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Abstract 

Energy storage technologies are crucial for efficient utilization of electricity. 

Supercapacitors and rechargeable batteries are of currently available energy storage 

systems. Transition metal oxides, hydroxides, and phosphates are the most intensely 

investigated electrode materials for supercapacitors and rechargeable batteries due to 

their high theoretical charge storage capacities resulted from reversible electrochemical 

reactions. Their insulating nature, however, causes sluggish electron transport kinetics 

within these electrode materials, hindering them from reaching theoretical capacities. 

The conductivity of these transition metal based-electrode materials can be improved 

through three main approaches; nanostructuring, chemical substitution, and introducing 

carbon structures. These approaches often lead to unique electrochemical properties 

when combined and balanced. 

Ethanol-mediated solvothermal synthesis we developed is found to be highly 

effective for controlling size and morphology of transition metal-based electrode 

materials for both pseudocapacitors and batteries. The morphology and the degree of 

crystallinity of nickel hydroxide are systematically changed by adding various amounts 

of glucose to the solvothermal synthesis. Nickel hydroxide produced in this manner 

exhibited increased pseudocapacitance, which is partially attributed to the increased 

surface area. Interestingly, this morphology effect on cobalt doped-nickel hydroxide is 
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found to be more effective at low cobalt contents than at high cobalt contents in terms of 

improving the electrochemical performance. 

Moreover, a thin layer of densely packed nickel oxide flakes on carbon paper 

substrate was successfully prepared via glucose-assisted solvothermal synthesis, 

resulting in the improved electrode conductivity. When reduced graphene oxide was 

used for conductive coating on as-prepared nickel oxide electrodes, the electrode 

conductivity was only slightly improved. This finding reveals that conductivity 

improvements with reduced graphene oxide coating is not that obvious when the 

electrode is already highly conductive to begin with. 

We were able to successfully control the interlayer spacing and reduce the 

particle size of layered titanium hydrogeno phosphate materials using our ethanol-

mediated solvothermal reaction. In layered structured materials, interlayer spacing is 

generally a key parameter for fast ion diffusion kinetics. The nanosized layered structure 

prepared via our method, however, exhibited high sodium-ion storage capacity 

regardless of the interlayer spacing. This result suggests that interlayer spacing may not 

be the primary factor determining sodium-ion diffusion kinetics in nanostructured 

materials, where many interstitials are available for ion diffusion. 

Our ethanol-mediated solvothermal reaction was also effective for synthesis of 

NaTi2(PO4)3 nanoparticles with uniform size and morphology, well connected by a 

carbon nanotube network. This composite electrode exhibited high capacity comparable 
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to that in aqueous electrolyte, probably due to the uniform morphology, where 

preferable planes for the fastest sodium-ion diffusion could be available in all individual 

particles. 

Fundamental understandings of the relationship between electrode 

microstructures and electrochemical properties discussed in this dissertation will be 

important to develop high performance future energy storage systems. 
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Chapter 1: Introduction and Background 

1.1 Overview of Energy Storage 

The demand for electrical energy is increasing with technological advances in 

electronics, electric vehicles, and energy production. The majority of today’s electrical 

energy is derived from fossil fuels such as coal, natural gas, and oil (Figure 1).1, 2  

 

 

Figure 1: U.S. energy consumption by energy sources, 2014. Source: U.S. Energy 

Information Administration, Monthly Energy Review, January 2016. 

The resources of fossil fuels, however, are depleting and their consumption has brought 

serious environmental crises such as climate change.3, 4 Emissions of a greenhouse gas, 

carbon dioxide (CO2) are unavoidable in electrical energy production by burning fossil 

fuels. It is predicted that CO2 emissions will double by 2050.5 Thus, depending on fossil 

energy will raise concerns over the energy security. As such, current energy supply is 
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unsustainable not only environmentally but also economically. Moreover, emphasis on 

low-carbon energy systems has drawn attention to development of energy storage 

technologies to realize effective use of renewable energy resources and to improve 

energy use efficiency.6 Since renewable resources such as solar, wind, and geothermal 

are intermittent, advanced energy storage technologies are required to bridge the 

temporal gap between energy supply and demand.7-9 Thus, energy storage technologies 

are valuable components in these purposes. 

Currently, electrochemical energy storage systems are the most optimal solutions 

to power various technologies, ranging from compact portable electronics to grid-scale 

energy storage applications (Figure 2). Among available electrochemical energy storage 

systems, lithium batteries and supercapacitors are the most promising technologies. 

They store the electrical energy in the form of chemical energy and deliver it when 

needed, by reversing the electrochemical reaction. The terms power density and energy 

density are used to evaluate and compare the rate capability and the energy content of 

electrochemical energy storage systems, usually in a graph called Ragone plot.10, 11 Here, 

power density represents how fast energy can be delivered and energy density 

represents how much energy can be stored. A simple Ragone plot indicates that 

supercapacitors are a high-power system, whereas batteries are a high-energy system 

(Figure 3). The details for supercapacitors and batteries will be discussed in following 

sections. 
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Figure 2: Schematic of applications of electricity storage for generation, transmission, 

distribution, and end customers and future smart grid that integrates with 

intermittent renewables and plug-in hybrid vehicles through two-way digital 

communications between loads and generation or distribution grids. Reprinted with 

permission from ref [2]. 
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Figure 3: Specific energy and specific power of different energy storage systems. 

Reprinted with permission from ref [16]. 

1.2 Supercapacitors 

Supercapacitors are power devices that can be fully charge or discharge in 

seconds. While their energy density (~5 Wh kg-1) is lower than those in batteries, power 

density (10 kW kg-1) is much higher. They currently, thus, fill the gap between batteries 

and conventional capacitors (Figure 3). They have had an important role in 

complementing or replacing batteries in the energy storage field, such as back-up 

supplies used to protect against power disruption and load-leveling. A recent example is 
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their role in power supply in Toyota Prius, a hybrid vehicle, where they capture kinetic 

energy during braking, store it electrically and then deliver it when restarting the 

engine. 

The maximum energy density (E) and power density (P) of a supercapacitor can 

be expressed as equation 1 and 2, 

E = ½ CV 2  (equation 1) 

P = V 2/4R  (equation 2) 

where C is capacitance, V is voltage applied across the two electrodes, and R is the 

equivalent resistance of the supercapacitor. To increase energy and power densities of a 

supercapacitor, it is important to increase the capacitance and the operation voltage 

window as well as reduce the resistance. Since these parameters are solely determined 

by electrode and electrolyte materials used, appropriate choice of materials is critical. 

The electrode materials used as well as the charge storage mechanism are important 

factors classifying supercapacitors into two types; electrical double layer capacitors 

(EDLCs) and pseudocapacitors. Thus, their charge storage mechanisms and properties 

will be discussed in following sections. 
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Figure 4: Schematic of charge storage via the process of either (A) electrical double 

layer capacitance or (B) pseudocapacitance. Reprinted with permission from ref [4]. 

1.2.1 Electrical Double Layer Capacitors 

EDLCs store the charge electrostatically through reversible adsorption of ions of 

the electrolyte onto electrode materials that are electrochemically stable and have high 

accessible specific surface area (1000 – 2000 m2 g-1) as shown in Figure 4A.12 This 

electrostatic charge storage mechanism allows fast energy capture and deliver in a few 

seconds, and over millions of charge-discharge cycles. Their capacitance, however, is 

typically ~150 F g-1, which strongly depends on the specific surface area of electrode 

materials.13 Thus, using materials with high specific surface area is the key to achieve 

high capacitance in EDLC applications. Generally, graphitic carbons, such as activated 
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carbons, carbide derived carbons, graphene, carbon nanotubes (CNTs), and carbon 

onions, satisfy this requirement and have been tested for EDLC applications.14, 15 Table 1 

shows these different carbon structures classified based on their dimensionality, 

conductivity, capacitance and cost. They can be combined with pseudocapacitive 

materials, discussed in the following section, to enhance capacitance. 

Table 1: Different carbon structures used in EDLCs with onion-like carbon, carbon 

nanotubes, graphene, activated carbon, carbide derived carbon, and templated carbon. 

Reprinted with permission from ref [14]. 

 

1.2.2 Pseudocapacitors 

Pseudocapacitance was discovered by Conway et al. in 1975. The charge storage 

mechanism of pseudocapacitors involves the formation of electrical double layer and 

fast, reversible redox reactions at the surface of electrode materials (Figure 4B).16 The 

surface defects and grain boundaries can also act as redox reaction sites.17 Such surface 

redox reactions render charge-discharge rates, comparative to those in EDLCs, but much 

higher specific capacitance. Due to multiple oxidation states presented during redox 

reactions, to date, transition metal-based compounds, such as RuO2, Co3O4, MnO2, V2O5, 
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and NiO, have been extensively studied as pseudocapacitive materials.18-22 Table 2 shows 

theoretical capacitance, redox reactions, and conductivity of typical transition metal 

oxides. As is shown, the specific capacitance of these materials exceeds that of the 

carbon-based counterpart (~150 F g-1). Since redox reactions cause electrode materials 

degradation, however, pseudocapacitors often suffer from poor stability during cycling 

compared to EDLCs. 

Table 2: Comparisons of pseudocapacitance and conductivity of selected metal oxides. 

Modified from ref [17]. 

 

1.2.2.1 Ruthenium Oxides 

Ruthenium oxides (RuO2) are intensively studied as pseudocapacitive materials 

due to their high conductivity, high gravimetric and volumetric capacitance. Crystalline 

RuO2 generally adopt rutile structure.23 Their hydrous form, RuO2·xH2O, consists of 

rutile-like nanocrystals surrounded by water molecules.24 Both forms exhibit 

pseudocapacitance in acidic aqueous electrolytes. The pseudocapacitive charge storage 

process of RuO2 is attributed to fast and reversible electron-transfer reactions that are 

coupled with proton-adsorption at or near the electrode surface.25 
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Figure 5: Illustration of the variation in the solid-state structure of RuO2 as a function 

of (a) water content and (b) a plot showing the interplay of electronic, σ (e-), and 

protonic conductivity, σ (H+), with specific capacitance for the same RuO2 series. 

Reprinted with permission from ref [26]. 

 

RuIVO2 + xH+ + xe- ↔ RuIV1-xRuIIIxO2Hx  (equation 3) 

As their charge storage process involves electron and proton transport (equation 

3), it has been demonstrated that the maximum specific capacitance is achieved when 

electron and proton transport is balanced (Figure 5).26 The high specific capacitance of 

RuO2 can also be achieved by either increasing surface area of RuO2 materials (1152 F g-1) 

or growing RuO2 directly on a carbon substrate such as graphene (1139 F g-1).27, 28 Despite 
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these outstanding performances, RuO2-based supercapacitors are not suitable for large-

scale productions due to the high cost of RuO2. 

1.2.2.2 Nickel Hydroxides and Nickel Oxides 

Nickel hydroxides (Ni(OH)2) have been explored as important materials in 

diverse practical applications such as photocatalysis, electrocatalysis, supercapacitors, 

electrochromic devices, and electrochemical sensors.29-33 Ni(OH)2 has two polymorphs, 

α- and β-Ni(OH)2, first identified by Bode et al.. The β-phase, which is isomorphous with 

brucite, Mg(OH)2, occurs naturally as a mineral.34 The α-phase consists of layers of β-

Ni(OH)2, oriented parallel to the crystallographic ab-plane, and intercalated water 

molecules. These intercalated water molecules do not occupy fixed sites, holding 

Ni(OH)2 layers.35 As a result, α-Ni(OH)2 layers randomly orient, forming turbostratic 

structure.35 

Ni(OH)2 are widely used as cathodes in primary and secondary alkaline 

batteries.36, 37 In alkaline electrolyte, the redox reaction of Ni(OH)2 can be represented as: 

Ni(OH)2 + OH- ↔ NiOOH + H2O + e-  (equation 4) 

As equation 4 indicated, the charge storage mechanism of Ni(OH)2 involves intercalation 

and de-intercalation of protons. Similar to RuO2, thus, the charge storage properties of 

Ni(OH)2 can be improved by controlling surface morphology involving in redox 

reactions and the degree of hydration. These factors will be discussed in detail through 

chapter 2. 
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Figure 6: The Bode diagram illustrating the different variants of nickel hydroxide and 

the possible phase transformations between them. Modified from ref [38]. 

Bode et al. proposed a scheme to explain the electrochemical behavior and phase 

transformations in nickel hydroxides (Figure 6).34 Upon charge, the β-NiII(OH)2 leads to 

β-NiIIIOOH. The β-NiIIIOOH can be either discharged back to β-Ni(OH)2, or charged 

even further through a process called overcharge, transforming to γ-NiOOH. The γ-

NiOOH is discharged and transforms to the α-Ni(OH)2. Thus, electrochemical cycling 

also can occur between γ- and α-phases, and this γ/α couple has a higher charge storage 

capacity (433 mA h g-1, compared to 289 mA h g-1 for β/β) since the oxidation level of γ-

NiOOH is known to be between 3.3 and 3.7.38 However, it has been known that α-
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Ni(OH)2 transforms to β-Ni(OH)2 in aqueous potassium hydroxide (KOH) solutions. The 

unstable α-Ni(OH)2 particles slowly dissolve and are recrystallized as the 

thermodynamically favored β-Ni(OH)2. This has been addressed as the reason for the 

poor cycle stability of α-Ni(OH)2-based electrodes. Adding other transition metal ions 

such as aluminum (Al), zinc (Zn), and cobalt (Co) is known to stabilize the α-Ni(OH)2 

structure. 

Nickel oxides (NiO) are generally derived from Ni(OH)2. The hydroxide is 

converted into the oxide, forming stoichiometric NiO when Ni(OH)2 is heated at around 

300 oC. The redox reaction of nickel oxide in alkaline electrolytes can be expressed as 

equation 5. 

NiO + OH- ↔ NiOOH + e-  (equation 5) 

The charge storage mechanism in NiO involves adsorption and reaction of OH- ions at 

the surface.39 Considering the size of OH-, the charge storage mechanism is dominated 

by the surface redox reaction rather than the bulk intercalation of OH- ions into the 

material.39 

The electrochemical performance of nickel oxides largely depends on the degree 

of crystallinity.40 As shown in Table 3, during synthesis the heating temperature can 

significantly affect the crystal structure of NiOx and the specific capacitance. The 

maximum specific capacitance of 696 F g-1 can be achieved at 250 oC.40 At the 
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temperature above 280 oC, NiOx becomes crystallized and more stoichiometric, and thus, 

the active surface area decreases with the removal of surface defects.39 

Table 3: Effect of calcination temperature on the specific capacitance calculated from 

constant current discharge curves. Reprinted from ref [40]. 

 

1.3 Rechargeable Batteries 

1.3.1 Lithium-Ion Batteries 

In 1990, the first lithium-ion batteries (LIBs) were introduced to the market by 

Sony. Since then, the rechargeable, high energy density lithium (Li) batteries have been 

commercialized and advanced with the use of graphite as the anode material and 

lithiated transition metal oxides, LiMO2 (M = Co, and Ni) as cathode materials.41 Figure 

7A represents a typical structure of commercial LIBs. As illustrated, a cathode and an 

anode are physically separated by an electrically insulating porous membrane, saturated 

by an organic electrolyte containing Li salts. The combination of graphite anode and 

LiCoO2 cathode became the current leading LIB system, powering most of the portable 
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electronic devices.42 This graphite-LiCoO2 system involves chemical reactions, based on 

reversible Li-ion intercalation and extraction processes between cathode and anode 

materials, described as equation 6 and 7.43 

Cathode: LiCoO2 ↔ xLi+ + xe- + Li1-xCoO2   (equation 6) 

Anode: xC6 + xLi+ + xe- ↔ xLiC6    (equation 7) 

When a LIB cell is discharging, Li-ions are extracted from the LiCoO2 cathode in parallel 

to Li-ion intercalation into graphite. When the cell is charging, Li-ions are extracted from 

the graphite anode and move back to the LiCoO2 cathode. 

 

Figure 7: Schematic illustrations of (A) Li-ion batteries and (B) Na-ion batteries. 

Reprinted with permission from ref [42] and [45]. 

