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Electrochemical capacitors and batteries are two major electrochemical energy storage 

technologies, which have been investigated extensively to meet the rapidly-growing 

demand for higher energy, higher power, lower cost and enhanced safety in the past 

few decades. With the charge storage mechanism of electrostatic charge 

adsorption/desorption via electrical double layers, electrochemical capacitors deliver 

higher power, but store less energy, compared to batteries, where redox reactions 

usually take place inside bulk electrode materials. Depending on the electrolytes, 

electrochemical capacitors can be divided into aqueous and non-aqueous capacitors. 

Aqueous electrolytes are more electrically conductive, non-flammable, and more 

sustainable, compared to non-aqueous electrolytes. However, non-aqueous electrolytes 

are overwhelmingly dominating the electrochemical capacitor markets, because they 

provide a larger electrochemical window, and consequently enable capacitors to store 

more energy. To take advantages of aqueous electrolytes and facilitate safer and more 

sustainable electrochemical capacitors, tremendous research has been conducted to 



 

 

increase energy density of aqueous capacitors. Traditional approach is to utilize redox-

active electrodes, e.g. metal oxide and conducting polymers in pseudocapacitors, most 

of which increase energy density at the expense of largely sacrificing power and cycle 

life. It is important to make progress in one performance aspect of electrochemical 

capacitors, while retaining other desirable properties as much as possible.  

 

There are two effective ways to store more energy in electrochemical capacitors. One 

is by increasing capacitance, and the other one is by increasing operating voltages.  

 

Higher capacitance can be obtained when introducing redox reactions in 

electrochemical capacitors. Instead of employing redox-active electrodes, which may 

experience ion diffusion in solid, aqueous redox-active electrolyte was studied to retain 

high power while storing more energy. The redox pair of IOx
-/I- in 4 M KI and 1 M 

KOH is reported for the first time, which enables aqueous capacitors to store a 

maximum energy of 7.1 Wh/kg, on a par with state-of-the-art non-aqueous capacitors, 

while delivering a maximum power of 6222 W/kg, and retaining 93% capacitance after 

14,000 cycles. 

 

Higher operating voltages are realized in aqueous electrochemical capacitors by 

maintaining pH 1 and pH 10 at the positive and negative electrode, respectively, with 

a bipolar assembly of ion-exchange membranes. The theoretical electrochemical 

window of aqueous electrolytes is expanded from 1.23 to 1.76 V. A practical operating 

voltage of 1.8 V is proved to be safe for aqueous capacitors with the bipolar assembly, 



 

 

which allows to store a specific energy of 12.7 Wh/kg, as well as retain 97% 

capacitance after 10,000 cycles. 

 

Although batteries, especially lithium-ion batteries, have been successful in different 

fields, e.g. portable electronics, electric vehicles, etc., an intrinsic drawback still exists: 

low abundance of lithium and therefore high cost of lithium-ion batteries. To address 

this issue, different types of batteries have been studied, which utilize Earth-abundant 

elements, such as Na, K, Al, etc. In this dissertation, a novel battery is reported, where 

hydronium ions perform as charge carriers. For the first time, hydronium ions are found 

to be reversibly stored in 3,4,9,10-perylenetetracarboxylic dianhydride crystals, 

contributing 85 mAh/g at 1 A/g after an initial conditioning process. As an aqueous 

battery storing hydronium ions instead of metal cations, it may deliver higher power, 

significantly lower the battery cost, and increase the margin of safety. Although this 

technology is not as mature as lithium-ion batteries, it provides new opportunities and 

possible solutions for future energy storage. 

 

A new deposition technology, namely ambient hydrolysis deposition, is also studied in 

this dissertation, which enables nanoparticles grown in porous substrate in a simple and 

cost-effective way. As a proof-of-concept, by controlling the amount of pre-adsorbed 

water vapor in the porous carbon, various amount of TiO2 nanoparticles are grown in 

porous carbon. The TiO2 nanoparticles can be converted into TiN nanoparticles by 

nitridation, which improve the electrical conductivity of porous carbon. Electrodes 



 

 

prepared from porous carbon with TiN nanoparticles coating exhibit enhanced rate 

capability in electrochemical capacitors. 
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1 Introduction 
 

1.1  Background 

 

The fast-growing population and rapid development of society lead to increasing 

demand for energy. The total global consumption of marketed energy is projected to 

expand from 549 quadrillion British thermal units (Btu) in 2012 to 815 quadrillion Btu 

in 2040, accounting for 48% increase from 2012 to 2040.1 Fossil fuels, includes coal, 

gasoline, natural gas, etc., have been the primary energy source up till now, taking 81% 

share of primary energy in 2014, and are predicted to account for 78% in 2040.1 

Although fossil fuels largely meet the fast-paced growth of energy demand, there are 

concerns regarding their limited abundance and more importantly, the environmental 

issues, such as air pollution and global warming.  

 

Greenhouse gases emissions are the main cause of global warming. As an example, 

world CO2 emissions from energy generation/consumption are 32.3 billion metric tons 

in 2012, and predicted to be 43.2 billion metric tons in 2040.1 Considerable attention 

has been drawn to the climate change caused by greenhouse gases emissions. To tackle 

this problem, Paris Agreement has been signed by 194 members from United Nations 

Framework Convention on Climate Change (UNFCCC), aiming at limiting the global 

temperature increase. 

 



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 World net electricity generation by energy source, 2012–40 (trillion 

kilowatthours)1 

 

In order to meet the fast-growing energy demand without sacrificing environment, 

renewable energy is expected to replace fossil fuels wherever it is available. From 

Figure 1.1, apparently, coal, the least clean energy resource, is projected to take less 

market share in world electricity generation, which decreases from 40% in 2012 to 29% 

in 2040, whereas the market share of renewables (hydropower, wind energy, solar 

energy, etc.) increases from 22% in 2012 to 29% in 2040. 

 

Figure 1.2 shows the cost reduction in the past few years. Apparently cost of wind 

energy and solar energy have been falling constantly, due to the technology 

development and government support.2 The cost reduction by no means will help 
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accelerate the deployment of renewable energy, which hopefully can improve the 

environment and slow down global warming.  

 

Figure 1.2 Cost reduction of five clean energy technologies2 

 

Albeit renewable energy is superior clean, and shows unlimited abundance, an 

inevitable issue is its intermittency, as well as lack of portability. Electrochemical 

energy storage, offers wonderful solutions, which is crucial in the energy evolution. In 

the family of electrochemical energy storage devices, supercapacitors and batteries are 

two key members, which are investigated and discussed in this dissertation. 

 

1.2  Capacitors 

 

Electrochemical capacitors (ECs), also known as supercapacitors or ultracapacitors, 

can deliver and uptake high power, with superior cycling life, therefore provide 

complementary energy storage solution to batteries. Due to their fast charge/discharge 

(in a few seconds) and excellent reliability and safety, ECs have been widely used in 

uninterruptable power supplies (UPS), load-leveling, emergency doors on airplanes, 

cranes, and even electric buses.  
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 History of capacitors 

The early version of capacitors is called Leyden jar, which was built in 1740s and 

named after the town where it was discovered. As shown in  

Figure 1.3, it is a glass jar with metal foil attached to the inside and outside bottom part 

of the jar, and a chain connecting inside foil to the top, as a lead to charge it.3 The metal 

foil acts as electrodes, where opposite charges can accumulate upon charging. Opposite 

charges cannot mix and neutralize with each other, because the glass functions as 

dielectric between two electrodes. Later improvements were made by building parallel-

plate capacitors, with two parallel metal plates separated by a layer of dielectric 

material (glass, air, vacuum).  

 

 

 

 

 

 

 

 

 

Figure 1.3 Schematic of Leyden jar. 

 

Further development led to the birth of electrolytic capacitors. Metals, such as 
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aluminum, tantalum, and niobium are used as the anode materials after chemical 

treatment to increase the surface area. A thin layer of dielectric between anode and 

cathode, typically metal oxide, is formed when oxidizing electrochemically by 

applying a positive potential to the anode metal. Cathode covering the dielectric could 

be in either liquid phase, e.g. aqueous/organic electrolyte, or solid phase, e.g. polymers.  

 

To further enhance the performance and meet different demand, electrical double layer 

capacitors (EDLCs) and pseudocapacitors are created and considered to be the most 

popular capacitors in both academia and industry. 

 

 Types of Capacitors 

1.2.2.1 Electrical Double Layer Capacitors 

 

(I) Mechanism 

EDLCs, one of the most popular capacitors, typically employ carbon materials with 

high specific surface area as the electrodes. During charge/discharge, ions from the 

electrolyte are reversibly adsorbed/desorbed by electrostatic interaction with electrodes. 

One equation given by Helmholtz in 1853 is widely used to calculate the capacitance 

𝐶: 

𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
 

where 𝜀𝑟 is the electrolyte dielectric constant depending on the intrinsic properties of 

electrolyte, 𝜀0  is the dielectric constant of the vacuum, 𝐴  is the surface area of the 
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electrode, and 𝑑  is the distance between opposite charges. To enhance capacitance, 

increasing surface area of electrode materials and reducing charge separation distances 

are two common strategies. EDLCs deliver overwhelmingly higher capacitance than 

conventional capacitors, due to the higher surface area of the electrode materials, and 

the atomic range of charge separation distances.  

 

 

 

 

 

 

 

 

 

Figure 1.4 Models of electrical double layer at the positive electrode surface: (a) the 

Helmholtz model, (b) the Gouy-Chapman model, and (c) the Stern model.4 

 

As shown in Figure 1.4, the early EDL model proposed by von Helmholtz shows one 

layer of charges on the surface of the electrode, and one layer of opposite charges from 

ions in the electrolyte. A modified model, Gouy-Chapman model, takes consideration 

of distribution of cations and anions, therefore introduces the diffuse layer, where the 

potential decreases exponentially rather than linearly in the former model. Further 

updates lead to Stern model, which proposes a compact layer, also referred as Stern 
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layer, in between the electrode surface and diffuse layer. Stern layer includes inner 

Helmholtz plane (IHP) and outer Helmholtz plane (OHP), which consist of specifically 

adsorbed ions, and non-specifically adsorbed ions.  

 

(II) Self-discharge 

Self-discharge is a significant problem for most capacitors. Without applying a 

discharge current, the open circuit voltage (OCV) of a capacitor drops spontaneously. 

Although self-discharge exists in batteries as well, it is way slower due to its 

thermodynamically stable equilibrium. With ideally polarizable electrodes, self-

discharge would not occur, but inevitable Faradaic electron transfer would always 

cause self-discharge with non-ideally polarizable electrodes. Conway summarized the 

mechanism of self-discharge, and classified it into five categories.5 

 

1. When an EC is overcharged beyond the electrochemical operating window of 

the electrolyte, electrolyte decomposition would occur and cause self-discharge, 

until potential drops within electrolyte operating window. For instance, when 

overcharging an aqueous EC, hydrogen evolution reaction (HER), and/or 

oxygen evolution reaction (OER) would take place, causing the decrease of 

OCV. It is also known as activation-controlled self-discharge process. 

 

2. When there are soluble redox-active impurities in the electrolyte/electrode, 

whose redox potential is within the EC operating potential, the impurities would 
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act as a redox shuttle, travelling between each electrode, and causing self-

discharge. Since impurities exist in small amount, this self-discharge process is 

typically diffusion-controlled. One typical redox shuttle is Fe3+/Fe2+, although 

in trace amount, commonly presents in carbon materials and resulting in self-

discharge.  

 

3. Surface functional groups, e.g. quinone, which reside on the edge of graphitic 

domains can also cause self-discharge. However, due to the low concentration 

and insoluble properties, they typically do not contribute sever self-discharge.  

 

4. Ohmic leakage is another possible reason for self-discharge. When there are 

ohmic pathways between two electrodes, it is equivalent to a load resistor 

constantly consuming charges from the EC. 

 

5. It has also been reported that charge redistribution can also cause self-discharge, 

especially at high charging current. Pores with different geometries are charged 

at different rates, therefore with different charge densities. At OCV, charge 

redistribution would take place when self-discharge is observed. 

 

(III) Electrodes 

Carbon materials are most widely employed as electrode materials for EDLCs, due to 

their high abundance, tailorable structure, good electrical conductivity, excellent 

chemical and electrochemical stability, low cost, and environmental friendliness. 
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Among all carbon materials, activated carbon (AC) predominates the commercial 

EDLC electrodes market, primarily due to its high specific surface area and relatively 

low cost. AC can be prepared from carbon-rich organic precursors, e.g. coconut shell, 

pitch, wood, or coal. After precursor carbonization under inert gas, selective oxidation 

is conducted with CO2, H2O, or KOH to increase specific surface area to more than 

1000 m2/g. After activation, AC obtains a broad pore size distribution including 

micropores (<2 nm), mesopores (2 to 50 nm), and macropores (>50 nm). The measured 

specific capacitance based on electrode materials is in the range of 75 to 175 F/g with 

aqueous electrolyte, and 40 to 100 F/g with non-aqueous electrolyte.6 

 

Although some literature reports AC with a specific surface area of more than 3000 

m2/g, it did not exhibit an incredibly high specific capacitance. It is worth noting that 

not all the pores are accessibly to ion adsorption/desorption, and specific capacitance 

is not always proportional to specific surface area of electrode materials. Aurbach 

proposed ion sieving effect of porous carbon, and concluded that the specific 

capacitance is contingent upon the relationship between average pore size and effective 

ion size.7 Gogotsi and Simon reported detailed studies on the pore size and ion size and 

their effect on capacitance by controlling pore size of carbide derived carbon and 

pairing them with electrolyte with different ion sizes (Figure 1.5). They concluded that 

ion desolvation would take place when pore size is smaller than solvated ions and the 

maximum double layer capacitance is achieved when pore size is close to the ion size.8, 

9  
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Figure 1.5 Capacitance comparison between porous carbon with different pore size 

distributions.9 

 

Graphene stands out in many carbon materials and has been attracting extensive 

research interest in the past few years, due to its remarkable electrical conductivity, 

high surface area, and excellent mechanical properties. These superior properties make 

graphene a strong candidate of EDLC electrode materials. The theoretical surface area 

of graphene is as high as 2630 m2/g, and the intrinsic capacitance of single-layer 

graphene was reported to be ~21 μF/cm2, giving a maximum specific capacitance of 

~550 F/g10. It was reported that graphene film prepared by laser reduction exhibits as 
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high as 276 F/g in organic electrolyte. 

 

Carbon nanotubes (CNTs), including single-walled carbon nanotubes (SWNTs) and 

multi-walled carbon nanotubes (MWNTs), have attracted research interest for energy 

storage application. Due to their unique structure, CNTs exhibit superior electrical 

conductivity and provide fast ion migration pathways, therefore are employed as 

electrode materials for high-power EC applications. However, limited by the specific 

surface area which is generally less than 500 m2/g, the specific capacitance and energy 

density of CNTs are typically less than those of ACs. With aqueous electrolyte, EDLCs 

based on MWNTs (specific surface area of 430 m2/g) deliver a specific capacitance of 

102 F/g and a specific power of 8 kW/kg.11 

 

Templated carbon is another popular electrode material for EC applications, because 

the pore structure can be well designed and controlled. The general procedure is 

infiltration of carbon precursors into porous templates, followed by carbonization and 

template removal. Silica spheres, templated porous silica, and zeolite are widely used 

as templates to provide porous structure and polymer is the most common type pf 

carbon precursor. A 3-dimentional hierarchical porous structure can be obtained from 

templated carbon, which can help enhance the electrochemical performance of ECs. It 

has been proposed that macropores behave as ion reservoirs, mesopores provide fast 

ion diffusion pathways, and micropores help enhance charge storage.12 
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To obtain better performance of EDLCs, electrodes with higher surface area accessible 

to electrolyte is desirable, since they provide more active sites for ion 

adsorption/desorption and contribute to higher capacitance. Meanwhile, pores with 

suitable size and structure are important to accommodate ions and allow fast ion 

diffusion. A balance between surface area and porosity is essential to achieve both high 

capacitance and high volumetric energy. Furthermore, high electrical conductivity of 

electrode materials is critical for high power EDLCs. 

 

(IV) Electrolytes  

Generally, electrolytes for EDLCs can be classified into three categories: aqueous, 

organic, and ionic liquid. Ionic conductivity and electrochemical operating window are 

two key criteria when choosing electrolyte. 

 

Aqueous electrolytes 

Aqueous electrolytes usually exhibit greater ionic conductivity due to its high solute 

concentration and low viscosity. Additionally, with low toxicity, non-flammability and 

lower cost, numerous papers investigating EDLCs utilize aqueous electrolyte. However, 

limited by the low electrochemical operating window (1.23 V), aqueous electrolyte is 

not competitive in the EDLC market. Acidic electrolyte (H2SO4) and alkaline 

electrolyte (KOH) are most widely used in aqueous EDLCs, because they exhibit much 

higher ionic conductivity than other neutral electrolytes. This can be explained by the 

unique ion transport mechanism of H+ and OH-. As shown in Figure 1.6, protons in 
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water are hydrated and form H3O
+(H2O)x. Ion transport follows “Grotthuss mechanism” 

or “structural diffusion” rather than regular ion diffusion. Briefly, one proton from 

Eigen ion, H3O
+(H2O)3, is transferred and equally shared with one water molecule, 

forming Zundel ion, [H2O· · ·H· · ·OH2]
+, and the proton moves closer to the second 

water molecule and finally forms another Eigen ion, thus completing charge transfer. 

Similarly, OH- can be understood as proton-hole transfer in water. This unique ion 

transport mechanism gives rise to high ionic conductivity, therefore allowing high 

power delivery of H2SO4 or KOH based EDLCs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 Transport mechanism in water of hydrated protons in panels a to c, and hydrated 

hydroxide ions in panels d to f.13 
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Organic electrolytes 

Compared to aqueous electrolyte, organic electrolyte possesses a large voltage window 

(above 2.5 V), therefore dominates the current EDLC electrolyte market. The energy 

density of ECs is proportional to voltage squared, indicating a much higher energy 

when using organic electrolytes. Acetonitrile and propylene carbonate (PC) are two 

most common organic solvents. Electrolyte with acetonitrile can reach a relatively 

higher concentration, but its toxicity and harm to environment remain as certain 

concerns. PC is less harmful to environment, and offers a wider electrochemical 

window, but the EDLC performance based on PC is more sensitive to temperature due 

to the high viscosity. The most commonly used solute in organic electrolyte is 

tetraethylammonium tetrafluoroborate (TEABF4).  

 

Ionic liquids 

Ionic liquids (ILs), also known as room temperature molten salts, is considered as 

another promising electrolyte, and has been attracting considerable research interest in 

the past few years. ILs are salts in liquid phase at room temperature, dissociating into 

ions without presence of solvent. A wide electrochemical window over 3 V, superior 

thermal stability, and non-toxicity provide opportunities of next generation EDLCs 

with higher energy density and higher operating temperatures. However, owing to the 

high viscosity and low ionic conductivity at room temperature, further research is 

needed to replace organic electrolyte with ILs in EDLCs. N-butyl-N-
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methylpyrrolidinium bis(trifluromethanesulfonyl)imide (PYR14TFSI) is one example 

of ILs, which can be operated at 3.5 V at 60 ℃ over 40,000 cycles, delivering maximum 

energy density of 31 Wh/kg when coupling with AC electrodes.14  

 

1.2.2.2 Redox-based Electrochemical Capacitors 

Charge storage with only electrostatic adsorption/desorption greatly limits the energy 

density. Therefore, redox reactions are introduced into ECs to enhance charge storage. 

Pseudocapacitors take advantage of reversible redox reactions at the surface of 

electrode materials, which significantly increases the capacitance and subsequently 

energy density. Pseudocapacitive electrode materials include transition metal oxide, 

functionalized carbon and conducting polymers, etc.  

 

(I) Metal oxide 

Ruthenium oxide (RuO2) is one of the representative of pseudocapacitive materials, 

because of its high electrical conductivity, and multiple oxidation state of Ru from +2 

to +4. Proton electro-adsorption takes place at the surface of RuO2, accompanying fast 

electron transfer, as shown in the equation below: 

RuO2 + xH+ + xe ↔ RuO2-x(OH)x 

where 0 ≤ x ≤2. A specific capacitance of 768 F/g was reported in a symmetric cell 

with sulfuric acid and at an average voltage of about 1 V.15  However, high cost and 

low operating voltage limit its applications. MnO2 is another pseudocapacitive material, 

which has been investigated extensively. It was reported that the crystallographic 
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pathways of MnO2 play important roles in the electrochemical performance16. From 

Figure 1.7, pseudocapacitance of MnO2 differs significantly when it possesses one-

dimensional (1D), two-dimensional (2D), and three-dimensional (3D) channels. It was 

concluded that a narrow distribution of straight pores, a good match between ion size 

and pore size, and the interconnectivity of pores are crucial for better pseudocapacitor 

performance. 

 

 

 

 

 

 

 

 

 

Figure 1.7 (a) Relative values of specific capacitance, ionic conductivity, and BET surface 

area of MnO2 in different phases; (b) and (c) CV curves in 0.5 M K2SO4 at 5 mV/s of MnO2 

in different phases.17 

 

Since redox reactions take place in both pseudocapacitors and batteries, it is important 

to understand the difference of mechanism and performance. Figure 1.8 compares the 

electrochemical performance, mechanism, intrinsic kinetics and lists examples of 

EDLCs, pseudocapacitors, and batteries. In EDLCs and pseudocapacitors, there is no 
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diffusion limited process, and therefore i (current density) is proportional to v (scanning 

rate), giving either perfect rectangular shape or broad peaks in cyclic voltammetry (CV) 

profiles. In batteries, on the other hand, i is limited by semi-infinite diffusion, thus 

proportional to v0.5, resulting in distinct peaks in CV. Another significant difference 

between pseudocapacitors and batteries is that electrode materials often experience 

phase transformation to relax strain caused by dimension change when ion intercalation 

takes place, while no phase transformation is observed in pseudocapacitive materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.8 Comparison between EDLC, pseudocapacitors, and batteries.17 
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(II) Doping 

Introducing heteroatoms into carbon structure is another way to incorporate 

pseudocapacitance with EDL capacitance and therefore enhance the energy density. 

