrolyte (Figure 6.3b). This is essential 

for the fabrication of QSS SHCs with sufficient Na-ion supply and excellent electrolyte 

retention. Hybrid separators present further improved electrolyte uptake up to 320% resulting 

from the introduction of activated UiO-66 with fully open pores that is beneficial for trapping 

more electrolyte solution. 

 

Figure 6.3 (a) Wettability observation of the separators. (b) Gelation of the hybrid separator 

after the complete absorption of the PC electrolyte. 
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Table 6.1 Parameters of the Celgard, PVDF-HFP, and hybrid separators. 

Separator 
Thickness 

(l, μm) 

Thermal shrinkage 

(Ts, %) 

Electrolyte Uptake 

(U, %) 

Celgard 25 88.1±2.1 79.3±2.2 

PVDF-HFP 61±2 22.8±1.1 253.2±8.5 

3-Hybrid 60±2 6.8±0.3 307.3±9.2 

6-Hybrid 60±1 5.9±0.2 321.6±7.8 

9-Hybrid 59±1 5.4±0.2 317.7±8.1 

Average parameters and standard deviation based on 3 separators in parallel. 

The high mechanical strength of separators is essential for the fabrication of SHCs to 

ensure their safe operation. Catastrophic failure of these devices often follows from the 

electrode short circuit related to the separator deformation (puncture or thermal shrinkage).266 

A tensile test of the membranes was carried out to characterize their mechanical properties. 

The hybrid membrane (Figure 6.4a) demonstrates improved tensile strength (6.62 MPa) and 

elongation (107%) compared to the PVDF-HFP separator (5.31 MPa and 61%), which is very 

close to that of the commercial Celgard (8.96 MPa and 103%). The increased elongation of 

the hybrid separator suggests good flexibility that is beneficial for a superior 

electrode/electrolyte contact, thus reducing the charge transfer resistance. The mechanical 

robustness of these hybrid membranes increases with an increase of UiO-66 loading within a 

certain range (Figure 6.4b). Although the high porosity of membranes is usually believed to 

reduce their mechanical strength, the developed hybrid membranes exhibit both high porosity 

and satisfactory mechanical properties for practical applications. The superior mechanical 

properties of hybrid membranes compared to the pure PVDF-HFP membrane are credited to 

the interfacial adhesion of UiO-66 fillers and the PVDF-HFP matrix. In this case, UiO-66 

provides numerous contact points to PVDF-HFP chains to enhance the interaction force 

between polymer chains, thus protecting the hybrid separator from easy breaking.238, 250 
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Figure 6.4 Stress-strain curves of (a) Celgard, PVDF-HFP, and hybrid membranes, and (b) 

hybrid membranes with different UiO-66 loading. 

The X-ray diffraction (XRD) analysis (Figure 6.5a) reveals that the PVDF-HPF powder 

purchased is α-phase dominated with some traces of β-phase coexisting. This can be 

evidenced by the strong diffraction peaks at 18.4°, 19.9°, 26.7° and 38.7° corresponding to 

(020), (110), (021) and (200) of α-phase crystal and the weak peak at 35.9 corresponding to 

(200) of β-phase crystal, respectively.246, 267 While the PVDF-HFP membrane prepared with 

a weaker peak at 18.4° and an intensive peak at 20.3° related to (020) and (200,110) are 

dominated in β-phase. With the increase of the UiO-66 loading in these hybrid membranes, 

the peak area at 20.3° decreases (Figure 6.5b, c), indicating a reduced crystallinity of PVDF-

HFP. The improved motion of amorphous PVDF-HFP polymer segments is thus expected to 

further promote the migration of Na-ions in the QSS electrolytes.246 The corresponding 

Fourier transform infrared (FTIR) spectra (Figure 6.5d-e) are in good agreement with the 

XRD result. The specific bands of PVDF-HFP powder at 761, 793, 874, 971, 1182, 1401 

cm−1 indicate a dominated α-phase coexisting with β-phase traces (small peaks at 840, 1068, 

and 1282 cm−1).267 The peak of β-phase at 840 cm−1 enhanced in PVDF-HFP based 

membranes, while the peaks of α-phase disappeared or weakened, indicating a transformation 

of α-phase to β-phase. New peaks of UiO-66 can be also detected on the spectra of hybrid 

membranes due to the incorporating of UiO-66 and PVDF-HFP.  
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Figure 6.5 (a-c) XRD patterns and (d-e) FTIR spectra of PVDF-HFP powder, PVDF-HFP 

membrane, and hybrid membranes.  