LIBs have occupied the majority of the battery market and their demand is still 

increasing. There is an inverse relationship between specific energy and specific power, 

and required specific power and capacity vary by type of applications. Currently, only 
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LIB technology can meet the specific requirements of a broad range of applications when 

optimized for both power density and energy density. 

1.3.2 Sodium-Ion Batteries 

As discussed in section 1.3.1, LIBs have dominated the current battery market. 

Particularly, their use for electric vehicles has been addressed to replace the gasoline-

powered vehicles in order to reduce CO2 emissions. As shown in Figure 8, the market 

for automotive LIBs is rapidly expanding with the worldwide demand for electric 

vehicles.43 A Tesla Model S, an electric vehicle, contains 7,104 LIB cells. The widespread 

use of such large format LIBs for electric vehicles, combined with concerns on Li 

abundance, would drive up prices of Li containing chemicals.44 Li supplies will run out 

in the future if LIBs are also adopted for grid-scale energy storage applications.44 

 

Figure 8: Lithium demand projections by sector. Source: U.S. Geological Survey. 
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As an alternative to LIBs, sodium-ion batteries (NIBs) have the potential to meet 

the needs in the grid-scale energy storage. Sodium (Na) is the 4th most abundant 

elements on Earth and shares some chemical properties with Li.45 Structure, 

components, system, and charge storage mechanism of NIBs are basically the same as 

those of LIBs, except for Na ions as charge carriers instead of Li ions (Figure 7B).45 

However, there are several fundamental differences between Li and Na as summarized 

in Table 4.46 Na exhibits about 0.3 V higher standard reduction potential (-2.71 V) 

compared to that of Li (-3.04 V vs. S.H.E.). Na is about 3 times heavier than Li, and its 

ionic radius is around 0.3 Å larger than that of Li. Thus, the theoretical gravimetric 

capacity of metallic Na electrodes is lower (1165 mA h g-1) when compared with that of 

metallic Li electrode (3829 mA h g-1). However, the difference in the theoretical capacity 

becomes smaller when compared in transition metal compounds with the same crystal 

structure. For example, theoretical capacities of LiCoO2 and NaCoO2 are 274 and 235 mA 

h g-1, respectively.45 In this case, the capacity is reduced by only 14% when Li is replaced 

by Na. This 14% smaller capacity is simply due to the voltage difference (~0.3 V) and 

thus, can be potentially improved by choice of electrode materials.45 
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Table 4: Sodium versus lithium characteristics. Reprinted with permission from ref 

[46]. 

 

Since NIBs are an emerging technology, the discovery of new materials which 

enables Na electrochemistry has been still lacking. As battery performances such as 

specific capacity and operation voltage are mainly determined by the electrochemical 

properties of electrode materials, the greatest attention should be paid to identify high-

performance electrode materials. Successful reversible intercalation host structures must 

have channels and interstitial sites for Na-ion diffusion. Thus, high ionic and electronic 

conductivities are also critical. The following section will discuss the current state of 

NIBs development. 

1.3.3 Current State of Development of Sodium-Ion Batteries 

For NIBs, the cathode consists of a material that can store Na-ion reversibly at a 

voltage, higher than 2 V (vs. Na/Na+).46 Since Na prefers 6-coordination, the choice of 

structures available for cathode materials is limited in two classes; layered transition 

metal oxides and polyanionic frameworks (Figure 9).47 Layered transition metal oxide 
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materials provide two dimensional galleries holding Na-ion in 6-coordinate geometry, 

either prismatic (P2) or octahedral (O3), and polyanionic frameworks have octahedral 

interstitials in their structures (Figure 10).45 The latter class will be further discussed in 

chapter 5. Current state of the art NIB cathodes include seven layered transition metal 

oxides, NaMO2 (M = Ti, V, Cr, Mn, Fe, Co, and Ni), showing reversible Na-ion 

intercalation.48 This is surprising since only LiCoO2 and LiNiO2 show reversible Li-ion 

intercalation.48 Moreover, several layered NaxMO2 achieved energy densities those 

comparable to their Li-ion counterparts (~670 Wh kg-1 with LiCoO2).49 For example, a 

mixed transition metal oxide, Na(Mn0.25Fe0.25Co0.25Ni0.25)O2 has been reported, achieving 

energy density of 578 Wh kg-1.50 

 

Figure 9: Electrode materials for Na-ion batteries. Reprinted with permission from ref 

[3]. 
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Figure 10: Layered structure of P2-type (prismatic, left) and O3-type (octahedral, right) 

NaMO2. Reprinted with permission from ref [45]. 

Identifying appropriate anode materials is critical for advances of NIBs since, as 

discussed in 1.3.2, Na metal anodes show lower capacity and higher standard reduction 

potential, compared to Li metal anodes. Graphite, the most commonly used anode in 

LIB cells, shows very low capacity due to the electrochemically irreversible Na 

intercalation into graphite anode as shown in Figure 11.46 In contrast, non-graphitic 

carbons, a class called hard-carbon has a structure consisting of amorphous carbon 

strongly cross-linked (Figure 12A).51 As an alternative to graphite anode, they show 

reversible Na-ion intercalation as depicted in the voltage profile (Figure 12B) featured 

with two distinct regions. A sloping region below 1 V followed by low voltage 

intercalation reaction plateau below 0.1 V with reversible capacity of 220 mA h g-1 after 

the small irreversible capacity loss (~17 %) in the first cycle.51 
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Figure 11: Na/C (graphite) cell showing lack of electrochemical activity. Reprinted 

with permission from ref [46]. 

 

 

Figure 12: (A) Non-graphitic carbon structure and (B) Na/C (non-graphitic) voltage 

profile. Reprinted with permission from ref [46]. 

 

 



 

21 

Recently, group 14 elements that form intermetallic compounds with Na have 

been studied as NIB anodes.52 Particularly, tin (Sn) is promising due to its cost-

effectiveness and outstanding theoretical specific capacity of 847 mA h g-1 when Na15Sn4 

is formed.53, 54 However, the alloying reaction between Na and Sn is inevitably 

accompanied with a huge volume expansion of electrode materials (~420%) as depicted 

in Figure 13.55 This volume change deteriorates the capacity and the cycle stability due to 

increasing internal stresses, and the subsequent loss of electrical contact between active 

materials and the current collector.56 In recent year, an extensive research has been 

carried out to find methods that can alleviate the deteriorating cycle stability caused by 

volume change by introducing buffer layers such as wood fiber and aluminum oxide.57, 58 

 

Figure 13: Schematic illustration of the structural evolution of tin nanoparticles 

during the sodiation. Reprinted with permission from ref [55]. 

The most common electrolytes for NIBs use either NaPF6 or NaClO4 as salts in 

propylene carbonate (PC) due to its high dielectric constant and large liquid range.46 

Recent studies revealed that using a mixture of PC and ethylene carbonate (EC) as a 

solvent with either 1 M NaPF6 or NaClO4 results in better electrochemical performances 

than using PC alone.59 
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1.4 Energy Storage Materials Challenges 

As discussed earlier, rechargeable batteries and supercapacitors are two major 

systems for electrochemical energy storage. Figure 14 shows and compares maturity of 

various energy storage technologies. Some battery technologies are mature, while 

supercapacitors and other advanced battery technologies are currently at earlier stages 

of development, simply due to far lower energy densities compared to current 

established systems (e.g. pumped storage hydropower).60 Thus, energy densities of both 

rechargeable batteries and supercapacitors should be further improved to be realized as 

highly efficient and reliable energy storage systems. 

 

Figure 14: Maturity of energy storage technologies. Adopted from ref [60]. 

In spite of their different abilities in energy and power performances, especially, 

rechargeable batteries and pseudocapacitors have similarities in configuration and 

charge storage mechanisms, which involve reversible redox reactions in transition metal 
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based-electrode materials. Thus, their charge storage capacity as well as rate capability 

largely depend on ion and electron transport kinetics within electrode materials. These 

transport kinetics, however, are often limited since the most of the transition metal-

based materials have intrinsically poor electrical conductivity. Next three sections will 

discuss three main approaches to improve electrode conductivity and thus, enhance 

overall electrochemical performances of these systems; nanostructuring, chemical 

substitution, and introducing carbon additives. 

1.4.1 Nanostructuring 

Electrode nanostructuring enables enhancements in both power and energy 

performances. Nanostructuring electrode materials does not affect intrinsic transport 

kinetics, but shortens distances and time for ion and electron transport. The mean 

transport time (τ) is determined by diffusion length (l) and diffusion coefficient (D): 

τ = l2/2D (equation 8) 

As described in equation 8, reducing the diffusion distance, and thus reducing the time 

for diffusion is effective for high power performances. It has been reported that 

nanostructured transition metal-based electrode materials exhibit significantly improved 

charge storage capacities and rate capabilities compared to their bulk counterparts. For 

example, Li4Ti5O12 nanowires exhibited 3 times higher specific surface area with 

shortened lithium diffusion length than the bulk counterpart, providing more active 

surface exposed to the redox reaction.61 These nanowires thus, showed high initial 
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capacity of 165 mA h g-1 and ~93% retention of this initial capacity even at 10 times 

higher current rate.61 Another example is molybdenum disulfide (MoS2) nanoplates with 

thickness of 0.4 nm and lateral dimension of 4.0 nm.62 These ultra-small plate-

morphology resulted in a remarkably high Na-ion storage capacity due to the almost 

diffusion-less reactions.62 Similarly, NiO nanosheets with thickness of 2 nm could utilize 

most of Ni atoms in the redox reaction, showing exceptionally high pseudocapacitance 

of 1392 F g-1 at a high current density of 12 A g-1.63 

1.4.2 Chemical Substitution 

Chemical substitution is a common way to improve electrochemical performance 

of transition metal-based electrode materials. Due to the synergistic effects of different 

metal ions, the exceptionally high specific capacity (or capacitance) has been achieved 

through chemical substitution. Importantly, electrical conductivity of transition metal-

based compounds can be increased due to the decreased activation energy for electron 

transfer between transition metal ions.64 For example, partial Ti4+ substitution by Mo6+ in 

Li4Ti5O12 led to ~10% increase in specific capacity due to the increased electron 

concentration in the electrode material.65 It has been known that cobalt substitution in 

Ni(OH)2 improves pseudocapacitance due to the favorable charge hopping,66 which will 

be discussed further in Chapter 2. In addition, defect sites are often formed in electrode 

materials by chemical substitution, providing paths for ion and electron transport. The 

presence of defects and vacancies strongly influences the properties of transition metal-
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based electrode materials, including capacity, electrical conductivity, and ion transport. 

According to Luo et al., the oxygen deficient LiTi2(PO4)3 can be synthesized by heating 

the material in nitrogen atmosphere.67 Oxygen vacancies presented in this material 

formed a defect band, reduced the band gap, and thus improved the electrical 

conductivity.67 

1.4.3 Carbon Additives 

Carbon-transition metal oxide, hydroxide, and phosphate composites are 

emerging as promising electrode materials for both pseudocapacitors and rechargeable 

batteries.  In composite electrodes, carbon structures serve as not only the physical 

support for transition metal compounds but also channels for electron transport.68, 69 

Particularly, the high electrical conductivity of carbon structures is beneficial for the rate 

capability and power density at high current rates.70, 71 Transition metal compounds 

contribute to high capacity and high energy density in composite electrodes. Thus, in 

principle, electrochemical energy storage systems based on carbon-transition metal 

compound composites can have high power density and energy density simultaneously. 

Table 5 summarizes recent literature reports for various carbon-transition metal 

compound composites for high performance electrochemical energy storage 

applications. In this dissertation, graphene and CNTs are selected as conductive 

additives for pseudocapacitor and battery electrodes. Thus, following subsections will 

provide introductions to these materials. 
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Table 5: Summary of recent literature reports for various carbon-transition metal 

compound composites for electrochemical energy storage applications. Figures were 

reprinted with permission from references. 
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1.4.3.1 Graphene 

Graphene is an intriguing material as it can be transformed into 3-D graphite, 1-

D nanotubes, and 0-D fullerenes (Figure 15).72 Due to its attractive properties such as 

large theoretical specific surface area (2360 m2 g-1),73 high intrinsic mobility (200 000 cm2 

V-1 s-1),74 and high Young’s modulus (~1.0 TPa),75 a lot of research has been done on 

graphene-based electrodes for both rechargeable batteries and supercapacitors. There 

are several methods of graphene synthesis, such as epitaxial growth, chemical vapor 

deposition (CVD), mechanical exfoliation of graphite, and chemical exfoliation of 

graphite oxide.76-78 

Graphene can also be derived from graphene oxide as described in Figure 16.79 

Graphite is first oxidized to form graphite oxide. Since graphite oxide has many oxygen 

functional groups and thus is hydrophilic, it can be well dispersed and exfoliated into 

graphene oxide in various solvents including water. Then graphene oxide can be 

converted to graphene via chemical reduction with reducing agents, such as hydrazine 

and sodium borohydride.80, 81 Upon reduction, oxygen functional groups are removed, 

sp2-hybridization is recovered, and thus, the electrical conductivity is improved. 
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Figure 15: Graphene is a 2-D building material for carbon materials of all 

dimensionalities. It can be wrapped up into 0-D buckyballs, rolled into 1-D 

nanotubes, or stacked into 3-D graphite. Reprinted with permission from ref [72]. 

 

 

Figure 16: The conversion process from graphite to chemically derived graphene. 

Reprinted with permission from ref [79]. 
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1.4.3.2 Carbon Nanotubes 

CNTs were first introduced by Sumio Iijima in 1991.82 CNTs show a graphite 

structure along the needle axis forming cylindrical shape (Figure 17).82 Due to the 

covalent sp2 bonds between carbon atoms, CNTs show Young’s modulus of 1.2 TPa, and 

tensile strength of up to 63 GPa.83 CNTs also have tunable surface properties, well-

defined hollow interiors, and superior electrical conductivity.83 These attractive 

properties enable CNTs to be used in numerous potential applications including 

electrodes for supercapacitors and batteries, high strength composites, and electronic 

devices.16, 83 

 

Figure 17: CNTs consisting of (a) 5 graphene sheets, (b) 2 graphene sheets, and (c) 7 

graphene sheets. Adopted from ref [82]. 
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CNTs can be synthesized via arc-discharge, laser ablation, and CVD.84-86 Large 

quantities of CNTs can be synthesized by these methods. Arc-discharge and laser 

ablation utilize solid-state carbon precursors and involve carbon vaporization caused by 

high temperature (> 1700 oC).84 Although these methods are known for producing high-

quality nanotube structures, large amounts of byproducts are also produced.84 CVD 

utilizes hydrocarbon gases as carbon sources and metal catalyst particles as seeds for 

nanotube growth at relatively lower temperatures (500 – 1000 oC) in vacuum or at 

atmospheric pressure.84 
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Chapter 2: Effects of Morphology and Chemical 
Substitution on Electrochemical Properties of Metal 
Hydroxides in Pseudocapacitors1 

2.1 Introduction 

In the light of the gradual depletion of conventional energy resources and the 

resulting environmental crisis from heavy usage of fossil fuels, development of 

advanced energy storage devices including rechargeable batteries and supercapacitors is 

essential for the sustainable supply of energy to society needs.70 Nickel hydroxides 

(Ni(OH)2), are widely used as electroactive materials in batteries and pseudocapacitors 

due to their high theoretical capacitance of 2082 F g-1 and well-defined redox processes.87-

89 Hydrotalcite-like Ni(OH)2, particularly, has a larger interlayer distance (∼7 Å) than its 

brucite-like counterpart (∼4.6 Å), showing interesting electrochemical activities.90 Their 

limited electrical conductivity (10−5–10−9 S cm−1), however, has been addressed as the 

most significant problem obstructing the ideal performance of Ni(OH)2-based 

electrodes.90, 91 Thus, developing effective strategies to assemble Ni(OH)2-based 

electrodes with improved electrical conductivity is desired. 