Nitrogen doping has been reported as the most effective heteroatom doping for EC 

applications, because it can (1) creating electrochemically active sites enabling redox 

reactions, (2) increase the hydrophilicity of carbon materials and the wettability of the 

electrodes, and (3) act as electron donor groups, and change the electronic structure.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9 Structure of N-doped carbon.18 
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Huang, et al. reported preparation of N-doped mesoporous carbon with a surface area 

of 1580 m2/g by chemical vapor deposition (CVD), which exhibited a maximum 

specific capacitance of 855 F/g, while mesoporous carbon without N-doping only 

exhibits 325 F/g.18 As shown in Figure 1.9, there are three different nitrogen in the 

carbon lattice, pyridinic (N-6), pyrrolic (N-5), and graphitic (N-Q). The total nitrogen 

content ranges from ~8.2 at% to ~11.9 at%. In symmetric cells, when using 2 M Li2SO4 

aqueous electrolyte, it achieves an energy density of 41 Wh/kg and a power density of 

26 kW/kg based active material weight.18 Other heteroatoms doping include boron 

doping19, phosphorous doping20 and co-doping20, 21, which all help enhance the 

electrochemical performance by introducing pseudocapacitance.  

 

(III) Conducting polymers 

Conducting polymers (CPs) have been attracting research interest as another type of 

pseudocapacitive material, due to its high specific capacity, adjustable redox activity, 

and high operating voltage. Common CPs are polyaniline (PANI), polypyrrol (PPy), 

polythiophene (PTh) and their derivatives. It was reported that the theoretical specific 

capacitance of PANI is as high as 2000 F/g, while the measured values from literature 

are far lower, ranging from 160 to 815 F/g.22 All CPs must work within a certain voltage 

window, because they may degrade at a more positive potential, or they may turn into 

insulating material at a more negative potential. Owing to structural swelling and 

shrinking of CPs upon ion intercalation/deintercalation, limited cycling stability 

remains to be a challenge for pure CPs. To maintain the structural integrity and mitigate 
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mechanical degradation, one effective solution is to fabricate composite electrodes by 

incorporating CPs with other electrode materials, such as metal oxide, and CNTs, etc.  

 

1.3  Rechargeable Batteries 

 

Different from capacitors, which can deliver superior high power, but low energy, 

rechargeable batteries are designed to store and deliver much higher energy reversibly, 

but relatively mild power. There are varieties of batteries with different chemistries 

going on while operating, such as nickel metal hydride batteries, lead acid batteries, 

etc., among which the most extensively investigated and developed one is lithium-ion 

batteries (LIBs). 

 

1.3.1 Li-ion Batteries 

 

Back in 1976, Whittingham reported a fast rechargeable TiS2/Li cell operating at ~2.2 

V23, when the hope of LIB commercialization was first seen. Unfortunately, due to the 

uneven plating of Li upon cell charging, sever safety problem caused by Li dendrite 

block the realization of LIB commercialization. The dendrite caused safety issue was 

resolved by the discovery of reversible Li insertion in to graphite by Rachid Yazami24 

Meanwhile, Goodenough reported reversible Li extraction from LiCoO2 and LiNiO2 at 

~4.0 V. The first full cell was assembled by Yoshino, where Li1-xCoO2 was the cathode 

and graphite was the anode, (Figure 1.10) and it was first commercialized by SONY. 
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Figure 1.10 Schematic illustration of the first Li-ion battery.25 

 

Figure 1.11 describes the energy levels of electrolyte and each electrode. If the 

electrochemical potential of anode (μa) is higher than the lowest unoccupied molecular 

orbital (LUMO) of electrolyte, electrons from anode would flow into LUMO and 

consequently reduce electrolyte. Therefore, large electrochemical window of 

electrolyte and appropriate electrochemical potential of each electrode are critical for 

high voltage batteries. From Figure 1.11, there is an overlapping region between 

Co4+/Co3+, indicating that before Co3+ is completely oxidized to Co4+ so that Li+ is fully 

extracted, O2- would be oxidized into O2. That’s why x should be kept less than 0.55 
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for safety purposes. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11 Relative energy levels of electrodes and electrolytes in lithium ion batteries. 

 

It can be seen that the Fermi energy of Li is higher than the LUMO of electrolyte, 

signifying inevitable reduction of organic electrolyte when Li metal is used as the anode. 

In fact, most anode materials, including graphite, silicon, etc. all have energy levels 

above electrolyte LUMO, leading to electrolyte reduction a common phenomenon in 

LIBs. Solid electrolyte interface (SEI) is the product of electrolyte decomposition, 

which is a Li+ permeable layer passivating electrodes so that it can prevent electrolyte 

further decomposition. Ethylene carbonate, and fluoroethylene carbonate are common 

organic electrolyte additive to form stable SEI. The drawback of SEI formation is the 
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inevitable consumption of Li+ from cathode which could result in irreversible loss of 

cell capacity, and build up the impedance when lithium ions transfer through SEI layer. 

 

SEI forms not only in presence of Li metal, but also when graphite is used as the anode. 

As lithium ions intercalate into graphite, graphite intercalation compound (GIC) is 

produced, forming LixC, where 0 ≤x≤1/6. The maximum capacity reaches 372 mAh/g 

when 6 carbon atoms accommodate 1 Li+. However, this capacity cannot meet the 

needs of higher energy density, especially for EV applications. Additionally, graphite 

operates at 0.2 V vs. Li, certain degree of Li plating takes place on graphite at high 

current, which consequently may form Li dendrite and cause safety concerns. Silicon 

anodes have been attracting considerable attention due to its high theoretical capacity 

of 4200 mAh/g, as well as its capability of operating without Li plating even at high 

current. However, the biggest challenge for Si anodes is its cycling stability is still to 

be improved, owing to the significant lattice expansion (more than 300%) upon Li 

insertion. To resolve it, different morphologies of Si nanoparticles, Si composite, 

surface coating, etc. have been investigated in the past few years. 

 

There are many LIB cathode materials. The conventional cathode is Li1-xCoO2, which 

is the most-widely-used LIB cathode, where x must be maintained less than 0.55 to 

ensure no occurrence of oxygen evolution. Moreover, Li1-xCoO2 allows Li+ 2D 

conduction due to its layered structure. Differently, Li+ can transport in 3D direction in 

spinel structure [B2]O4, which therefore becomes another interesting type of LIB 
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cathode materials. Li2x[Mn2]O4 is one example of spinel LIB cathode, which shows 

multiple plateaus rather than a single plateau as Li1-xCoO2 does. Multiple plateaus are 

due to filling Li+ into different sites, where 2 small plateaus at high potential indicates 

filling Li+ into different tetrahedral sites, while the long plateau at lower potential 

indicates filling Li+ into octahedral sites.25 The sharp potential drop when changing 

from tetrahedral sites to octahedral sites limits one Li+ per two framework cations in 

spinel cathodes. Furthermore, when x=0.25 in Li2x[Mn2]O4, there is enough high 

concentration of Mn(III) which undergoes disproportionation reaction causing 

dissolution of Mn(II). When x=0.5, it experiences Jahn-Teller (J-T) distortion, which 

is an octahedra distortion to reduce electrostatic repulsion. Further development of 

cathode materials leads to utilization of lithium iron phosphate, LiFePO4, which 

exhibits improved cycling stability and safety, but lower rate capability, and lithium 

nickel manganese cobalt oxide (NMC), which delivers higher specific energy and 

power, and is considered to be the cathode for next generation of LIBs. 

 

To meet the rapidly increasing energy demand in an affordable way, especially for EV 

evolution and stationary storage, future development of batteries should focus on 

higher energy density and lower cost. Additionally, chemistry with improved safety is 

critically important and desirable, as well as replacing environmentally-harmful 

materials with sustainable and green materials.26   

 

As mentioned above, high-cost is one important issue of LIBs to be addressed. As 
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shown in Figure 1.12, the price of Li2CO3 have been increasing incredibly in the past 

three years from ~$6000/t in July 2013 to ~$19000/t in July 2016. The high cost is 

primarily driven by the limited abundance of Li on Earth, its uneven distribution, as 

well as rapidly increasing needs. The abundance of Li is 20 ppm in the Earth’s crust, 

and the Li resources concentrate in south America, which are impossible to change. 

The only solution to lower battery cost is to find alternatives of LIBs. Therefore, 

batteries with Na+, K+, Mg2+, etc. as charge carriers have been attracting more and more 

attention. Although currently they cannot replace LIBs, they open more directions and 

provide more opportunities for the next-generation batteries.  

 

 

 

 

 

 

 

 

Figure 1.12 Lithium carbonate prices and tenement transactions, July 2013 to July 2016. 27 

 

1.3.2 Na-ion Batteries 

The price of Na2CO3 is about $135 to $165/t, significantly lower than Li2CO3.
28. More 

importantly, sodium is the second-lightest and -smallest alkali metal next to lithium, it 

shows similar properties as lithium, and thus is a possible alternative of Li. Comparison 
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of Li+ and Na+ is described in Table 1-1. Higher atomic mass of Na results in lower 

specific capacity of the metallic anode. The higher electrochemical potential of Na and 

its larger ionic radius and therefore different coordination preference undoubtedly have 

a big influence on the electrode design and performance. Due to the higher atomic mass 

and higher reduction potential of Na compared to Li, it is less likely to obtain Na-ion 

batteries (NIBs) with higher energy density and LIBs. However, due to the high 

abundance and low cost of sodium, NIBs are believed to be promising for large-scale 

grid storage with further development. 

 

Table 1-1 Comparison between Li+ and Na+ 

 
Li+ Na+ 

Atomic mass  6.94 23.00 

Ionic radius (Å) 0.76 1.02 

E° (vs SHE)/V -3.04 -2.71 

Metal capacity (mAh/g) 3862 1165 

Coordination preference Octahedral and tetrahedral Octahedral and pristamic 

 

Similar to Li, Na also forms dendrite if metallic sodium acts as anode. Moreover, the 

low melting point of Na (97.7 ℃) is much lower than Li (180.5 ℃), which creates more 

safety concerns. As a result, other anode materials, rather than metallic Na have been 

explored. Although graphite has been successfully used as anode for commercial LIBs, 
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it cannot reversibly host Na+ and give similar capacity as in LIBs. Bigger ionic radius 

cannot explain this phenomenon, because larger ions, e.g. reversible 

intercalation/extraction can take place between K+ and graphite. Instead of size effect, 

the relatively higher redox potential Na+/Na than graphite intercalation may explain it. 

Sodium plating takes place before Na+ intercalates into graphite, therefore, it is difficult 

to see electrochemical intercalation of Na+ into graphite. Instead of small capacity of 

only 35 mAh/g with graphite, non-graphitizable carbon, also referred to as hard carbon, 

exhibits promising Na+ storage capacity of above 250 mAh/g.29  

 

 

 

 

 

 

 

Figure 1.13 (a) Traditional card-house model and (b) recently proposed model of Na-ion 

storage mechanism. 30  

 

Figure 1.13 (a) shows the typical profile of Na+ storage in hard carbon, which is consist 

of a sloping region below 1 V and a plateau region at lower potential. The mechanism 

was explained by card-house model, where Na+ storing in interlayer space of graphitic 

domains corresponds to the sloping region, while storage in the “pores” between 

domains corresponds to the low-potential plateau. However, a new mechanism is 
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proposed recently correlating the Na+ storage with charge/discharge profiles. As shown 

in Figure 1.13 (b), the sloping region indicates Na+ storage in the defect sites on the 

turbostratic domain edge, and the main part of plateau region is due to Na+ intercalation 

between graphene sheets, and a small portion of plateau is due to Na+ adsorption onto 

pore surfaces.  

 

To improve the sodium storage capacity, preparation with different carbon precursors, 

design various morphologies, and doping heteroatoms have been exploited extensively. 

A reversible capacity of 355 mAh/g was reported by hard carbon derived from banana 

peels31, and 359 mAh/g was reported by doping POx clusters in hard carbon.32 Other 

NIB anodes that have been reported are Na2Ti3O7, which operates at 0.3 V and provides 

178 mAh/g33, and SnSb/C nanocomposites, which exhibits 544 mAh/g.34  

 

Cathode materials for NIBs are generally required to operate at high potentials to 

achieve high energy densities, and experience negligible volume change to ensure 

cycling stability. Furthermore, since sodium prefer 6-coordination, either octahedral or 

prismatic, structures available for NIB cathodes are limited at a certain degree, which 

are primarily consist of polyanionic networks, and layered oxide materials.28 Figure 

1.14 shows the operating voltage and discharge capacity of various NIB cathodes. 

Assuming it is coupled with a hard carbon anode with 300 mAh/g, the energy density 

of NIBs may exceed 300 Wh/kg, comparative to graphite/LiMn2O4 system.35  
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Figure 1.14 Estimated energy density of NIBs based on different cathodes.35 

 

In summary, although the energy density, especially volumetric energy of NIBs is less 

likely to exceed state-of-the-art LIBs, lower cost and potentially higher power of NIBs 

may give opportunities to NIBs as an alternative of LIBs, especially in electrical grid 

storage.  

 

1.3.3 K-ion Batteries 

K-ion batteries (KIBs), another emerging type of batteries, utilize K+ as charge carriers 

rather than Li+ and Na+. Potassium ions, although heavier and larger than lithium ions 
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and sodium ions, have been proved to be promising as charge carriers for battery 

applications. Because of the larger ionic size, K+ is a much weaker Lewis acid than Li+ 

and Na+, thus forms smaller solvated ion in solution and require less desolvation energy 

at the electrode/electrolyte interface. This unique feature facilitates higher ionic 

conductivity in the electrolyte and fast diffusion kinetics across the 

electrode/electrolyte interface, which are important criteria for high power batteries. 

Compared to NIBs, KIBs may provide higher operating voltage and higher energy 

density, due to the much lower standard electrode potential of K+/K, -2.936 V vs. SHE, 

which is 0.222 V lower than that of Na+/Na. More importantly, the lower potential of 

K+/K also lower the possibility of metal plating on the anode, increasing the margin of 

safety of KIBs. 

 

Carbon materials are of great interest for KIBs. Ji et al. first reported that K+ could be 

reversibly stored in graphite, forming potassium GICs in a room-temperature 

electrochemical cell.36 Ex-situ XRD revealed the formation of GICs at different stages, 

ranging from KC36, KC24, to KC8, as shown in Figure 1.15. A reversible capacity of 

over 270 mAh/g was reported, which is pretty close to the theoretical capacity of 279 

mAh/g, calculated based on KC8. However, due to the large size of K+, a dramatic 

volume expansion by 61% when graphite is fully potassiated may cause a poor cycle 

stability. Other carbon materials, e.g. hard carbon and soft carbon, were investigated as 

anodes for KIBs, which showed improved cycling stability, as well as enhanced rate 

capability.36, 37 More than 90% capacity after 200 cycles is maintained in hard carbon, 
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which most likely originates from the disordered and non-expandable framework of 

hard carbon. Soft carbon exhibits excellent rate capability, delivering a capacity of 121 

mAh/g at 10 C, which may benefit from its higher conductivity and better alignment of 

graphitic domains. Composite of hard carbon and soft carbon was reported, which 

exhibits both high rate capability and stable cycle life.38 Other anode materials for KIBs 

were studied, including carbon with heteroatom doping,39, 40 organic compound,41, 42 

and titanium based intercalation materials.43, 44  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15 GICs at different stages by patassiation/de-patassiation. 36 
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Cathode materials for KIBs can be mainly categorized into: Prussian blue analogues, 

layered metal oxides, polyanionic compounds, and organic crystals. The performances 

of each cathode are compared in Figure 1.16 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1.16 KIB cathodes and their operating potential, capacity, and energy density.45 

 

Prussian blue analogues, have the chemical formula of AxM[Fe(CN)6]y‧zH2O, where A 

is an alkali metal ion, e.g. Li+, Na+, K+, etc., M is a transition metal ion, e.g. Fe, Mn, 

Co, Ni, etc., and 0≤x≤2. When x=2, 1, and 0, the compound is named as Prussian 

white, Prussian blue, and Berlin green, respectively. This family of compounds is 
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typically in face-centered cubic (FCC) lattice and Fm3̅m space group. Benefiting from 

the open three-dimensional framework and spacious interstitial sites, Prussian blue 

analogues can accommodate cations with different charges and dimensions, including 

Li+, Na+, K+, Mg2+, Al3+, etc. Additionally, since both M and Fe are redox-active, 

Prussian white allows two-electron transfer, as shown in the follow equations. 

 

A2M𝐼𝐼[Fe𝐼𝐼(CN)6] ↔ AM𝐼𝐼𝐼[Fe𝐼𝐼(CN)6] + A+ + e− 

AM𝐼𝐼𝐼[Fe𝐼𝐼(CN)6] ↔ M𝐼𝐼𝐼[Fe𝐼𝐼𝐼(CN)6] + A+ + e− 

 

More importantly, K+ is highly preferred rather than Li+ and Na+ in the Prussian blue 

structure because of the better fit between the cation size and the Prussian blue cavity. 

Superior cycling stability of potassium Prussian blue, ~106 cycles in cyclic 

voltammetry46, and 5000 cycles in galvanostatic charge/discharge47, have been reported, 

which are significantly better than lithium Prussian blue. Goodenough et al. first 

reported the potassium Prussian white of K2Mn[Fe(CN)6], which exhibits a capacity of 

~140 mAh/g with 90% capacity retention after 100 cycles.48. Prussian white 

KxFe[Fe(CN)6] with capacities of 110 to 140 mAh/g were reported as well.49-51  

 

Layered oxide materials, such as potassium cobalt oxide, potassium manganese oxide, 

have been studied as KIB cathodes. However, the large size of K+ cannot easily fit into 

these compact layered oxides. Moderate capacity of ~60 mAh/g was reported with 

KxCoO2
52. KxMnO2 was reported to exhibit a high capacity of 136 mAh/g, but suffer 
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sever fading issue.53  Improved cycling stability and high capacity were obtained with 

K0.7Fe0.5Mn0.5O2; however, the discharge potential is much lower than its sodium 

counterpart.54 Another type of potassium cathode material is polyanionic compounds, 

with chemical formula of AMx[(XO4)]y, where M is transition metal, e.g. Fe, V, Ti, etc. 

and X is P, S, etc. It was reported that amorphous FePO4 delivered a high capacity of 

156 mAh/g.55 Advantages of this material are high operating potential, high structural 

stability and excellent thermal safety. Organic crystals are another attractive KIB 

cathode candidates, due to their tailorable structure, large interlayer spacing, as well as 

material sustainability. A reversible capacity of 130 mAh/g was reported with perylene 

tetracarboxylic dianhydride (PTCDA) for potassium ion storage.56 

 

In summary, although KIBs do not show significant promise of higher energy density 

than LIBs, they may provide practical solutions with lower cost, longer cycle life and 

higher power, similarly as NIBs. With further improvement in cycling stability and 

safety, KIBs could be highly competitive in large-scale electric grid storage.   
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2 Recent Development of ECs 
 

 

2.1 Redox-active Electrolytes 

 

EDLCs deliver superior power with excellent cycling stability, which batteries cannot 

provide. However, although high-surface-area carbon serves as the electrode material 

to enhance specific capacitance and therefore energy density, rapidly increasing 

demand still calls for higher capacitance. Pseudocapacitors employing redox-active 

electrode materials, such as MnO2, V2O5, RuO2, etc. help improve energy density, but 

all of them either lack electrochemical stability, or cost too much to be widely accepted. 

Therefore, it would be appealing to introduce redox reactions in a capacitor while 

maintaining high-surface-area carbon as the electrode material. Redox-active 

electrolytes may provide a solution. 

 

Lota, et al. reported that iodide (I-) is redox active in aqueous electrolytes.57, 58 Note 

that iodide salts function as both supporting electrolyte providing sufficient ionic 

conductivities, and redox-active species contributing to higher capacitance. After 

comparing different counter ions including Li+, Na+, K+, Rb+, and Cs+, a maximum cell 

capacitance of 234 F/g was obtained with KI and CsI in a two-electrode cell 

configuration.57 To further study capacitance of iodide at the positive electrode, a three-

electrode cell was employed. It was found that at 0.5 A/g, iodide exhibited over 1000 

F/g at the positive electrode.58  Figure 2.1 shows the cyclic voltammetry and 

galvanostatic charge-discharge profiles of KI, where strong redox peaks and a flat 
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plateau are observed from 0 to 0.14 V vs. SCE, respectively. The redox reaction is 

between iodide and polyiodide. Different performance with different counter cations 

may result from various interactions of cation-solvent and cation-anion.57 Stable 

cycling was also reported, with less than 20% capacitance loss after 10,000 cycles.58 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 (a) CV and (b) GCD profiles of 1 M KI in a three-electrode cell.58 
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It was also reported that addition of KI into H2SO4 resulted in a nearly two-fold 

improved specific capacitance from 472 F/g (1 M H2SO4) to 912 F/g (0.08 M KI and 1 

M H2SO4). However, the discharge profile exhibited low-potential plateau which 

mainly contributed to the high capacitance but not significantly contributed to high 

energy. Excellent cycling stability was obtained, and the capacitance surprisingly 

increased from 576 F/g to 781 F/g after 4000 cycles.59 Anomalous capacitance increase 

over cycling was also observed by Lota, et al., from 235 F/g to 300 F/g after 10,000 

cycles. 58 Possible explanation of this phenomenon is either carbon oxidation by 

iodine58 or improved access of iodide into pores of electrodes59. Self-discharge was 

tested with KI/H2SO4 electrolyte, where voltage dropped significantly in the first 0.5 h 

from 0.8 V to 0.32 V, counting for 60% voltage drop, and after 0.5 h, the OCV stayed 

pretty stable. KI added to 1 M Na2SO4 and KBr added to 1 M H2SO4 were also tested, 

which gave 604 F/g and 572 F/g, respectively. 

 

Inspired by the ionic species in vanadium redox flow batteries, VO2+/VO2
+ redox 

couple was investigated as redox additives in EC electrolytes.60 It was reported that 

addition of VOSO4 to 1 M H2SO4 lead to a specific capacitance of 630.6 F/g, 

corresponding to 43% capacitance increase compared to 1 M H2SO4 (440.6 F/g). 

Capacitance retention of 97.57% after 4000 cycles was also reported. The redox 

reaction is given by the equation below: 

VO2+ + H2O ↔ VO2
+ + 2H+ + e− 



38 

 

 

 

Higher current response as well as redox humps were observed in CV with addition of 

VOSO4 into 1 M H2SO4. Interestingly, pure VOSO4 showed redox peaks in CV, but 

with significantly lower current than 1 M H2SO4, indicating limited ionic conductivity 

of VOSO4. It was also pointed out that hydroxyl (-OH) and carbonyl (C=O) functional 

groups play catalytic roles and enhance reaction kinetics of VO2+/VO2
+. 