In principle, the PVDF-HFP polymer with higher crystallinity would have a higher 

melting temperature (Tm) and heat of fusion (∆Hf).
268 Differential scanning calorimetry (DSC) 

curves of the membranes (Figure 6.6) exhibit a decreased Tm and ∆Hf with adding UiO-66 

into the polymer matrix of PVDF-HFP. The reduced crystallinity of the hybrid membrane 

demonstrated here is also well consistent with the conclusion of XRD results. 

 

Figure 6.6 DSC curves of the PVDF-HFP and hybrid membranes. 

A minimal thermal shrinkage of separators is desperately required to prevent internal 

short circuits of SHCs at elevated temperatures. As presented in Figure 6.7a and Table 6.1, 

commercial Celgard starts to shrink rapidly at 140 °C and melts completely into a trunk-like 
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residue at 160 ℃. Such high thermal shrinkage of the Celgard could result in an increased 

safety risk to SHCs during thermal runaway. PVDF-HFP separator intrinsically has better 

thermal resistance capability due to its molecular properties. Only crinkles are observed 

around the edge of the PVDF-HFP separator at 140 ℃, which could be avoided by proper 

pressure from both electrodes. However, more than 20% of thermal shrinkage occurring at 

160 ℃ still cannot meet the requirement of SHC safety. In contrast, the hybrid separators 

exhibit invisible thermal shrinkage (< 7%) under identical conditions indicating that the UiO-

66 can help to improve the dimensional thermal stability of hybrid separators. Notably, the 

pores of the hybrid separator fully closed after heating at 140 ℃ (Figure 6.7b), which can 

effectively shut down SHCs against thermal runaway during an external short circuit, 

overcharge, and/or abusive discharge conditions.245  

 

Figure 6.7 (a)Thermal shrinkage test of the Celgard, PVDF-HFP, and hybrid 

separators. (b) SEM image of the hybrid separator after heating at 140 ℃ for 10 min. 

TGA was also carried out to study the decomposition process of the separators under 

high temperatures (Figure 6.8a, b). The commercial Celgard decomposes at 350 ℃ without 

any residue formed after 450 ℃. The PVDF-HFP separator shows a much higher 

decomposition temperature of 400 ℃ and residue of 20% at 600 ℃. By contrast, the residue 

of the hybrid separator greatly increases up to 40%, which is almost double that of PVDF-

HFP. However, the slightly reduced decomposition temperature of the hybrid separators 

indicates that the UiO-66 can accelerate the decomposition of PVDF-HFP due to the 

“catalytic oxidation effect”.269, 270 The halogen-based radicals released during the 

decomposition of PVDF-HFP can improve the fire safety of separators by diluting the 
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flammable gases.271, 272 Meanwhile, UiO-66 catalytically promotes the carbonization of 

PVDF-HFP. Such a carbonaceous layer could also reduce the penetration of heat and oxygen 

supply through the sample, and accordingly prevent further exposure under fire. 

 

Figure 6.8 (a, b) TGA curves, and (c, d) HRR curves of the Celgard, PVDF-HFP, and 

hybrid separators. 

To further study the fire behavior of the separators, the Micro-scale Combustion 

Calorimetry (MCC) test was employed to measure the key fire safety parameters such as heat 

release rate (HRR), heat release capacity (HRC), etc. (Figure 6.8b, c). The peak heat release 

rate (pHRR) of the Celgard is as high as 1126 W·g−1. The PVDF-HFP separator demonstrates 

a much lower pHRR of ~ 700 W·g−1 indicating the reduced danger during fire hazards 

compared to the commercial Celgard. Moreover, with the addition of 3 wt%, 6 wt%, and 9 

wt% of UiO-66 into the hybrid separators, the pHRR values are found to be 263, 172, and 

184 W·g−1, exhibiting 62%, 75%, and 73% of reduction, respectively, compared to that of 

PVDF-HFP. The significantly suppressed heat generation indicates an improved fire safety 

of the separators. Interestingly, different from the single peak of the PVDF-HFP separator at 
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490 ℃, the hybrid separators show two peaks at 417 ℃ and 467 ℃, respectively. Moreover, 

the peak value of the first peak is proportional to the UiO-66 loading in the hybrid separator. 