In recent years, an extensive research has been carried out to improve the 

electrode conductivity through chemical doping and morphology control of active 

materials on the nanoscale. Specifically, the electrode conductivity can be improved by 

                                                      

1 This chapter has been published in Nanoscale 2015, 7, 3181 – 3188. 

Contribution: NMR analysis on product from solvothermal reaction was done with the help of Minhee Lee. 
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chemical doping through which nickel (Ni) is partially substituted with other cations 

such as Co, Al, and Zn.92-94 Substituting Ni with Co particularly improves the 

electrochemical performance of Ni(OH)2 by increasing the electrical conductivity. For 

example, the Co doped-Ni(OH)2 electrode exhibited a high specific capacitance up to 

1560 F g−1, when the composition of the hydroxide is Co0.5Ni0.5(OH)2.95 This specific 

capacitance increase was attributed to the improved electrical conductivity as well as the 

favorable charge hopping.95, 96 On the other hand, reducing the size of active materials 

into the nanoscale also enables reduction in resistance due to the decreased transport 

distance for both electronic and ionic species.10, 97 As reported in literatures, the size of 

Ni(OH)2 materials can be tailored by adjusting the pH using chemical agents such as 

hexamethylenetetramine or alkali metal hydroxides and these size reduced-Ni(OH)2 

materials showed improved electrochemical characteristics owing to the facilitated mass 

transport.98, 99 It is thus clear that both morphology control and chemical substitution 

positively affect the electrochemical performance of Ni(OH)2 when applied individually. 

However, it is unclear whether better electrochemical performances can be achieved 

when those two approaches are combined. Thus, this work is aimed at elucidating the 

mechanism and the combined effects of chemical substitution and morphology control 

on the electrochemical properties of Ni(OH)2 materials. 

Here we show that the structural features compete with chemical doping in 

influencing the electrochemical performance of metal hydroxide electrodes. The 
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morphology and the degree of crystallinity of Ni(OH)2 were changed by adding glucose 

in the ethanol-mediated solvothermal synthesis. Ni(OH)2 produced in this manner 

exhibited an increased specific capacitance due to the reduced particle/flake size as a 

function of glucose concentration. In addition, Ni(OH)2 prepared with glucose showed 

high water contents both on the surface and in the interlayer galleries. During the 

alcohol-based solvothermal treatment, glucose undergoes ethanolysis through which α-

hydroxyl groups are substituted by ethoxy groups. They, especially at high glucose 

concentrations, limit the diffusion of Ni precursors during synthesis and therefore 

inhibit the growth of Ni(OH)2 particles into larger crystals. The effect of morphology 

control over a wide range of Co doped-Ni(OH)2 (CoxNi1−x(OH)2, x = 0–1) was 

investigated. Interestingly, the specific capacitance improvement introduced by glucose 

was found to depend upon Co doping levels. It was more effective at low Co contents as 

compared to high Co contents. This tendency revealed the existence of competitive 

effects between chemical doping and morphology control. The possible reason for the 

competitive effect is the degree of inter-particle continuity and charge hopping. 

Specifically, more metal cation vacancies can exist on the surface of the highly 

amorphous materials, increasing the discontinuity between particles. Hence, in highly 

defective materials, the improvement due to charge hopping caused by chemical doping 

could become less effective. These findings will be important for effective electrode 

materials design for energy storage applications. 
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2.2 Experimental Section  

2.2.1 Synthesis of CoxNi1-x(OH)2 

Metal hydroxides were synthesized via a solvothermal process. Typically, for 

Co0.5Ni0.5(OH)2 synthesis, 100 mg of Ni(NO3)2·6H2O, 100 mg of Co(NO3)2·6H2O, and 25 

mg of urea were dissolved in 10 mL of ethanol. The precursor solution was transferred 

to a Teflon-lined autoclave vessel with a capacity of 20 mL. Then, the reaction mixture 

underwent a solvothermal reaction in a sealed container at 160 °C for 15 hours. The 

product was cooled to room temperature and then collected by vacuum filtration. The 

modified CoxNi1−x(OH)2 with glucose was synthesized by adding D-glucose to replace 

portions of urea in the solvothermal process under the same conditions. Portions of the 

urea were replaced by glucose from 0% to 50% while the total amount of the hydrolysis 

agent was fixed. The corresponding CoxNi1−x(OH)2 synthesized in this manner was 

denoted as  CoxNi1−x(OH)2-0%, CoxNi1−x(OH)2-10%, CoxNi1−x(OH)2-20%, and 

CoxNi1−x(OH)2-50%, respectively.  

2.2.2 Material Characterization 

X-ray diffraction (XRD) patterns were recorded with a Panalytical X’pert PRO 

MRD HR X-ray diffraction system using Cu-Kα radiation (λ = 1.5405 Å). Scanning 

electron microscopy (SEM) was performed using a FEI XL30 SEM-FEG operating at 12 

kV. The thermal analysis of samples was performed using a thermogravimetry (SDT 

2960 Simultaneous DTA – TGA) system under an air atmosphere in the temperature 
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range of 30 °C to 800 °C with a heating rate of 10 °C min−1. Fourier transform infrared 

(FT-IR) spectra, over a range of 550–4000 cm−1, were measured with a Thermo Scientific 

Nicolet 380 FT-IR spectrophotometer. The specific surface area of all Ni(OH)2 samples 

with different glucose amounts was determined by nitrogen adsorption at 77 K. 

2.2.3 Electrochemical Measurements 

Electrochemical measurements were carried out using a three electrode 

configuration (Figure 18): the CoxNi1−x(OH)2 electrode as a working electrode, a 

saturated calomel electrode (SCE) as a reference electrode, and a piece of Pt foil as a 

counter electrode.  

 

Figure 18: Schematic illustration of three electrode configuration. 

2 M KOH was used as the electrolyte. Working electrodes were prepared as follows. The 

active material (∼2 mg) was mixed with conductive graphite and polyvinylidene 

difluoride (PVDF) with a mass ratio of 70 : 20 : 10. The mixture was cast onto a piece of 

nickel foam and then dried in an oven (∼70 °C) for 20 hours before using it as a working 
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electrode. All electrochemical measurements were conducted using the Bio-logic SP300 

instrument. Cyclic voltammetry was performed in a potential window of −0.1 to 0.4 V at 

a scan rate of 5 mV s−1. Chronopotentiometry was also performed in the potential range 

of −0.1 to 0.4 V at a current density of 1 A g−1. Electrochemical impedance spectroscopy 

(EIS) measurements were conducted in a frequency range of 100 kHz–0.1 Hz with an AC 

voltage amplitude of 5 mV. The specific capacitance was calculated using the equation 

Cs = I/(dV/dt )m, where I is the applied current, dV/dt is the potential change rate 

determined from galvanostatic charge–discharge curves, and m is the mass of metal 

hydroxides. 

2.3 Results and Discussion  

2.3.1 Characterization of Ni(OH)2 Synthesized with Glucose 

Ni(OH)2 samples were synthesized via ethanol-mediated solvothermal routes 

with various amounts of glucose in the reaction media. XRD patterns of the resulting 

Ni(OH)2 showed a systematic and unambiguous change in the degree of crystallinity 

from the highly crystalline phase to amorphous with increasing glucose concentrations 

(Figure 19). The observed peaks are assigned to (hkl) reflections of hydrotalcite-like 

Ni(OH)2 (JCPDS No: 38-0715). The intensity of all peaks, especially for (003) reflection, 

systematically decreased with increasing glucose concentrations. This systematic 

decrease in XRD peak intensity indicated the increasing disorder of the hydrotalcite-like 

features of Ni(OH)2 as well as the decreasing size of crystallites.  
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Figure 19: XRD patterns of Ni(OH)2 synthesized with (a) 0%, (b) 10%, (c) 20%, and (d) 

50% glucose. 

In addition, the (003) reflection shifted to a lower crystallographic angle as the glucose 

concentration increased. The corresponding interlayer distances were 7.01 Å, 7.15 Å, and 

7.24 Å for Ni(OH)2-0%, Ni(OH)2-10%, and Ni(OH)2-20%, respectively. This result 

revealed that Ni(OH)2 synthesized with glucose can contain more water intercalation 

than that synthesized without glucose. Such water intercalation variations were detected 

in thermogravimetric analyses (TGA) as well as discussed later in detail. SEM images 

also showed the systematic morphology change of Ni(OH)2 with increasing glucose 

concentrations (Figure 20). 
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Figure 20: SEM images of Ni(OH)2 synthesized (A) without glucose, and with (B) 10%, 

(C) 20%, (D) 50% glucose. 

The size of Ni(OH)2 flakes was significantly reduced with only 10% glucose. However, 

the density of flakes in this Ni(OH)2 flower-shaped particle is considerably higher than 

that of Ni(OH)2-0%. The size of flower-shaped particles started to be decreased as well as 

the flake size reduced when 20% glucose was added during synthesis. Finally, the size of 

Ni(OH)2 flower-shaped particles synthesized with 50% glucose was almost half of that of 

Ni(OH)2-0%. Such a systematic decrease in size of Ni(OH)2 flakes/particles is in good 

agreement with the observed changes in XRD patterns, suggesting that the glucose 

addition to the alcohol-mediated metal hydroxide synthesis is an effective way to 

control the morphology as well as the degree of crystallinity.  
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Figure 21A shows TGA results in the temperature range of 30–800 °C. As is 

shown, two distinct weight loss steps were observed in all the samples. The weight loss 

below 200 °C is ascribed to the removal of physically adsorbed water on the surface. 

Ni(OH)2 modified with glucose showed much higher surface water adsorption than that 

of Ni(OH)2-0%. The weight loss in this region increased from ∼5% to ∼15% as the 

glucose concentration increased from 0% to 50%. This higher water adsorption is likely 

due to the increased specific surface area with the reduced size of Ni(OH)2 flakes. Thus, 

more surface becomes available for water adsorption. It is possible to expect ethanol 

intercalation in Ni(OH)2 crystal structure during processing. However, FT-IR analysis 

shows the absence of peaks corresponding to C-H or C-C groups (2800 - 2900 cm-1), 

indicating that ethanol or glucose molecules in Ni(OH)2 crystal structure (Figure 21B). 

The sharp weight loss above 230 °C is associated with the elimination of hydroxyl 

groups in the layers and the evaporation of water molecules together with the 

simultaneous conversion into NiO (Figure 21C). Notably, the conversion into NiO 

started at lower temperature in samples with glucose. For example, the conversion 

starting temperature for Ni(OH)2-50% was ∼262 °C, which is about 20 °C lower than that 

of Ni(OH)2-0% (∼282 °C). This result indicated that the bond strength becomes weaker 

with higher glucose concentrations considering that the starting temperature for 

conversion into NiO can be affected by the bond strength between Ni and hydroxyl 

ions.99  Furthermore, the major weight loss above 230 °C of Ni(OH)2 modified by glucose 
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is much greater than that of Ni(OH)2-0%. This greater weight loss can be due to the 

additionally intercalated water molecules in the interlayer of Ni(OH)2 prepared with 

glucose addition. These results are consistent with the slight shift and decreasing 

intensity of (003) reflection in XRD with glucose addition, supporting that glucose can 

tailor the morphology and degree of crystallinity efficiently during synthesis. 

 

Figure 21: (A) TGA curves of Ni(OH)2 synthesized with different concentration 

of glucose, (B) FT-IR spectra of Ni(OH)2 synthesized without glucose (black) and 

Ni(OH)2 synthesized with 10% glucose (red), (C) XRD pattern of the sample after 

TGA, which corresponded to that of NiO. 
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2.3.2 Role of Glucose in Solvothermal Synthesis of Ni(OH)2 

To elucidate the possible mechanism of changes in the morphology and the 

degree of crystallinity of Ni(OH)2 with various amounts of glucose, solvothermal 

treatment was carried out in a glucose dissolved-ethanol solution without a metal 

hydroxide precursor. As observed by nuclear magnetic resonance (NMR) spectroscopy, 

peaks corresponding to ethyl substituted glucose were observed instead of those 

originated from D-glucose (data not shown). Mass spectroscopy analysis also indicated 

the presence of ethyl substituted glucose molecules (m/z = 208). Based on these data, we 

hypothesized that these ethyl glucoside molecules can hinder the precursor diffusion 

and thus inhibit the metal hydroxide growth during synthesis. The proposed 

mechanism of the modification of the morphology and the flake size is shown in Figure 

22. During the solvothermal treatment, glucose undergoes ethanolysis through which α-

hydroxyl groups are substituted by ethoxy groups as shown in Figure 23.100, 101 These 

ethyl glucosides are not as reactive as glucose without catalysts such as noble metals as 

α-hydroxyl groups are protected by ethyl groups.101 Conversion of ethyl glucosides back 

to glucose cannot occur.101 These glucose ethanolysis products are dispersed in the 

precursor solution and could confine the space for the nucleation and the subsequent 

growth of metal hydroxides. They, especially at high concentrations of glucose, limit the 

diffusion of precursors during synthesis and therefore inhibit growth of metal 

hydroxides into larger single crystals. It should be noted that the glucose ethanolysis 
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products are soluble in ethanol and thus removed when Ni(OH)2 powder is collected by 

filtration. Unlike in the hydrothermal treatment of glucose, amorphous carbon 

formation was not observed due to the removal of α-hydroxyl groups, which participate 

in the condensation reaction for the polymerization of glucose prior to the 

carbonization.102-104 

 

Figure 22: Schematic illustration of the proposed mechanism for the morphology 

modification of Ni(OH)2 by glucose in the solvothermal medium. (A) Ni(OH)2 

precursors have sufficient spaces to diffuse and grow into large single crystals during 

synthesis without glucose. To reduce the surface energy, Ni(OH)2 flakes aggregate 

forming a large-sized flower-like structure. (B) The ethanolysis products of glucose 

are suspended in the precursor solution. Ni(OH)2 precursors have limited spaces for 

diffusion by ethyl glucosides. As a result, the size of the Ni(OH)2 flower-like structure 

is significantly reduced. 
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Figure 23: Reaction between ethanol and glucose during solvothermal synthesis. The 

most reactive hydroxyl groups are substituted by ethoxy groups via a dehydration 

reaction. 

 

Figure 24: (A) SEM image and (B) XRD pattern of Ni(OH)2 synthesized through two-

step solvothermal process to verify the proposed mechanism of morphology 

modification by glucose. 

To verify the proposed mechanism, a modified synthesis method including two-

step solvothermal processes was designed. The purpose of this control experiment is to 

confirm whether glucose ethanolysis products limit the diffusion of the precursor. In the 

first step, glucose dissolved-ethanol underwent a solvothermal reaction without the 

Ni(OH)2 precursor. The amount of glucose dissolved in ethanol corresponds to that of 

Ni(OH)2-20% for this control experiment. After the first solvothermal reaction, a clear 

liquid product was obtained. In the second step, the Ni(OH)2 precursor was added to the 

liquid product from the first step and underwent another solvothermal process. Figure 
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24A shows a SEM image of the morphology of Ni(OH)2-20% obtained through this two-

step synthesis. The size and the thickness of flakes decreased as observed in Ni(OH)2-

20% synthesized via a one-pot solvothermal method. XRD patterns also exhibited the 

decrease in the degree of crystallinity of Ni(OH)2-20% prepared by this modified 

synthesis method (Figure 24B), supporting the validity of our hypothesis, where the 

ethanolysis products inhibit the growth of metal hydroxides into large crystalline 

particles. 