 

Wang, et al. reported a hybrid redox-supercapacitor system with different redox species 

in the electrolyte, naming catholyte and anolyte respectively. 61 Figure 2.2 depicts the 

concept of this system. Briefly, positive charged redox couples (anolyte) approach 

negative electrode, while negative charged redox couples (catholyte) approach positive 

electrode, enabling redox reactions, respectively. This design is to store charge at both 

electrodes rather than single electrode as most literature reported. Furthermore, this 

design attempts to minimize self-discharge caused by soluble redox species cross 

contamination, by electrostatic attraction. Considering redox potentials, chemical 

compatibility, and charge natures, KI and VOSO4 were selected in this system. 

Electrolytes with different concentration combinations were tested. Higher 

concentration of KI and VOSO4 showed higher energy density, but declined cycling 

stability, due to more pronounced self-discharge. With 0.3 M KI and 0.2 M VOSO4, the 

energy density was reported to be comparable to pseudocapacitors using symmetric 

oxides/oxides, while still maintaining over 95% capacity retention after 10,000 

cycles.61 
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Figure 2.2 Schematic illustration of redox-active catholyte and anolyte in ECs.61 

 

In addition to inorganic redox species, organic molecules could be redox active as well. 

Hydroquinone (HQ) was reported to be an effective redox additive to EC electrolytes.62 

Specific capacitance was compared between using H2SO4 and HQ/H2SO4 electrolytes 

with different types of carbon electrodes. The highest capacitance (901 F/g) was 

obtained with KOH-activated carbon at 2.65 mA/cm2. With multiwalled carbon 

nanotubes, the capacitance increased from 21 F/g to 180 F/g when adding HQ to H2SO4. 

The redox reaction is between hydroquinone and quinone, corresponding two-electron 

transfer per HQ molecule. However, as shown in Figure 2.3, the major capacitance 

increase is from the low-potential plateau, which is of much less practical values. 

Capacitance loss of 65% after 4000 cycles was also obtained, especially during the first 

1000 cycles. It was proposed that the capacitance loss is due to incomplete redox 

reactions within the operating voltage.  
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Figure 2.3 GCD profiles of (a) carbon aerogel and (b) MWCNTs in H2SO4 (left) and HQ/ 

H2SO4 (right).62 

 

Roldán, et al. reported other redox-active organic molecules, such as indigo carmine63, 

and methylene blue64. Reactions are depicted in Figure 2.4. There are two steps of 

redox reactions with indigo carmine with redox potentials of ~0.4 V and 0.25 V vs. 

Hg/Hg2SO4. When using MWCNT-based electrodes, capacitance values increased 

from ~20 F/g (H2SO4) to 50 F/g (indigo carmine with H2SO4). Capacitance retention 

of this electrolyte is 70% after 10,000 cycles. 63 Methylene blue, with a redox potential 

of ~0.2 V vs. Hg/Hg2SO4, improve the cell capacitance from 5 to 23 F/g when added 
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to H2SO4 electrolyte. 64 After 6000 cycles, about 12% capacitance loss was observed. 

With both indigo carmine and methylene blue, low-potential plateaus presented in full 

cell discharge profiles, which largely increased cell capacitance, while increased energy 

density in a limited degree. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Reaction mechanism of (a) indigo carmine63 and (b) methylene blue64. 

 

2.2 Increasing Operating Voltage 

 

To enhance the energy density of ECs, in addition to introducing redox reactions, 

enlarging operating voltage window is another effective approach, due to the fact that 

energy is proportional to V2. Aqueous ECs, although offering high power, low cost, and 

being environmental friendly, attract less attention in the industry because of their low 
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operating voltage, and consequently limited energy density compared to organic ECs. 

Water decomposition could be due to either oxygen evolution reaction (OER), or 

hydrogen evolution reaction (HER). At more positive potentials, water may be oxidized 

when OER occurs, while at more negative potentials, water may be reduced when HER 

occurs.  

 

 

 

 

 

 

 

 

Figure 2.5 Pourbaix diagram of water. 

 

Figure 2.5 is Pourbaix diagram of water, where potentials of OER and HER shifted to 

the negative direction at the same extent when pH increases. The upper and lower 

boundaries of electrochemically stable window are therefore two parallel lines with a 

slope of -0.059, given by Nernst equation. The distance between the two parallel lines 

is 1.23 V, which is the thermodynamically stable window. Considerable research has 

been conducted to enlarge the operating potential window of aqueous electrolytes. 
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Béguin, et al. reported that neutral electrolyte (0.5 M Na2SO4) can provide largest 

operating window of 2.0 V, from the three-electrode cyclic voltammetry test.65 This 

significantly larger window was attributed to the high overpotential for di-hydrogen 

evolution of 0.6 V and nascent hydrogen storage in activated carbon, indicated by the 

reversible redox humps. The potentials of di-hydrogen production and OER were 

reported to be -1 V and 0.99 V vs. NHE, respectively. However, in the two-electrode 

cell configuration, cutoff potentials of each electrodes were -0.61 and 0.99 V vs. NHE, 

giving the maximum cell voltage of 1.6 V, beyond which OER would be triggered. 65  

 

Frackowiak, el al. studied different neutral electrolytes with various concentrations, 

including Li2SO4, Na2SO4, and K2SO4, and found Li2SO4 to be a promising aqueous 

electrolyte operating at high voltages.66  The maximum operating voltage of 1 M 

Li2SO4 was reported to be 2.2 V in a carbon-based EC, exhibiting 140 F/g and dropped 

to 120 F/g after 15,000 cycles. This high operating voltage was attributed to the strong 

solvation of both Li+ and SO4
2-. The hydration energy of lithium cations and sulfate 

anions are 160 to 220 kJ/mol, so that number of water molecules surrounding Li+ and 

SO4
2- are 27 and 12 to 16, respectively. Since most water molecules were more or less 

‘bonded’ with ions, they were less likely to decompose. However, the maximum 

voltage was determined by cyclic voltammetry at 10 mV/s, which may not be slow 

enough to reveal the real value.  
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Another system to expand the operating voltage window is a hybrid system, consist of 

a pseudocapacitive electrode and a capacitive electrode. AC/MnO2 system aroused 

much research interest in the past, which was reported to operate at 2 V. The reason of 

the high operating voltage is high overpotentials of HER and OER at AC and MnO2, 

respectively. It was reported that the maximum stability window of MnO2 in 0.65 M 

K2SO4 aqueous electrolyte is between 0 to 1.1 V vs. Ag/AgCl; the onset HER potential 

is as low as -1.3 V vs. Ag/AgCl.67  

 

 

 

 

 

 

 

Figure 2.6 (A) CV curves of (a) MnO2, (b) AC, and (c) Ti grid; (B) GCD profiles in 0.65 M 

K2SO4. 67 

 

As shown in Figure 2.6, both cyclic voltammetry and galvanostatic charge-discharge 

profiles showed good cell performance at 2.2 V without OER or HER, as well as high 

coulombic efficiency of nearly 100%. However, Be´langer, et al. realized that 100% 

coulombic efficiency may not mean completely reversible reactions. It was found that 

at the cell voltage of 2.2 V, small amount of hydrogen gas was generated at the negative 

electrode during charge, while dissolution of MnO2 took place at the positive electrode 
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during discharge, resulting in “100%” coulombic efficiency. A lower voltage (1.5 V) 

was proposed to be a safe voltage, where gas evolution is negligible, and the decrease 

of energy density is only 24% over more than 23,000 cycles. Operating from 0 to 1.5 

V, this hybrid capacitor delivered 7.4 Wh/kg with power density of 400 W/kg. The 

highest energy density and power density were reported to be 8 Wh/kg and 10 kW/kg, 

respectively. 
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3 Electrochemical Storage of Proton/Hydrogen  
 

Successful storage of Li+, Na+, and K+ have been demonstrated in batteries, which 

provides tremendous opportunities for energy storage technologies. Hydrogen, the 

lightest element, as well as the analog element of Li, Na and K, has been investigated 

as well in energy storage applications.  

 

3.1 Nickel Metal Hydride Batteries 

 

Nickel metal hydride (NiMH) batteries, operating at ~1.2 V with aqueous electrolytes, 

stores hydrogen in a solid metal hydride phase. In a NiMH battery, metal alloy and 

nickel hydroxide act as negative and positive electrode, respectively. Metal hydride 

electrodes remain metallic before and after hydride formation, exhibiting high electrical 

conductivity at both charged and discharged states. Since hydrogen atoms are the 

smallest atoms, they enter the metal lattice without causing much lattice expansion 

(10%). The reactions during charge are given in the following equations, and the 

discharge reactions take place in the opposite reactions. 

 

M + H2O + e− → MH + OH− 

Ni(OH)2 + OH− → NiOOH + H2O + e− 
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Water molecules are reduced at the negative electrode and lose hydrogen to the metal 

electrode, forming metal hydride (MH); hydroxyl ions take hydrogen from Ni(OH)2, 

forming water and NiOOH. The metal hydride bond strength is critical, which must be 

between 6 to 12 kcal/mol.68 Too strong MH bonds leads to irreversible reactions, where 

hydrogen cannot be released during discharge, while too weak MH bonds makes it less 

favorable than hydrogen evolution. One serious problem may come up with cell 

overcharging, when OER and HER take place at the positive and negative electrodes, 

respectively. Due to the sealed system, oxygen and hydrogen must recombine at the 

MH electrode at sufficient rate to avoid internal pressure buildup.68 Electrode resistance 

to corrosion and oxidation are also important to ensure stable cell performance. To 

address the aforementioned issues, other elements are added to MH electrodes. For 

example, V, Mn, and Zr help to adjust MH bond strength; Al, Mn, Co, Fe, and Ni 

catalyze both cell reactions and gas recombination reactions; Cr, Mo and W help 

enhance oxidation and corrosion resistance and electrode conductivities.68 

 

3.2 Hydrogen electrochemical storage in carbon materials 

 

One challenge to store hydrogen is the low weight density, which limits the portability 

of hydrogen utilization. Therefore, research has been conducted to address this issue. 

The simplest solution is to store hydrogen with light elements, such as carbon.  
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Carbon nanotubes (CNTs) are likely to accommodate hydrogen atoms, due to their 

cylindrical and hollow shape. The first publication about hydrogen electrosorption in 

CNTs was from Schlapbach, et al. in 1999.69 Both single-wall nanotubes (SWNTs) and 

multi-wall nanotubes (MWNTs) were studied in 6 M KOH electrolyte in a three-

electrode cell. SWNTs exhibited more than 110 mAh/g at a current density less than 10 

mA/g. Note that the SWNTs were of low purity, with a considerable amount of 

amorphous carbon, Fe/Ni alloy, etc.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 GCD profiles of unpurified SWNT/gold electrode in 6 M KOH at different cutoff 

potentials. 69 
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Figure 3.1 shows the equilibrium curves of SWNTs at different cutoff potentials. 

Different from metal hydride electrodes, hydrogen electrosorption does not show well-

defined plateaus because of no phase transitions. The author speculated that higher 

capacities could be achieved with high-purity SWNTs.  

 

 

 

 

 

 

 

 

 

Figure 3.2 GCD profiles of purified SWNT/Cu electrode in 30% KOH.70 

 

In 2000, Rajalakshmi, et al. reported a much higher capacity of 800 mAh/g with 

purified SWNTs, corresponding to 2.9 wt% hydrogen in SWNTs.70 This significant 

improvement was explained to be from much higher purity of SWNTs, as much as 80%. 

Interestingly, as shown in Figure 3.2, long plateaus at -0.8 and -0.6 V vs. SCE showed 

up during charge and discharge, respectively. The coulombic efficiency was calculated 

to be 85%.  Capacity at different current rate was tested as well, which did not vary 

much from 10 mA to 100 mA. The discharge capacity at beginning three cycles was 
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found to be around 100 mAh/g, which increased to be more than 800 mAh/g after 20 

cycles. It is worth noting that SWNTs-based electrodes reported by both Schlapbach 

and Rajalakshmi contained 75 to 80 wt% metal powders for stabilization and 

conductivity purposes. Therefore, the capacity of the SWNTs-based electrodes is 

limited.  

 

 

 

 

 

 

 

 

 

Figure 3.3 Galvanostatic charge (-500 mA/g)/discharge (+100 mA/g) profiles of 1st (I) and 

2nd (II) cycle.71   

 

In 2001, activated carbon was proposed for hydrogen electrochemical storage by 

Beguin, et al.71 When using AC with a specific surface area over 1200 m2/g in 6 M 

KOH, the total discharge capacity was measured to be ~400 mAh/g, including 

contributions from both EDLC and hydrogen sorption. However, no charge capacity 

values were reported in this paper. The high capacity was attributed to formation of 

nascent hydrogen which penetrated easily in the carbon nanostructure. In Figure 3.3, 
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well-defined plateaus at -0.5 V vs. Hg/HgO were observed during discharge, indicating 

hydrogen oxidation and contributing to the high capacity. Capacity loss of about 15% 

was found during 2nd cycle, which was explained to be from strongly oxidized carbon 

surface. No further cycling was shown in this article.  

 

In 2004, Beguin reported the study of hydrogen electrosorption with AC in 3 M KOH 

as well as in 3 M H2SO4, where the reaction mechanism was also discussed.72 After 

comparing acidic and alkaline electrolytes, it was concluded that reversible hydrogen 

electrosorption is more favorable to take place in alkaline medium. Possible reactions 

are given by Equation (1) to Equation (5) when polarizing electrodes to negative 

potentials. Reaction (1) is known as Volmer reaction, when nascent hydrogen formed 

by reducing water electrochemically. The nascent hydrogen could adsorb onto carbon 

surface as shown in reaction (2).  Depending on the free energy and activation energy 

of Heyrovsky reaction (3) and Tafel reaction (4), hydrogen evolution may take place 

and generate hydrogen gas, interfering reversible hydrogen electrosorption.  

 

H2O + e− → H + OH−      (1) 

C + H → CHad          (2) 

CHad + H2O + e− → H2 + OH− + C      (3) 

2H → H2        (4) 

CHad + CHad → H2 + 2C      (5) 
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Figure 3.4 CV curves of AC at different cutoff potentials in 3 M KOH (a) and 3 M H2SO4.72 

 

Figure 3.4 shows cyclic voltammetry results at different cutoff potentials in both 

alkaline and acidic electrolytes. In 3 M KOH, onset potential of HER is at -0.908 V vs. 

Hg/HgO (-0.856 V vs. NHE). In Figure 3.4 (a), with cutoff potentials above -0.8 V vs. 

Hg/HgO, pure electrical double layers formed at working electrodes. When the cutoff 

potentials were below -1.5 V vs. Hg/HgO, molecular H2 was generated. With 

intermediate cutoff potentials between -0.8 to -1.5 V vs. Hg/HgO was designated where 

hydrogen electrosorption took place. Humps during anodic scan were attributed to the 

oxidation of adsorbed hydrogen. In 3 M H2SO4, the intermediate region was missing 

where reversible hydrogen electrosorption occurred. Beyond -0.6 V vs. Hg/Hg2SO4, 
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molecular hydrogen formed. Note that the onset potential for HER in 3 M H2SO4 is at 

-0.566 V vs. Hg/Hg2SO4 (0.046 V vs. NHE). It was claimed that the Tafel 

recombination was quicker than hydrogen diffusion and incorporation into bulk AC. 

Galvanostatic charge-discharge were tested, with discharge current significantly lower 

than charge current. The coulombic efficiency was as low as 3%, when charging the 

cell for sufficiently long time. Cycling stability was not investigated in this system.  

 

A new mechanism was proposed regarding electrochemical hydrogen adsorption in 

activated carbon by Qu in 2008.73 By testing different ACs in 30% KOH, no clear 

correspondence was observed between hydrogen adsorption and surface area, 

questioning the hydrogen surface adsorption theory. Furthermore, a general trend was 

found that ACs with higher interlayer spacing exhibited higher hydrogen 

electrochemical adsorption capacity. This trend lead to the new mechanism proposed, 

as shown in Figure 3.5.  

 

The majority of atomic hydrogen was proposed to stay in the interlayer space of 

defective graphene layers and the nanopores created by defective single graphene 

sheets. A minority of atomic hydrogen was proposed to be adsorbed on the edge or 

basal planes. It was also proposed that the atomic hydrogen intercalation would be the 

dominant reaction before significant coverage of H at the carbon surface, since the rate 

of HER was proportional to the degree of H monolayer coverage on the electrode. The 

discharge capacity from hydrogen adsorption (EDLC contributions excluded) was 
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measured to be over 70 mAh/g at the coulombic efficiency of more than 80%, when 

charging at 100 mA/g and discharge at 50 mA/g at the cutoff potential of -1.25 V vs. 

Hg/HgO. 73 Self-discharge was measured, where half of the initial capacity remained 

after 48 h at OCV. 73 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Schematic illustration of hydrogen electrochemical insertion mechanism. 73 

 

 

3.3 Ruthenium Oxide 

 

Due to the high electronic conductivity, reversible redox activities, and electrocatalytic 

properties, ruthenium oxide (RuO2) has been utilized widely, especially as 
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pseudocapacitor electrode materials, and electrocatalysts. The first report on RuO2 as 

an interesting electrode material was back to 1971 by Trasatti and Buzzanca.74 In 1996, 

Zheng and Jow reported a capacitance over 600 F/g based on RuO2, an energy density 

of 20 Wh/kg at a power density of 10 kW/kg, as well as ~70% capacitance retention 

after 50,000 cycles.15 Later studies revealed that Ru could reversibly experience 

oxidation state from (II) to (IV) within 1.2 V. It was described as a fast and reversible 

electron-proton transfer process, analogous to NiII/NiIII in Ni/Cd batteries.5 It was 

reported that hydrated RuO2 exhibited high redox activity rather than non-hydrated 

RuO2.
5 The fast redox reactions associated with RuO2 are attributed to hydrations of 

RuO2, facilitating  proton transfer via Grotthuss mechanism. The redox reaction of 

RuO2 involving proton transfer can be described as follows: 

 

RuOx(OH)y + δH+ + δe- ↔RuOx-δ (OH)y+δ 

 

However, the reaction mechanism remains controversial. While previous literatures 

announced the redox process involves only proton exchange presumably between OH- 

and O2-, Bulhoes investigated redox reaction of RuO2 with electrochemical quartz 

crystal microbalance, and found multiple reaction mechanisms at different potentials.75   

 

Characteristic CV curves of RuO2 in acidic electrolyte is shown in Figure 3.6 (a), where 

three pairs of broad redox peaks are observed, dividing the CV curves into three regions, 

referring to redox reactions between Ru2+/Ru3+, Ru3+/Ru4+, and Ru4+/Ru6+. Reversible 
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mass change while scanning CV can be seen in Figure 3.6 (b). However, small mass 

change is only observed in region II, which is possibly from proton transfer. Region I 

and Region III both show significant mass variation, which should involve molecules 

or ions other than protons. Based on the mass change from Figure 3.6 (b) and the 

amount of charge from Figure 3.6 (c), mass per unit charge can be calculated in each 

region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 (a) CV, (b) mass evolution, (c) capacity vs. potential curves for RuO2 in 0.1 M 

HClO4 at 0.1 V/s.75 
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Assuming cations involved in the reaction are monovalent cations, the molar mass of 

the cation associated in the reaction are calculated to be 32, 1, and 17 in region I, II, 

and III, respectively. The molar mass indicates possible cations are H5O2
+, H+, H3O

+. 

The reactions from region I to III proposed are listed below: 

 

RuO‧xH2O → RuO(OH)‧(x-y)H2O + 2H2O + H+ + e- 

RuO(OH)‧(x-3)H2O → RuO2‧(x-y)H2O + H+ + e- 

RuO2‧(x-y)H2O → RuO3 + zH2O + 2H+ + 2e- 

 

From this proposed mechanism, pure proton transfer is only involved when reaction 

takes place between Ru3+ and Ru4+. Involvement of H5O2
+ and H3O

+ may exist between 

Ru2+/Ru3+ and Ru4+/Ru6+. 
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4 Characterization techniques 
 

 

4.1 Powder X-ray Diffraction 

 

Powder X-ray diffraction (PXRD) is a powerful technique to study crystal structures, 

therefore commonly employed to determine identities of crystalline materials which 

present atoms in periodic arrays with long range order. X-ray is magnetic radiation 

generated when high-energy electrons hit the target metal, causing electron transition 

between inner shell (K) and outer shell (L) of the target metal. The target metal 

determines the wavelength of characteristic radiation, and most common X-ray is 

produced from Cu Kα, where wavelength λ= 1.5406 Å. The reason of choosing X-ray 

to produce diffraction pattern is because the wavelength of X-ray (1 to 100 Å) is the 

same order of d spacing between crystallographic planes, which is one of the criteria to 

obtain clear diffraction patterns. 

 

When beams of light are scattered by a periodic array, constructive and destructive 

interference may occur, depending on the phase difference between beams. 

Constructive interference takes place if beams are in phase, while destructive 

interference happens if beams are out of phase. Strong diffraction can be observed in 

presence of constructive interference. As shown in the following equation and Figure 

4.1, Bragg’s law describes the situation of strong diffraction when the wave path 

difference matches single or multiple folds of wavelength, 
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2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 

 

where d is the distance between lattice planes, 𝜃 is the Bragg angle, 𝜆 is the wavelength, 

and n is an integer ≥ 1.76 Since different lattice planes have different d values, it is 

important to define a specific d for each plane. Miller indices (hkl), where h, k, and l 

are the reciprocals axial intercepts of the plane. Distance between lattice plane (hkl) 

can be written as dhkl, which could be calculated with a certain 𝜃 value, corresponding 

to a specific peak in the diffraction pattern. 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic illustration of wave scattering.  