The appearance of the first peak can be attributed to the presence of activated UiO-66, 

containing abundant zirconium nodes, that being oxidized into metal oxide. The ZrO2 

formation can be observed from the XRD spectra of the residue of the hybrid separator 

(Figure 6.9a). Additionally, transition metal-containing UiO-66 can facilitate the formation 

of the char layer through the catalytic carbonization behavior, which is also consistent with 

the increased residue of hybrid separators compared to PVDF-HFP as presented in TGA. It 

is well established that the fire triangle contains three basic elements, heat, fuel, and oxygen, 

in the combustion process.236 Therefore, the initial consumption of oxygen caused by UiO-

66 reduced the ambient oxygen content, thus suppressing the heat releasing from PVDF-HFP 

(the second peak at HRR curve). To verify it, MCC measurement of a parallel hybrid 

separator containing UiO-66 derived ZrO2, obtained by heating as-prepared UiO-66 powder 

at 500 ℃ under Ar-flow, was recorded under the same condition (Figure 6.9b). The 

disappearance of the first peak at 417 ℃ qualitatively proves that the transformation of UiO-

66 into ZrO2 accompanied by the consumption of oxygen is responsible for the formation of 

the first peak. However, the total heat release (Figure 6.9c) of all hybrid membranes is nearly 

constant with increasing the UiO-66 loading. Therefore, the overloading of UiO-66 will not 

further improve the fire safety of the separators. A small additive amount of UiO-66 is more 

economical for practical application.  

Figure 6.9 (a) XRD spectra of the hybrid separator residue after MCC test. (b) HRR curves 

of the hybrid separator based on UiO-66 derived ZrO2. (c) THR of different separators. 

The fire test for the separators upon a forced small flame was also performed. Each sample 

was exposed to a flame for 5 s and the photos during the burning test and final residues were 
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recorded (Figure 6.10). The Celgard separator shrinks immediately upon contact with the 

flame without any formation of residue, which is consistent with the TGA result. The 

shrinkage of the PVDF-HFP membrane is reduced under the same condition with the 

formation of a carbonaceous residue. Moreover, the hybrid separator exhibits superior 

thermal stability and maintains its shape, and the residue obtained after 5 s also shows the 

highest value.  

 

Figure 6.10 Fire test of Celgard, PVDF-HFP, and hybrid separators. 

As observed from the SEM images (Figure 6.11), the residue of the hybrid separator 

after the fire test presents a more intumescent char layer and smaller pore size compared to 

the common fragile residues.273, 274 Moreover, the structure of the cross-section area is more 

continuous and compact. Such a carbonaceous shield that initially formed on the surface of 

the separators can act as an insulating barrier and prevent the oxygen and heat from reaching 

deeper.273 It is thus clear that incorporation of the UiO-66 and PVDF-HFP endows hybrid 

separators with high porosity, excellent mechanical robustness, good dimensional thermal 

stability, and flame-retardancy, and thus demonstrates great potential for SHCs applications. 
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Figure 6.11 SEM images of the residue of the hybrid separators after fire test. 

6.2.2 Electrochemical Performance of UiO-66@PVDF-HFP Separators 

The ionic-conductivity analysis of the quasi-solid-state (QSS) electrolytes based on 

different separators was performed using electrochemical impedance spectroscopy (EIS) in 

the temperature range of 25–85 ℃ (Figure 6.12a-e). The corresponding resistances can be 

obtained from the Nyquist plots, where the AC responses present an inclined straight-line (the 

ion-blocking electrode behavior). The interception on the real axes, Z′RE, provides the bulk 

ionic resistance of the QSS electrolyte.250, 260 The ionic-conductivity values at 25 ℃ 

calculated by equation 3 are listed in Table 6.2. The hybrid electrolytes demonstrate superior 

ionic-conductivity (2.15–2.83 mS·cm–1) compared to the PVDF-HFP (1.42 mS·cm–1), which 

is ~6 times higher than the Celgard (0.38 mS·cm–1). The positive correlation between ionic-

conductivity and UiO-66 loading of the hybrid electrolytes is independent of their electrolyte 

uptakes, which means that the improved ionic conductivity, in this case, is mainly resulting 

from the selective Na-ion transport supported by the UiO-66 filler and the increased motion 

of the polymer segments caused by the reduced crystallinity of the PVDF-HFP.  
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Figure 6.12 Nyquist plots of (a) Celgard, (b) PVDF-HFP, (c) 3-Hybrid, (d) 6-Hybrid, (e) 9-

Hybrid separators, and (f) their Arrhenius plots tested at a temperature range of 25−85℃. 