2.3.3 Effect of Morphology on Electrochemical Properties of 
Ni(OH)2 

The effect of controlling the particle size and morphology on the electrochemical 

performance of different Ni(OH)2 samples was investigated by performing cyclic 

voltammetry (CV), galvanostatic charge–discharge, and electrochemical impedance 

spectroscopy (EIS) measurements. Figure 25A shows CV curves of Ni(OH)2 synthesized 

with various amounts of glucose. A pair of redox peaks were exhibited in all samples 

originated from the reaction of Ni(OH)2 + OH− ↔ NiOOH + H2O + e−. The Ni(OH)2 

synthesized with glucose showed higher peak currents than those without, indicating 

that the electrochemical performance can be improved by reducing the particle size of 

the active material. The particle size and morphology controlled by glucose affected the 

surface area of Ni(OH)2 samples. The changes in specific surface area and the 

corresponding specific capacitance as a function of glucose concentrations are 

summarized in Figure 25B. The measured specific surface area values were 68.4, 110.8, 
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113.9, and 119.5 m2 g−1 for Ni(OH)2-0%, Ni(OH)2-10%, Ni(OH)2-20%, and Ni(OH)2-50%, 

respectively. The specific surface area increased by ∼60% with 10% glucose and then 

changed only slightly at higher glucose concentrations, indicating that 10% glucose is 

sufficient for making a significant change in the surface area. The calculated specific 

capacitances of Ni(OH)2 modified with 0, 10, 20, and 50% glucose using discharge curves 

at the current density of 1 A g−1 (Figure 25C) were 784, 1055, 972, and864 F g−1, 

respectively. In general, the charge–discharge processes of Ni(OH)2 involve the 

intercalation of protons into their lattices.105 The presence of water intercalation assists 

the proton diffusion.105 In this regard, TGA results, where water contents in Ni(OH)2 

increase with glucose addition, also confirmed the improvements in specific capacitance 

by adding glucose. The specific capacitance was maximized at the glucose concentration 

of 10%. The sudden increase in specific capacitance from 784 F g−1 to 1055 F g−1 is 

believed to be due to the dramatic decrease in Ni(OH)2 flake size as well as the resulting 

increased specific surface area with 10% glucose. The specific capacitance, however, 

decreased with the glucose concentration beyond 10%, which cannot be explained by the 

specific surface area alone. EIS results, discussed in the next paragraph, could explain 

the origin of the decreased specific capacitance when the glucose concentration in the 

precursor solution is higher than 10% despite the increased specific surface area. 
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Figure 25: Comparisons of (A) CV curves, (B) the change in the specific surface area 

(SSA) and the specific capacitance (SC) of Ni(OH)2 as a function of glucose 

concentration in the precursor solution, (C) galvanostatic discharge curves of Ni(OH)2 

synthesized with different amounts of glucose, and (D) Nyquist plots and the 

corresponding equivalent circuit of Ni(OH)2 synthesized with and without glucose, 

showing that samples with glucose have a better contact with the current collector due 

to the reduced size of Ni(OH)2 flakes. 
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Figure 26: Comparison of cycle stability of Ni(OH)2 synthesized without glucose and 

Ni(OH)2 synthesized with 10% glucose using CV conducted at a scan rate of 50 mV s-1 

for 1,000 cycles. 

Figure 25D shows Nyquist plots of Ni(OH)2 synthesized with various amounts of 

glucose. The Nyquist plot is represented by the equivalent circuit as shown in Figure 

25D. In the high frequency region, the intercept at the real part (Z′) is a combination of 

the ionic resistance of the electrolyte, the intrinsic resistance of the substrate, and the 

contact resistance at the interface between active materials and the substrate (R1).106 The 

diameter of the semicircle at high frequencies represents the charge transfer resistance 

caused by Faradaic processes and the double layer capacitance, Q2 (R2).106, 107 The straight 

line with a slope of 45° in the plot corresponds to the Warburg resistance (W2), and C3 

represents the Faradaic pseudocapacitance.107 The equivalent series resistance (ESR), 

which includes R1, R2, and other resistances,108 was determined using Nyquist plots and 
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galvanostatic charge–discharge curves of Ni(OH)2 samples and summarized in Table 6. 

As is shown, ESR values of Ni(OH)2-10% (∼2.3 Ω), Ni(OH)2-20% (∼2.7 Ω), and Ni(OH)2-

50% (∼3.1 Ω) were smaller compared with ∼3.7 Ω of Ni(OH)2-0%. This result suggested 

that the contact resistance between Ni(OH)2 samples and the current collector was 

reduced. This reduced resistance can be due to the increased specific surface area of 

Ni(OH)2 samples synthesized with glucose (Figure 25B). These samples, thus, can have 

more surface area for a better contact with the current collector, making continuous 

conducting pathways. The impedance spectra reflect the transport properties of the 

active material affected by microstructural features such as orientation of grains.109 

Polycrystalline solids, in general, contain misoriented grains, leading to the limited 

transport for Faradaic processes compared with the single crystal.109 These properties are 

particularly important for layered structured materials since ionic and electronic species 

are transported across layers.109 The transport properties, thus, affect the charge transfer 

resistance appearing as semicircles in the high frequency region. As shown in Figure 

25D, the size of semicircles varies with glucose concentrations. The largest semicircle 

(the largest charge transfer resistance) is present in Ni(OH)2 synthesized without glucose 

due to the less available active surface area for charge transfer compared with Ni(OH)2 

synthesized with glucose. The size of semicircles increased again as glucose 

concentrations increased from 10% to 50%. This is attributed to the fact that 

misorientation of crystals becomes dominant with increasing glucose concentrations 
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during synthesis, disturbing charge transfer paths. This is in good agreement with the 

XRD pattern where the structure of Ni(OH)2 is more disordered at high glucose 

concentrations (Figure 19). The cycling stability of Ni(OH)2 synthesized without glucose 

and Ni(OH)2 synthesized with 10% glucose was evaluated (Figure 26). The capacitance 

of Ni(OH)2 samples drastically increased initially and then decreased by ∼55% after 1000 

cycles. Both Ni(OH)2 prepared without glucose and Ni(OH)2 prepared with 10% glucose 

exhibited a similar trend in the cycling performance, suggesting that the morphology 

change does not affect the cycling stability of the electrodes. 

2.3.4 Characterization of Co Doped Ni(OH)2 Synthesized with 
Glucose 

To investigate the combined effect of morphology control and chemical doping 

on the specific capacitance, various amounts of Co doped-Ni(OH)2 were synthesized 

with different concentrations of glucose. The phase of the Co doped-Ni(OH)2 was 

determined by XRD measurements. A typical XRD pattern of the Co0.5Ni0.5(OH)2 is 

presented in Figure 27. CoxNi1−x(OH)2 with other x values showed similar patterns. As is 

shown, the hydrotalcite-like feature was confirmed by the peak at 12.52° assigned to 

(003) reflection. The corresponding interlayer separation of 7.08 Å is larger than 7.01 Å 

of Ni(OH)2 and smaller than 7.12 Å of Co(OH)2 in this work, suggesting well-mixed Co 

and Ni in the layered hydroxide structure. With the addition of glucose, the intensity of 

XRD peaks gradually decreased. Such trends are similar to the observations as discussed 

earlier with pure Ni(OH)2. Figure 28 shows SEM images of CoxNi1−x(OH)2 synthesized 
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without glucose. The size of flakes slightly decreased as the concentration of doped Co 

increased. With the addition of glucose, the size of flakes was further reduced in all 

samples (Figure 29). These results are consistent with those of pure Ni(OH)2, indicating 

that the glucose addition can also act as the effective morphology controlling agent for 

mixed metal hydroxide materials as well. 

 

Figure 27: XRD pattern of Co0.5Ni0.5(OH)2 synthesized with (a) 0%, (b) 10%, (c) 20%, 

and (d) 50% glucose additions. 
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Figure 28: SEM images of CoxNi1-x(OH)2 when x is (a) 0.3, (b) 0.5, (c) 0.7, and (d) 1 

synthesized without glucose. 

 

 

Figure 29: SEM images of CoxNi1-x(OH)2 when x is (a) 0.3, (b) 0.5, (c) 0.7, and (d) 

1 synthesized with 20% glucose addition. 
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2.3.5 Electrochemical Performances of Co Doped Ni(OH)2 

The electrochemical performance of Ni(OH)2 with different amounts of Co (x = 0, 

0.3, 0.5, 0.7, 1) was evaluated by CV and galvanostatic charge–discharge measurements. 

The representative cyclic voltammograms of CoxNi1−x(OH)2 synthesized without glucose 

are shown in Figure 30A. A pair of redox peaks was explicitly observed in all 

CoxNi1−x(OH)2, which corresponds to the combination of following Faradaic reactions of 

Ni(OH)2 and Co(OH)2 : Co(OH)2 + OH−↔CoOOH + H2O + e−, CoOOH + OH−↔CoO2 + 

H2O + e−, and Ni(OH)2 + OH−↔ NiOOH + H2O + e−.110 The absence of peak separation can 

be due to the well-mixed Co(OH)2 and Ni(OH)2 as revealed by the XRD result. 

Apparently, redox peaks are gradually shifted to a lower potential with the increase of 

Co content in CoxNi1−x(OH)2. This result is in agreement with earlier reports, suggesting 

that the electrochemical behavior of metal hydroxides can be tuned by controlling their 

compositions.111, 112 The galvanostatic charge–discharge measurement was performed at 

1 A g−1. As shown in Figure 30B, charge–discharge plateaus shifted with increasing Co 

contents. This result is in good agreement with the trend in CV curves. 
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Figure 30: Comparisons of (A) CV curves and (B) galvanostatic charge-discharge 

curves, and (C) Nyquist plots of CoxNi1-x(OH)2 synthesized without glucose. 

The specific capacitance of CoxNi1−x(OH)2 was determined and summarized in 

Figure 32C as a function of  concentration of Co. The substitution of Ni with an 

appropriate amount of Co clearly increased the specific capacitance of the electrodes. EIS 

results support this specific capacitance improvement. As summarized in Table 6 and 

Figure 30C, Co doping reduced ESR and increased the conductivity of Ni(OH)2 samples. 
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These increased conductivities enable more effective charge storage. The enhancement 

in specific capacitance with Co doping on Ni(OH)2 can also be explained by the charge 

hopping model where the preferable charge propagation is through the next nearest 

neighbors at a distance of root 3a (Figure 31A).113 As seen in CV curves (Figure 30A), 

Co2+ oxidized to Co3+ at a lower voltage compared with the Ni2+/Ni3+ pair during charge. 

For Co doped Ni(OH)2, Co2+ sites are oxidized to Co3+ first and then, the positive charge 

can jump to the next-nearest neighboring Ni2+ (or Co2+), inducing earlier oxidation of Ni2+ 

to Ni3+, and vice versa during discharge. As a result, oxidation peaks shifted to a lower 

voltage and reduction peaks shifted to a higher voltage in the case of Co doped-Ni(OH)2. 

This charge hopping effect could be maximized when x = 0.5 in CoxNi1−x(OH)2 (Figure 

31B). Thus, the Co0.5Ni0.5(OH)2 showed the highest specific capacitance when synthesized 

without glucose. 
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Table 6: Comparisons of ESR values calculated from galvanostatic charge discharge 

curves and measured in Nyquist plots. The ESR values were estimated using the 

extrapolation of the high x-intercept of curves in Nyquist plots and calculated from 

galvanostatic charge-discharge curves using the equation of ESR (Ω) = ΔV /ΔI. (ΔV = 

voltage drop at beginning of the discharge (V). ΔI = Icharge + Idischarge (A).) 
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Figure 31: (A) Plausible edge-inward charge propagation directions from outermost 

edge site in a brucite sheet. Red arrows represent most preferable next-nearest 

neighboring hopping whereas gray arrows indicate less favorable nearest 

neighboring ones. (B) Charge propagation along the fastest next-nearest neighboring 

hopping in Co0.5Ni0.5(OH)2 when charging. (C) Charge propagation in defective 

Co0.5Ni0.5(OH)2 when charging. The distance between metal ions is represented as a. 

Modified based on ref [113]. 

2.3.6 Effect of Morphology on Electrochemical Performances of 
Co Doped Ni(OH)2 

The electrochemical properties of CoxNi1−x(OH)2 synthesized with glucose were 

also investigated. The representative CV curves and galvanostatic charge–discharge 

curves are shown in Figure 32A and B. The corresponding shifts of redox peaks in CV 

and charge–discharge plateaus with Co doping were similar to those of CoxNi1−x(OH)2 

prepared without glucose. Interestingly, improvements in the specific capacitance of 

CoxNi1−x(OH)2 synthesized with glucose varied according to the concentration of Co 

doped in the material. 
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Figure 32: (A) Comparisons of CV curves of CoxNi1−x(OH)2 synthesized with 10% 

glucose at a scan rate of 5 mV s-1 (x = 0 to 1), (B) galvanostatic charge–discharge curves 

of CoxNi1−x(OH)2 synthesized with 10% glucose at a current density of 1 A g-1, (C) 

trends in changes of the specific capacitance of CoxNi1−x(OH)2 as functions of x. Each 

data point represents the average value of specific capacitance measured at a current 

density of 1 A g-1 and error bars represent the standard deviation. (D) Nyquist plots of 

CoxNi1−x(OH)2 synthesized with 10% glucose. 
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As summarized in Figure 32C and 33, CoxNi1−x(OH)2 prepared with glucose 

showed an improved specific capacitance up to 50% when Co was doped in Ni(OH)2 

samples. After 50% of Co doping, however, the specific capacitance improvement 

became less effective. This is likely due to the decreased crystalline size and the 

increased amorphousness of CoxNi1−x(OH)2 caused by glucose. Such defective 

CoxNi1−x(OH)2 samples contain more discontinuity between the particles compared with 

their bulk counterparts.114, 115 In this case, the fastest charge propagation distance of root 

3a is thought to become unavailable as shown in Figure 31C. Hence, the charge hopping 

might become less effective in such highly defective materials. EIS results also indicated 

that the improvement in electrochemical properties with morphology control is less 

effective when the active material is in the optimized composition (Figure 32D and Table 

6). The smaller semicircles were present in CoxNi1−x(OH)2 synthesized with glucose, 

showing a reduced charge transfer resistance and an increased specific capacitance. 

However, the decrease in ESR is smaller compared with CoxNi1−x(OH)2 without glucose. 

Specifically, the ESR value of pure Ni(OH)2 decreased by ∼1.4 Ω, whereas those of Co 

doped Ni(OH)2 decreased by ∼0.5 Ω when the size and morphology are controlled with 

10% glucose. The addition of glucose, however, decreases the specific capacitance of 

Co(OH)2. This could be related to the mechanical instability of Co(OH)2 in a basic 

electrolyte.116 In addition, as discussed earlier, the particle/flake size of samples is 

significantly reduced. This size reduction could make more surface area of samples 
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available for contact with the electrolyte. In this regard, Co(OH)2 samples prepared with 

glucose could be more easily dissolved in the corrosive KOH electrolyte before reaching 

the maximum capacitance after activation. Thus, the overall electrochemical 

performance of pure Co(OH)2 and Ni(OH)2 with high Co contents (e.g. Co0.7Ni0.3(OH)2) is 

less improved by morphology and size changes using glucose. These results imply that 

morphology control and chemical doping can competitively affect the overall 

electrochemical performances of metal hydroxide materials under certain conditions. 

Thus, finding the optimal dopant concentrations and controlling structural features that 

can complement chemical doping are important in designing effective electrode 

materials. 

 

Figure 33: Comparisons of specific capacitance change as a function of x of CoxNi1-

x(OH)2. Each data point represents the average value of specific capacitance measured 

at a current density of 1 A g-1 and error bars represent the standard deviation. The 

morphology control using glucose is more effective to improve the specific 

capacitance of Ni(OH)2 at low Co contents and becomes less effective at high Co 

contents. 
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2.4 Conclusions  

In conclusion, the addition of glucose in the ethanol-mediated solvothermal 

synthesis effectively reduces the particle size of metal hydroxide flakes. The specific 

capacitance is improved as a result of the increased surface area and reduced particle 

size. In addition, glucose modified-metal hydroxides under the optimized conditions 

provide higher ion mobility due to the high interlayer water contents, which also can 

contribute to the improved specific capacitance. Ethyl glucosides are formed when 

glucose is added in the solvothermal synthesis of metal hydroxides. These ethyl 

glucoside molecules in the reaction mixture limit the diffusion of precursors during 

synthesis and therefore inhibit the growth of Ni(OH)2 particles into larger crystals. 

Interestingly, specific capacitance improvements caused by glucose becomes less 

effective at high Co contents and more effective at low Co (high Ni) contents in Co 

doped-Ni(OH)2 materials, revealing the existence of competitive effects between the 

morphology and the chemical doping. These findings on combined and competitive 

effects of morphology and chemical doping will be important guidelines for designing 

future materials for high performance energy storage. 
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Chapter 3: Influence of the Nickel Oxide Nanostructure 
Morphology on the Effectiveness of Reduced Graphene 
Oxide Coating in Supercapacitor Electrodes2 

3.1 Introduction  

The environmental concerns over the consumption of fossil fuels and the 

insatiable demand for energy in the 21st century have warranted the development of 

advanced energy storage devices.117, 118 Among them, supercapacitors are highly 

promising due to their high power density, high efficiency, long cycle life, and fast 

recharge time.119 Their low energy density, however, limits their applications as the 

auxiliary power source for battery-driven systems.120 Therefore, improving their energy 

density has become a major research focus. Pseudocapacitors, one of the types of 

supercapacitors, store charge through rapid and reversible Faradaic reactions.4 As 

discussed in Chapter 1, various transition metal oxides have been demonstrated as 

pseudocapacitive materials. Among them, NiO has attractive qualities such as natural 

abundance, low cost, and high theoretical specific capacitance of 2583 F g-1.17, 121 Because 

of its intrinsically poor electrical conductivity (∼10-2–10−4 S cm-1), however, NiO-based 

electrodes have only reached a small part of their theoretical capacitance (200 − 600 F g-

1).122-124 To solve this conductivity problem, considerable research efforts have been 

devoted to explore hybrid structures, where metal oxides are directly deposited on 

                                                      

2 This chapter has been published in J. Phys. Chem. C 2014, 118, 2281 – 2286 and reprinted with permission. 

Copyright 2014 American Chemical Society. 