 

From the PXRD pattern, domain size, also referred to as crystallite size, can be 

calculated from Scherrer equation, as described in equation below:  

 

𝐷ℎ𝑘𝑙 = 𝐾𝜆/(𝐵ℎ𝑘𝑙𝑐𝑜𝑠𝜃) 
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where 𝐷ℎ𝑘𝑙  is the crystallite size normal to (hkl), K is the crystallite-shape factor, 

estimated to be 0.9, 𝜆  is the wavelength of X-ray, 𝐵ℎ𝑘𝑙  is the full-width at half-

maximum in radians, and 𝜃 is the Bragg angle.77 

 

4.2 Gas Adsorption 

 

Gas adsorption is a commonly used technique to characterize the surface area and pore 

size distribution of porous materials. Based on simplified model of multi-layer 

adsorption, Brunauer-Emmett-Teller (BET) method has been used as a standard 

characterization of surface area. To generate isotherms and calculate surface area, 

nitrogen adsorption/desorption takes place in the porous sample at 77 K in presence of 

liquid nitrogen. Depending on the pore size, pores have been categorized into 

micropores, whose pore size is less than 2 nm, mesopores, whose pore size is between 

2 nm to 50 nm, and macropores, whose pore size is larger than 50 nm. Generally, 

surface area derived from BET is considered to be effective unless it is 

ultramicroporous material.78 Barrett-Joyner-Halenda (BJH) method, also based on 

adsorption/desorption isotherms, can calculate the pore size distribution. Note that BJH 

calculation is valid for materials with mesopores and small macropores, but not 

micropores.  

 

Based on the shape of isotherms, IUPAC classified six different types of porous 



61 

 

 

 

adsorbents as described in Figure 4.2. Type I isotherm usually indicates adsorption on 

microporous adsorbents; type II and III indicate majority presence of macropores, with 

strong and weak adsorbate-adsorbent interaction, respectively79; type IV and V can be 

attribute to mesoporous adsorbents80, with strong weak adsorbate-adsorbent interaction, 

respectively; type VI isotherm appears stepwise when there is a high degree of surface 

uniformity.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 The IUPAC Classification of Adsorption Isotherms for Gas]Solid Equilibria.79 

 

 

4.3 Infrared Spectroscopy 

 

Unlike XRD where the wave frequency stays same before and after scattering, Infrared 

(IR) spectroscopy identifies chemical bonds or functional groups by measuring the 
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frequency (energy) of light absorption. Figure 4.3 shows the principle of IR 

spectroscopy. When IR light with continuous wavelengths passes through the sample, 

light with certain wavelength matching energy difference between the vibrational 

ground and excited states is absorbed, and thus cannot be observed in the emission 

light.81 One important criteria to see IR response from the molecular vibration is that 

the vibration causes molecular dipole changes. In the case homonuclear diatomic 

molecules, e.g. N2, O2, etc., their dipole moment remains zero in any vibration mode, 

so that they are IR-inactive molecules.82  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3 Principle of IR absorption.81 
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The IR vibrational modes can be classified into stretching vibration and bending 

vibration, which occur along with bond length change and bond angle change, 

respectively. Stretching mode, usually requiring high energy and activated at high 

wavenumber, includes symmetrical stretching and asymmetrical stretching. Bending 

mode, on the other hand requiring less energy and activated at low wavenumber, 

includes in-plane bending (scissoring and rocking) and out-of-plane bending (wagging 

and twisting) motions.82 

 

4.4 Raman Spectroscopy 

Raman spectroscopy, as a complementary technique to IR spectroscopy, collects 

molecular vibration based on light scattering. Different from light with continuous 

wavelength utilized in IR, a beam of light at a fixed wavelength irradiates the sample 

in continuous-wave or spontaneous Raman spectroscopy.  

 

As shown in Figure 4.4, when light with frequency of ν0 passes through the sample, a 

portion of the energy help the molecule change from ground state to excited state, 

giving output light with frequency of (ν0-νs) which is named as Stokes shift in the 

Raman spectra; output light with frequency of (ν0+νs) called anti-Stokes shift, is caused 

by the small portion of molecules at excited state before irradiated.81 Both Stokes shift 

and anti-Stokes shift belong to inelastic scattering, because of the energy change after 

scattering. Intensity of Stokes lines is significantly higher than the anti-Stokes lines, 

because the majority of molecules are at ground state without irradiation. Rayleigh 
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scattering, without frequency change, provides no information about the molecular 

structure in the Raman spectra, which is usually filtered out in the final spectra. 

Different from IR, which is more sensitive to polar molecules, Raman spectroscopy is 

sensitive to non-polar molecules, because it is the electric polarizability change that 

determines the Raman peak intensity. Therefore, some IR-inactive materials could be 

characterized by Raman, e.g. graphite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Principle of Raman scattering.81 
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4.5 X-ray Photoelectron Spectroscopy 

 

X-ray photoelectron spectroscopy (XPS) is a powerful and popular surface analysis 

technique. By measuring the kinetic energy and the number of emitted electrons, 

elemental compositions can be identified at the surface of materials. Figure 4.5 

describes the principle of XPS. If an atom is irradiated by X-ray, whose energy is higher 

than the binding energy of core electrons around the atom, core electrons may be 

excited and escape from the nucleus with certain kinetic energy. Since each element 

has characteristic binding energies of core electrons, element can be identified by 

capturing the emitted electrons and measuring their kinetic energy.  

 

 

 

 

 

 

 

 

 

Figure 4.5 Schematic illustration of XPS process.83 

 

The following equation describes the calculation of binding energy, where EB is 
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electron binding energy in eV, EK is kinetic energy of emitted electrons in eV, ν is the 

frequency of X-ray in Hz, h is Planck’s constant in eV∙s, and φ is work function of the 

instrument in eV.83 

 

𝐸𝐵 = ℎ𝜈 − 𝜑 − 𝐸𝐾 

 

Note that XPS is a surface analysis technique, which probes elemental composition of 

the sample within 10 nm from the surface. Special treatment is needed to characterize 

deeper layers of the sample, such as ion beam etching. Hydrogen and helium cannot be 

detected by XPS because the ionization cross sections are extremely low (H is 5000 

times lower than C1s), as well as non-existence of core electrons in H and He.84, 85
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4.6 Electrochemical Measurement 

 

Cell Configuration 

All three-electrode cell tests are conducted in a T-shape Swagelok cell, as shown in 

Figure 4.6 (a), where high-mass AC electrode serves as the counter electrode, saturated 

Ag/AgCl is selected as the reference electrode, and Ti rod is used as the current collector. 

Separator is either composed of glassy fiber or cellulose filter paper. Three-electrode 

cell tests can monitor and control potentials of both working electrode and counter 

electrode with respect to the reference electrode. Figure 4.6 (b) shows the two-

electrode cell configuration in a coin cell, which provides better sealing and used for 

most long-cycling tests. 

 

 

 

 

 

 

 

Figure 4.6 (a) Three-electrode cell configuration in a T-shape Swagelok cell, (b) two-

electrode cell configuration in a coin cell. 

 

 

Cyclic voltammetry 

Cyclic voltammetry (CV) is a potential sweep method widely used to see current 
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response at various potentials. Briefly, potential changing at constant rate (dV/dt) is 

applied to the electrode, and at certain cutoff potential, sweep is reversed. Current peaks 

are observed if there are redox reactions taking place. Current increases because there 

is charge transfer at the electrode, indicating redox reactions taking place. However, at 

certain potentials, current start to decrease, because the current is limited by mass 

transfer rate due to the lack of reactant species at the electrode surface. When mass 

transfer is fast enough, e.g. using rotating disk electrode (RDE), such redox peaks 

would not be observed. Mass transfer includes diffusion, migration, and convection. 

Diffusion, depending on concentration gradients, is considered as the most 

predominant mass transfer in most systems. The diffusion limited current is 

proportional to square root of scan rate ( 𝑖𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 ∝ 𝜈0.5 ). This can be used to 

distinguish contribution from diffusion limited process from capacitive storage. CV 

curves of an ideal EDLC are typically in rectangular shape, where current is 

proportional to capacitance and scan rate. Normally people test CV to see redox activity 

of electrodes or electrolytes, and identify the proper operating voltage window. 

 

Galvanostatic charge/discharge 

Galvanostatic charge/discharge (GCD) is an important chronopotentiometric technique, 

widely used to measure capacity, capacitance, energy, power, efficiency, cycling 

stability, etc. GCD applies constant current (positive or negative) to the working 

electrode, and then reverse the current direction at certain cutoff potentials, while 

monitoring the potential response. Since current is accurately controlled, amount of 
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charge could be measured quantitively. Diffusion controlled redox process usually 

shows plateaus at the same potentials where current peaks locate in CV curves. On the 

contrary, ideal EDLCs show perfect linear profiles in GCD measurement.  

 

Capacity (mAh) is an important parameter describing the amount of charges 

stored/delivered, especially for battery electrode materials. It can be calculated by 

multiplying current and charge/discharge time. Capacitance (F) is to evaluate the 

charge storage capability of capacitive materials, whose GCD profiles are linear, 

meaning charge is stored independent of electrochemical potential. Capacitance 

describing materials with GCD non-linear profiles is inappropriate, because more 

charges are stored at certain potential ranges, whose charge storage capability is not 

representative at other potential ranges. Capacitance of such materials is uncertain 

when enlarging, lowering, or selecting different operating potential ranges. Specific 

capacitance can be calculated by the equation: 

 

𝐶 =
2𝐼𝑡

𝑚𝑉
 

 

where C is specific capacitance of the working electrode (F/g), I is the constant 

discharge current (mA), t is the discharge time (s), m is the active mass of the working 

electrode (mg), V is the potential change of working electrode during discharge (V). “2” 

is in the numerator, because an EDLC is equivalent to two capacitors in series, so that 

capacitance of a single electrode is twice of the device.  
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Energy, determined by both capacity and voltage, can be calculated by integrating 

discharge profiles with the following equation: 

 

𝐸 =
1000 × 𝐼

3600 × 𝑚
∫ 𝑉(𝑡)𝑑𝑡 

 

where E is specific energy (Wh/kg), I is the constant discharge current (mA), m is the 

mass of electrodes or electrodes plus electrolytes (mg), V is the discharge voltage range 

(V), and t is discharge time (s).  

 

To calculate the energy density of EDLCs, besides the equation above, the following 

equation is also widely accepted due to its simplicity.  

 

𝐸 =
1

2
𝐶𝑉2 

 

In the above equation, E is specific energy of the device (Wh/kg), C is specific 

capacitance of the capacitor (F/g), and V is discharge voltage range (V). Be aware that 

this equation is derived by assuming the discharge profile is perfect linear. Therefore, 

it is only viable for EDLCs, and some pseudocapacitors. Although some literatures 

reported energy density of faradiac capacitors with non-linear GCD profiles, most of 

them overestimated the true energy.  
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Power describes how fast the cell can discharge, in other words, amount of energy 

delivered in unit time. Power density can be calculated by the equation below. 

 

𝑃 =
3600 × 𝐸

𝑡
 

 

P is power density (W/kg); E is energy density (Wh/kg); t is discharge time (s). 

 

Coulombic efficiency (CE) is very important in practical batteries. Higher CE usually 

indicates higher reversibility, less side reactions, and most likely longer lifetime. CE is 

described by the ratio between amount of charge output and charge input. It can be 

calculated with the equation: 

 

𝐶𝐸 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
× 100% 

 

Qdischarge and Qcharge are discharge capacity (mAh) and charge capacity (mAh), 

respectively. 

 

Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique to monitor the 

impedance change of a cell by applying alternating voltage at various frequencies. EIS 
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can tell how fast EDLCs can react, the kinetics of a charge-transfer process of a redox 

reaction, diffusion process, etc.  

 

To interpret EIS results, people use equivalent circuits with different electric 

components to simulate cells, where resistors (R) and capacitors (C) are two most 

important circuit elements. When an alternating voltage is applied, an alternating 

current at the same frequency is obtained in presence of possible phase difference. The 

phase difference (φ) is named as phase angle. With a pure resistor, phase angle is zero; 

with a pure capacitor, phase angle is π/2. The overall impedance is given as the 

following equation: 

 

𝑍(𝜔) = 𝑍𝑅𝑒 − 𝑗𝑍𝐼𝑚 

 

where Z is impedance dependent on angular frequency 𝜔 , ZRe and ZIm are real and 

imaginary parts, respectively, and j=√−1. 

 

Nyquist plot is a common way to interpret EIS, where ZIm is plotted vs. ZRe. In simple 

circuits, with R and C in series, a vertical line parallel to y axis appears in Nyquist plot; 

if R and C are in parallel, a semi-circle is observed. A more complicated circuit is called 

Randles equivalent circuit, as shown in Figure 4.7 (a).  
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Figure 4.7 (a) Randles circuit and (b) the corresponding Nyquist plot.86 

 

RΩ stands for the solution resistance, Cd is electrical double layer capacitance, and Zf 

is faradaic impedance. Zf is typically described as charge-transfer resistance Rct in 

series with Warburg impedance Zw, which is caused by mass transfer. Figure 4.7 (b) 

shows the Nyquist plot corresponding to Randles circuit, where the X intercept 

represents the solution resistance, the diameter of the semicircle refers to charge-
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transfer resistance, and the linear line with about π/4 angle with X axis is due to mass 

transfer.  
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5 New Redox Pair in Aqueous Electrolyte for EC Applications 
 

5.1 Abstract 

 

We report a new electrochemical capacitor with an aqueous KI-KOH electrolyte that 

exhibits a higher specific energy and power than the state-of-the-art nonaqueous 

electrochemical capacitors.  In addition to electrical double layer capacitance, redox 

reactions in this device contribute to charge storage at both positive and negative 

electrodes via a catholyte of IOx
-/I- couple and a redox couple of H2O/Had on the 

negative electrode, respectively.  Here, we, for the first time, report utilizing IOx
-/I- 

redox couple for the positive electrode, which pins the positive electrode potential to 

be 0.4-0.5 V vs. Ag/AgCl.  With the positive electrode potential pinned, we can polarize 

the cell to 1.6 V without breaking down the aqueous electrolyte so that the negative 

electrode potential could reach -1.1 V vs. Ag/AgCl in the basic electrolyte – greatly 

enhancing energy storage.  Both mass spectrometry and Raman spectrometry confirm 

the formation of IO3
- ions (+5) from I- (-1) after charging.  Based on the total mass of 

electrodes and electrolyte in a practically relevant cell configuration, the device 

exhibits a maximum specific energy of 7.1 Wh/kg, operates between -20 to 50 °C, 

provides a maximum specific power of 6222 W/kg, and has a stable cycling life with 

93% retention of the peak specific energy after 14,000 cycles.   

 

5.2 Introduction 
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Electrochemical capacitors (ECs) have a broad range of applications.87-89  ECs store 

energy by two mechanisms: electrical double layer (EDL) capacitance and 

pseudocapacitance.90  EDL capacitors (EDLCs) employ electrodes comprising 

activated carbons (ACs) with high specific surface areas. The capacitance derives from 

electrostatic interaction between the polarized electrode surface and the attracted 

solvated ions, thus forming EDLs on each electrode.  EDLCs exhibit excellent cycling 

life and high specific power but limited energy density.91, 92  To date, much effort has 

been devoted to the syntheses of nanoporous carbons with tunable properties93, to 

understanding the interaction between solvated ions and the electrode surface, and to 

elucidating the mechanisms of EDL formation.4, 6, 91, 94-101  Pseudocapacitors, on the 

other hand, are essentially high-rate batteries employing redox active electrodes that 

can operate on either of the two mechanisms: (1) surface/near-surface redox reactions 

and (2) intercalation redox reactions.102  Great progress has been made in developing 

pseudocapacitors based on conductive polymers_ENREF_19
103-106 and various transition 

metal oxides,107-113
_ENREF_23_ENREF_23 but such chemistries do suffer compromised 

power and cycle life compared to EDLCs.  

 

_ENREF_17_ENREF_20Recently, integrating solvated redox-active species into 

electrolytes has emerged as a new strategy to increase the energy density of EDLCs.114-

117  The principle behind this strategy is that the redox species remain solvated during 

cycling, providing faster diffusion and kinetics than solid-state materials.  As Lota et 

al. reported, KI-solvated aqueous electrolyte with I3
-/I- redox couple displays an 
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enhanced capacitance due to the electrochemical behavior of carbon/iodide interface.57, 

58  It was also published that ECs with KI as an additive to an electrolyte of sulfuric 

acid exhibit enhanced specific energy.118  In an alkaline polyvinyl alcohol gel 

electrolyte, KI was also added to increase the ionic conductivity and 

pseudocapacitance.119   

 

Along this line, _ENREF_26we reported a hybrid electrochemical battery-supercapacitor 

system utilizing an electrolyte containing anionic catholyte and cationic anolyte 

derived from the mixture of solvated KI and VOSO4, which showed improved energy 

density and good cyclability.61  Very recently, a combined electrolyte with two 

physically separated compartments: pH-neutral KI for the positive electrode side and 

KOH for the negative electrode side was reported.120  In this cell, the maximum cell 

voltage reaches 1.5 V, compared to 1.0 V typically reported by other aqueous-based 

ECs.  The voltage of 1.5 V for the cell is achieved by polarizing the negative electrode 

to -1.4 V vs. standard hydrogen electrode (SHE) and the positive electrode to 0.1 V vs. 

SHE.  In this cell, the positive electrode operates on the I3
-/I- redox couple, which pins 

the positive electrode at 0.1 V vs. SHE.  It appears that the hydrogen evolution reaction 

is suppressed even down to -1.4 V vs. SHE, which allows, in this paper, an investigation 

on hydrogen adsorption/desorption redox reactions on the surface of porous carbon.  

 

Herein, for the first time, we report the electrochemical properties of an aqueous 

electrolyte of mixed KI and KOH.  The motivation of mixing KI and KOH is to explore 
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the possibility of using the redox couple of IOx
-/I-, where the IOx

- can be either IO3
- or 

IO4
-, which is confirmed by mass spectrometry and Raman spectrometry.  This is 

because, according to the Pourbaix diagram of iodine, when the cell is polarized, the I- 

ions in a basic electrolyte will be oxidized into IOx
-, i.e., IO3

- and/or IO4
-, instead of I3

-, 

pinning the potential on the positive electrode side.  Therefore, the full cell voltage can 

be high as long as the hydrogen evolution reaction is effectively suppressed by the basic 

electrolyte on the negative electrode as well as a high over-potential.  With this KI/KOH 

electrolyte, here the reported aqueous cell approaches a voltage of 1.6 V.  

 

5.3 Experimental 

 

Preparation of carbon electrodes 

Carbon fibers (Donacarbo S-241 from Osaka gas Co., Ltd) were activated to obtain a 

high specific surface area under CO2 with a gas flow rate of 229 cc/min at 920 °C for 

18 h.  Such conditions are optimized to obtain a surface area above 2400 m2/g.  In 

forming an electrode, the obtained activated carbon was mixed in amyl acetate with 

polytetrafluoroethylene (PTFE) and carbon black (Super P) by a weight ratio of 8/1/1.  

After drying in air, the mixture was processed into a self-standing film by a rolling 

machine, which was later dried inside a vacuum oven at 80 °C overnight.  The active 

mass for the final electrodes is ~ 5.1 mg/cm2, where the electrode is of a thickness of ~ 

90 μm.    

 

Porosity Measurements of porous carbon 
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Specific surface area was measured by a Micrometrics TriStar II 3020 analyzer.  

Samples were degassed under N2 at 250 °C for 4 h before the measurements.  BET 

surface area and pore size distribution were obtained and calculated from N2 sorption 

isotherms at -196 °C.   

 

Electrochemical characterization  

Three-electrode cells were assembled in custom-made T-Swagelok cells, consisting of 

two identical carbon electrodes and a saturated Ag/AgCl electrode as the reference 

electrode (RE).  The three-electrode cell in this work is slightly different from the 

conventional configuration of three-electrode cells where there typically is a working 

electrode, a counter electrode, i.e., a platinum wire, and a reference electrode.  In our 

system, two identical carbon electrodes serve as both working and counter electrodes.  

Coin cells were made in a symmetric configuration, using a polycarbonate membrane 

as the separator with a thickness of 9 μm and porosity of 17.7% (Sterlitech Corporation).  

Each coin cell contains only 10 μL of electrolyte to test the performance with limited 

electrolyte, which is sufficient to fill up the porosity of both electrodes and the separator.  

By calculation, the void volume inside both electrodes and separator is only ~ 8.40 μL 

(see Supporting Information for detailed calculation).  The galvanostatic charge-

discharge tests were conducted on a Maccor Series 4000.  The cyclic voltammetry (CV) 

measurements were carried out on an EC-lab VMP3 instrument. 
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Non-aqueous Maxwell capacitors (BCAP0001-1F and BCAP0010-10F) were tested at 

different current densities for comparison.  We count only the mass of electrodes and 

electrolyte for commercial cells for comparison purposes.  

 

Calculation of the Usage of Limited Electrolyte in Coin Cells: 

We first estimated the total volume of two film electrodes to be 14 μL based on the 

electrode area of 0.785 cm2 each, and the average thickness of the film electrode of ~90 

μm.  We then calculated the solid volume occupied by carbon and binder in the 

electrode films.  The volume occupied by solid carbon in both electrodes is estimated 

to be 5.6 μL, based on the density of 1.6 g/cc of the carbon before activation, measured 

by Archimedes’ method.  We assume that carbon black additive shares the same density 

as the amorphous carbon precursor.  The volume of PTFE binder is calculated to be 

0.45 μL based on its density of 2.2 g/cc.  Therefore, the pore volume inside the 

electrodes equals to 7.95 μL (=14 μL - 5.6 μL - 0.45 μL). 

 

We calculated the pore volume contributed from the separator based on its volume and 

porosity.  The polycarbonate separator has a thickness of 9 μm and porosity of 17.7%. 

The total pore volume inside one separator (diameter: 1.9 cm) is calculated to be 0.454 

μL. So, the total pore volume from both electrodes and separator is 8.40 μL (7.95 μL + 

0.454 μL).  Therefore, 10 μL of electrolyte is expected to be sufficient to fill up the 

porosity of a non-flooded coin cell.  

 



81 

 

 

 

Mass spectrometry (MS)  

The cell was cycled for 3000 cycles at a voltage of 1.5 V before it was taken apart to 

collect the charged electrolyte.  Electrolyte was diluted by 1000 times before tests.  A 

Waters Synapt G1 HDMS mass spectrometer equipped with a Z-spray electrospray 

ionization source was used to acquire the MS data in the negative-ion mode.  The 

voltages of capillary, sampling cone, and extraction cone are 1300 V, 40 V, and 4.0 V 

respectively.  The source and desolvation temperatures are 80 °C and 450 °C. 

 

Raman spectrometry  

Raman spectra were measured in DXR SmartRaman with 780 nm laser as the excitation 

source.  Through the 50 μm slit, data were collected in 8 exposures with 8 seconds each 

time.   

 

5.4 Results and Discussion 

 

After CO2 activation of carbon fibers, a high surface area of 2405 m2/g and a total pore 

volume of 1.0 cc/g were obtained (Figure 5.1).  According to Figure 4.2, the isotherm 

can be classified to type I, a typical isotherm from microporous material. Specific BET 

surface area and pore size distribution were measured by nitrogen sorption at -196 °C.  