The temperature-dependent ionic conductivity of the QSS electrolytes obeys the 

Arrhenius type thermally activated process (equation 4) in the temperature range of 25–85 ℃ 

(T < Tm). The increased ionic conductivity toward higher temperature (Figure 6.12f) can be 

explained by the free-volume theory of polymer.275 The polymer matrix of the QSS 

electrolytes expands with an increase of temperature, thus providing a larger free volume to 

promote the motion of the polymer segments and the mobility of Na-ions. The activation 

energy (Ea) of the Na-ion migration in the QSS electrolytes was calculated using the slopes 

of ln (σ) vs. T–1 (Table 6.2). The lower Ea values of the QSS hybrid electrolytes (1.31–1.58 

kJ·mol–1) compared to that of the PVDF-HFP (2.03 kJ·mol–1) and Celgard (2.63 kJ·mol–1) 

indicate a lower energy barrier for Na-ion migration, which is essential for the fabrication of 

polymer-based QSS electrolytes.260 It has been established that the liquid electrolyte 

entrapped in the pores of the polymer matrix will further swell the amorphous domains to 

form a gel state.276 Thus, Na-ions can be transferred in porous polymer-based QSS 

electrolytes: (a) through the liquid solution absorbed in pores; (b) through swelled amorphous 

domains; and (c) along molecular chains in the polymer matrix. Since the Na-ion transfer 

process (c) is much more sluggish than processes (a) and (b), the increased ionic conductivity 

of the hybrid QSS electrolytes compared to the PVDF-HFP and Celgard is mainly attributed 
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to the higher liquid electrolyte absorption and amorphous domains in the polymer matrix. 

This is well consistent with the high porosity and electrolyte uptake, and the relatively low 

crystallinity of the hybrid membranes as discussed earlier. MacMullin number (Nm) was also 

calculated by equation 5 to provide information regarding the ionic resistance related to the 

porous structure and the affinity between separator and electrolyte (Table 6.2).277 The lower 

Nm values of the hybrid (3.62–2.75) and PVDF-HFP (5.49) separators suggest much lower 

ionic resistance and higher permeability of Na-ions compared to the Celgard (20.13) due to 

their high porosity and good affinity with electrolyte, which has been confirmed by the SEM 

and wettability observations. 

Table 6.2 Electrochemical parameters of the Celgard, PVDF-HFP, and hybrid separators. 

Separator 

Ionic 

Conductivity 

(σ, mS·cm−1) 

Activation 

Energy 

(Ea, kJ·mol−1) 

MacMullin 

Number 

(Nm) 

Charge Transference 

Number  

(tNa+) 

Celgard 0.38 2.63 20.13 0.18 

PVDF-HFP 1.42 2.03 5.49 0.37 

3-Hybrid 2.15 1.58 3.62 0.49 

6-Hybrid 2.44 1.33 3.22 0.55 

9-Hybrid 2.83 1.31 2.75 0.51 

6-Hybrid 

(Inactivated) 
− − − 0.40 

 

Low Na-ion diffusivity in QSS electrolytes could lead to a serious concentration 

polarization of SHCs during the cycling process. It consequently results in poor charge 

separation, increased side reactions, and joule heating, thus reducing the rate performance 

and cycling stability of the devices, especially under fast charging-discharging conditions. 

Hence, Na-ion transference number (tNa+), proving the information of Na-ion mobility and 

diffusivity is a key parameter for QSS electrolytes.40, 260 It can be found that (Figure 6.13a, 

b) the tNa+ of the Celgard, PVDF-HFP, and hybrid QSS electrolytes are 0.18, 0.37, and 0.55, 
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respectively. Higher tNa+ of the hybrid QSS electrolytes increasing with an increase of UiO-

66 loading suggests the ability of activated UiO-66 that facilitates the Na-ion transport. 

Inactivated UiO-66 based QSS electrolyte (Figure 6.13c) was also investigated and shows 

dramatically reduced tNa+ (0.40), further proving that the open metal sites of activated UiO-

66 can capture PF6
–, and thus liberate Na+ for easier migration.40, 278 This is essential for 

reducing the kinetics imbalance between anodes and cathodes. 

 

Figure 6.13 (a) Chronoamperometry curves and (b) Initial and steady-state Nyquist plots of 

the Celgard, PVDF-HFP hybrid separators, and (c) reference hybrid separator based on the 

inactivated UiO-66. 