Contribution: Electrochemical characterization was done with the help of Dr. Yingwen Cheng. 
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highly conductive metal nanostructures to improve the ion and electron transport in the 

electrode films.125, 126 Another approach is the use of conductive fillers mixed together 

with NiO in electrodes. Graphene and CNTs are among the most studied conductive 

fillers.127-129 However, further improvement in pseudocapacitance of NiO-based 

electrodes still remains a challenge with these hybrid composite approaches.  

Here, we report a strategy for NiO-based supercapacitor electrodes with 

improved energy storage characteristics by introducing different types of carbons to 

NiO electrodes. First, to study the effects of reduced graphene oxide (RGO) coating, 

nanostructured NiO was grown on carbon paper (CP) and subsequently coated with 

RGO (Figure 34). We believe that the ultrathin layer of RGO sheets would provide an 

electron transport pathway in addition to the carbon paper substrate. EIS results showed 

enhanced conductivity after RGO coating. Moreover, the addition of glucose during the 

solvothermal synthesis of NiO led to further increase in specific capacitance. This 

increased specific capacitance can be explained by the following. Compared to the 

samples synthesized without glucose, both the size of NiO flakes and the thickness of 

NiO layer grown on the carbon paper were significantly reduced as results of adding 

glucose during synthesis. The reduced size and thickness are favorable for ion and 

electron transfer. Importantly, the mass loading of NiO was similar to that of NiO 

electrode synthesized without glucose. EIS measurement was indicative of improved 

conductivity due to the reduced length in ion and electron transfer paths. RGO coating 
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on this modified NiO electrode, however, showed only slight improvement in the 

specific capacitance since NiO is already utilized more effectively in this thinner film. 

These results revealed that RGO coating is more effective in enhancing the specific 

capacitance of the electrode with poor conductivity. Although RGO coating is less 

effective to improve specific capacitance of electrodes with high conductivity, it still 

enhanced the cycling stability by, presumably, improving its mechanical stability. This 

high cycling capacity implied that RGO coating provides the improved mechanical 

stability. SEM images of RGO-coated electrodes showed well-maintained structural 

integrity of the electrodes after long cycling. 

 

Figure 34: Schematic Illustration for Preparation of Reduced Graphene Oxide Coated 

NiO Grown on a Carbon Paper (CP). 
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3.2 Experimental Section 

3.2.1 Synthesis of Nickel Oxide Electrodes 

CP/NiO electrode was synthesized via a solvothermal reaction and a subsequent 

annealing process. Typically, 70 mg of Ni(NO3)2· 6H2O and 20 mg of urea were dissolved 

into 4 mL of ethanol. A piece of carbon paper (1 cm × 2 cm, Toray TGHP 060) was rinsed 

with acetone and ethanol followed by plasma treatment for 2 min. The carbon paper was 

then placed into the Ni(OH)2 precursor solution, and the mixture was transferred to a 

Teflon-lined autoclave with a capacity of 10 mL for solvothermal reaction at 180 °C for 

15 h. The product was rinsed with ethanol and dried in the air for 2 h. Then the 

completely dried CP/Ni(OH)2 was annealed at 300 °C in Ar atmosphere for 3 h to obtain 

CP/NiO. The CP/NiO electrode modified by glucose (glu/CP/NiO electrode) was 

synthesized by adding 4.4 mg of D-glucose to the solvothermal process under the same 

conditions for CP/NiO synthesis. The total mass of an electrode, excluding the mass of 

carbon paper, was in the range of 1.2 − 1.4 mg. The areal density of NiO for both systems 

was about 0.7 mg cm-2. 

3.2.2 Synthesis of Graphene Oxide 

Graphene oxide (GO) was prepared by oxidation of graphite flake using the 

modified Hummers’ method.130 Briefly, 3.0 g of graphite flake and 1.5 g of NaNO3 were 

added to 70 mL of concentrated H2SO4 under vigorous stirring at room temperature. 

Then the mixture was placed in an ice bath and 9.0 g of KMnO4 was slowly added to 
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maintain the temperature of the mixture lower than 20 oC. The mixture was kept for a 

day at room temperature to produce graphite oxide. 140 mL of deionized (DI) water was 

added with continuous stirring. An additional 500 mL of DI water was added followed 

by a slow addition of 20 mL of 30% H2O2. The mixture was washed by centrifugation at 

13000 rpm for 10 minutes five times to remove acid and ions. Then the graphite oxide 

was exfoliated into graphene oxide by ultrasonication for an hour. The unexfoliated GO 

layers were removed through centrifugation at 3000 rpm for 5 minutes and the 

supernatant was collected. 

3.2.3 Reduced Graphene Oxide Coating on Electrodes 

All the RGO-coated electrodes were prepared using a vacuum filtration and a 

subsequent reduction of GO by hydrazine vapor (Figure 35). Typically, 1 mL of GO 

dispersion (∼1.5 mg mL-1) was dropped on one side of CP/NiO electrode (or glu/CP/NiO 

electrode) on a vacuum filtration glass holder. The GO coated CP/NiO electrode (or 

glu/CP/NiO electrode) was dried in an oven (70 °C) for 30 min to completely remove 

moisture from the surface of the electrode. Dropping 1 mL of GO and drying in the oven 

were repeated for the other side to coat the whole electrode with GO. The dried 

CP/NiO/GO electrode was placed in a vial with a capacity of 20 mL, leaning against the 

wall of the vial. A small vial (4 mL capacity), which contained 3 mL of 35% hydrazine, 

was placed in the same vial in which CP/NiO/GO electrode (or glu/CP/NiO/GO 
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electrode) was contained. The system was completely sealed and kept undisturbed for 

24 h. The mass of RGO-coated electrodes increased by ∼0.04 mg.  

 

Figure 35: Schematic illustration of the RGO coating process. 

3.2.4 Material Characterization 

XRD pattern was recorded with a Panalytical X’pert PRO MRD HR X-ray 

Diffraction System equipped with Cu−Kα radiation (λ = 1.5405 Å). SEM was performed 

using a FEI XL30 SEM-FEG operating at 10 kV.  

3.2.5 Electrochemical Measurements 

Electrochemical measurements were carried out using a three electrode 

configuration: NiO electrode as a working electrode, an SCE reference electrode, and a 

Pt wire as a counter electrode. KOH (6 M) was used as an electrolyte. Cyclic 

voltammetry was performed in a potential window from −0.1 to 0.4 V at different scan 

rates (5 − 100 mV s-1). Chronopotentiometry was also performed in the potential range 

from −0.1 to 0.4 V at various current densities (1 − 20 A g-1) to calculate specific 

capacitance. EIS tests were carried out in the frequency range of 200 kHz to 0.1 Hz with 
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a piece of carbon paper as a counter electrode. Chronoamperometry was performed 

before the long cycle test (CV performed at a scan rate of 50 mV s-1) for all electrodes. 

3.3 Results and Discussion 

NiO was synthesized directly on a piece of carbon paper (CP) via a solvothermal 

process and a subsequent annealing process. The amount of NiO deposited on the 

carbon paper can be controlled by the concentration of Ni precursor in the reaction 

mixture. XRD pattern exhibited diffraction peaks assigned to the (hkl) reflections of NiO 

(JCPDS No: 4-0835) (Figure 36). SEM images of an as-prepared CP/NiO electrode 

showed that the carbon paper was uniformly covered with vertically grown NiO flakes, 

which is a favorable structure for efficient ion transport (Figure 37A).98, 131 The size of 

NiO flakes was dramatically decreased with the addition of glucose to the solvothermal 

synthesis as shown in Figure 37B (glu/CP/NiO). XRD patterns of glu/CP/Ni(OH)2 

electrode and glu/CP/NiO electrode showed diffraction patterns of Ni(OH)2 and NiO, 

respectively (Figure 36). 

To increase conductivity, CP/NiO electrode and glu/CP/ NiO electrode were 

coated with RGO through a vacuum filtration of GO dispersion and a subsequent 

reduction of graphene oxide (GO) using hydrazine (Figure 35). Figure 37C,D shows 

representative SEM images of CP/NiO/RGO electrode and glu/CP/NiO/RGO electrode, 

respectively. NiO flakes were found to be completely wrapped by RGO sheets. The 
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presence of the RGO on CP/NiO electrode (or glu/CP/NiO electrode) was also confirmed 

by the mass increase after RGO coating. 

 

Figure 36: XRD patterns of (A) pristine carbon paper (yellow), Ni(OH)2 directly grown 

on carbon paper after a solvothermal reaction (red), and CP/NiO after annealing at 300 
oC, and (b) glucose modified CP/Ni(OH)2 (green), and glucose modified CP/NiO 

(purple). The peaks from carbon paper were marked as #. 
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Figure 37: SEM image of (A) vertically grown NiO on carbon paper (CP/NiO), (B) 

CP/NiO electrode synthesized with glucose (glu/CP/NiO electrode), (C) reduced 

graphene oxide (RGO)-coated CP/NiO electrode (CP/NiO/RGO electrode), and (D) 

RGO-coated glu/CP/NiO electrode (glu/CP/NiO/RGO electrode). 

The electrochemical performance of all electrodes was evaluated by performing 

CV, galvanostatic charge−discharge, and EIS measurements in a 6 M KOH electrolyte. 

The amount of NiO on carbon paper was controlled to be about 0.7 mg cm-2 in both 

systems. The areal density was obtained by carefully weighing the carbon paper before 

and after the reaction (see Section 3.2.1). Figure 38A shows cyclic voltammograms in the 

potential window of −0.1 − 0.4 V at a scan rate of 40 mV s-1. As is shown, all four 
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electrodes exhibited a pair of well-defined redox peaks, indicating that the capacitance 

was mainly governed by the reversible Faradaic charge transfer mechanism. The redox 

pair is explained by the following reaction: NiO + OH− ↔ NiOOH + e−. For both 

CP/NiO/RGO electrode and glu/CP/NiO/RGO electrode, the resulting currents were 

higher than those of CP/NiO electrode and glu/CP/NiO electrode, respectively. This 

indicates that conductive RGO coating can facilitate the electron transport and improve 

the electrochemical utilization of NiO. The specific capacitance was calculated using the 

equation of Cs = I/(dV/dt)m, where I is the applied current, dV/dt is the potential change 

rate determined from galvanostatic charge−discharge curves (Figure 39), m is the total 

mass of the active material excluding the weight of the carbon paper. The calculated 

specific capacitances of CP/NiO electrode were 374, 349, 332, 312, and, 285 F g-1 at 

current densities of 1, 2, 5, 10, and 20 A g-1, respectively (Figure 38B). To compare these 

results with electrodes fabricated using a traditional approach, NiO powder was first 

synthesized and then pressed on a carbon paper with a binder PVDF and conductive 

graphite (denoted CP/NiO/PVDF electrode). As shown in Figure 38B, the specific 

capacitance of CP/NiO electrode was almost two times that of CP/NiO/PVDF electrode 

at the same current density. This implied that direct growth method provides 

uninterrupted electron pathways for charge transport, resulting from enhanced 

interaction between NiO and carbon fibers in the carbon paper. The specific capacitance 

remarkably increased by almost 50% after RGO coating. The calculated specific 
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capacitance values of CP/NiO/RGO electrode from the galvanostatic discharge curves 

were of 600, 583, 527, 477, and 417 F g-1 at current densities of 1, 2, 5, 10, and, 20 A g-1, 

respectively (Figure 38B). This increase is attributed to improved electrode conductivity 

through RGO coating to facilitate electron transport. The improved conductivity 

provided by the RGO layer was confirmed using EIS measurement. Figure 38C shows 

the Nyquist plots of CP/NiO electrode and CP/NiO/RGO electrode. In the high 

frequency region, the ESR is a combination of ionic resistance of the electrolyte, intrinsic 

resistance of the substrate, and contact resistance at the interface between active 

materials and the substrate.106 ESR values were ∼3.0 Ω for CP/NiO electrode and ∼1.3 Ω 

for CP/NiO/RGO electrode (inset of Figure 38C). These values suggested that 

CP/NiO/RGO electrode has smaller intrinsic resistance than CP/NiO electrode. The 

semicircle in the high frequency region corresponds to the charge transfer resistance 

caused by the Faradaic reactions and the double layer capacitance on the surface.132 

CP/NiO/RGO electrode exhibited a smaller semicircle compared to that of CP/NiO 

electrode, indicating that the charge transfer resistance is smaller due to more active 

surface provided by RGO sheets. In the low frequency region, the slope of the straight 

line of CP/NiO/RGO electrode is steeper than that of CP/NiO electrode, which reflects 

that CP/NiO/RGO electrode is the more ideal capacitor.133 
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Figure 38: (A) CV curves of CP/NiO electrode, CP/NiO/RGO electrode, glu/CP/NiO 

electrode, and glu/CP/NiO/RGO electrode at a scan rate of 40 mV s-1, (B) comparison 

of rate capabilities of CP/NiO/PVDF electrode, CP/NiO electrode, CP/NiO/RGO 

electrode, glu/CP/NiO electrode, and glu/CP/NiO/RGO electrode at different current 

densities of 1, 2, 5, 10, and 20 A g-1, and Nyquist plots of (C) CP/NiO electrode and 

CP/NiO/RGO electrode and (D) glu/CP/NiO electrode and glu/CP/NiO/RGO 

electrode. 
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Figure 39: Galvanostatic charge-discharge curves of (A) CP/NiO electrode, (B) 

CP/NiO/RGO electrode, (C) glu/CP/NiO electrode, and (D) glu/CP/NiO/RGO 

electrode at different current densities of 1, 2, 5, 10, and 20 A g-1. 

The specific capacitance was also improved with the addition of glucose to the 

solvothermal synthesis of NiO electrodes. In samples discussed in this chapter, the 

amount of glucose is chosen to be ∼0.024 mmol, which is 10% of the amount of Ni 

precursor for optimized properties as discussed in Chapter 2. The calculated specific 

capacitance values of glu/CP/NiO electrode using galvanostatic discharge curves were 

962, 907, 811, 728, and 649 F g-1 at 1, 2, 5, 10, and 20 A g-1, respectively (Figure 38B). One 
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possible reason for this increase is the reduced NiO flake size (Figure 37). The small 

sized NiO is favorable for electrolyte ion access by reducing the path length of ion and 

electron. In addition, SEM imaging estimated the thickness of NiO layer grown on the 

carbon paper of CP/NiO electrode and glu/CP/NiO electrode (Figure 40). 

 

Figure 40: Estimated thickness of NiO coating on carbon paper of (A) CP/NiO, and (B) 

glu/CP/NiO by SEM imaging. 