A surface area of 2405 m2/g and pore volume of 1.0 cc/g were obtained, most of which 

is from pores with size less than 4 nm, exhibiting high EDL capacitance and providing 

surface for redox reactions.   
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Figure 5.1 N2 isotherms of activated carbon at -196 °C, inset: Barrett-Joyner-Halenda (BJH) 

pore size distribution calculated from the adsorption curve. 

 

With the nanoporous activated carbon as the electrodes in a two-electrode cell, we 

compared the electrochemical performance of pure KI and KI with addition of KOH in 

various concentrations. The specific capacitance is based on a full cell.  Apparently, at 

each concentration, adding KOH helps increase capacitance.  From Figure 5.2, the cell 

capacitance increases with a higher concentration of KI.  With the presence of KOH, 

similar capacitance was found when using 4 M KI and 5 M KI.  Considering the cost 

and electrolyte density, the optimal electrolyte is determined to be 4 M KI with 1 M 

KOH.   

 

 

 

http://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=4&ved=0CDEQFjAD&url=http%3A%2F%2Fwww.hidenisochema.com%2Fglossary%2F65-barrett_joyner_halenda_%2528bjh%2529_analysis%2F&ei=ZJZiVcWqJcjXsAWmhoKoCQ&usg=AFQjCNFcDyTM2GHPN4oJAvMXcBuyfE4nDA&sig2=JES7F9-ZHk6-NvXZoV0VIw&bvm=bv.93990622,d.b2w
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Figure 5.2 Galvanostatic discharge potential profiles for cells containing pure KI electrolytes 

with concentrations from 1 to 5 M (dashed lines) and the mixed electrolytes of KOH (1 M) 

plus KI with different concentrations from 1 M to 5 M (solid lines).   

 

Galvanostatic charge-discharge cycles were collected in a three-electrode cell at a 

current density of 1 A/g, which is normalized to carbon mass in one electrode.  Figure 

5.3 (A) shows the potential profiles when the three-electrode cell is charged to 1.5 V.  

At the 200th cycle, full cell potential profiles exhibit sectioned sloping regions, while a 

well-defined plateau at 0.4 V vs. Ag/AgCl is observed at the positive electrode, which 

is from the redox reactions involving iodide.  This is consistent with the Pourbaix 

diagram, which shows the predominant oxidized species in basic aqueous media as 

iodates, IO3
-.  On the negative electrode, the potential profiles are slightly curved lines, 

indicating some faradaic reactions in parallel with the capacitive charging on the 

activated carbon. 
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Figure 5.3 (A) Three electrode galvanostatic charge-discharge at 1 A/g when charging to 1.5 

V, (B) when charging to 1.6 V, (C) long term cycling at 5 A/g (black in Swagelok cell, blue 

in coin cell, specific energy calculated based on the mass of both electrodes), (D) Ragone plot 

calculated based on the total mass of both electrodes and electrolyte.121 

 

From the 200th cycle to the 2000th cycle, specific energy faded.  At the 2000th cycle, we 

conducted the three-electrode charge-discharge test (red curves in Figure 5.3 A).  

Interestingly, the potential plateau on the positive electrode was diminished compared 

to the profile at the 200th cycle.  We also observed that the potential of short circuit 

(PSC) of carbon electrodes was significantly lowered from -0.2 V to -0.5 V vs. Ag/AgCl 

reference electrode after 1800 cycles.  The negative shift of PSC caused less capacitive 

contribution to total charge storage on the negative electrode, and more capacitive 

contribution on the positive electrode.  Because the combination of faradaic and 

capacitive charge storage on the positive electrode must equal the capacitive charge 
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storage (this may include hydrogen adsorption) on the negative electrode, when the 

PSC shifts negatively, less charge-storage from the redox reactions is needed on the 

positive electrode at the same cell polarization of 1.5 V.  

 

After the 2000th cycle, we increased the cell voltage from 1.5 to 1.6 V in order to better 

take advantage of the redox reactions on the positive electrode.  As shown in Figure 

5.3 ©, the specific energy based on the mass of both electrodes increased from 6 to 16 

Wh/kg (the electrolyte mass was not included due to the excess electrolyte in three-

electrode cell).  We collected three-electrode charge-discharge potential profiles at the 

4000th, 6000th and 11000th cycles, as shown in Figure 5.3 (B).  The negative electrode 

polarization was observed to be -1.1 V vs. Ag/AgCl, consistently.  The positive 

electrode polarization increased from 0.4 to 0.5 V, showing a large plateau, which 

resulted in a dramatic increase in specific energy.  However, upon increasing the cell 

voltage from 1.5 to 1.6 V, the Coulombic efficiency decreases.  In the 1999th cycle, the 

Coulombic efficiency is 96.8%, which decreases to 86.9% in the 2001st cycle.  We 

attribute the lowered Coulombic efficiency to the irreversible reactions on the negative 

electrode side.  As revealed in Figure 5.3 (B), it is evident that the potential profiles 

are highly reversible on the positive electrode in the 4000th, 6000th and 11,000th cycles.  

However, on the negative electrode side, plateaus are observed near -1 V vs. Ag/AgCl 

during charging, whereas such plateaus are absent in the following discharge, resulting 

in the lowered Coulombic efficiency and energy efficiency.  For the irreversible 

reaction on the negative electrode, we attribute it to a certain extent of hydrogen 
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evolution reaction (HER), where the evolved hydrogen gas may not be oxidized 

reversibly.  From the 4000th cycle to 11000th cycle, the consistency of cell potential 

profiles is responsible for the stable cycling performance, as shown in Figure 5.3 (C).  

From the 3000th cycle to 17,000th cycle, the fading in specific energy was only 7%, 

indicating excellent reversibility of the KI-KOH system.  Coin cells were also tested, 

which is shown in blue in Figure 5.3 (C).  The specific energy faded from 18 to 14 

Wh/kg from the 7000th to the 17000th cycle.  Further cell optimization will likely enable 

these already impressive values to be improved.  

 

The fact that PSC shifts to lower values during the initial cycling at cell polarization of 

1.5 V but increases over further cycling at cell polarization of 1.6 V is very interesting.  

However, a comprehensive investigation of PZC and PSC of the electrodes by itself 

can be a large project, which is thus beyond the scope of this work.  Here, we provide 

our thoughts on this issue supported by experimental evidence.  

 

The lowered PSC during the initial cycling at a cell polarization of 1.5 V can be related 

to the hydrogen adsorption on the negative electrode.  When some irreversibly adsorbed 

hydrogen atoms cover the negative electrode, its PZC decreases as documented by prior 

studies,86, 122 which may lower the PSC for the cell.  Interestingly enough, upon 

increasing the cell polarization to 1.6 V, the surface of carbon positive electrode was, 

indeed, oxidized to a certain extent, where, revealed by Energy Dispersive X-ray (EDX) 

spectroscopy, the mass ratio of oxygen over carbon of the positive electrode increases 
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from 2.8% to 5.7% after cycling for 2000 cycles (Figure 5.4).  It is known that oxidized 

carbon surface causes an increased PZC of porous carbon electrode,86, 122
_ENREF_41 

which overcomes to the impact from the negative electrode and causes the PSC to 

increase over cycling at 1.6 V. 

 

 

 

 

 

 

 

Figure 5.4 EDX results on the positive electrode (a) before switching from 1.5 to 1.6 V and 

(b) 2000 cycles after switching to 1.6 V. 

 

Another issue is whether applying 1.6 V to the cells causes breaking down of the 

aqueous electrolyte.  We recognize that the thermodynamic potential value of water 

oxidation is lower than the potential where the positive electrode is finally polarized at 

the end of charging process.  However, such oxidation reaction is normally kinetically 

inhibited even if catalysts are employed.  Oxidizing water, i.e., via the oxygen evolution 

reaction (OER) is no easy task due to the large over-potential.  Even with noble metal 

oxides as catalysts, e.g., rutile-type RuO2, the state-of-the-art catalyst for OER, the 

reaction still suffers an over-potential of 0.2 V.123  As indirect evidence that OER is not 

severe, the cells with very limited volume of electrolyte, i.e., 10 μL, can be run for well 



88 

 

 

 

more than 15,000 cycles.  The electrolyte would be soon consumed if OER or hydrogen 

evolution reaction (HER) occurred to a significant extent, which is clearly not the case.   

 

A Ragone plot is a straightforward way to show specific energy and power, which we 

calculated based on the combined mass of both carbon electrodes and electrolyte.  Cells 

with an electrolyte of 4 M KI and 1 M KOH, polarized to either 1.5 V or 1.6 V were 

tested at 3, 5, 10, 20, 50, 100 A/g, respectively (Figure 5.3 D).  To compare our system 

with aqueous EDLCs, cells with an aqueous electrolyte of 6 M KOH polarized to 1 V 

were also tested.  Cells with the KI/KOH electrolyte exhibit superior performance in 

both specific energy and power, compared to the KOH-based EDLC.  At 3 A/g and 

charged to 1.6 V, the KI-KOH cell obtained 7.1 Wh/kg and 291 W/kg, while at 100 A/g, 

the cell exhibits 1.1 Wh/kg and an impressive power of 6221 W/kg, which is 

comparable with the state-of-the-art EDLCs based on non-aqueous electrolytes (2 types 

from Maxwell) (Figure 5.3 D).  Additionally, our system uses a cost-effective and safe 

aqueous electrolyte, which is encouraging for potential practical applications.  

 

We next tried to understand the enhanced performance of the KI/KOH electrolyte.  

Referring to the iodine Pourbaix diagram (Figure 5.5), the possible species that exist 

at pH 14 are I-, IO3
-, and H2IO6

3-.  When I- is oxidized during charging, the final species 

could be either IO3
- or H2IO6

3-, corresponding to 6 or 8 total electrons transferred. 
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Figure 5.5 Pourbaix diagram of iodine species.124 

 

The mechanism of IO3
- formation from I2 has been reported and discussed in 

literature.125, 126 

 

I2 + H2O → I– + HOI + H+         (1) 

3HOI → IO3
– + 2I– + 3H+         (2) 

 

In the KI/KOH electrolyte, I- is oxidized to I2 first that disproportionates, in a basic 

solution, to form hypoiodous acid (HOI).  HOI further disproportionates to form iodate.  

The overall reaction is as follows: 

 

I- +6OH- → IO3
- + 3H2O + 6e-        (3) 
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In order to identify the I-containing species in the electrolyte, we collected MS for the 

electrolyte (4 M KI and 1 M KOH) from a two-electrode coin cell after 3000 cycles as 

well as a standard sample of KIO3 solution (Figure 5.6).   

 

 

 

 

 

 

Figure 5.6 Mass spectra of standard KIO3 and electrolyte of KI-KOH after cycling ending 

with charge. 

 

For the charged KI+KOH electrolyte, the first three major peaks at 126.9023, 292.7759, 

and 276.8018 m/z are assigned to be I- (126.9045 m/z), KI2
- (292.9074 m/z), and NaI2

- 

(276.7987 m/z), respectively.  The other two major peaks at 316.7428 and 318.7401 

m/z in the charged electrolyte match the peaks at 316.7593 and 318.7500 m/z in the 

standard KIO3 solution, which are assigned to IO3
-·8H2O (317.0087 m/z) and 

IO4
-·7H2O (319.0246 m/z), respectively.  This presents strong evidence for the 

formation of iodate and periodate over cycling of our device.  This is a fundamental 

difference between our system and the device investigated by Frackowiak et al.120 
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In order to further confirm the formation of iodate, we conducted Raman spectrometry 

measurements for the KI+KOH electrolyte before and after charging by using pure 

KIO3 and water as control samples (Figure 5.7).  From the Raman results, the charged 

electrolyte of KI+KOH shows a much-enhanced signal at 800 cm-1 as the standard KIO3 

solution, which can be assigned to the non-polar stretching vibration of IO3
- (symmetry 

A1)
127.  Therefore, both MS and Raman results indicate that IO3

- (+5) has been formed 

after charging.   

 

 

 

 

 

 

 

 

Figure 5.7 Raman spectra of water, 0.1 M KIO3 and mixed electrolyte: 4 M KI and 1 M 

KOH before and after charging. 

 

On the negative electrode, the curved charge-discharge potential profiles indicate 

simultaneous redox reactions and capacitive charging. Hydrogen adsorption/desorption 

could be responsible for this and the mechanism has been explained and discussed in 

the literature.128, 129  In alkaline solution, water can be reduced through Volmer reaction 

(4) to form adsorbed hydrides: 
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H2O + e− → H + OH−         (4) 

C + H → CHad         (5) 

 

However, due to Heyrovsky reaction (6) and/or Tafel reaction (7), adsorbed hydrides 

can be discharged to form H2, which would result in irreversible capacity loss in our 

device: 

 

CHad + H2O + e− → H2 + OH− + C         (6) 

2H → H2         (7) 

CHad + CHad → H2 + 2C         (8) 

 

For hydride formation to provide significant reversible capacity, the activation barrier 

for the Heyrovsky and Tafel equations (eqns. 6 and 7) must be larger than for the Volmer 

reaction (eqn. 4).  These conditions are typical in basic media.120 

 

Because the charge storage on both positive and negative electrode sides may rely on 

redox reactions, it is of fundamental interest to evaluate the charge storage mechanisms 

and compare the contribution from capacitive storage to that from diffusion controlled 

storage.  Thus, CVs were tested in three-electrode cells for both positive and negative 

electrode at various scanning rates from 1 mV/s to 50 mV/s.  From Figure 5.8, the PSC 

is about -0.37 V vs. Ag/AgCl, and the negative and positive electrode are polarized to 
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-1.06 V and 0.44 V, respectively, when the cell is charged to 1.5 V.  From -0.7 V to 0.3 

V, the rectangular shape of CVs indicates the ideal capacitive behavior of the capacitor, 

while the peaks at -1 V and 0.4 V correspond to redox reactions.  We attribute the redox 

peak at -1 V to the hydrogen adsorption and desorption on the porous carbon, which 

provides a fraction of redox capacitance on the negative electrode, especially at low 

potential.  On the positive electrode, the redox peak at 0.4 V correlates to the redox 

reaction of iodine-containing species.  Inside each CV, the shaded area is the capacitive 

contribution, i.e., current is proportional to scan rate 𝑣, which is described as 𝑘1𝑣.102, 

130  

 

Figure 5.8 Cyclic voltammetry of three-electrode cell using 4 M KI and 1 M KOH at (A) 1 

mV/s, (B) 5 mV/s, (C) 10 mV/s, (D) 20 mV/s, (E) 50 mV/s, (F) specific capacitance at 

different scanning rates, positive electrode in red, negative electrode in black. 

 

The redox reactions are typically diffusion-controlled processes that are proportional 

to 𝑣1/2 , thus the corresponding current contribution is 𝑘2𝑣1/2 .  By testing CV at 
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different scanning rates, the coefficients 𝑘1  and 𝑘2  can be calculated for different 

potentials, and the total current can be deconvoluted into diffusion-controlled and 

capacitive contributions.  As shown in Figure 5.8, the mid-potential region is 

dominated by capacitive current, and the gap between total current and capacitive 

current (shaded area) at low potential and high potential is from the diffusion-controlled 

redox processes, which decreases as the scanning rate increases.  We note that kinetic 

limitations driving the redox reactions likely play a major role in the decrease of current 

at faster scan rates.  In Figure 5.8 (F), when the scan rate is increased to 50 mV/s, the 

total capacitance from negative electrode and positive electrode drops from 251 F/g (1 

mV/s) to 118 F/g, and from 183 F/g (1 mV/s) to 122 F/g, respectively.  However, little 

difference is observed in the capacitance from the double layer charging process when 

increasing scanning rates. 

 

To further investigate hydrogen adsorption/desorption, GCD profiles at the negative 

electrode are compared between KI and KI/KOH.  In Figure 5.9 (A), negative electrode 

specific capacity (normalized to single electrode mass) is plotted versus negative 

electrode potential.  At higher cell voltage (from 0.8 V to 1.5 V), the negative electrode 

is polarized to more negative values (from -0.5 V to -1.1 V).  In the presence of KOH, 

the slope of the discharge profile is steeper, indicating a stronger capability to store 

charge.  In Figure 5.9 (B), higher capacitance is observed using KI/KOH electrolyte, 

which is attributed to the enhanced hydrogen adsorption/desorption in porous carbon. 
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Figure 5.9 (A) Discharge capacity and (B) capacitance on the negative electrode: A 

comparison between with and without the presence of KOH. 

 

Self-discharge is another important factor affecting the capacitor applications.  To study 

the self-discharge, the capacitor was charged to 1.5 V at 1 A/g, and relaxed for 24 h 

with the open circuit voltage (OCV) recorded.  In Figure 5.10 (green line), for the 

KI+KOH system, OCV remains at 0.93 V out of 1.5 V (62%) after 24 h.  Interestingly, 

after 24 h, the OCV of the pure EDLC with KOH as the electrolyte was only 0.52 V 

out of 1 V.  We further discovered that the thickness of separator has a significant impact 

on the rate of self-discharge.  When switching the separator with a thickness of 180 μm 

to the one 9 μm thick, the self-discharge rate turns faster for the KI+KOH system.  Yet, 

with such a thin separator, the rate of KI+KOH is still comparable to the pure KOH 

system with the separator 180 μm thick.  Ongoing studies are focused on understanding 

the relatively slow self-discharge of the KI/KOH system.  
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Figure 5.10 Self-discharge for 24 h with and without of KOH and with separators with 

different thickness. 

 

Temperature response is another concern for aqueous capacitors.  Therefore, we 

measured the specific energy based on the combined mass of electrodes and electrolyte 

and self-discharge from -20 to 50 °C in a constant temperature chamber (Figure 5.11).  

Without any additives, the KI+KOH cells can operate at -20 °C due to the freezing 

point depression.  According to Blagden’s Law, the theoretical freezing point is 

calculated to be -23.7 °C, which explains the performance.  

 

Although we use a high concentration of KI, because of its high solubility in water, no 

effects due to precipitation are found even at -20 °C, so a high capacity is maintained.  

We observed increasing specific energy and decreasing round-trip energy efficiency as 

we increased the working temperature, as shown in Figure 5.11 (A), which can be 
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explained by faster kinetics and diffusion rates at higher temperatures, along with an 

increased number of side reactions.  We also found increasing internal resistance caused 

by slower ion movement at lower temperatures, but even at -20 °C, the IR drop is still 

below 0.03 V. 

 

 

 

 

 

 

Figure 5.11 (A) Specific energy and round-trip energy efficiency at different temperatures, 

(B) Self-discharge for 300 min at different temperatures. 

 

Self-discharge could be a problem when we use the cell at temperatures higher than 30 

°C, due to increased diffusivity and the resulting self-discharge via a possible redox 

shuttle mechanism.131, 132 As shown in Figure 5.11 (B), after 5 h at open circuit voltage, 

the OCV dropped to 0.4 V (or lower) at working temperatures above 40 °C.  However, 

when tested at low temperature, self-discharge was slowed down dramatically.  Below 

-10 °C, the cell voltage only dropped to 1.2 V after 5 h. 
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5.5 Conclusions 

 

The advanced redox electrolyte of KI-KOH combines two redox energy-storage 

processes in aqueous electrochemical capacitors: hydrogen adsorption/desorption and 

IO3
-/I- redox reactions.  With the presence of KOH, we are able to charge the cell to 1.6 

V and achieve a specific energy above 7 Wh/kg (accounting for the mass of both 

electrodes and electrolyte) and an average specific power above 6200 W/kg.  Excellent 

cyclability is obtained with only 7% loss in device specific energy after 14000 cycles.  

For self-discharge, over 62% of the voltage remains after 24 h, slower than traditional 

EDLC (6 M KOH).  The large operating temperature window is practically important.  

This electrolyte thus constitutes important progress in the development of “redox-

enhanced” electrochemical capacitors, as it promises an efficient mechanism to 

increase the storage of electrical energy with long cycle life and the potential for low 

cost and safe operation.  
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6 Maintaining pH Difference at Each Electrodes to Expand the 

Operating Window of Aqueous ECs 

 

6.1 Abstract 

 

We introduce a novel bipolar assembly of ion-exchange membranes as the separator 

for aqueous supercapacitors.  The new bipolar separator enables the positive electrode 

and the negative electrode to operate in acidic electrolyte and alkaline electrolyte, 

separately.  The bipolar separator increases the theoretically stable voltage window 

from 1.23 to 1.76 V for the device when pH 1 and pH 10 are selected for the positive 

and negative electrode, respectively, based on the pH tolerance of commercial ion 

exchange membranes.  By considering the results from comprehensive electrolyte 

stability investigation, we charge the cells to 1.8 V, which increases the maximum cell 

discharge voltage to 1.77 V.  A specific energy of 12.7 Wh/kg is achieved based on the 

electrodes’ mass, which is twice the value of the comparative best performing single 

electrolyte.  The new cell configuration with the three-compartment bipolar separator 

effectively prevents the acid/base electrolyte cross diffusion, where after 10,000 cycles, 

the capacitance retention is 97% with coulombic efficiency maintained above 99.6% 

all through cycling.  The design here may open up a new avenue toward high-energy 

aqueous energy storage devices. 

 

6.2 Introduction 
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Supercapacitors, also known as ultracapacitors or electrochemical capacitors (ECs), are 

highly complementary to batteries by providing high power density and ultra-long 

cycling life that the state-of-the-art batteries have yet to achieve.5  These devices are 

indispensable in applications, including power cranking for transportation, energy 

recovery in heavy-duty systems133 and potentially laser generation.  In order to develop 

more powerful ECs, prior works have studied the impacts of carbon electrodes’ 

properties on ECs’ performance, including surface area,98, 121, 134-137 pore size,7-9, 100, 101, 

138 heteroatom doping,139-143 and pseudocapacitance.102, 144-150  Recently, attention has 

also been paid to redox-active electrolytes.58, 117, 151-153  

 

As well known, most commercial ECs employ non-aqueous electrolyte rather than 

aqueous electrolyte despite the facts that aqueous electrolytes are typically more 

conductive, safer and cheaper.  The overwhelming advantage of non-aqueous 

electrolyte is its much wider stable electrochemical potential window than its aqueous 

counterpart, where the latter is limited to 1.23 V, the potential gap between the hydrogen 

evolution reaction (HER) and oxygen evolution reaction (OER).5  Therefore, the 

operating voltage for aqueous ECs is normally below 1.2 V, whereas it is as high as 3.0 

V for non-aqueous devices.  The energy density of capacitors obeys the following 

equation: 𝐸 =
1

8
𝐶𝑉2, where C is the specific capacitance of one electrode and V is the 

maximum discharge voltage of a device.  Although the electrode capacitance in 

aqueous ECs is often higher than that in non-aqueous ECs, the overall energy density 

of the former still falls far below what the latter could offer. 
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In order to cultivate the advantages of aqueous supercapacitors, it is highly desirable to 

increase its operating voltage without decomposing its electrolyte.  One example is 

lead-acid batteries that operate at a voltage above 2.0 V, which is facilitated by the high 

HER and OER overpotentials on Pb and PbO2 electrodes, respectively.154  However, 

porous carbon electrodes do not afford the same levels of HER and OER overpotentials 

in supercapacitors.  It is well known that the theoretical potentials of OER and HER 

shift along pH values according to the Nernst equation and water Pourbaix diagram.  