Electrochemical performance of the hybrid QSS electrolytes was initially investigated in 

Na-ion half-cells to determine the optimal loading of UiO-66 (Figure 6.14a). The half-cell 

based on 6-Hybrid electrolyte exhibits superior rate performance compared to 3-Hybrid and 

9-Hybrid electrolytes, especially at a higher discharge rate. Inferior rate-performances of 

hybrid electrolytes containing lower (3 wt%) and higher (9 wt%) UiO-66 loadings are due to 

the reduced ionic conductivity and non-uniform Na-ion diffusion, respectively, which can 

seriously affect the fast charge-discharge capability of Na-ion based devices. The capacity 

loss in the first discharge cycle is related to the SEI formation and electrolyte decomposition 

(side reactions) on the surface of the anode during the Na-ion intercalation process.179, 204 It 

could be minimized through presodiation technique to supply additional Na-ions for the 

fabrication of full-cells. The hybrid QSS electrolyte (Figure 6.14b) delivers a high reversible 

specific capacity and excellent rate-performance (230 mAh·g–1 @25 mA·g–1 and 70 mAh·g–

1 @1000 mA·g–1) after the first cycle. In comparison, the PVDF-HFP and Celgard show much 

lower specific capacities and inferior rate performances. It can be attributed to their lower 

ionic conductivity and higher charge-transfer resistance compared to the hybrid electrolyte. 
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This is particularly pronounced during the fast charge-discharge process, such as the nearly 

disappeared capacity of the Celgard observed under higher current densities. The inactivated 

UiO-66 based electrolyte (Figure 6.14c) presents an inferior rate-performance compared to 

the one based on activated UiO-66 due to the deficient open pores and metal sites that support 

faster Na-ion transport. In addition, the trace water and residual reactants in the inactivated 

UiO-66 structure could induce decomposition reactions of the electrolyte solution, e.g. 

promoting the NaPF6 decompose to more insoluble POF3 and NaF: (a) NaPF6 → NaF + PF5, 

(b) PF5 + H2O → POF3 + NaF, and deposit on the SEI surface to increase the Na-ion transfer 

resistance.279 Such an excessive Na-ion consumption could also increasingly lead to a 

capacity fading. The hybrid electrolyte shows no plateaus on the sloping voltage profiles 

(Figure 6.14d) indicating a dominant pseudocapacitive Na-ion storage process. 

 

Figure 6.14 Rate performance of the hybrid separators (a) with different UiO-66 loadings, 

(c) comparing with Celgard and PVDF-HFP separators, and (c) based on activated and 

inactivated UiO-66 fillers in quasi-solid-state Na-ion half-cells. (d) Charge-discharge 

profiles of the hybrid separator. 
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The CV curves of hybrid electrolyte (Figure 6.15a) demonstrate identical shapes at 

various scan rates and overlap during the consecutive cycles, which differs from that of 

PVDF-HFP and Celgard (Figure 6.15b, c), implying highly reversible and pseudocapacitive 

Na-ion storage. The power-law relationship between the peak current density (i) and the scan 

rate (v): ip = avb has been well established to describe the charge storage mechanism. b = 0.5 

represents a diffusion-controlled process, and b = 1.0 indicates a capacitive-dominated 

behavior.105 This can be obtained from the slope of the log(v)–log(i) plots. The higher b values 

(Figure 6.11d-e) for anodic/cathodic peaks of the hybrid electrolyte (0.76/0.73) compared to 

that of the PVDF-HFP (0.64/0.67) and Celgard (0.58/0.59) suggest faster kinetics dominated 

by a pseudocapacitive process.  

Figure 6.15 CV curves at various scan rates and scan-rate dependence of peak current of (a, 

d) hybrid (b, e) Celgard, and (c, f) PVDF-HFP separators.  

Pseudocapacitive contributions of the hybrid, PVDF-HFP, and Celgard electrolytes are 

76%, 57%, and 36% at a scan rate of 1.0 mV·s–1, respectively (Figure 6.16a-c) and increase 

with an increase of scan rates (Figure 6.16d-e). Such highly pseudocapacitive performance 

of hybrid electrolytes is the key for SHCs to achieve fast charging-discharging capability, 

high specific capacity, and superior cycling stability.  
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Figure 6.16 Pseudocapacitive contribution at 1.0 mV·s–1 and Capacitive contribution 

percentages at various scan rates of (a, d) hybrid (b, e) Celgard, and (c, f) PVDF-HFP 

separators. 

As expected, the Na-ion half-cell based on hybrid electrolyte (Figure 6.17a) 

demonstrates superior capacity retention (90 mAh·g–1 @1000 mA·g–1 after 100 cycles) 

compared to PVDF-HFP and Celgard under identical testing conditions. The Nyquist plots 

(Figure 6.17b) of the separator demonstrate a nearly unchanged ionic resistance before and 

after cycling indicating that the channels of the separator for Na-ion transport remain 

unobstructed. There is no deposition of byproducts on the surface of the UiO-66/PVDF-HFP 

separator due to the good chemical stability of UiO-66 and PVDF-HFP toward organic 

electrolyte solution. The Nyquist plots of Na-ion half-cells based on these electrolytes 

(Figure 6.17c) exhibit a semicircle in the high-medium-frequency region indicating the 

overall resistance including the equivalent series resistance (Rs) and charge-transfer resistance 

(Rct), and a sloping line in the low-frequency region related to Na-ion diffusion resistance (Zw) 

within the electrodes.204 The Rct of the hybrid electrolyte (123 Ω) is much lower than that of 

the PVDF-HFP (172 Ω) and Celgard (291 Ω), suggesting an improved charge transfer kinetics. 