The estimated thicknesses of NiO layer of CP/NiO electrode and glu/CP/NiO electrode 

were ∼1 μm and ∼400 nm, respectively. This result suggests the electron and ion path 

length in glu/CP/NiO electrode is about half of that in CP/NiO electrode. As a result, 

glu/CP/NiO electrode showed significantly improved electrical conductivity compared 

to that of CP/NiO. The estimated ESR of glu/CP/NiO electrode was ∼1.2 Ω (inset of 

Figure 38D), which was slightly lower than that of CP/NiO/RGO electrode (∼1.3 Ω). This 

tendency is consistent with reported results where ultrathin film type of metal oxide 

electrode showed very high capacitance.125, 134 However, the mass loading of active 

materials is also very low. In this work, however, the size of NiO flake is extremely small 
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so that the density of the NiO flakes on the carbon paper is considerably high despite the 

thin layer of NiO flakes. Indeed, the areal density of both CP/NiO and glu/CP/NiO is 

almost the same (∼0.7 mg cm-2), indicating that the amount of NiO is enough in 

glu/CP/NiO. After RGO coating, unlike in the case of CP/NiO electrode, the specific 

capacitance of glu/CP/NiO/RGO electrode only slightly increased to 1077, 996, 892, 803, 

and 698 F g-1 at 1, 2, 5, 10, and 20 A g-1, respectively (Figure 38B). ESR of 

glu/CP/NiO/RGO electrode was estimated to be ∼1.0 Ω in Nyquist plot, and this showed 

that the conductivity also only slightly improved with RGO coating (Figure 38D). These 

slight improvements suggest that NiO grown on carbon paper is already utilized 

effectively in glu/CP/NiO due to the short electron path length by the reduced thickness 

of NiO layer, and this made the effect of RGO coating on their conductivity subtle. 

Therefore, RGO coating could enhance the specific capacitance of NiO system that has 

limited electrical conductivity. This effect, however, is not that obvious when the system 

is already highly conductive. 
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Figure 41: Comparison of cycling stability of (A) CP/NiO electrode and CP/NiO/RGO 

electrode and (B) glu/CP/NiO electrode and glu/CP/NiO/RGO electrode using CV 

conducted at a scan rate of 50 mV s-1. 

However, there are other advantages of RGO coating in addition to simply 

improving the electrode conductivity. The cycling stability of both NiO systems was 

studied at a scan rate of 50 mV s-1 for these four kinds of electrodes. Figure 41 compares 

the cycling stability of the electrodes. CP/NiO electrode and glu/CP/NiO electrode both 

showed relatively high capacitance retention of ∼92% and ∼91%, respectively, over 1,500 

charge−discharge cycles. SEM imaging of the electrodes after the long cycle test revealed 

that most of the 3-D porous NiO structure was maintained (Figure 42). This result 

suggested that vertically grown NiO with high porosity is reasonably stable during 

repeated charge−discharge cycles. Interestingly, ∼99% of capacitance was retained for 

both systems after RGO coating, which is better than the electrodes without the coating. 

SEM images showed that the RGO coating was still intact after 1,500 cycles, as shown in 
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Figure 42C,D. The long-term stability of the NiO electrode was further investigated by 

performing CV for 10,000 cycles on glu/CP/NiO electrode and glu/CP/NiO/RGO 

electrode. The cycling performance of RGO-coated electrodes was better than that of 

uncoated electrodes over 10,000 cycles (Figure 43). Thus, the higher cycling stability of 

RGO-coated electrodes suggested that RGO coating further stabilizes the NiO structures 

mechanically by holding NiO during the repeated charge−discharge process. In other 

words, RGO coating can reduce the degree of NiO detachment from the carbon paper, 

which usually causes decreased cycle life of NiO electrodes. 
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Figure 42: SEM images of (A) CP/NiO electrode, (B) CP/NiO/RGO electrode, (C) 

glu/CP/NiO electrode, and (D) glu/CP/NiO/RGO electrode after 1,500 of charge-

discharge cycles. 
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Figure 43: Comparison of cycling stability of glu/CP/NiO electrode and 

glu/CP/NiO/RGO electrode using CV conducted at a scan rate of 50 mV s-1 for 10,000 

cycles. 

3.4 Conclusions 

In conclusion, the electrochemical performance of NiO electrode can be 

improved by both controlling its morphology in synthesis and introducing different 

structures of carbon. First, conductive RGO coating on NiO electrodes significantly 

improve the electrode conductivity as well as the pseudocapacitance, especially for NiO 

system with poor electrical conductivity. This effect is not obvious when the electrode is 

intrinsically conductive. Second, the cycling stability of RGO coated CP/NiO electrode 

and glu/CP/NiO electrode was excellent with ∼99% of capacitance retention over 1,500 

charge−discharge cycles. This result indicates that the metal oxide electrodes could be 

mechanically stabilized by RGO coating during the repeated charge−discharge cycles. 
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Last but not least, the size of NiO flakes and the thickness of NiO deposited on the 

substrate were dramatically reduced by adding glucose to the solvothermal synthesis of 

NiO electrodes. Such controlled size and thickness of the NiO material showed much 

improved specific capacitance and electrical conductivity, suggesting that morphology 

control of metal oxide-based structures is a key factor to determine the overall 

performance of the electrodes. These findings on the effect and limitation of RGO 

coating can be applied to other metal oxide electrodes for high performance energy 

storage devices. 
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Chapter 4: Effect of Interlayer Spacing on Sodium-Ion 
Insertion in Nanostructured Titanium Hydrogeno 
Phosphates-Carbon Nanotube Composites3 

4.1 Introduction 

LIB technologies are matured, having desired features such as high energy 

density, long cycle life, and lightweight for applications ranging from portable 

electronics to electric vehicles.97, 135, 136 The scarcity of lithium resources, however, is 

driving attentions to develop alternative energy storage systems.137, 138 As discussed in 

Chapter 1, NIBs are a potential replacement of LIBs largely due to low cost and natural 

abundance of Na precursors.46, 139, 140 However, not all of the electrode materials that 

show Li storage can be directly used for Na storage due to the steric limitation caused by 

the bulkier Na+ (1.02 Å) compared to Li+ (0.76 Å).141 Noticeably, recent studies 

demonstrated reversible Na-ion insertion into various materials with high capacity 

including V2O5, and MoS2.62, 142 In most cases, however, electrode materials suffer from 

unsatisfactory cycle stability compared to Li/Li+. Therefore, realization of novel electrode 

materials that have excellent reversible Na-ion insertion properties is very important to 

advance NIB technologies. 

                                                      

3 This chapter has been submitted to RSC Advances.  

Contribution: Thermogravimetric analysis was done with the help of Cameron J. Bloomquist of University 

of North Carolina at Chapel Hill. TEM image was taken by Xiao Zhang. Carbon nanotube used in this work 

was synthesized by Hongbo Zhang. 
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Figure 44: The environments of phosphorus ion with proton and structural view of 

Ti(HPO4)2·xH2O. Reprinted with permission from ref [144]. 

Titanium hydrogeno phosphates, of a formula Ti(HPO4)2∙xH2O, are built on a 

two-dimensional structure consisting of PO3(OH) tetrahedra and TiO6 octahedra (Figure 

44).143, 144 They have been proposed as possible Li- and Na-ion conductors through both 

cation exchange reactions and direct cation insertion into the structure.144 The interlayer 

spacing of TiP-xH2O varies with the amounts of water in the structure.90, 145 Recently, 

several groups reported the beneficial roles of water intercalation in layered structured 

electrode materials. The common conclusions from the earlier work is that water 
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intercalation not only expands the interlayer spacing but also screens the strong 

interaction between elements in host layers and the charge carriers especially those with 

larger size or higher charge such as Na+ and Mg2+.142, 146, 147 Therefore, water intercalation 

could improve the kinetics of charge mobility in the electrode as well as charge storage 

capacity and long term stability.142, 146, 147 In this regard, the amenable interlayer 

properties with water intercalation provide sound rationale to explore applicability of 

TiP-xH2O as electrode materials for Na-ion storage. Their Na-ion conduction and storage 

behaviors, however, have not been demonstrated. To the best of our knowledge, this is 

the first study on Na-ion storage in materials based on transition metal hydrogeno 

phosphates. 

In this work, we investigated the reversible insertion of Na ions in 

Ti(HPO4)2∙xH2O (x = 0, 1), denoted as TiP-xH2O. The interlayer spacing of TiP-xH2O was 

tuned with the amounts of water intercalation and the degree of crystallinity of samples 

was controlled by the synthesis routes. The expanded interlayer spacing with water 

intercalation incorporation enables better Na-ion diffusion in the bulk hydrated TiP-H2O 

materials. However, this beneficial effect of larger interlayer spacing was less 

pronounced when the size of TiP-xH2O particles was reduced into nanoscale. Both 

hydrated and dehydrated nanostructured TiP-xH2O displayed high specific capacity 

regardless the interlayer spacing. These results imply that ion diffusion in such 

nanostructured materials is likely independent of interlayer spacing varied with water 
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intercalation. The electrochemical properties of nanostructured TiP-xH2O materials were 

further enhanced when prepared as composites with carbon nanotubes, exhibiting 

excellent rate capability, and long cycle stability. 

4.2 Experimental Section 

4.2.1 Synthesis of Ti(HPO4)2∙xH2O and Ti(HPO4)2∙xH2O-CNT 
Composites 

Bulk Ti(HPO4)2∙xH2O (denoted as bulk-TiP-H2O) was synthesized via 

hydrothermal processes. Ti metal powder (75 mg) was dissolved into 5 mL of 

phosphoric acid (85%). Then, the mixture solution underwent a hydrothermal reaction 

at 160 oC for 12 hours. The product was naturally cooled down to room temperature and 

then collected by vacuum filtration. Nanostructured Ti(HPO4)2∙xH2O (denoted as nano-

TiP-xH2O) was synthesized via a solvothermal reaction. 20 µL of titanium (IV) butoxide 

(97%) was added to 5 mL of ethanol and the mixture was stirred for 1 hour at room 

temperature. Then, 0.2 mL of phosphoric acid (85%) was added drop wise and the 

reaction mixture was transferred to a Teflon-line autoclave vessel with a capacity of 10 

mL. The reaction mixture underwent a solvothermal reaction at 120 oC for 20 hours in a 

vertical furnace. The product was naturally cooled down to room temperature and then 

collected by vacuum filtration. For nano-TiP-xH2O and carbon nanotube composite, 5 mL 

of CNT-ethanol dispersion (0.1 mg mL-1) was used instead of pure ethanol in 

solvothermal synthesis. The dehydrated phase for both bulk-TiP and nano-TiP were 

obtained by heating the samples at 280 oC in nitrogen atmosphere for 3 hours. 
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4.2.2 Material Characterization 

XRD patterns were obtained using a Panalytical X’pert PRO MRD HR X-ray 

diffraction system with Cu-Kα radiation (λ = 1.5405 Å). FT-IR transmittance spectra 

were recorded using a Thermo Scientific Nicolet 6700 FT-IR spectrometer. The thermal 

analysis of samples was done by using a TGA (TA Instruments TGA Q5000) system in 

air atmosphere in the temperature range from 38 °C to 800 °C with a heating rate of 10 

°C/min. SEM was performed using a FEI XL30 SEM-FEG. Transmission electron 

microscopy (TEM) was carried out by FEI Tecnai G² Twin. The specific surface area of 

bulk-TiP-xH2O and nano-TiP-xH2O was determined by nitrogen adsorption at 77 K. 

4.2.3 Electrochemical Measurements  

The electrochemical properties of TiP-xH2O and TiP-xH2O-CNT materials were 

evaluated using CR 2032-type coin cells (Figure 45). A small thin square shaped sodium 

metal sheet with a thickness of about 1 mm was used as a counter electrode. The 

working electrodes were fabricated by following. TiP-xH2O (or TiP-xH2O-CNT) was 

mixed with PVDF and Super P carbon with a mass ratio of 70 : 20 : 10 followed by 

casting the mixture paste on aluminum foil. The areal density of electrode was 

controlled to be between 2.7 – 3.5 mg cm-2. The cell assembly was done in a pure argon 

filled-glove box. 1 M NaClO4 in ethylene carbonate (EC) and propylene carbonate (PC) 

(1/1 = v/v) was used as an electrolyte. A glass microfiber filter (grade GF/F; Whatman, 

U.S.) was used as a separator. Galvanostatic charge-discharge measurements were 
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performed at room temperature using MacPile Battery Analyzer. Cells were tested at 

various currents (0.1, 0.2, 0.5, 1.0, 2.0, 5.0 C) in the voltage range between 1.5 and 2.8 V. 

CV at 0.1 mV s-1 and EIS measurements were conducted after 50 cycles of charge-

discharge in a frequency range of 100 kHz – 0.01 Hz with an AC voltage amplitude of 10 

mV (Bio-logic SP300 instrument). To perform ex-situ XRD, Swagelok-type cells were 

used. Swagelok-type cells in charged or discharged states were disassembled in the 

glove box. Electrodes were rinsed with PC to remove the residual electrolyte salts. 

4.2.4 C-Rates 

The discharge current in battery descriptions is often expressed as a C-rate, 

which is the current normalized against the battery capacity. A C-rate is a measure of the 

rate at which a battery is discharged relative to its maximum capacity (theoretical 

capacity). For example, 1 C rate means that the entire battery will be discharged at this 

current in an hour. Theoretical capacity of TiP is about 110 mA h g-1. Thus, 1 C rate for 

TiP equates to a current of 0.22 mA (calculation based on typical TiP mass of 2 mg in 

electrode). 5 C rate for TiP is equal to 1.10 mA, and 0.5 C rate is equal to 0.11 mA. 
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Figure 45: A coin cell (CR 2032) design for testing NIB. 

4.3 Results and Discussion 

XRD patterns of as-prepared bulk and nanostructured TiP-xH2O samples are 

shown in Figure 46A. The observed patterns matched that of titanium hydrogeno 

phosphates in the literature.148 The peak at 11.6o was assigned as (002) reflection of bulk-

TiP-H2O. This (002) peak shifted to 12.5o after heating bulk-TiP-H2O at 280 oC to obtain 

dehydrated bulk-TiP. The corresponding interlayer distance decreased from 7.7 Å to 6.9 

Å. This decrease is due to the loss of the water molecules during heating. Peaks with 

reduced intensities were observed in nanostructured TiP-xH2O samples, suggesting the 

small grain size and the low degree of crystallinity of these samples. The calculated 

interlayer distances were slightly larger than those of bulk samples. This slightly larger 
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interlayer spacing of 7.9 Å, compared with that of bulk sample (7.7 Å), is likely due to 

the randomly stacked layers in nanostructured TiP-xH2O. With this random stacking of 

layers, the interlayer spacing of nano-TiP-xH2O could only slightly decrease as 

intercalation water molecules are removed. The peaks were broader in nano-TiP-H2O-

CNT and nano-TiP-CNT (Figure 46A). 

Figure 46B shows TGA curves of bulk-TiP-H2O, nano-TiP-H2O, and nano-TiP-

H2O-CNT. The weight loss around 280 oC is due to the dehydration process with the 

water intercalation removal. The weight loss above 400 oC corresponds to the 

dehydroxylation, accompanied with conversion into the pyrophosphate, TiP2O7. The 

total weight loss of ~15% indicated the removal of two moles of water per mole of TiP-

xH2O. The additional weight loss of ~5% after 600 oC observed in nano-TiP-H2O-CNT 

suggested that the TiP-CNT composite samples contain ~5 wt% of CNTs. Notably, both 

dehydration and dehydroxylation processes occurred at a lower temperature in 

nanostructured samples. For example, the dehydration started at ~200 oC and ~100 oC for 

bulk-TiP-H2O and nano-TiP-H2O, respectively. This result indicates that nanostructured 

TiP-xH2O is more defective and more disordered. This is consistent with the observation 

discussed in Chapter 2, where the weight loss attributed to the conversion reaction 

started earlier in amorphous Ni(OH)2 than crystalline Ni(OH)2.  
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Figure 46: (A) XRD patterns of bulk-TiP-H2O, bulk-TiP, nano-TiP-H2O, nano-TiP, 

nano-TiP-H2O-CNT, and nano-TiP-CNT and (B) TGA curves of bulk-TiP-H2O, nano-

TiP-H2O, and nano-TiP-H2O-CNT. 

FT-IR spectra also confirmed the structure according the interlayer spacing 

(Figure 47). The hydrated samples, bulk-TiP-H2O, nano-TiP-H2O, and nano-TiP-H2O-CNT 

shows characteristic bands of water intercalation. The narrow bands at 3556 cm-1 and 

3480 cm-1 are assigned to vibrational mode of water molecule.149 The narrow peak at 1613 

cm-1 corresponds to the bending mode of water molecule.149, 150 A broad band around 

3100 cm-1 was observed in dehydrated samples, bulk-TiP, nano-TiP, and nano-TiP-CNT, 

instead of the characteristic bands of water intercalation. This band corresponds to the P-

OH stretching mode of the hydrogen bond.151 
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Figure 47: FT-IR spectra of bulk-TiP-H2O, bulk-TiP, nano-TiP-H2O, nano-TiP, nano-

TiP-H2O-CNT, and nano-TiP-CNT. 