However, varying pH values does not affect the electrochemical window of water, 

which is constant as 1.23 V.  Heteroatom doping in carbon structures may affect the 

overpotentials of HER and OER.  Bichat et al. reported that seaweed-derived activated 

carbon doped with 11.5 at% oxygen and 2.6 at% N can be cycled in cyclic voltammetry 

(CV) at a scan rate of 2 mV/s to a maximum cell voltage of 2.4 V in an aqueous 

electrolyte of 0.5 M Na2SO4 without obvious water decomposition.140  However, at a 

current density of 1 A/g in galvanostatic charge/discharge, the doped carbon electrodes 

can only be charged to 1.6 V as the maximum cell voltage.  The electrolyte salts mater 

as well, where due to the strong solvation effect of Li+ and SO4
2- ions, ECs using a 

Li2SO4 electrolyte can be cycled to 2.2 V in CV tests.66  Very recently, Suo et al. 

reported a “water-in-salt” aqueous electrolyte with 21 m LiTFSI in lithium-ion 

batteries, which can be polarized to 3.0 V.  The high voltage is attributed to the reduced 

water activity due to the water coordination around Li+ and the passivation effect from 

the reduced TFSI- ions.155   
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Hydrogen electrosorption on nanoporous carbon electrodes is another approach to 

increase the effective charge storage.  While our paper is under revision, Fic et al. 

reported that, in 6 M KOH electrolyte, the negative electrode could be polarized to -1.7 

V vs Standard Hydrogen Electrode (SHE) under CV at a scan rate of 5 mV/s without 

substantial HER occurance, whereas the thermodynamic HER potential at this pH is -

0.83 V vs SHE.156  In this work, the authors designed a three compartment-cell, where 

the negative electrode side contains 6 M KOH electrolyte for hydrogen electrosorption, 

the positive electrode side employs either 1 M H2SO4 or 5 M LiNO3 electrolyte for 

OER overpotentials, and the two electrodes are separated by a glass-fiber membrane.  

Most importantly, the glass fiber membrane as a seperated electrolyte compartment 

contains a pH 7 phosphate buffer solution mixed with 5 M LiNO3, where the main 

objective of the setup is to maintain different pH values at each electrode.  Impressively, 

the voltage of the reported aqueous supercapacitor could be extended to 2.1 V in the 

CV tests without obvious electrolyte decomposition.  However, the authors also pointed 

out that in addition to reversible electrosorption, hydrogen evolution may occur and 

aggravate the efficiency and cycling stability.  In addition, the electrolyte mixing could 

occur due to the diffusion driven by the concentration gradient, which may partially 

contribute to the moderate fading with 86% capacitance retention in the first 5000 

cycles.   
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Theoretically, the voltage window of aqueous electrolytes can be dramatically 

increased by having the positive and negative electrodes operate in decoupled acidic 

and alkaline electrolytes, respectively, even without hydrogen electrosorption.  Figure 

6.1 shows that if the pH value near the positive electrode is 0, whereas it is 14 for the 

negative electrode, the thermodynamically stable voltage window for the aqueous 

device can be increased from 1.23 to 2.06 V.  The challenge is to separate the 

acidic/alkaline electrolytes completely and prevent the concentration-driven diffusion 

between them. 

 

 

 

 

 

 

 

 

 

Figure 6.1 Pourbaix diagram of water, where the potential is plotted as a function of pH 

values. 

 

Herein, we introduce a bipolar assembly of ion-exchange membranes (IEMs) as the 

separator for aqueous supercapacitors, which enables positive and negative electrode 

to operate in acidic and alkaline electrolyte, separately, thus increasing device-
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operating voltage.  The new device is referred to as Bipolar-EC.  The bipolar assembly 

is formed by laminating an anion-exchange membrane (AEM), a glass fiber membrane 

and a cation-exchange membrane (CEM).  It is well known that IEMs are composed of 

polymeric backbones, which are surface tethered with either positively or negatively 

charged functional groups.  Through the IEMs, ions with the same nature as the 

functional charged groups are blocked while counter ions are allowed to diffuse to 

compensate for charge neutrality.36, 37 With such unique properties, IEMs play 

important roles in electrodialysis,157 fuel cells,158 chemical separation,159 and 

environmental conservation.160  Nevertheless, integrating such membranes into 

capacitive devices for a higher specific energy has yet to be explored. 

 

6.3 Experimental 

 

As-purchased carbon fibers (Donacarbo S-241 from Osaka gas Co., Ltd.) are activated 

under CO2 at 920 °C for 18 hours in a double-zone tube furnace (OTF-1200X-II-UL 

from MTI) with a flow rate of 229 cc/min.  Activated carbon, carbon black (Super P), 

and polytetrafluoroethylene (PTFE) with the mass ratio of 8:1:1 are dispersed into amyl 

acetate and sonicated for 2 hours.  The slurry is ground and dried in a mortar at room 

temperature and then rolled with a rolling machine to prepare freestanding films (active 

mass loading: ~3 mg/cm2), which is better dried afterwards at 80 °C in a vacuum oven 

overnight to remove solvent residue.   
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The anion exchange membrane (AMI-7001 from Membranes International Inc.) is 

composed of gel polystyrene cross-linked with divinylbenzene with quaternary 

ammonium functional groups on the surface, and Cl- as the initial mobile counter ions.  

The cation exchange membrane (CMI-7000 from Membranes International Inc.) 

comprises gel polystyrene cross-linked with divinylbenzene with sulfonic acid 

functional groups on the surface, and Na+ as the initial mobile counter ions.  The IEMs 

are immersed into 1 M Na2SO4 for 12 hours to allow hydration and expansion before 

assembling the cells. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2 Schematic of the new design of supercapacitors. A, Positive electrode of activated 

carbon. B, Anion-exchange membrane. C, Glass fiber membrane. D, Cation-exchange 

membrane. E, Negative electrode of activated carbon. 
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Figure 6.2 shows the setup of the Bipolar-EC, where the membranes divide the cell 

electrolyte into three compartments.  On the positive side reside 0.1 M H2SO4 and 1 M 

Na2SO4, where the AEM blocks cationic diffusion, including hydroniums (H3O
+).  On 

the negative side, the electrolyte comprises 0.1 mM NaOH and 1 M Na2SO4, where the 

CEM inhibits the diffusion of anions, including hydroxides (OH-).  Here, we choose 

the pH values of the acidic and alkaline electrolytes according to the pH-tolerance 

window of IEMs—from pH 1 to 10.  Importantly, in between the IEMs exists a glass 

fiber membrane that contains neutral electrolyte of 1 M Na2SO4, which acts as a salt 

bridge to provide charge compensation during device operation.  Na2SO4 is selected 

based on the counter ions in the acidic and alkaline electrolyte compartments.  The 

acidic side uses H2SO4, which requires the middle electrolyte to be a sulfate salt, thus 

minimizing the variables.  For sulfate-based salts, relevant candidates are K2SO4 and 

Na2SO4.  Yet, K2SO4 has a low solubility of 0.69 M at room temperature, whereas the 

solubility of Na2SO4 can reach 1.3 M.  Therefore, Na2SO4 is chosen to be the supporting 

middle electrolyte.  Briefly, during charging, the positive and negative electrodes will 

electrostatically attract anions and cations, respectively, to form electrical double layers 

(EDLs), where SO4
2- and Na+ from the central neutral electrolyte can diffuse through 

AEM and CEM, respectively, for charge compensation.  During discharging, the ion 

migration reverses their directions through IEMs. 
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Activated carbon is degassed under N2 at 250 °C for 4 hours to remove absorbed gas 

inside the pores.  N2 sorption is conducted with the degassed sample at -196 °C by 

Micromeritics TriStar II 3020 analyzer to calculate the Brunauer-Emmett-Teller (BET) 

surface area and pore size distribution. 

 

The morphology of carbon fibers, activated carbon, and IEMs is characterized through 

scanning electron microscope (SEM) with FEI QUANTA 600F environmental SEM 

instrument. 

 

All electrochemical tests, including cyclic voltammetry (CV) galvanostatic 

charge/discharge, and electrochemical impedance spectroscopy (EIS) are carried out 

on Bio-logic VMP3 instrument.  Long-term cycling is tested on Maccor Series 4000.  

In the half-cell S value tests, CV is conducted in 0.1 M H2SO4/1 M Na2SO4, and 0.1 

mM NaOH/1 M Na2SO4, respectively, at 1 mV/s in a three-electrode cell configuration, 

with Ag/AgCl as the reference electrode.  In Bipolar-EC, CV is conducted at 1 mV/s at 

polarizing voltages of 1, 1.2, 1.5, 1.8, 1.9, 2.0, 2.1, and 2.2 V.  Galvanostatic 

charge/discharge is conducted at 1 A/g for cycling tests, and at 0.1, 0.2, 0.5, 1.0, 2.0 

A/g for the rate capability tests.  EIS is carried out in the frequency range from 10 mHz 

to 200 kHz with an amplitude of 10 mV.  Leakage current tests are conducted by 

applying a constant voltage to the cell, where the current is recorded for 10 minutes.  

Potential of zero charge (PZC) is measured by examining the instantaneous open circuit 
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voltage (OCV) between the working electrode and the Ag/AgCl reference electrode 

when placing the carbon film working electrodes into different electrolytes.   

 

S values are calculated by the following equation:161, 162 

 

𝑆𝑝𝑜𝑠 =
𝑄𝑝𝑜𝑠

𝑄𝑛𝑒𝑔
− 1 

𝑆𝑛𝑒𝑔 =
𝑄𝑛𝑒𝑔

𝑄𝑝𝑜𝑠
− 1 

 

where Qpos and Qneg are integrated areas for anodic current over time and cathodic 

current over time, respectively, in CV curves.  It is used to show whether irreversible 

reactions occur on either positive or negative electrodes.  

 

6.4 Results and Discussion 

 

We conduct CV tests at a low scan rate of 1 mV/s in a three-electrode cell to determine 

the onset positive and negative potentials, where water decomposition occurs in 

individual acidic or alkaline electrolytes.  These individual electrolytes are of the same 

concentrations as the corresponding counterparts in the Bipolar-EC, and the single-

electrolyte cells only employ a glass fiber membrane as the separator.   
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The onset potentials can be evaluated by S values.161, 162 By defining S = 0.1 as the limit 

value for water decomposition, the highest potential for the positive electrode in H2SO4 

electrolyte and the lowest potential for the negative electrode in the alkaline electrolyte 

are determined to be 0.7 V and -1.0 V vs Ag/AgCl, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3 Cyclic voltammetry at 1 mV/s with different cutoff potentials for cells using (a) 

0.1 M H2SO4 and 1 M Na2SO4, (b) 0.1 mM NaOH and 1 M Na2SO4. (c) S value 

determined at various potentials in acidic electrolyte (right) and alkaline electrolyte (left). 

 

At mild cutoff voltages, rectangular CV curves are obtained, revealing ideal capacitive 

charge storage mechanism.  As the cutoff potential goes more positive in the acidic 

electrolyte (Figure 6.3 a) and more negative in the alkaline electrolyte (Figure 6.3 b), 
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irreversible currents start to be more pronounced with higher S values (Figure 6.3 c), 

most likely caused by OER and HER.  Therefore, the largest allowed electrochemical 

window of Bipolar-EC is determined to be 1.7 V, consistent with the thermodynamic 

value of 1.76 V from Pourbaix diagram.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 (a) Leakage current as a function of time while applying voltages of 1, 1.2, 1.5, 

1.8, 1.9, 2.0, 2.1, 2.2, 2.3, and 2.4 V, (b) leakage current after 10 hours as a function of 

applied voltages, (c) derivative of leakage current as a function of held voltages.   

 

We also carry out leakage current tests by applying different constant voltage on 

Bipolar-EC, as shown in Figure 6.4 a.  In an ideal RC circuit, the current response is 
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linearly proportional to the applied voltage.  A significant current increase upon a 

certain bias, known as leakage current, indicates non-capacitive behavior, which is 

most likely due to the electrolyte decomposition.  To gain more straightforward 

presentation, we take the derivative of the leakage current, where the first sharp 

increase in current derivative is observed at 1.9 V (Figure 6.4 c).  

 

 

 

 

 

 

 

 

 

 

Figure 6.5 Nyquist plot when charging Bipolar-EC to various voltages. 

 

We further collect electrochemical impedance spectra (EIS) at different charging 

voltages to pursue the largest allowed voltage ( 

Figure 6.5).  No significant change is observed at the high frequency region with 

semicircles of similar diameters.  Upon cell voltage increasing, in the intermediate and 

low frequency regions, the slope values of the lines decrease, indicating increasing 
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values of Warburg resistance as well as slower ion diffusion in the bulk electrolyte.  

Particularly, above 2.2 V, the slope of the low-frequency lines drops dramatically.  We 

attribute the higher resistance observed at higher cell voltages to the possible gas 

evolution and the consequent interruption to the ion diffusion. 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 Galvanostatic charge/discharge profiles from the cells with (a) 0.1 M H2SO4/1 M 

Na2SO4, (b) 0.1 mM NaOH/1M Na2SO4, (c) Bipolar-EC, and (d) the coulombic efficiency of 

each cell at various cutoff voltages. 

 

In order to further determine whether the bipolar assembly as a separator helps enlarge 

the stable electrochemical window of aqueous electrolytes, we collect and compare 

two-electrode GCD results upon ramping up maximum charging voltages between cells 

with individual acidic electrolyte or alkaline electrolyte, and Bipolar-EC, as shown in 

Figure 6.6.  To clarify unambiguously if there is electrolyte decomposition, a constant 
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current rate of 0.1 A is employed.  At 1.5 V, the coulombic efficiency (CE) drops to 

78% with the acidic electrolyte and 88% with the alkaline electrolyte (Figure 6.6 a, b).  

For the alkaline electrolyte, charging cannot reach a potential above 1.75 V.  In sharp 

contrast, even at 2.0 V, the CE of Bipolar-EC remains above 89% (Figure 6.6 c, d).  

Above 2.0 V, a charging plateau starts to appear for Bipolar-EC, which is most likely 

due to water decomposition. 

 

 

 

 

 

 

 

 

 

Figure 6.7 Cyclic voltammetry at 1 mV/s with Bipolar-EC at various cutoff voltage 

 

Figure 6.7 shows CV curves of Bipolar-EC at increasing cutoff voltages. At low cutoff 

voltages (less than 1.8 V), rectangular CV curves show symmetric cathodic and anodic 

current responses, indicating ideal capacitive behavior. Based on the S value tests 

(Figure 6.3), leakage current tests (Figure 6.4), cyclic voltammetry at 1 mV/s (Figure 

6.7) and the charge/discharge tests at 0.1 A/g (Figure 6.6 c), 1.8 V is chosen to be 

highest charging voltage of Bipolar-EC.  As further confirmation, we conduct 
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galvanostatic charge/discharge with three electrode cell configuration.  When the cell 

voltage is charge up to 1.8 V, the negative electrode is polarized to -0.91 V vs Ag/AgCl, 

which is only 0.12 V lower than HER potential at pH of 10.  Considering that this low 

overpotential may be overestimated due to the Ohmic resistance, hydrogen 

electrosorption must be a minor event, supported by absence of redox peaks upon 

scanning to 1.8 V at 1 mV/s (Figure 6.7). 

 

If 1.0 V and 1.2 V are considered as the highest operating voltage for acidic electrolyte 

and alkaline electrolyte, respectively, at 0.1 A/g, Bipolar-EC is able to deliver a specific 

energy of 12.7 Wh/kg, more than 4 times that of acidic electrolyte (2.7 Wh/kg), and 

more than twice that from alkaline electrolyte (4.9 Wh/kg).  Moreover, compared to 

aqueous EDLCs in the literature,44 at a low current rate when IR drop is not an issue, 

Bipolar-EC shows three-fold improvement on energy density. 

 

We notice from Figure 6.6 b that the alkaline electrolyte at pH 10 exhibits better 

tolerance on high cell voltages than the acidic electrolyte.  We are also aware that most 

reported high-potential aqueous ECs used pH-neutral electrolytes.16, 34 To understand 

this phenomenon, we measure the potential of zero charge (PZC) for the carbon film 

electrodes in acidic or alkaline electrolytes before cycling.  At pH 10, the measured 

PZC is -0.051 V vs Ag/AgCl (0.15 V vs NHE), while at pH 1, the PZC is 0.39 V vs 

Ag/AgCl (0.59 V vs NHE).  At pH 1, the PZC is almost right in the middle of the 

voltage gap between HER and OER potentials, allowing similar extents of polarization 
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on both positive and negative electrodes, thus fully taking advantage of the water 

voltage window (Figure 6.1).  Therefore, a higher cell operating voltage is expected in 

an acidic electrolyte.  However, the opposite is observed for the cells that have been 

through initial cycling (50 cycles) as aforementioned.  In fact, after initial cycling, the 

shared electrode potential upon cell short circuit (PSC) at pH 10 drops to -0.14 V vs 

Ag/AgCl (0.057 V vs NHE), moving toward the center of the HER/OER gap, while the 

PSC at pH 1 decreases to 0.11 V vs Ag/AgCl (0.31 V vs NHE), moving away from the 

center of the HER/OER gap, being much closer to HER.  In fact, the PZC of the 

negative electrodes should be even lower than the PSC values.  Thus, in a symmetric 

cell, HER would be more likely to take place in the acidic electrolyte before the positive 

electrode is fully polarized.  The evolving PSC and PZC of electrodes explain why a 

higher operating voltage is observed in the basic electrolyte rather than in the acidic 

electrolyte. 

 

 

 

 

 

 

 

Figure 6.8 (a) Charge/discharge profiles of Bipolar-EC cells at various current rates and (b) 

rate-cycling at various current rates of 0.1, 0.2, 0.5, 1.0, and 2.0 A/g. 
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To investigate the rate capability, Bipolar-EC is tested at various current rates, ranging 

from 0.1 A/g to 2 A/g, where the capacity only decreased from 134 F/g to 103 F/g, as 

shown in Figure 6.8.  However, one issue with the current Bipolar-EC is its relatively 

high resistance, compared to traditional EDLC, which can be seen from the IR drop in 

the charge/discharge profiles, causing low energy efficiencies.163 At 0.1 A/g, the IR 

drop is 31.8 mV, leading to an energy efficiency of 75%, while the IR drop increases to 

314 mV at 1 A/g, lowering the energy efficiency to 62%.  The high resistance of the 

device is attributed to longer ion diffusion length and limited ion conductivity in IEMs.  

However, we are optimistic that with further development of bipolar membranes, the 

power performance of the Bipolar-EC would be greatly improved. 

 

 

 

  

 

 

 

Figure 6.9 (a) Long-term cycling of Bipolar-EC at 1 A/g for 10,000 cycles, (b) cyclic 

voltammetry curves after 2000, 4000, 6000, 8000 cycles at 1 mV/s. 

 

Figure 6.9 (a) shows the long-term cycling performance of Bipolar-EC at 1 A/g for 

10,000 cycles.  Superior cycling stability is obtained, with an initial capacitance of 113 

F/g and a final capacitance of 110 F/g after 10,000 cycles, counting capacitance 
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retention of more than 97%.  Moreover, the coulombic efficiency for the whole cycling 

maintains above 99.6%, indicating that the acidic and alkaline electrolytes are well 

separated.  In order to further verify whether there is no H+ or OH- diffusion across the 

bipolar assembly, CV at 1 mV/s is conducted after every 2000 cycles.  As shown in 

Figure 6.9 b, at different stages of long-term cycling, the obtained CV curves are 

almost identical, demonstrating a lack of cross diffusion between acid and alkaline 

electrolyte. 

 

6.5 Conclusions 

 

In summary, we for the first time employ a bipolar assembly of IEMs as the separator 

for aqueous supercapacitors to increase specific energy.  The bipolar membrane 

assembly decouples the reaction environment for OER and HER by blocking migration 

of hydronium and hydroxide ions confined in the acidic and alkaline electrolyte 

chambers, respectively, which effectively increases the voltage tolerance of the aqueous 

device.  The new Bipolar-EC can be charged to 1.8 V galvanostatically, where it 

discharges from 1.77 V, achieving a capacitance of 113 F/g.  The new cell configuration 

improves the energy density by three folds compared to traditional aqueous EDLCs.  

The capacitance retention is impressive of more than 97% after 10,000 cycles.  With 

further optimization of the cell configuration and custom-designed IEMs, we are 

optimistic that our new design may cause a paradigm shift for the future development 

of the aqueous supercapacitors. 
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7 Hydronium Ions as Novel Charge Carriers in Batteries 
 

7.1 Abstract 

 

We first demonstrate that hydronium ion can be reversibly stored in an electrode of 

crystalline 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA).  PTCDA exhibits a 

capacity of 85 mAh/g at 1 A/g after an initial conditioning process.  Ex situ x-ray 

diffraction reveals reversible and significant structure dilation upon reduction of 

PTCDA in an acidic electrolyte, which can only be ascribed to hydronium-ion 

intercalation.  The lattice expansion upon hydronium storage is theoretically explored 

by the first principles Density Functional Theory calculations, which confirm the 

hydronium storage in PTCDA.  Our results point to a new paradigm of batteries—

hydronium-ion batteries. 