Na-ion diffusion coefficients calculated for the hybrid, PVDF-HFP, and Celgard electrolytes 

are 1.8×10–14, 1.1×10–14 and 2.3×10–15 cm2·s–1, respectively. The rapid Na-ion diffusion of 

hybrid electrolytes into electrodes is a result of good electrolyte/electrode affinity, fast Na-
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ion transport, and the high pseudocapacitance of the dual-phase TiO2 nanosheet electrode 

reported earlier.204  

 

Figure 6.17 (a) cycling performance and (b) Nyquist plots of the Celgard, PVDF-HFP, and 

hybrid separators. (c) Nyquist plots of the hybrid separator after 100 charge-discharge 

cycles. 

A hybrid separator was finally employed to fabricate a quasi-solid-state Na-ion hybrid 

capacitor (QSS-SHC) assembled with dual-phase TiO2 anode and AC cathode (Figure 6.18). 

During the charging process, PF6
− anions in the electrolyte migrate to the cathode and adsorb 

onto the surface via a fast “non-Faradaic reaction”.  

 

Figure 6.18 Working mechanism of the quasi-solid-state hybrid capacitor. 
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Meanwhile, Na-ions migrate to the anode and store via a sluggish “Faradaic reaction”. 

Generally, the kinetics mismatch of these different storage mechanisms could result in a 

serious concentration polarization. In the case of using the hybrid electrolyte, the PF6
− anions 

can be partially captured by the open metal sites of the activated UiO-66, and more Na-ions 

are thus liberated to migrate dramatically faster to the anode. Such reduced effect of 

concentration polarization on charge separation is beneficial for achieving higher energy and 

power densities as well as better cycling stability of the QSS-SHC.  

The QSS-SHC (Figure 6.19a) exhibits an excellent rate-performance with a discharge 

capacity of 202 mAh·g–1 @25 mA·g–1 and even 50 mAh·g–1 @1000 mA·g–1. The charge-

discharge voltage profiles (Figure 6.19b) and CV curves (Figure 6.19c) at various current 

densities present a near-linear correlation of capacitive properties, indicating rapid Na-ion 

storage kinetics.  

Figure 19 (a) Rate performance, (b) Charge-discharge profiles at corresponding current 

densities, (c) CV curves at various scan rates, (d) Cycling performance after rate 

performance, and (e) Ragone plot of the quasi-solid-state hybrid capacitor.  

The QSS-SHC demonstrates ultralong cycle life of 10000 cycles @1000 mA·g–1 with a high 

capacity-retention of ~ 80 % and coulombic efficiency of ~ 100 % (Figure 6.19d). 

Furthermore, the maximum energy of 182 Wh·kg–1 @31 W·kg–1 and power density of 5280 

W·kg–1 @22 Wh·kg–1 are exceptional among the previous reports of SHCs (Figure 6.19e) 53, 
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101, 102, 105, 180-182. This result demonstrates that the UiO-66/PVDF-HFP hybrid separator can 

facilitate the Na-ion transport from electrolytes to electrodes and minimize the kinetics 

mismatch between cathode and anode. 

6.3 Summary 

In summary, activated UiO-66 MOF was prepared and employed as a multifunctional 

filler to modify the porous PVDF-HFP separator. The hybrid separator demonstrates high 

porosity (> 70%) and electrolyte uptake (~ 320%), which are essential for the fabrication of 

quasi-solid-state electrolytes with sufficient Na-ion supply and good electrode/electrolyte 

affinity. Moreover, the good mechanical strength and dimensional thermal stability of the 

hybrid separator can ensure a safe SHC operation by preventing the electrode short circuit 

related to the separator deformation. The hybrid separator exhibits a huge reduction (75%) in 

pHRR from MCC, indicating a significantly improved flame retardancy property. This is 

resulted from the transformation of UiO-66 into ZrO2 accompanied by the consumption of 

oxygen and the formation of the barrier char that suppress the further heat release. High ionic 

conductivity (2.44 mS·cm−1) and Na-ion transference number (0.55) of quasi-solid-state 

reveal that the open metal sites of UiO-66 can capture the PF6
− in electrolyte and liberate the 