The morphology of bulk and nanostructured TiP-xH2O samples were 

characterized using SEM and TEM (Figure 48). As shown in Figure 48A, bulk-TiP-H2O 

samples had large plates with the size around 5 µm obtained after hydrothermal 

synthesis. The morphology of nanostructured nano-TiP-H2O prepared using the ethanol 

mediated solvothermal synthesis was found to significantly differ from that of bulk 

counterparts. The nano-TiP-H2O particles consist of flakes with the size of 200 - 300 nm 

as shown in Figure 48C. This small flake-like morphology enabled the feasibility to form 

uniform composites with CNTs. Nanostructured TiP-xH2O flakes appear to grow along 

the CNTs as observed in both SEM and TEM images (Figure 48E, G). The dehydrated 

TiP-xH2O samples maintained the same morphology of their hydrated precursors 

(Figure 48B, D, F, H). 
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Figure 48: SEM images of (A) bulk-TiP-H2O, (B) bulk-TiP, (C) nano-TiP-H2O, (D) nano-

TiP, (E) nano-TiP-H2O-CNT, and (F) nano-TiP-CNT, and TEM images of (G) nano-TiP-

H2O-CNT, and (H) nano-TiP-CNT. 
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The electrochemical properties of different TiP-xH2O materials were evaluated 

using coin-type cells and they showed significant differences in the properties. Figure 

49A, B show the comparisons of charge-discharge profiles of bulk and nanostructured 

TiP-xH2O materials in Na-ion half cells at 0.1 C, respectively. The plateau extends over 

1.8 - 2.4 V indicated Na ions insertion operating the Ti3+/Ti4+ redox pair for both bulk and 

nanostructured TiP-xH2O materials. Na storage capacity according to the interlayer 

spacing, however, largely depends on the microstructure of TiP-xH2O materials. In the 

case of bulk TiP-xH2O materials, the hydrated phase, bulk-TiP-H2O exhibited higher 

specific capacity of 56 mA h g-1 than the dehydrated phase, bulk-TiP (31 mA h g-1). The 

active material density is slightly higher in dehydrated TiP than hydrated phase, TiP-

H2O due to the absence of water intercalation in the crystal structure.152 Thus, 

considering this active material density difference, the specific capacity increase by ~55% 

with the water intercalation incorporation is significant. This capacity increase can be 

explained by the expanded interlayer spacing by the water intercalation. The larger 

interlayer spacing can lead to the faster Na-ion diffusion and better active material 

utilization during the sodium insertion.153, 154 Interestingly, nanostructured TiP-xH2O 

materials showed considerably different Na storage characteristics from those of bulk 

counterpart. Both hydrated phase, nano-TiP-H2O and dehydrated phase, nano-TiP 

displayed higher but similar specific capacity regardless the presence of water 

intercalation. The specific capacity values of nano-TiP-H2O and nano-TiP were 66 mA h g-
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1 and 71 mA h g-1, respectively. These results implied that interlayer spacing expansion is 

less effective for ion diffusion in nanostructured materials. This result is surprising but 

can be explained based on the fact that a lot of interstitials in nanostructured materials 

are available for Na ions to diffuse through and thus can participate in redox process 

primarily in both hydrated and dehydrated samples. Thus, interlayer spacing has 

negligible impact on the overall performance. However, nanostructured TiP material 

showed better rate capability compared to bulk TiP materials with interlayer expansion 

(Figure 49C, 50). The particle size reduction to nanoscale greatly shortens Na-ion 

diffusion distances, substantially enhancing the rate-dependent capacity retention.155, 156 

It is possible to expect nanostructured materials have higher surface area that can 

participate in surface redox reactions. To confirm this possibility, BET surface area of 

bulk-TiP-H2O and nano-TiP-H2O was measure and N2 adsorption-desorption isotherms 

of these samples were shown in Figure 51. However, the measured BET surface area of 

338 cm3 g-1 for bulk-TiP-H2O was more than 2 times higher than 132 cm3 g-1 for nano-TiP-

H2O. The higher surface area of bulk-TiP-H2O can be due to the well-developed two 

dimensional plate-like morphology as seen in the SEM image (Figure 48A). Despite the 

higher surface area, bulk-TiP-H2O materials showed lower capacity than nano-TiP-H2O 

materials. These results, thus, support the major charge storage mechanism in layered 

TiP·xH2O materials is Na-ion diffusion and intercalation into the host lattice, with minor 

contributions from surface redox reactions. 
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Figure 49: Comparisons of galvanostatic charge-discharge curves of (A) bulk-TiP-H2O 

and bulk-TiP, (B) nano-TiP-H2O and nano-TiP, and (C) bulk-TiP-H2O, bulk-TiP, nano-

TiP-H2O, and nano-TiP at various current rates of 0.1, 0.2, and 0.5 C. 
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Figure 50: Charge-discharge curves of bulk-TiP-H2O, bulk-TiP, nano-TiP-H2O, nano-

TiP, nano-TiP-H2O-CNT, and nano-TiP-CNT at various current rates of 0.1, 0.2, 0.5, 1.0, 

2.0, and 5.0 C. 
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Figure 51: N2 adsorption and desorption isotherms of bulk-TiP-H2O and nano-TiP-

H2O. 
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Figure 52: Comparisons of (A) CV curves of nano-TiP-H2O-CNT and nano-TiP-CNT at 

0.1 mV s-1, (B) specific capacity of nano-TiP-H2O-CNT and nano-TiP-CNT at various 

current rates of 0.1, 0.2, 0.5, 1.0, 2.0, and 5.0 C, (C) long cycle stability test results of 

nano-TiP-H2O, nano-TiP, nano-TiP-H2O-CNT, and nano-TiP-CNT at 2.0 C. 
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Since nano-TiP-xH2O materials showed higher Na-ion storage capacity, this nano-

TiP-xH2O material and CNTs composite was prepared for the improved conductivity, 

and their electrochemical properties were further studied. CV curves of nano-TiP-H2O-

CNT and nano-TiP-CNT composites are displayed in Figure 52A. The pairs of current 

peak positioned at 2.0 and 2.3 V for nano-TiP-H2O-CNT and 1.9 and 2.3 V for nano-TiP-

CNT correspond to the redox pair of Ti3+/Ti4+. Figure 52B display the representative 

charge-discharge profiles of nano-TiP-H2O-CNT and nano-TiP-CNT cells at various 

current rates of 0.1, 0.2, 0.5, 1.0, 2.0 and 5.0 C. Both nano-TiP-H2O-CNT and nano-TiP-

CNT composites exhibited excellent rate capability at various current rates (Figure 50). A 

large capacity drop after the first discharge was observed in all cells and the possible 

reasons for such a behavior will be discussed later in detail. The high capacity values of 

92 mA h g-1 and 84 mA h g-1 were obtained from nano-TiP-H2O-CNT and nano-TiP-CNT, 

respectively, in the second discharge cycle at 0.1 C. These capacity values indicated 

about 0.88 and 0.75 Na-ion insertion per unit formula based on the calculation using the 

equation n = (3.6MC)/F, where n is the number of moles of Na-ion inserted (mol), F is  

Faraday constant (C mol-1), C is the specific capacity (mA h g-1), and M is the molecular 

weight of TiP-xH2O (g mol-1).157 Note that all the capacity values for nano-TiP-xH2O-CNT 

materials are calculated based on the total mass including both nano-TiP-xH2O and CNT. 

The specific capacity values of nano-TiP-H2O-CNT and nano-TiP-CNT composites were 

57 mA h g-1 and 56 mA h g-1, respectively, at a high current rate of 5.0 C. This excellent 
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rate performance can be attributed to the synergistic contributions from shortened Na-

ion diffusion length due to the nanostructure and improved electrical conductivity 

provided by CNTs. 

The long term cycle stability of nano-TiP-H2O, nano-TiP, nano-TiP-H2O-CNT, and 

nano-TiP-CNT was evaluated at 2.0 C. As discussed earlier, the water intercalation does 

not significantly affect the specific capacity of these nanostructured samples. In the case 

of nano-TiP-xH2O cells without CNT, the capacity faded rapidly in 200 cycles (Figure 

52C, 53). On the other hand, nano-TiP-xH2O and CNT composite cells showed 

outstanding cycle stability. The charge storage capacity became stabilized after a 

capacity drop in the first discharge, exhibiting a stable reversible capacity of 

approximately 50 mA h g-1. This reversible capacity was almost retained over 1,000 

cycles (Figure 52C, 53). The observed excellent long cycle stability is thought to be due to 

CNT networks in the sample. The CNT network can provide mechanical stability to 

maintain the integrity of the electrodes against the repeated volume expansion and 

shrinkage during charge and discharge. Our solvothermal synthesis condition produced 

significantly reduced size of TiP-xH2O nanoflakes, which enables direct deposition on 

CNTs as well as more efficient active materials utilization during charge and discharge 

cycles. 
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Figure 53: Charge and discharge capacity changes of nano-TiP-H2O, nano-TiP, nano-

TiP-H2O-CNT, and nano-TiP-CNT during long term cycle tests at 2.0 C. 

The conductivity of different TiP-xH2O Na-ion half cells were measured by 

performing EIS. Figure 54 shows EIS results performed on stabilized cells after 20 cycles 

of charge and discharge. The Nyquist plot can be interpreted based on the equivalent 

circuit (Figure 54). R1 corresponds to the combination of ionic resistance of electrolyte, 

intrinsic resistance of the substrate, and the contact resistance at the interface between 
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active material and the substrate.106 R1 appeared as the intercept at the real part in the 

high frequency region. The resistor, R2 paralleled with the constant phase elements, Q2, 

represents the charge transfer resistance corresponding to the diameter of semicircle. 

The ion diffusion in the host structure is described with the Warburg element (Zw).158 As 

presented, the simulated data (dotted line) from the equivalent circuit fit well the 

impedance data (symbol) for all TiP-xH2O samples. The resistance values obtained from 

fitting are summarized in Table 7. As is shown, resistance originated from the intrinsic 

properties (R1) such as electrolyte and substrate is similar for all the electrodes. 

However, the charge transfer resistances (R2) of nanostructured materials was almost 

half those of bulk crystalline materials. This significantly reduced resistance is likely due 

to the improved Na diffusion kinetics through many interstitials in nanostructured 

materials. More importantly, Na storage properties of bulk-TiP-xH2O that depend on the 

interlayer spacing was also confirmed by EIS results. The hydrated bulk-TiP-H2O 

exhibited much smaller charge transfer resistance (1212 Ω) than dehydrated bulk-TiP 

(1622 Ω). This result implies that Na diffusion kinetics in such hydrated form can be 

enhanced due to the expanded interlayer spacing with the water intercalation. 

Meanwhile, the water intercalation can screen the interaction between elements in host 

layer and Na ions.147 In consistence with our observation in capacity comparisons, the 

charge transfer resistance reduction by the water intercalation became less distinct in 

nano-TiP-xH2O, supporting the idea that nano-TiP-xH2O could utilize interstitials for Na 
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storage rather than rely on insertion facilitated by the enlarged interlayer spacing. 

Moreover, nano-TiP-xH2O-CNT composites showed further decreased charge transfer 

resistance. This further reduced resistance is attributed to the fact that CNT network 

provides conducting pathways for electrons and thus enhances the charge transfer 

processes. 

 

Figure 54: Nyquist plots and equivalent circuit of bulk-TiP, bulk-TiP-H2O, nano-TiP, 

nano-TiP-H2O, nano-TiP-CNT, and nano-TiP-H2O-CNT. 

Table 7: Electrode resistance values for bulk-TiP, bulk-TiP-H2O, nano-TiP, nano-TiP-

H2O, nano-TiP-CNT, and nano-TiP-H2O-CNT obtained from equivalent circuit fitting 

of EIS measurements. 
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To understand the origin of the large capacity drop after the first discharge cycle 

observed in all Na-ion half cells, ex-situ XRD was performed on the electrode material 

and resulting patterns are shown in Figure 55. For this measurement, bulk sample, bulk-

TiP-H2O was selected to clearly see the peak position change. As is shown, (002) 

obviously shifted from 11.6o to 10.6o after the cell was fully discharged, indicating the 

intercalation of Na into TiP host. In the fully charged state, however, XRD patterns 

showed two peaks at 11.6o and 10.6o, respectively. This result suggested that the inserted 

Na ions are not completely extracted from TiP host when charging. Thus, active site is 

only partially available for the next discharge and charge cycles, resulting in large 

decrease in capacity. Importantly, however, the recovered (002) peak at 11.6o after the 

first cycle indicated that the water intercalation remains between layers, indicating the 

layered structure with the water intercalation can be maintained in the organic solvent-

based electrolyte. 
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Figure 55: Ex-situ XRD performed on as-prepared, discharged, and charged bulk-TiP-

H2O. 

4.4 Conclusions 

In conclusions, as electrode materials, TiP-xH2O with different microstructure 

can be synthesized through both hydrothermal and solvothermal reactions. The specific 

capacity of bulk-TiP-xH2O materials significantly increases as the interlayer separation is 

expanded by the water intercalation. This increase in capacity with the water 

intercalation becomes less significant, as the material size is reduced to nanometer scale. 

These results implied that interlayer space is not the primary route for Na-ion diffusion 

in nanostructured materials, where many interstitials are available for Na-ion diffusion. 

The electrochemical characteristics of nano-TiP-xH2O can be further improved using 

carbon nanotubes as dual functional additives. The strong network formed by CNTs 

ensures the highly reversible sodium storage capacity and electrical conductivity 
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provided by CNTs enhances the rate capability of nano-TiP-xH2O materials. This work 

demonstrates that factors determining electrode microstructures such as size reduction 

and interlayer spacing can lead to unique electrochemical properties when combined 

and balanced, and thus provides insights into nanostructured materials for future 

energy storage for Na-ion and other future batteries. 
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Chapter 5: NASICON-Structured NaTi2(PO4)3/Carbon 
Hybrid Electrodes for Sodium-Ion Batteries 

5.1 Introduction 

5.1.1 Sodium Super-Ionic Conductors (NASICONs) 

The NASICON (Na-super-ionic conductors) structure has been receiving 

attention as solid electrolytes in Na/S-type batteries since the discovery in 1976.159 The 

NASICON structure of general formula AxM2(XO4)3 is built on a 3-D framework of MO6 

octahedra linked with XO4 tetrahedra (Figure 56).160 The repeating unit of M2(XO4)3 

consists of three tetrahedra connected to two octahedra and is called ‘lantern’. Based on 

these lantern units’ arrangements, the NASICON structure can be described with either 

rhombohedral or monoclinic space groups.160 Each lantern is connected to six other 

lanterns, forming large interstitials that can accommodate alkali cations.160 This 

structural characteristic enables the fast ion transport in the NASICON framework as 

battery electrodes. The electrochemical insertion of alkali cations into the NASICON 

structure was first investigated by Delmas et al..161 According to them, Na and Li were 

reversibly inserted into NaTi2(PO4)3 and LiTi2(PO4)3, respectively, despite the low 

electrical conductivity of the NASICON structured materials.161 Recently, Li3V2(PO4)3, 

Na3V2(PO4)3, and NaZr2(PO4)3 have also been intensively studied as promising battery 

electrode materials.162-164 
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Figure 56: Anti-NASICON (monoclinic) and NASICON (rhombohedral) frameworks 

of general formula AxM2(XO4)3. Reprinted with permission from ref [160]. 

In the late 1980s, Goodenough demonstrated the controlled operation voltages 

using the NASICON structured LixFe2(XO4)3. The inductive effect concept proposed by 

him successfully explains the relative positions of the Fe2+/Fe3+ redox couple in 

LixFe2(XO4)3 (X = P, Mo, W, and S) (Figure 57).165 According to this concept, the covalency 

of Fe-O bonds is the origin of operation voltage differences in LixFe2(XO4)3.165 Since each 

Fe is involved in six Fe-O-X bond sequences, the covalency of Fe-O bonds weakens 

according to the electronegativity of X elements. As a result, the energy of the anti-
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bonding states is lowered and thus, the difference between the Fe2+/Fe3+ and the Li/Li+ 

couples increases (Figure 57). 