 

7.2 Introduction 

 

Energy storage as the currently missing enabler for wide utilization of renewable 

energy has remained as the focus of knowledge production for the 21st century.  The 

forefront of battery innovations has migrated from lithium-ion batteries (LIBs) to a 

variety of new solutions, such as Li-S batteries164-166, Li-O2 batteries167, 168, sodium-ion 

batteries (NIBs)28, 169, 170, and potassium-ion batteries (KIBs)47, 171.  To date, 

rechargeable batteries with metal ions as charge carriers occupy the primary attention.  
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However, proton and hydronium, analogues of Li+, Na+, and K+, have remained rarely 

explored as charge carriers for rechargeable batteries.  Among batteries that rely on 

proton as charge carriers, one area is the metal alloy anode of nickel-metal hydride 

batteries (NiMH), which incorporates hydrogen in forming metal-hydrides during 

battery charging68, 172.  Another field is the adsorption of proton/hydrogen by high-

surface-area electrode materials, such as carbon nanotubes69, and activated carbon128, 

152, 173, 174.  Qu et al. investigated an important mechanism of proton-intercalation in 

graphite electrodes, where hydrogen is predominantly stored in the galleries of 

graphitic domains, with small amounts stored via surface adsorption.73  To date, most 

electrochemical hydrogen storage exhibits fairly low coulombic efficiency caused by 

the hydrogen evolution reaction (HER).  Interestingly, all prior studies employed 

alkaline electrolyte, which relies on the dissociation of water molecules to provide 

proton/hydrogen for incorporation by the electrodes.  Note that the dehydration energy 

of H3O
+ is 11.66 eV175, which is so high that in aqueous BrØnsted-Lowry acids as the 

electrolyte, the intercalant ions into electrode host structures will be hydronium ion, 

i.e., H3O
+ or its hydrated forms: H2x+1Ox

+ instead of protons.  When we consider H3O
+ 

as the charge carrier for batteries, H3O
+ exhibits an effective ionic radius of 100± 10 

pm176, which is very close to that of Na+, 102 pm177, thus not being too large to be 

considered.  Surprisingly, to date, batteries based on electrochemical storage of 

hydronium ion has never been reported. 
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To store hydronium ion, the interstitial sites in the electrode host structures should be 

relatively spacious, and the ion-insertion potential needs to be high enough to avoid 

HER.  To this end, electrodes of organic solids may be suitable, where their unique 

capability of storing large metal ions has been demonstrated41, 56, 178-180.  Plus, the 

reduction potential of organic materials is essentially determined by their Lowest 

Unoccupied Molecular Orbital (LUMO), which is tunable.  As an advantage over 

graphite electrodes, one can tether the edges of fused aromatic rings of organic 

molecules with electron withdrawing groups to lower the energy levels of LUMO, thus 

increasing the cation-insertion potentials.  Thus, by this way, the cation intercalation 

potential can be generally higher than graphite.  Among organic solid electrodes, 

3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), a well-known pigment, which 

has been investigated to store Li+, Na+, and K+181 56, 178, 182 again catches our attention 

for this proof-of-concept study of hydronium-ion battery electrodes. 

 

Herein, we, for the first time, report the evidence of hydronium intercalation into a 

highly crystalline organic electrode of PTCDA, which exhibits a specific capacity of 

85 mAh/g, reversible structural changes over cycling, and relatively stable cycling life.  

We characterized the structural change upon hydronium intercalation, where ex situ x-

ray diffraction reveals significant but reversible lattice expansion.  This confirms that 

the intercalant ions are hydroniums instead of naked protons.  
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In order to test the hydronium storage properties of PTCDA, we investigate the PTCDA 

electrode in a three-electrode cell setup with 1 M H2SO4 as the electrolyte.  In this cell 

setup, the counter electrode is composed of excessive mass of activated carbon, which 

also serves as the positive electrode by operating in an electrical double layer manner 

via electrostatically absorbing/desorbing anions from/into the electrolyte, i.e., SO4
2-.  

Ag/AgCl electrode in saturated aqueous KCl solution, with a potential: 0.197 V vs. 

standard hydrogen electrode, acts as the reference electrode, where all the potentials in 

this study are reported vs. Ag/AgCl reference electrode.  The PTCDA electrode is tested 

as the working electrode and negative electrode, where during cell charging, PTCDA 

is reduced while incorporating cations, i.e., hydroniums. 

 

7.3 Experimental 

 

Cell Preparation and Electrochemical Tests 

PTCDA (from Sigma-Aldrich) was mixed with C-45 and Polyvinylidene fluoride 

(PVdF) with a mass ratio of (7:2:1) in N-Methyl-2-pyrrolidone (NMP).  The slurry was 

pasted onto titanium foil with an active mass loading of 2.0 mg/cm2, which was dried 

at 80 °C overnight.  Activated carbon (AC) and AC electrodes were prepared in the 

same way, as published before152, with an active mass loading of 18 mg/cm2. Three-

electrode cell was composed of PTCDA as the working electrode, AC electrode as the 

counter electrode, saturated Ag/AgCl as the reference electrode and 1 M H2SO4 as 

electrolyte.  Glass fiber membrane was used as the separator.  Cyclic voltammetry (CV) 
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and galvanostatic charge-discharge (GCD) were carried out on an EC-Lab VMP3 

instrument, at 1 mV/s and 1 A/g, respectively.  

 

Ex Situ Characterization 

X-ray diffraction (XRD) measurement was conducted on a Rigaku Ultima IV 

Diffractometer with Cu Kα irradiation (λ= 1.5406 Å).  Fourier transform infrared 

spectroscopy (FTIR) spectra were obtained in a Nicolet™ iS™ 10 spectrometer.  

 

Simulation 

Theoretical calculations were performed using the Vienna ab initio simulation package 

(VASP)183-185 with projector augmented wave (PAW) pseudopotentials186, 187 with 

general gradient approximation (GGA) and the Perdew–Burke–Ernzerhof (PBE) 

exchange-correlation functional188.  Additionally the DFT-D3 method189, 190 was used 

to account for the long-range van der waals forces present within the system.  For the 

computational simulation, an energy cutoff of 800 eV and a 6x2x2 Monkhorst-Pack191 

KPOINT scheme were used for the Brillouin zone integration.  

 

The PTCDA unit cell was obtained from a *.cif file192, while the H3O
+ molecules were 

inserted into various locations in the structure.  The simulations performed were solely 

to obtain a sampling of the most favorable energy configuration, and see the evolution 

of the unit cell. 
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7.4 Results and Discussion 

 

We collected the cyclic voltammograms (CV) of the PTCDA electrode in the three-

electrode cell.  In the 1st cycle, the cathodic scan reveals two minor peaks sequentially 

around -0.22 V (R1) and -0.39 V (R2), and a major peak beyond -0.49 V (R3) (Figure 

7.1 (a).  During the following anodic scan, two peaks at -0.31 V and -0.27 V show up, 

which we assign as O3 and O2, respectively, corresponding to R3 and R2 reduction 

reactions, thus exhibiting a polarization of ~0.2 V, and R1 appears irreversible.  

Interestingly, after 50 galvanostatic charge-discharge (GCD) cycles at 1 A/g, CV curve 

in Figure 7.1 (b) displays three pairs of redox peaks, at -0.41/-0.31 V (R3’/O3’), -0.33/-

0.17 V (R2’/O2’), and -0.17/-0.05 V (R1’/O1’), which are quite reversible.   

 

 

 

 

 

 

 

 

Figure 7.1 CVs at the scan rate of 1 mV/s. (a) The 1st cycle, (b) The cycle after 50 GCD 

cycles. 
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The comparison of the above two CV curves suggests that PTCDA’s redox behavior in 

the acidic electrolyte evolves significantly simply due to the initial GCD cycling.  The 

R1’/O1’
 pair appears only after GCD cycling; R3’/O3’ pair exhibits much smaller 

polarization compared with R3/O3, where, interestingly, O3’ at -0.31 V does not shift at 

all.  Overall, the extent of polarization decreases from ~0.2 V to ~0.1 V after GCD 

cycling, and the peak intensity of R3’/O3’ increases slightly.  The change of CV behavior 

features a conditioning process that occurs over initial GCD cycling, which makes 

redox reactions of PTCDA more amenable.  The existence of multiple redox reactions, 

and the addition of the new R1’/O1’ redox pair is suggestive of an interesting 

phenomenon that hydrated hydronium and hydronium may serve as the intercalants 

sequentially.  The R1’/O1’
 occurs at a fairly high potential, where we postulate that 

hydrated hydronium, such as H5O2
+, may manage to intercalate the structures reversibly 

only after the initial conditioning process due to its large size.  The difference of proton 

hydration free energy between one hydration (H3O
+) and two hydration (H5O2

+) is 

calculated to be ~0.25 eV193, corresponding to ~0.25 V of the potential penalty for 

dehydration from H5O2
+ to H3O

+, which is pretty close to the potential difference of 

~0.24 V between R1’ and R3’.  We tentatively attribute the R3’/O3’
 and R1’/O1’ redox 

reactions to the insertion/extraction of H3O
+ and H5O2

+ ions, respectively. 

 

In the first GCD cycle at 1 A/g, PTCDA electrode exhibits a large polarization (Figure 

7.2 a), which is consistent with the gaps between the redox peaks in initial CV curves 

(Figure 7.1 a).  Interestingly, the capacity of 70 mAh/g obtained in the first reduction 
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sweep is close to the theoretical capacity of 68 mAh/g when every PTCDA molecule 

stores one electron/monovalent cation.  In the fifth cycle, the polarization is much 

lowered, where the reduction of PTCDA occurs at higher potentials, and the capacity 

increases to 85 mAh/g (Figure 7.2 b), corresponding to incorporation of 1.3 

monovalent cations per PTCDA molecule.  Similar to the CV results, the potentials for 

the oxidation sweep remain nearly the same.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2 GCD profiles of (a) The 1st cycle, (b) The 5th cycle, (c) The 10th cycle, and (d) A 

comparison between GCD profiles of the storage of Na-ion at 1 A/g14, K-ion at 0.5 A/g and 

hydronium (the 10th cycle) at 1 A/g in PTCDA.   
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Clearly, the initial polarization of the PTCDA electrode mainly comes from the 

conditioning “effort” of the cation incorporation during PTCDA’s reduction. Moreover, 

in the 10th cycle, the potential of the charging (reduction) process eventually transforms 

to be two sequential plateaus at -0.17 V and -0.41 V besides some sloping regions, and 

correspondingly, there exist two plateaus at -0.34 V, and -0.05 V (minor) during the 

discharging (oxidation) process, which is generally consistent with the CV results in 

Figure 7.1 (b). 

 

PTCDA has demonstrated its unique storage capability toward large metal ions, i.e., 

Na+ and K+, where its structure can reversible dilate and contract when 

hosting/extracting Na+ ions182, while its structure turns amorphous upon initial cycling 

by incorporating large K+ ions178.  It is quite intriguing that the operation potential for 

the hydronium intercalation is significantly higher than that of Na-ion by ~0.5 V and 

K-ion by ~ 1.0 V on average.  The polarization for hydronium storage is also smaller 

by a large extent comparing to both Na-ion and K-ion.  The much higher insertion 

potential indicates that it is thermodynamically more facile for the PTCDA framework 

to host hydronium ions.  The favorable energetics may have to do with the smaller 

desolvation energy of hydroniums compared to Na+ or K+ ions in their non-aqueous 

electrolyte based on ethylene carbonate (EC) and diethyl carbonate (DEC).  The 

minimal polarization may be related to the fast migration of hydronium ions through 

the PTCDA’s structure.  Of course, the higher conductivity of the aqueous acidic 

electrolyte may play a role as well. 
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It is critical to learn the structural response of PTCDA toward hosting hydronium ions.  

If the structure does dilate upon PTCDA’s reduction, the possibility of proton 

intercalation in the structure would be trivial.  Thus, we investigate the evolution of 

PTCDA’s crystal structure during cycling by ex situ x-ray diffraction (XRD) 

measurements conducted at different state of charge (SOC) in the 50th cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.3 Charge/discharge (Reduction/Oxidation) profiles of the PTCDA electrode in the 

50th cycle, (b) XRD patterns (No.1 to 6) of the PTCDA electrode corresponding to 1 to 6 

point of SOC in The patterns of No. 7, 8, 9 are simulated XRD patterns from pristine 

PTCDA, PTCDA with one H3O+ inserted per unit cell, and PTCDA with two H3O+ ions 

intercalated per unit cell. 
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Figure 7.3 b depicts specific angle regions where primary peak shifts and new peak 

generation are observed.  Upon charging (reduction) to -0.17 V (Pattern No.2), a minor 

peak appears at 7.8, which will be assigned as (001) peak by simulation, and the (011) 

peak turns asymmetric, being slightly left-shifted.  When further charging to -0.40 V 

(Pattern No.3), the new (001) peak at ~ 7.7 is intensified. Furthermore, there appear a 

strong peak at 11.6 on the left of the weakened (021) peak and a relatively weak peak 

at 23.4 on the left of the weakened (042) peak.  We attribute the above two peak-shifts 

to the diffraction of the dilated (021) and (042) planes, respectively, where the d-

spacings increase from 0.72 to 0.77 nm, and from 0.36 to 0.38 nm, respectively.  Such 

a large-scale structural expansion could not possibly originate from the intercalation of 

naked protons, and so we are left to conclude that the reduction of the PTCDA electrode 

in an acidic electrolyte corresponds to intercalation of hydronium ions.  As the PTCDA 

electrode is further charged to -0.55 V (Pattern No.4), it is observed that the new peaks 

derived from (021) and (042) peaks continue to shift to lower angles, and their intensity 

is further strengthened.  Moreover, at -0.55 V, the (102̅) peak also shifts from 27.6 to 

a lower angle of 26.7 in response to the intercalation of hydronium ions.  Furthermore, 

there appears a new peak at 28.9, which is assigned as (130) from the simulation 

results.   

 

We should note that besides appearance of new peaks, the shifts of peaks are incomplete 

with the presence of both the original peaks and shifted peaks at the charged states, 

which indicates that portions of the pristine PTCDA domains, most likely the cores of 
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large particles, remain intact.  During the following discharge (oxidation), all the peaks 

gradually shift back to their original positions.  Upon discharging to -0.3 V (Pattern 

No.5), the intensity of the new (001) peak, and the shifted (021) and (042) peaks all 

decreases.  When discharging to 0 V (Pattern No. 6), all new peaks disappear, and the 

intensity of the original peaks recovers, which is almost identical to Pattern No.1, 

demonstrating PTCDA’s excellent structural reversibility upon 

intercalation/deintercalation of hydronium ions.   

 

 

 

 

 

 

 

 

 

 

Figure 7.4 Simulated PTCDA unit cell incorporating two H3O+. 

 

We also explore the mechanism of hydronium insertion in PTCDA via theoretical ab 

initio structural calculations using density functional theory (DFT) with the Vienna-Ab 

initio simulation package (VASP).  Note that hydronium ions could have higher 
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hydration numbers; however, detailed theoretical investigation of hydration numbers is 

beyond the scope of this paper.  Therefore, H3O
+, the smallest hydrated proton with the 

least steric hindrance is chosen as the intercalation species in the simulation experiment. 

In Figure 7.4, we computed the situations with two hydronium ions incorporated in 

one PTCDA unit cell that comprises two equivalent PTCDA molecules, where the 

theoretical capacity is 68 mAh/g.   

 

As shown in Figure 7.4, when two hydronium ions (H3O
+) are intercalated into the unit 

cell, they stay in the interstitial space between stacked PTCDA molecules along (011) 

and (021) planes, and are stabilized by adjacent carbonyl groups.  Simulated diffraction 

patterns are shown as Patterns No. 7, 8, and 9 for the pristine, the unit cell with one 

hydronium, and the unit cell with two hydronium ions, respectively (Figure 7.3 b).  

When hydronium ions are intercalated into the PTCDA lattice, new diffraction peaks 

(001) and (130) around ~ 7.7 and 28.9, respectively, appear, which generally matches 

the experimental results.  The (021), (042) and (102̅) are all increasingly shifted to the 

left from one hydronium inserted per unit cell to two hydronium ions accommodated 

per unit cell, which is in agreement with experimental XRD results.   

 

The well-matched experimental and simulation patterns provide a solid ground to look 

at the simulation-derived parameters.  From Figure 7.4, it is straightforward to know 

the specific positions of hydronium ions in the host lattice, which are along one body 

diagonal on (011) plane, resulting in interlayer expansion of (021), (042), (102̅), and 
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(11 2̅ ).  Table 7-1 summarizes the cell parameters of pristine and hydronium-

intercalated PTCDA unit cells.  Apparently, the unit cell expands along b and c direction 

after hydronium-ion intercalation, which is consistent with peaks shift of (021) and 

(042) planes, leading to an expansion of unit cell volume from 757.71 to 813.01 Å3 

(expansion by 7.3%) when two hydronium ions intercalate into unit cell.  Surprisingly, 

the unit cell slightly contracts along a direction, even though two hydronium ions are 

stored close to the body diagonal on (011) plane.  This result can be explained by 

considering Figure 7.4, where the hydronium ion interacts with three carbonyl groups, 

two of which stacking in parallel along a direction are pulled closer by H3O
+.  Another 

unit cell parameter showing a prominent change after intercalation is β, expanding from 

original value of 96.00° to 103.56° when accommodating two H3O
+, which is in a good 

agreement with (102̅) peak shift from XRD in Figure 7.3 (b). 

 

Table 7-1 Simulated PTCDA unit cell parameters. 

 
a (Å) b(Å) c (Å) α (°) β (°) γ (°) V (Å3) 

Pristine 3.74 18.95 10.75 90.00 96.00 90.00 757.71 

One H3O+ 3.54 19.35 11.71 89.61 100.20 90.84 790.46 

Two H3O+ 3.46 19.64 12.33 88.22 103.56 92.01 813.01 

 

We used Fourier Transform Infrared spectroscopy (FTIR) to investigate the possible 

bonding variation, particularly for the carbonyl groups in anhydrides upon hydronium 

intercalation.  To understand the impact of ion intercalation on the chemical bonding, 
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we have compared spectra between the hydroniated PTCDA and potassiated PTCDA 

(Figure 7.5).   

 

 

 

 

 

 

 

 

Figure 7.5 FTIR spectra of (a) hydroniated PTCDA electrode, and (b) potassiated PTCDA 

electrode. 

 

In Figure 7.5 (b), after potassiation, the peak at 1788 cm-1 assigned to carbonyl 

stretching shifts to 1773 cm-1, indicating a weakened C=O double bond; a new peak at 

1824 cm-1 is observed, which is attributed to the formation of potassium enolate groups.  

However, for hydronium intercalation, the peaks from 1730 to 1769 cm-1 only slightly 

diminish, suggesting that there are no new chemical bonds formed.  The disparity 

between the hydroniation and potassiation in terms of the changes of chemical bonds 

in PTCDA is quite intriguing, and we postulate that proton is screened by the hydration, 

which weakens the enolation process, thus being different from the case with the 

“naked” K+.  Other than the slightly diminished anhydride peaks, all other peaks remain 

as the pristine PTCDA, indicating that the structure is perfectly preserved after cycling. 
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Peaks corresponding to C-O stretching (1300 cm-1), vibrational bending mode of the 

ring (from 731 cm-1 to 938 cm-1)56, ring stretching (at 1405.81, 1506.62 and 1592.53 

cm-1)56, and C-O+C-C stretching (at 1015.60 and 1121.16 cm-1)56, all remain as the 

pristine PTCDA, indicating that the structure is perfectly preserved after hydronium 

intercalation. 

 

 

 

 

 

 

 

 Figure 7.6 Galvanostatic cycling of PTCDA electrodes in 1 M H2SO4 at 1 A/g. 

 

We tested the cycling stability of PTCDA, as shown in Figure 7.6, which is relatively 

stable.  Indeed, PTCDA as an anhydride may encounter the challenge of hydration, thus 

forming the perylenetetracarboxylic acid.  To investigate this matter, we soaked the 

pristine PTCDA electrode in the electrolyte of 1 M H2SO4 for 5 days, where the 

electrolyte did not change its color neither it fluoresces (Figure 7.7 a).  Note that if 

molecules with the pyrelene ring dissolve, the solution would fluoresce.  However, the 

fact that the pristine PTCDA electrode does not dissolve cannot warrant that the 

reduced PTCDA would not dissolve.  To further investigate this, we collected the 
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electrolyte from the cells after 120 cycles, where the electrolyte exhibits a brown color, 

as shown in the new Figure 7.7 a, which indicates a certain level of solubility of the 

reduced PTCDA.  Interestingly, the color of the electrolyte turned light green after the 

cycled electrolyte being left in air for 4 hours (Figure 7.7 b).   To further confirm that 

the light green color is from PTCDA, ultraviolet-visible (UV-Vis) spectrum was 

collected.  As shown in Figure 7.8, the cycled electrolyte shows a broad absorption 

peak around 460 nm, being consistent with the two peaks at 438 and 467 nm from the 

standard PTCDA/KOH solution, confirming the presence of PTCDA in the electrolyte.  

Apparently, the reduced PTCDA could be more soluble. 

 

 

 

 

 

 

 

 

 

 

Figure 7.7 From left to right: (a), electrolyte after 120 cycles, electrolyte soaking PTCDA 

electrode for 5 days, fresh electrolyte (1 M H2SO4); (b), above three solutions stay in air for 

another 4 h; (c) electrolyte compared with various PTCDA stock solutions. 
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Figure 7.8 UV-Vis spectra of electrolyte after cycling (black) and 5 μM PTCDA with 10 mM 

KOH (red). 

 

 

7.5 Conclusions 

 

In summary, we report that hydronium ion can be electrochemically stored in PTCDA 

reversibly with a capacity of 85 mAh/g.  The amenable redox reactivity of PTCDA in 

1 M H2SO4 requires an initial conditioning process, as demonstrated by CV and 

galvanostatic charge/discharge cycles, where this process increases its specific capacity 

and lowers the polarization.  Ex situ XRD reveals the reversible dilation of the PTCDA 

structure upon hydronium intercalation, which is supported by the first-principles DFT 

calculation.  The calculation reveals the structural change of PTCDA upon hydronium 
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incorporation and the specific sites of the inserted hydronium ions in the PTCDA 

structure.  We have demonstrated a proof-of-concept insertion electrode material for 

hydronium-ion batteries, which may potentially provide new solutions for energy 

storage. 
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8 Ambient Hydrolysis Deposition Enabling Nanoparticles Coated in 

Porous Substrate  
 

8.1 Abstract 

 

Despite the considerable advances of deposition technologies, it remains a significant 

challenge to form conformal deposition on surface of nanoporous carbons. Here, we 

introduce a new ambient hydrolysis deposition method that employs and controls pre-

adsorbed water vapor on nanoporous carbons to define the deposition of TiO2. We 

converted the deposited TiO2 into TiN via a nitridation process. The metallic-TiN-

coated porous carbon exhibits superior kinetic performance as an electrode in electrical 

double layer capacitors. The novel deposition method provides a general solution for 

surface engineering on nanostructured carbons, which may result in a strong impact on 

the fields of energy storage and other disciplines. 