Na+ for faster migration during discharging process. The low MacMullin number (3.2) and 

activation energy (1.33 kJ·mol−1) proves that reduced crystallinity and good wettability of the 

hybrid separator are beneficial for achieving a high Na-ions permeability. Highly 

pseudocapacitive Na-ion storage is realized based on the premise of improved charge 

separation and charge transfer. The quasi-solid-state Na-ion hybrid capacitor based on this 

separator exhibits high energy density (182 Wh·kg–1 @31 W·kg–1) and power density (5280 

W·kg–1 @22 Wh·kg–1), as well as excellent cycling stability (10000 cycles @1000 mA·g–1). 

Hence, the demonstrated multifunctional separator has great potential for application in Na-

ion hybrid capacitors with both improved fire safety and electrochemical performance. 
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CHAPTER 7  

Conclusions and Future Work 

7.1 Conclusions 

This thesis aims to develop highly pseudocapacitive anodes through nanoengineering for 

sodium-ion hybrid capacitors (SHCs). This pseudocapacitive storage mechanism introduced 

in these anodes is expected to minimize the kinetics imbalance between cathodes and anodes 

thus achieving both high energy and power densities, as well as good cyclic stability. In 

addition, a quasi-solid-state (QSS) electrolyte with flame retardance is also developed and 

applied in the above SHC systems to improve their fire safety. The main conclusions are 

summarized as follows: 

(1) Interface-engineered hierarchical TiO2 nanosheet anode demonstrates highly 

pseudocapacitive behavior toward Na-ion storage. The SHC integrating this TiO2 anode and 

an activated carbon cathode exhibits a high energy density up to 200 Wh kg−1 and good 

cycling stability. Outstanding electrochemical performance of the SHC demonstrated herein 

is attributed to the enhanced Na-ion storage induced by the anatase-bronze nanointerfaces. 

While mesoporosity and nanosheet morphology are beneficial for the enhanced Na-ion 

storage performance, nanointerfaces induced by crystal mismatch between anatase and 

bronze crystallites are identified as the critical reason for the improved pseudocapacitive Na-

ion intercalation pseudocapacitance. Mechanistic investigations evidence Na-ion storage 

through intercalation pseudocapacitance with minimal structural changes.  

(2) Nanograin-boundary rich hierarchical Co3O4 nanorod anode is developed to enhance 

the pseudocapacitive Na-ion storage. The SHC integrating this anode and activated carbon 

cathode exhibits a high energy density (175 Wh kg–1) and good cycling stability. The 

excellent electrochemical performance is due to the hierarchical morphology of Co3O4 

nanorods and the well-designed nanograin boundaries between the nanocrystallites that avoid 

particle agglomeration, induce pseudocapacitive-type Na-ion storage and accommodate 

volume change during the sodiation-desodiation process. Nitrogen doping of the Co3O4 

nanorods not only generates defects for extra surficial Na-ion storage but also increases the 
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electronic conductivity for efficient charge separation and reduced energy barrier for Na-ion 

intercalation. Conventional reaction mechanism and pseudocapacitive Na-ion storage enable 

high specific capacity, fast Na-ion diffusion, and improved structural stability of Co3O4 

nanorod electrode.  

(3) 3D-CoO-NrGO anode consisting of CoO nanoparticles chemically bonded to 3D-

NrGO network through Co–O–C bonds is developed for inducing highly pseudocapacitive 

Na-ion storage. SHC based on this anode and activated carbon cathode exhibits high energy 

density (153 Wh·kg–1) and good capacity retention. Synergetic effect of Na-ion intercalation 

into NrGO layers, CoO conversion reaction, and pseudocapacitive Na-ion storage resulting 

from numerous Na2O/Co/NrGO nanointerfaces are endorsed to the excellent performance of 

3D-CoO-NrGO electrode. Crucial factors are identified as 3D microstructure, 

Na2O/Co/NrGO nanointerfaces, nitrogen doping, and Co–O–C bonds. Incorporation of such 

high capacity and pseudocapacitive hybrid anode overcomes the kinetic mismatch with 

capacitor-type cathode and enables to achieve high energy density. 