 

Figure 57: Respective positions of the Fe2+/Fe3+ redox couple vs. Li/Li+ in NASICON 

AxFe2(XO4)3 compositions (X = P, Mo, W, S). Reprinted with permission from ref [160]. 

5.1.2 NASICON-type NaTi2(PO4)3 as NIB Anode Materials 

NASICON-type NTi2(PO4)3 (NTP) has been considered as an attractive NIB 

electrode material due to its high theoretical capacity of 133 mA h g-1 (between 1.2 – 3.0 

V), high Na-ion conductivity as discussed in section 5.1.1. NTP consists of [TiO6] 

octahedra sharing all the corners with [PO4] tetrahedra, as shown in Figure 58A.166 As 

NTP adopts NASICON structure, the 3-D open framework with plenty of interstitials 

capable of fast, reversible insertion and extraction of Na ions, showing high Na-ion 
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conductivity. In addition, NASICON-type NTP is almost free from the volume change 

during Na insertion and extraction due to the structural stability provided by the strong 

open framework. However, when considered as a NIB anode material, NTP shows 

relatively high redox potential at 2.1 V (vs. Na/Na+) due to the inductive effect of 

phosphate groups. Despite the energy density loss associated with this relatively higher 

redox potential, it not only enables safe quick charge but also reduces the possibility of 

forming a solid electrolyte interphase (SEI).166 

 

Figure 58: Schematic illustration of (A) the crystal structure of NTP (reprinted with 

permission from ref [175]) and (B) a NTP/CNT composite electrode. CNTs provide 

electron transport paths and NTP nanoparticles function as Na-ion storage materials. 

However, NTP electrodes have low electrical conductivity, which limits electron 

transport kinetics within the electrode material and thus results in low capacity and 

poor rate capability.167, 168 To increase the transport kinetics of NTP electrodes, three main 

approaches discussed in Chapter 1 have been used; reducing particle size to shorten the 

electron transport distance, doping other electroactive elements to improve transport 
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properties, and mixing with carbons to improve electrode conductivity. Despite 

significant improvements with these approaches, achieving high capacity at high 

charge-discharge current rates is still challenging due to uncontrollable irregular 

morphology of NTP particles prepared by solid-state reactions.169, 170 Even though solid-

state reactions are useful to synthesize NTP materials, these methods suffer from poly-

dispersed crystal growth due to high processing temperatures, for example, at 900 oC.171 

In the current work, NTP/CNT composite materials synthesized via a 

solvothermal reaction are demonstrated as NIB anode. Unlike solid-state reactions, our 

ethanol-mediated solvothermal reaction produces NTP nanoparticles with uniform size 

and morphology, well connected by a CNT network (Figure 58B). CNT network can not 

only prevent the aggregation of NTP particles into bulk during synthesis, which reduces 

the active surface accessible by electrolyte, but also provide electron transport paths. In 

Na-ion half-cell electrochemical tests, the NTP/CNT composite electrode exhibited 

remarkable specific capacity of 56 mA h g-1 at a high discharge rate of 20 C. This high 

capacity is comparable to that in aqueous electrolytes which have higher ion mobility 

and conductivity than non-aqueous counterparts, implying that the composite electrode 

consisting of CNTs and NTP nanoparticles with uniform morphology and size is a 

promising material for the high performance NIB anode. 
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5.2 Experimental Section  

5.2.1 Synthesis of NaTi2(PO4)3/CNT Composites 

NASICON-type NaTi2(PO4)3 was synthesized as following. First, 2 mmol of 

sodium acetate and 2 mmol of titanium (IV) butoxide were dissolved into 1.5 mL of 

phosphoric acid (85 wt%) and 20 mL of ethanol, respectively. The mixture solution of 

sodium acetate and phosphoric acid was added drop wise to the titanium butoxide 

ethanol dispersion with magnetic stirring. The reaction mixture was then transferred 

into a Teflon-lined autoclave vessel (45 mL capacity) for the solvothermal reaction at 160 

oC for 3 hours in a vertical furnace. Then, the reaction vessel was naturally cooled to 

room temperature and the product was collected by vacuum filtration. The collected 

powder product was annealed at 600 oC for 3 hours in Ar atmosphere.  

5.2.2 Material Characterization 

Material characterization is the same as described in Chapter 3. 

5.2.3 Electrochemical Measurements 

The electrochemical performances of NTP/CNT electrodes were evaluated using 

CR 2032-type coin cells. The artificial cut square sodium metal with a thickness of about 

1 mm was used as a counter electrode. The working electrodes were fabricated by 

mixing NTP samples with PVDF and Super P carbon with a mass ratio of 70 : 20 : 10 

followed by casting the paste on aluminum foil. The areal density of electrode was 

controlled to 2.7 – 3.5 mg cm-2. The cell assembly was done in a pure argon filled-glove 
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box. 1 M NaClO4 in a mixture of EC and PC (1/1 = v/v) was used as an electrolyte. A 

glass microfiber filter (grade GF/F; Whatman, U.S.) was used as a separator. 

Galvanostatic charge-discharge measurements were performed at room temperature 

using MacPile Battery Analyzer. Cells were tested at various current rates (0.1, 0.2, 0.5, 

1.0, 2.0, 5.0, 10, and 20 C) in the voltage range between 1.2 and 2.8 V. 

5.3 Results and Discussion 

Figure 59A shows the XRD patterns of a NTP/CNT composite sample 

synthesized from the ethanol-mediated solvothermal reaction described in section 5.2.1. 

All the peaks observed in the NTP/CNT composite sample were well assigned to those 

of NaTi2(PO4)3 (JCPDS No. 01-085-2265). The morphology and microstructure of the 

NTP/CNT composite were investigated using SEM. As shown in Figure 59B, uniform 

cube-like morphology was observed with a size of about 100 nm. These uniform 

morphology and size are favorable to form a well-mixed and connected composite with 

CNTs. Importantly, the size of the NTP particles in this work is much smaller than that 

of NTP particles synthesized via a solid-state reaction, where powder- or salt-type 

precursor chemicals are mechanically mixed followed by an annealing process at high 

temperatures between 800 and 900 oC.172 For comparison, the NTP/CNT composite 

prepared from high temperature solid-state reaction shows irregular NTP particle shape 

and random size distribution. Such an irregular particle formation during the high 

temperature processing resulted in non-uniform mixing with CNTs. 
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Figure 59: (A) XRD pattern and (B) SEM image of NTP/CNT composite synthesized 

via ethanol-mediated solvothermal reaction. 

 

The electrochemical performance of NTP/CNT composite electrode was 

evaluated using coin-type cells with a sodium metal foil as a counter electrode in 1 M 

NaClO4 in EC/PC electrolyte. Figure 60A displays representative galvanostatic 

charge/discharge profiles of NTP/CNT at various current rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, 

and 20 C within a cutoff voltage between 1.2 and 2.8 V. Well-defined charge-discharge 

voltage plateaus at ~2.10 V and ~2.15 V were clearly observed. These plateaus 

correspond to the redox reaction of the NTP/CNT composite electrode on the Ti3+/Ti4+ 

couple that can be expressed as equation 9.167  

NaTi2(PO4)3 + 2Na+ + 2e- ↔ Na3Ti2(PO4)3  (equation 9) 

NTP/CNT composite electrode showed excellent sodium storage capacity. The 

reversible capacities were 109, 97, 92, 88, 83, 77, 66, and 56 mA h g-1 at current rates of 
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0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 C, respectively (Figure 60B). In addition, ~90% of discharge 

capacity is retained with a negligible polarization over the 90 cycles as shown in Figure 

60C. Importantly, a reversible capacity of 56 mA h g-1 achieved even at a high current 

rate of 20 C is remarkable. At this current rate, surprisingly, it took only 2 minutes and 

13 seconds for a charge-discharge cycle of this NTP/CNT composite electrode. This fast 

rate performance is comparable to those of pseudocapacitance. In addition, 56 mA h g-1 

is comparable to some reported capacity values achieved in 1 M Na2SO4 aqueous 

electrolyte with NTP/carbon composite electrodes at the same current rate. 
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Figure 60: (A) Galvanostatic charge-discharge curves, (B) specific capacity of a 

NTP/CNT composite electrode at various current rates of 0.1, 0.2, 0.5, 1, 2, 5, 10, and 20 

C, and (C) changes in the charge-discharge profile of a NTP/CNT composite electrode 

at a current rate of 0.1 C over cycles. 
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For example, the reversible capacity of a solvothermal processed NTP/graphene 

composite in 1 M Na2SO4 aqueous electrolyte was 40 mA h g-1 at 20 C.167 Another 

NTP/graphene composite synthesized via solid-state reaction showed 63 mA h g-1 at 20 

C in 1 M Na2SO4 aqueous electrolyte.173 Considering the lower ionic conductivity and 

higher viscosity of the organic solvent-based electrolyte compared to those of aqueous 

counterparts, our preliminary results are promising, indicating that the NTP/CNT 

composite electrode can achieve high energy and power density simultaneously. 

According to Yang et al., regular morphology can allow preferable surface for ion 

diffusion to be exposed in all individual particles.169 In the case of irregular morphology, 

however, the preferable surface is not always available for the fastest ion diffusion. 

Thus, the uniformly controlled morphology and size of NTP particles could also 

contribute to the improvement in electrochemical performances. 

5.4 Conclusions and Future Research Directions 

In conclusions, NTP particles connected well by a CNT network is introduced as 

a NIB anode material. This NTP/CNT composite is easily synthesized via a solvothermal 

reaction. NTP particles synthesized using our method shows uniform morphology and 

size (~100 nm). The NTP/CNT composite electrode exhibited excellent Na-ion storage 

capacity and rate performance. These excellent electrochemical performances can be 

attributed to the facilitated Na-ion diffusion in NTP with uniform morphology and 

electrical conductivity provided by CNT network. For a future research direction, Na-
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ion storage capacity will also be evaluated in aqueous electrolytes. This aqueous 

electrolyte system could not only enhance the Na-ion storage capacity but also solve the 

safety issues associated with organic solvent-based electrolytes. In addition, examples 

summarized in Table 8 provide an important implication to design NTP electrodes. As 

can be seen, all examples show high capacity numbers even at a higher current rate such 

as 90 C.174, 175 A common concept in electrode design in these examples is that NTP 

particles are totally encapsulated or coated by carbon layers and then these carbon 

coated NTP particles are embedded in a large carbon matrix to be connected together. 

The carbon layer coating provides short range electron transport paths within individual 

NTP particles and the large carbon matrix provides paths for long-range electron 

transport inter-particles, enhancing electrical conductivity as well as the rate 

performance of the composite electrodes. Based on this implication, future research goal 

can be represented as Figure 61, where either individual NTP particles encapsulated in 

carbon layers are connected by CNTs or a NTP/CNT composite is embedded in a large 

carbon layer such as graphene. It is expected that either way can form a flexible, self-

standing film-type electrode. Such rationally designed electrode can further enhance the 

rate capability and cycle stability of NIBs for future energy storage. 
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Table 8: Summary of recent literature reports for various carbon-NTP hybrid 

structures for NIB electrodes. Figures were reprinted with permission from 

references. 
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Figure 61: Schematic illustration of NTP/carbon composite electrode design for future 

energy storage applications. 
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Appendix A: NiO Electrodes Synthesized with 2% and 
5% Glucose 

 

Figure 62: SEM images of CP/NiO electrodes synthesized with (A) 2%, and (B) 5% 

glucose, and (C) discharge curve comparisons of CP/NiO electrode prepared with 0%, 

2%, 5%, and 10% glucose. 

NiO was also synthesized directly on a piece of carbon paper (CP) with 2% and 

5% glucose additions to the solvothermal process described in section 3.2.1. As seen in 

Figure 62A, B, both 2% and 5% glucose additions significantly reduced the size of NiO 

flakes. Figure 62C shows and compares discharge curves of CP/NiO electrodes prepared 

with 0%, 2%, 5%, and 10% glucose. The prolonged discharge times observed in CP/NiO 
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electrodes prepared with glucose, compared to that without glucose, support glucose 

addition effectively reduces the metal oxide particle size, increases surface area for redox 

reaction and thus improves capacitance. The discharge time was longest when the 

glucose concentration is 10%, indicating that 10% glucose is optimal for both 

nanostructuring metal oxide materials and achieving high pseudocapacitance.  

Appendix B: Electrochemical Lithium-Ion Insertion in 
Layered Titanium Hydrogeno Phosphates 

The electrochemical Li-ion storage in TiP-xH2O materials were also evaluated 

using CR 2032-type coin cells. A piece of lithium metal foil were used as a counter 

electrode, and 1 M LiPF6 in EC and diethyl carbonate (DEC) (1/1 = v/v) was used as an 

electrolyte. Cells were tested at various current rates in the voltage range between 2.0 

and 3.5 V. The Li-ion storage capacity of bulk-TiP-xH2O was improved with the 

expanded interlayer spacing by water of crystallization as the same as seen in the Na-ion 

storage (Figure 63). This interlayer spacing-dependent Li-ion storage capacity of bulk-

TiP-xH2O was consistent with the result in reported article,148 and much less obvious in 

nano-TiP-xH2O (Figure 63A, B). These results also supported the earlier conclusion from 

the Na-ion storage capacity characterization; Na-ion diffusion in bulk-TiP-xH2O relies 

more on the expanded interlayer spacing, whereas nano-TiP-xH2O could utilize 

interstitials to store Na ions. The composite electrodes, nano-TiP-H2O-CNT and nano-

TiP-CNT, achieved the higher capacity of 98 mA h g-1 and 96 mA h g-1 at 0.1 C versus 
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Li/Li+, respectively (Figure 63C).  These higher capacity numbers compared with those 

versus Na/Na+ could be ascribed to the favorable insertion of smaller Li ions. The long-

term cycling stability tests performed at a current density of 2.0 C is shown in Figure 

63D. Both nano-TiP-H2O-CNT and nano-TiP-CNT retained ~70% of the initial capacity 

(~90 mA h g-1) after 200 cycles. 

 

Figure 63: Charge and discharge curves of (A) bulk and (B) nanostructured TiP·xH2O 

electrodes (1.0 C), (C) discharge capacity measured at current rates of 0.1, 0.2, 0.5, 1.0 

and 5.0 C, and (D) long term cycle stability of nano-TiP-H2O-CNT and nano-TiP-CNT 

tested at a current rate of 2.0 C. 

Appendix C: NASICON-type Mg0.5Ti2(PO4)3 

As discussed in Chapter 5, NASICON structures provide rigid and strong 3-D 

channels for fast ion conduction. Such stable structures, compared to simple metal 
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oxides, could be used as multivalent ion storage applications. However, multivalent ions 

such as Mg2+ show slow diffusion kinetics due to the strong interaction with atoms in 

electrode materials. Since NASICON structures consist of metal cations with higher 

oxidation states that can interact stronger with anions in the electrode material, these 

materials can improve ion diffusion kinetics. NASICON-type Mg0.5Ti2(PO4)3 (MTP) was 

prepared and evaluated as LIB electrode materials first. NASICON-type MTP was 

synthesized via a high temperature sintering process. Typically, stoichiometric amounts 

of magnesium acetate, titanium butoxide, and ammonium dihydrogen phosphate were 

mixed in DI water at 75 oC to get a powder product. Then, the powder product was 

sintered at 900 oC in Ar atmosphere for 12 h. As-synthesized MTP was processed as an 

electrode film using the same procedure described in section 5.2.3. Electrochemical Li-

ion half-cell tests were performed under the same condition described in Appendix B.  

Figure 64A shows an XRD pattern of as-synthesized MTP material. The observed peaks 

were identified as the pattern of MTP in R-3c space group.176 Figure 64B shows 

electrochemical Li-ion insertion into as-prepared MTP electrode film at 0.1 C. The 

plateaus observed between 2.8 and 2.0 V are reversible during further discharge. These 

plateaus can be originated from Ti4+/Ti3+ redox couple, while lithium ions are reversibly 

inserted in the structure. This electrochemical Li-ion insertion shows potentials for the 

use of MTP as electrode materials for other battery systems. 
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Figure 64: (A) XRD pattern of as-synthesized MTP. Peaks from XRD sample holder 

were marked as *, and (B) charge and discharge capacity of as-prepared MTP 

electrodes at 0.1 C. 
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