 

8.2 Introduction 

 

Nanoporous materials are at the heart of important applications, such as energy storage, 

catalysis, sensing, drug delivery, and separation.194-197 However, these materials often 

fall short on providing needed functionalities due to a lack of desirable surface 

properties. Despite the advances in deposition methods, it remains a significant 

challenge to form controllable conformal deposition inside nanoporous materials at 

ambient conditions. Vapor deposition methods, such as chemical vapor deposition 

(CVD), thermal deposition, or e-beam deposition, do not meet the requirements due to 



138 

 

 

 

their line-of-sight nature. Most conformal methods, such as electrodeposition,198, 199 

electroless deposition,200, 201 and dip/spin coating,202 provide no control at the scale of 

a few nanometers. As the state-of-the-art conformal deposition methods, atomic layer 

deposition (ALD)203-205 and under potential deposition (UPD)206, 207 have yet to 

demonstrate general applicability inside nanoporous materials.  

 

Herein, we introduce a new ambient hydrolysis deposition (AHD) methodology for 

coating metal oxides on nanoporous carbons. The AHD involves water adsorption in 

porous substrates and a subsequent hydrolysis inside “wet” substrates via a dry non-

aqueous solution of precursors. As schematically depicted in Figure 8.1 A, the water 

adsorption step differentiates the AHD from the conventional sol-gel methods where 

water and hydrolysis precursors encounter porous substrates at the same time.208-210  

Water adsorption on activated carbons has been experimentally and theoretically 

studied although the related mechanism is still not well understood.211-213  Unfortunately, 

this phenomenon has never been utilized for ambient deposition purposes. We, for the 

first time, demonstrate that the scale of ambient deposition of TiO2 can be controlled 

by manipulating the water adsorption in nanoporous carbons. We also converted the 

TiO2-deposited nanoporous carbon to TiN/carbon nanocomposite as an electrode for 

electrical double layer capacitors (EDLCs). 

 

8.3 Experimental 
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CMK-3 was prepared by a nanocasting method following the well-established 

procedure in the literature by employing SBA-15 as a hard template.214 

 

The AHD Process:  

Step I: Surface functionalization  

Typically, CMK-3, 0.3 g, was added to a freshly-prepared aqueous solution of 

(NH4)2S2O8, (1.0 M) and H2SO4, (2.0 M) (30 ml). The mixture was stirred at 60 °C for 

6 hrs. Then, the oxidized CMK-3 (C-APS) was filtered, rinsed with deionized water 

and dried overnight in an oven at 80 ºC.  

 

Step II: Water loading 

Degassed C-APS, 50 mg, was loaded into a plastic syringe in a glovebox. The carbon-

containing syringe was warmed up in an oven at 80 ºC before water loading to prevent 

water condensation on the syringe side wall and the external surface of C-APS particles. 

A narrow-mouth bottle of 500 ml volume that contains water 100 ml was heated in an 

oven at 80 ºC. We used the warmed-up carbon-containing syringe to take in a certain 

volume of water-vapor/air mixture for a desired amount of water loading. The needle 

of the syringe was sealed after water loading. Then, the syringe was shaken by a vortex 

mixer for 5 mins at 80°C in order to enable good contact of water vapor with C-APS 

before the syringe was kept in an oven at 60 ºC for half an hour. For the reference level 

of water loading, a vial containing C-APS was ‘soaked’ in water-vapor/air mixture in 

a larger narrow-mouth bottle that contained water in an oven at 80 ºC.  
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Step III: Hydrolysis deposition of TiO2  

Water-loaded C-APS samples were soaked for an hour in a dilute solution of titanium 

tetraisopropoxide (TTIP) in 1, 3-dioxolane (DOXL) (5 vol%). The product was 

collected by filtration in a glovebox. Samples were heated at 250 ºC under nitrogen 

before N2 sorption measurements and nitridation.  

 

Nitridation of C-TiO2-100  

Samples were heated in a tube furnace at 850 ºC for 6 hrs under NH3 with a flow rate 

of 54 cc/min.  

 

Formation of activated carbon 

Carbon microfiber of 2 g (Osaka Gas Co., Ltd) was heated in quartz tube furnace at 

910 ºC under CO2 with a flow rate of 100 ml/min for 18 hrs.  

 

Boehm titration procedure 

The amount of surface functional groups was determined using Boehm titration. In 

Boehm titration, the following assumptions were made to distinguish between the 

carbon–oxygen functionalities based on their acidity: NaOH is the strongest base and 

it neutralizes all Brønsted acids, including phenols, lactonic and carboxylic groups, 

while NaCO3 neutralizes carboxylic and lactonic groups and NaHCO3 neutralizes only 

carboxylic acid groups. Briefly, C-APS, 0.2 g, was dispersed in 20 ml of 0.05 M 
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NaHCO3 solution and the mixture was stirred for 48 hrs. The solution was then allowed 

to remain quiescent for 24 hrs. The aliquot (neutralized with 0.05 M conc. HCl) of 5 

ml was back titrated against standardized NaOH solution using phenolphthalein as 

indicator.  

 

Characterization methods: 

X-Ray diffraction (XRD) patterns were collected using a Rigaku Ultima IV 

Diffractometer with Cu Kα irradiation (λ= 1.5406 Å). Nitrogen sorption measurements 

were performed on a Micromeritics TriStar II 3020 analyzer at 77.4 K. The samples 

were outgassed at 250 ºC under N2 for 12 hrs prior to the N2 sorption measurements. 

X-ray Photoelectron Spectroscopy (XPS) measurements were performed in a Physical 

Electrons Quantera Scanning ESCA Microprobe with a focused monochromatic Al Kα 

X-ray (1486.6 eV) source for excitation. The X-ray beam used was a 25 W, 100 μm X-

ray beam spot at the sample. The binding energy (BE) scale was calibrated using the 

Cu 2p3/2 feature at 932.62 ± 0.05 eV and Au 4f at 83.96 ± 0.05 eV. The ion gun used 

in this system was a standard Quantera ion gun, and the sputter depth profiles were 

acquired using a 1 KeV argon-ion beam rastered over a 3 mm x 3 mm area. To minimize 

charging artifacts, the XPS data were collected with 1 eV, 20 μA electrons and low-

energy Ar+ ions.  The morphology was examined by field emission scanning electron 

microscopy (FESEM) using an FEI NOVA 230 high resolution SEM with an energy-

dispersive X-ray (EDX) attachment. Transmission electron microscopy (TEM) and 

high-resolution transmission electron microscopy (HRTEM) images were recorded by 
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an FEI Titan 80-300 TEM. High angle annular dark field scanning TEM (HAADF-

STEM) measurements were carried out on an FEI Titan 80-200 microscope coupled 

with a HAADF detector and an EDX spectrometer.  

 

Electrochemical Measurements: 

A two-electrode cell configuration was used to measure the electrochemical 

performance of samples. Electrodes were composed of 90 wt% active mass and 10 wt% 

poly(vinylidene fluoride) binder. The materials were slurry-cast from a cyclopentanone 

suspension onto a carbon-fiber paper current collector (Model: 2050A). The electrodes 

were dried at 120 ºC under vacuum for 12 hrs and then cut into 10 mm disks. The active 

mass loadings are ~1 mg/cm2. Then, two identical (by weight and size) electrodes were 

assembled in coin-type cells that use polypropylene films as the separator and a CH3CN 

solution of 1.0 M ammonium tetrafluoroborate (NH4BF4) as the electrolyte. Cyclic 

voltammetry (CV), galvanostatic charge/discharge, and EIS were carried out on a 

VMP-3 multi-channel workstation at room temperature. CV and charge/discharge 

profiles were collected in a voltage window from 0 to 2.5 V. EIS was carried out with 

the potential amplitude of 10 mV at the frequency range of 200 kHz to 10 mHz. The 

voltage drop at the beginning of discharge (Vdrop) is used to estimate the equivalent 

series resistance, RESR, at a constant current of I with the formula of RESR = Vdrop/(2I). 

 

We chose CMK-3, a mesoporous carbon with a long-range ordered nanostructure 

(symmetry: P6mm), as the model nanoporous carbon.215 For the deposition 
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composition, we selected TiO2 in this proof-of-concept study. In the first step of AHD, 

in order to increase the surface hydrophilicity for facile water vapor adsorption, CMK-

3 is functionalized with carboxylic groups in a warm acidic ammonium persulfate 

(APS) solution. The obtained carbon is designated as C-APS. The number of carboxylic 

groups on C-APS was measured by Boehm titration to be 1.96 mmol/g. For water 

loading, we first exposed degassed C-APS to excessive saturation water vapor (80 ºC) 

for one hour, and the adsorbed water was determined by thermogravimetric analysis 

(TGA) to be 16 wt%, as a reference. Then, a certain volume of saturation water vapor 

(80 ºC) was measured by a syringe and exposed to the degassed C-APS contained in 

the same syringe.  

 

8.4 Results and Discussion 

 

By exposing C-APS to the water vapor volumes corresponding to molar ratios of 133%, 

100%, 67%, and 33% of the reference water loading (16 wt%), 7.5 wt%, 7 wt%, 6 wt%, 

and 4 wt% of water were adsorbed, as revealed by the TGA results (Figure 8.1 B). 

These water-loaded carbons are referred to as C-133, C-100, C-67, and C-33, 

correspondingly. The results demonstrate that water loading in nanoporous carbon can 

be controlled, which constitutes the foundation for the controllable AHD method. In 

the following step, water-loaded C-APS samples were soaked in the 1,3 dioxolane 

(DOXL) solution of titanium tetraisopropoxide (TTIP) (5 vol%) in an Argon-filled 

glovebox. The composites were collected by filtration and dried in an oven.   
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Figure 8.1 Schematic showing the different water distribution between a) conventional sol-

gel method and b) AHD method. B) TGA curves of C-APS with different levels of water 

loading. C) TGA curves of C-TiO2 samples showing different levels of TiO2 loading 

corresponding to water adsorption. 

 

It is necessary to mark the minimum scale of deposition that is determined by the water 

from the DOXL solution of TTIP. Degassed C-APS was soaked in the precursor 

solution, and 5.2 wt% of TiO2 was loaded. Note that CMK-3 is nearly ash free. The 

obtained TiO2/C nanocomposite is referred to as C-TiO2-0, where “0” indicates that no 

water is pre-adsorbed (Figure 8.1 C). With C-33, C-66 and C-100 as the substrates, the 

TiO2 loadings were 9.1 wt%, 11.3 wt%, and 12.6 wt%, respectively (Figure 8.1 C and 

Table 8-1). 
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Table 8-1 Physical characteristics of the samples. 

 

 

 

 

 

 

 

We investigated the deposition uniformity of the AHD method by looking at C-TiO2-

100 as the representative material. It is evident that C-TiO2-100 maintains a long-range 

ordered nanostructure comparable to that of C-APS, as revealed by the high-angle 

angular dark field scanning TEM image (HAADF-STEM).  

 

 

 

 

 

 

 

 

 

Figure 8.2 Electron microscopy studies of C-APS and C-TiO2-100. a) A bright-field TEM 

image of C-APS. b) An HAADF-STEM image of C-TiO2-100. c,d) Carbon and titanium 

Samples TiO2 

(wt%) 

Surface 

area 

(m2/g) 

Pore 

volume 

(cc/g) 

Microporous 

Surface 

area 

(m2/g) 

Pore 

volume 

(cc/g) 

CMK-3 N.A 1233 1.59 176 0.08 

C-APS N.A 970 1.39 109 0.04 

C-TiO2-0 5.2 792 1.09 184 0.09 

C-TiO2-33 9.1 780 1.00 73 0.03 

C-TiO2-67 11.3 757 0.94 62 0.02 

C-TiO2-100 12.6 729 0.90 75 0.03 

C-Ti-N N.A 1078 1.21 188 0.08 



146 

 

 

 

EDX mappings corresponding to the image in b. e) A SEM image of activated carbon, and 

the corresponding carbon and titanium EDX mappings. 

More importantly, TiO2 phase is uniformly distributed in the nanocomposite, as 

suggested by the corresponding titanium elemental mapping (Figure 8.2 a,b,d). Note 

that HAADF-STEM is sensitive to the contrast of electron densities from different 

elements, which helps estimate the particle size of deposited TiO2 in the carbon matrix. 

The absence of noticeable TiO2 nanoparticles in the image demonstrates that the 

deposited TiO2 particles are likely of subnanometer sizes.  

 

It has been a long-standing challenge to impregnate microporous carbons with an oxide 

deposition. With same AHD method, we successfully deposited TiO2 in an activated 

carbon that exhibits a high surface area of 2715 m2/g and an average pore size around 

2.3 nm. A representative SEM image with the corresponding titanium EDX mapping 

reveals the homogeneous TiO2 deposition (Figure 8.2 e). The activated carbon was 

prepared by activating a commercially available coal-derived carbon by CO2 oxidation.  

 

 

 

 

 

 

 

Figure 8.3 XRD patterns of a) C-TiO2-100 and b) bulk TiO2 powder. 
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The wide-angle X-ray diffraction (XRD) pattern of C–TiO2-100 with no crystalline 

features confirms the small TiO2 particle sizes observed by TEM (Figure 8.3). 

 

From Table 8-1 and Figure 8.4, it is evident that the functionalization of carboxylic 

groups does affect the CMK-3 nanostructure. After the TiO2 deposition, the specific 

surface area and pore volume, particularly, the micropore characteristics were further 

diminished. The pore size distribution (PSD) of the C-TiO2 samples slightly shifts to 

larger values, compared to that of C-APS (Fig. 3b). This indicates that the deposition 

primarily occurs in smaller mesopores or micropores in water-adsorbed C-APS.  

 

 

 

 

 

 

 

 

 

 

Figure 8.4 a) N2 sorption isotherms of CMK-3, C-APS and C-TiO2-100. b) Pore size 

distributions of different samples. c) Isotherms of C-TiO2-100 and C-TiN.   
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As known, water vapor is preferably adsorbed in smaller pores.211 In sharp contrast, the 

micropore features of C-TiO2-0 were doubled after deposition, which suggests that the 

hydrolysis deposition in this case turned large mesopores into micropores. For C-TiO2-

0, hydrolysis water mainly comes from the precursor solution, and it is unfavorable for 

liquid water to reach smaller pores.   

 

We have demonstrated that the AHD method enables ambient conformal deposition of 

TiO2 in nanoporous carbons. A great advantage of oxide deposition is that oxides can 

be potentially turned to other compositions by chemical reactions. We chose to convert 

TiO2 coating into TiN in C-APS as an electrode for enhanced rate performance in 

EDLCs. EDLCs operate on electrostatic interaction between polarized amorphous 

carbon surface and solvated ions.121, 122, 216, 217 The low conductivity of amorphous 

carbon limits the kinetic performance of EDLCs. Thus, graphitic innovative carbons, 

such as graphene-based electrodes,10, 98, 134, 218 have been investigated, demonstrating 

much improved power performance in EDLCs. Another approach is to improve the 

surface conductivity of carbon electrodes, and N-doping shows some effect.141, 219-221 

We chose to form a TiN layer on porous carbon surface due to its high electrical 

conductivity (5×106 S/m), two orders higher than theoretical graphene, and good 

corrosion resistance.222-225 C-TiO2-100, as the model composite, was annealed at 850 

ºC under NH3 for 6 hrs. We referred to the obtained composite as C-TiN. The XRD 

pattern of C-TiN depicts a single cubic phase of TiN (JCPDS 38-1420), and confirms 

the absence of crystalline TiO2 and TiON (Figure 8.5 a). The XRD pattern indicates a 
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complete nitridation because any remained TiO2 or TiON would be crystallized at 

850 °C and display crystalline peaks. The TiN coherence length is estimated by the 

Scherrer Equation to be 4.0 nm from the XRD peaks.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.5 Compositional and structural characterizations of C-TiN. a) XRD pattern. b) XPS 

Ti [2p] signal. c) HAADF-STEM and carbon, nitrogen and titanium EDX mappings. The 

results reveal that TiN nanocrystallites are homogenously dispersed in C-APS. 
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To further identify the chemical compositions, we conducted X-ray photoelectron 

spectroscopy (XPS). The Ti 2p3/2 peak of C-TiN can be deconvoluted into three 

components at 456.3 eV (TiN), 457.6 eV (TiON), and 458.8 eV (TiO2) (Figure 8.5 b). 

The combined XRD and XPS results suggest that the amorphous TiO2 and TiON phases 

were inevitably formed during the sample handling.22638 The contribution of TiO2 and 

TiON is certainly overestimated by XPS due to their overwhelming presence at particle 

surface. We further studied the structure of C-TiN by HAADF-STEM and the 

corresponding titanium EDX mapping, as shown in Figure 8.5 c. The HAADF-TEM 

image depicts the well-maintained nanostructure of CMK-3 with finely-dispersed 

nanoparticles. The observed particle size is around 4 to 6 nm, which corroborates the 

coherence length estimated based on the XRD peaks. As Table 8-1 summarizes, the 

porosity characteristics of C-TiN are larger than those of C-TiO2-100. Particularly, the 

specific pore volume and surface area of micropores were dramatically increased after 

nitridation, compared to C-TiO2-100. As shown in Figure 8.4 c, the isotherm hysteresis 

of C-TiN shifts to a higher relative pressure (P/P0) after nitridation, compared to C-

TiO2-100. The PSD peak of C-TiN shifts to 4.3 nm from 3.9 nm, as shown in Fig. 3b. 

This may be caused by the TiN nanoparticle formation process at the expense of TiO2 

clusters that migrated out of the micropores. Note that the micropore surface area of C-

TiN is even larger than C-APS. It seems that there might be a carbon 

oxidation/activation phenomenon during the nitridation process.  
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We compared the electrochemical performances of C-TiN and pristine CMK-3 as 

EDLC electrodes. A control sample, referred to as CMK-N, was prepared by the 

nitridation of C-APS, and it contains nitrogen of ~3 at%, determined by EDX. Cyclic 

voltammetry (CV) measurements were conducted at different scanning rates of 50, 100, 

200, and 500 mV/s. As Figure 8.6 (a) shows, C-TiN maintains the rectangular shape 

very well in its CV curves even at 500 mV/s, and area enclosed in CV curves dos not 

shrink much upon higher scanning rates. In sharp contrast, the CV curves of CMK-3 

are almost flattened upon high scanning rates (Figure 8.6 b), and similar CV results 

were observed for CMK-N, as shown in Figure 8.6 (c) shows the galvanostatic charge 

and discharge profiles of CMK-3 and C-Ti-N at different current rates. The two 

materials exhibit similar capacitance values but vastly different equivalent series 

resistance (ESR). For example, at the current rate of 0.5 A/g, the ESR is 21.9 Ω and 

118 Ω for C-TiN and CMK-3, respectively. Figure 8.6 (d) shows the Nyquist plots 

obtained at the frequency range from 200 kHz to 10 mHz, where C-TiN exhibits a 

smaller semicircle compared to CMK-3 (1 Ω vs. 2 Ω), indicating a lower 

electrode/electrolyte interface resistance for C-TiN than CMK-3. The high ohmic 

resistance of C-TiN may be due to the oxidation process in forming C-APS. It has been 

clearly demonstrated that the TiN coating significantly improves the kinetic response 

of the electrode although some TiO2 and TiON phases are formed on the surface of TiN 

nanocrystallites, and the rate improvement is certainly not from the N-doping effect.  
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Figure 8.6 (a,b) CV curves at different scanning rates for C-TiN and CMK-3, respectively. 

(c) Galvanostatic charge/discharge profiles at different current densities of CMK-3 and C-

TiN electrodes. (d) Nyquist plots of C-TiN and CMK-3 electrodes. 

 

8.5 Conclusions 

 

we have demonstrated a new ambient hydrolysis deposition methodology to coat TiO2 

onto nanoporous carbons. The novel approach can tune the hydrolysis scales by varying 

the levels of pre-adsorbed water inside the porous carbon. To the best of our knowledge, 

this is the first ambient deposition method for nanoporous materials. It is potentially 

scalable due to its simplicity and low cost. Furthermore, we converted deposited TiO2 

into TiN nanocrystallites on the carbon surface by an NH3-based nitridation process to 

improve the surface conductivity of the nanoporous carbon electrodes in EDLCs. The 
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TiN phase greatly improves rate performance, which unequivocally demonstrates that 

metallizing surface of amorphous carbon electrodes is a viable approach for enhanced 

EDLCs. 
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9 Future Work 
 

Although significant research has been conducted to increase the energy density of 

ECs, some of it works at the expense of lowering power and shortening cycle life 

significantly, producing mediocre batteries rather than high performance ECs. Hybrid 

capacitors may be a solution for energy dense ECs, which incorporate a battery-type 

electrode and a capacitor-type electrode.  However, not all battery electrodes are viable 

in hybrid capacitors. Only those electrode materials with fast reaction kinetics and 

stable structures upon charge/discharge may work well in hybrid capacitors, not only 

storing more energy, but also performing high power and long cycle life, which 

differentiate capacitors from batteries.  

 

Aqueous batteries may deliver high power and provide long cycle life, because of the 

potentially high ionic conductivity and no active material consumption due to solid 

electrolyte interface. In hydronium-ion batteries, because H3O
+ has similar ionic radius 

as Na+, electrode materials storing Na+ may successfully accommodate H3O
+, as long 

as the potential is within electrochemical window of aqueous electrolyte. Moreover, 

high-rate Na+ electrodes are of particular interest to enable high power in aqueous 

electrolyte. Electrode dissolution harms the cycle life of batteries, which is a problem 

for some materials, especially in acidic electrolyte. This may be addressed by utilizing 

mixed electrolytes with weak acid and supporting electrolytes, which provide 

hydronium ions and high conductivity, respectively.  
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High ionic conductivity in acidic aqueous electrolyte can be explained by Grotthuss 

mechanism. It would be interesting to study this mechanism in organic electrolytes. 

Organic solvent molecules forming hydrogen bonding may experience similar proton 

conducting process as in aqueous electrolyte. If Grotthuss mechanism is proved to be 

viable in organic electrolyte, it may provide higher ionic conductivity, and lead to an 

evolution of ECs with enhanced power. 
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