(4) Activated UiO-66 MOF is prepared and employed as a multifunctional filler to 

modify the porous PVDF-HFP separator. High porosity and electrolyte uptake of this 

separator are essential for the fabrication of QSS electrolyte with sufficient Na-ion supply 

and good electrode/electrolyte affinity. High tensile strength and dimensional thermal 

stability of the separator reduce the risk of electrode short circuit caused by the separator 

deformation. The hybrid separator demonstrates a huge reduction in pHRR from micro 

combustion calorimeter (MCC) test, indicating a significantly improved flame retardancy 

property. This is due to the transformation of UiO-66 into ZrO2 accompanied by the 

consumption of oxygen and the formation of the barrier char that suppress the further heat 

release. High ionic conductivity (2.44 mS·cm−1) and Na-ion transference number (0.55) of 

QSS reveal that the open metal sites of UiO-66 can capture the PF6
− in electrolyte and liberate 

the Na+ for faster migration during discharging process. The low MacMullin number (3.2) 

and activation energy (1.33 kJ·mol−1) proves that reduced crystallinity and good wettability 

of the hybrid separator are beneficial for achieving a high Na-ions permeability. Such 

multifunctional separator enables the quasi-solid-state SHC to achieve high energy density 

(182 Wh·kg–1) and power density (5280 W·kg–1), as well as excellent cyclic stability. 
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7.2 Future Work 

7.2.1 Development of Superior Carbonaceous Cathodes to Combine with 

Newly Developed Pseudocapacitive Anodes  

Activated carbon (AC) is the most commonly used as cathode materials in Na-ion hybrid 

capacitors due to its high electronic conductivity, surface area, and cost-effectiveness. 

However, their low capacity is still limiting the overall electrochemical performance of Na-

ion hybrid capacitors. Therefore, alternative high capacity cathodes are required to exploit 

the maximum potential of the newly developed high capacity anodes. As a preliminary study, 

we synthesized and investigated the electrochemical performance of partially reduced 

graphene oxide (PRGO) as cathodes in Na-ion half-cell configurations. High specific 

capacities of 503 mAh·g–1 at 25 mA·g–1 and 92 mAh·g–1 at 1 mA·g–1 are obtained, which are 

much higher than that of activated carbon (Figure 7.1a). 

 

Figure 7.1 (a) Rate performance of PRGO and AC cathode; (b) SEM and TEM images of 

PRGO. 

Superior electrochemical performance of PRGO can be attributed to the presence of 

surface functional groups that facilitates pseudocapacitive type Na-ion storage. PRGO 

exhibits three-dimensional (3D) networks of open-porous interconnected nanosheets (Figure 

7.1b), benefiting greater permeation of the electrolyte ions into the porous network and 

shorten the diffusion length. Based on the preliminary result, we intend to modify PRGO 

through anion doping to increase specific capacities. Further characterizations such as (ex-

situ XPS, ex-situ FTIR, ex-situ XRD, etc.) will be carried out to clarify the redox mechanism 
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of sodium storage. Finally, these high capacity anodes will be combined with newly 

developed pseudocapacitive anodes to construct high performance Na-ion hybrid capacitors.  

7.2.2 Investigation of the Effect of Binders and Electrolyte Additives on the 

Electrochemical Performance for Anode Materials.  

Previous studies prove that binders and electrolyte additives can affect the 

electrochemical performance of Na-ions batteries through modification of the SEI thickness 

and chemical composition. Commonly, poly (vinylidene fluoride) (PVDF) is widely used as 

a binder in most electrodes, due to its good chemical and electrochemical stabilities. However, 

PVDF is not suitable for alloying and conversion types anodes due to large volume change 

upon sodiation/desodiation. Therefore, alternative binders such as sodium carboxymethyl 

cellulose (Na-CMC), poly (acrylic acid) (PAA), and sodium alginate (Na-Alg) are introduced. 

Electrolyte additives such as fluoroethylene carbonate (FEC) and vinylene carbonate (VC) 

were reported to assist high quality SEI and improved electrochemical performance. Our 

preliminary studies have proved that citric acid and Na-CMC are superior to PVDF and SBR 

binders (Figure 7.2a). Fluoroethylene carbonate (FEC) additive can increase the cycling 

stability of Na-ion half-cells containing pseudocapacitive anodes (Figure 7.2b). 

 

Figure 7.2. Galvanostatic rate performance of electrodes with (a) different binders and (b) 

electrolyte additives. 

However, exact mechanism for the performance enhancement is not clear. Based on the 

above results, we intend to study the effect of binders and electrolyte additives on the surface 

chemistry and electrochemical performance of pseudocapacitive anode materials. Surface 
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chemical techniques including FTIR and XPS will be used for this study. Special attention 

will be given to further modify the SEI formation on electrodes via a controllable surface 

reaction and enhancing electrochemical performance. 
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