


 

ABSTRACT 

Material engineering for Li-ion capacitors and Li-ion batteries.  

by 

Keiko Kato 

Electrochemical energy storage devices are fundamental driving force behind 

personal and industrial electronics. Since the first commercialization in 1991, Li-ion 

batteries became the most prevalent rechargeable energy storage technology in 

market because of high potential and energy dense attributes.  

Despite of the high energy density, a power density (especially charging) of 

Li-ion batteries is limited due to the sluggish lithium intercalation/de-intercalation 

process in and at the interface of electrodes. In this regard, supercapacitors serve as 

a complementary technology because supercapacitors store charge by quick ion 

adsorption/desorption reactions. To combine the advantages of Li-ion batteries and 

supercapacitors and bridge the technology gap, Li-ion capacitors are invented. A 

typical Li-ion capacitor consists of a battery-type anode and supercapacitor-type 

cathode in Li-ion containing carbonate-based electrolytes.  

The major challenge of LICs arises from such disparity in charge-storage 

mechanism and kinetic. This work addresses the issue by engineering electrode and 

electrolytes. 1) Two dimensional material (vanadium disulfide anode and nitrogen-
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doped reduced graphene oxide cathode) are developed to combat the low power 

density of battery-type electrodes and the low energy density of supercapacitor-

type electrodes. 2) The effect of Li-salts (PF6-, ClO4-, BF4-, TFSI-) contributions toward 

the electrochemical performances are evaluated. We demonstrated that the energy 

and power densities achievable by LICs are largely influenced (and perhaps 

determined) by the anion adsorption at the positive electrodes, and by the ion 

transport within the electrolytes.  

Another challenge of the current Li-ion battery technology is an 

environmental and sustainability aspect because of use of toxic and scarce 

transitional metals. Electroactive organic molecules based cathodes which can 

reversibly store Li-ions are an environmentally benign alternative. Here, we 

assessed electrochemical performance of a plant-based organic molecule (lawsone) 

and showed that its oligomer structure stabilizes the molecules, which led to 

improvement in capacity retention over repeated cycling. Next, we exploited the 

light-harvesting and Li-storing capabilities of organic molecules to demonstrate the 

light charging capability of the molecule.  
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Chapter 1: Foreword    

Since the commercialization of Li-ion batteries in 1991 by Sony along with 

the rapid advancement of portable electronic industries, Li-ion batteries became the 

major power source for portable electronics. Despite of the glory advancement in 

electronics, Li-ion batteries is still the bottom neck of the electronic devices which is 

caused often by parasitic reaction. The major challenges of the current Li-ion 

batteries are the power capability and cost.  

Chapter 2 summarizes the material engineering approaches to improve 

energy and power densities of Li-ion capacitors. Effect of Li-storing electrode 

material and electrolyte selection on the Li-ion capacitor performance is discussed. 

Chapter 3 explores electroactive organic molecule as cathode materials for Li-ion 

batteries. Moreover, using the photo-sensitive properties of organic molecules, 

optical charging of organic batteries is presented. 
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Chapter 2: Material engineering for Li-ion 

capacitors 

2.1. Background 

2.1.1. Types of energy storage systems 

Electrochemical energy devices with the capability of rapid charging and 

discharging and low-self-discharge properties without compromising energy 

density and safety can significantly advance high power portable electronic devices, 

electric vehicles and military applications. As shown in Figure 2-1, there are an 

array of electrochemical energy storage devices including batteries and 

supercapacitors. Since each technology has advantages and disadvantages, an 

appropriate energy storage technology is chosen or sometimes combines to meet 

the demands of application performances. For instance, Lithium primary battery 

finds its application in advanced military systems used by soldiers owning to its 

high energy density  (Figure 2-1 (b)). Soldiers carries 30-70 kg of military gears in 

which 30% of the weights arises from battery system. Thus, use of high energy 

density Lithium primary battery technology is a natural choice to minimize the load 

of military gear. On the other hand, some other applications such as in electrical 
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vehicles or portable electronics require rechargeability. Within the rechargeable 

batteries (secondary battery), Li-ion battery attained enormous popularity due to 

its high energy density compared to Lead-acid or Nickel metal hydride batteries as 

shown in Figure 2-1 (b). On the other hand, supercapacitor (SC) with high power 

density (10,000 W/kg) are often used for electronics which require high peak 

currents such as in Uninterruptable Power System (UPS) to ensure constant power 

supply during the emergency situations. However as shown in Ragone plot (Figure 

2-1 (c)), the energy density of power density is limited to 10 Wh/kg which limits the 

duration of usage (i.e. short driving range of electrical vehicles). On the other hand, 

rechargeable battery systems such as Lead-acid battery, Ni-MH battery and Li-ion 

battery (LIB) have high energy density (~100 Wh/kg). However its power density is 

limited to (< 1000 W/kg) making it not suitable for high current operations such as 

fast charging and supply of high current load etc. Therefore, batteries and 

supercapacitors are often used in conjunction to satisfy both energy and power 

requirements of electronic devices.  
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(c)  

 

Figure 2-1 Summary of various electrochemical energy storage devices (a) 
Electrochemical energy storage devices can be divided into battery and 
supercapacitors. Within battery, there is rechargeable battery (secondary) and non-
rechargeable battery (primary) with different electrode/electrolyte chemistries. (b) 
Energy density of rechargeable and non-rechargeable batteries.[1] (c) Ragone plot 
of different energy storage technologies. [2] 
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2.2. Li-ion capacitors: Hybridizing the advantage of LIB and SC 

The specific attainments and limitations in performances of LIBs and SCs are 

deep-rooted to their fundamental charge storage mechanisms as shown in Figure 

2-2. The faradaic Li-ion intercalation procreates high energy density of LIB, in 

conjunction impede the kinetics of Li-ion movement generating poor power density. 

Whereas, the non-faradaic surface ion adsorptions restrain the energy density of SC 

with lesser charge storage capability but faster Li-ion movement.[2] However, the 

faradic property of the LIB-electrode and non-faradic property of SC-electrode are no 

longer the two sides of a coin. A new class of hybrid devices “Li ion capacitors (LICs)” 

is envisaged as the promising next-generation energy storage technology combining 

both the LIB-type and SC-type electrodes in one device. The expected coherence of 

faradic and non-faradic properties from LIBs and SCs, respectively, ensures the high 

energy density, high power density with prolonged cycle life, and low self-discharge. 

[3,4] 
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Figure 2-2 Schematics to illustrate the difference of the fundamental charge storage 
mechanism in Li-ion battery (LIB) and supercapacitor (SC). Li-ion capacitor (LIC) is 
developed to take advantage of the both systems by using LIB-type anode and SC-
type cathode in conventional battery electrolyte. 

 

2.3. Previous works on Li-ion capacitors: Challenges and Opportunities 

In the past few years, LICs employing pre-lithiated graphite as LIB-type anode and 

AC as SC-type cathode have been successfully commercialized which expand its 

application in regeneration systems for transportation vehicles, power backup 

systems and storage systems for renewable energy. However, similar to its use in LIB, 

graphite anode is vulnerable during fast charging of LIC (Li insertion in graphite), 

which could create localized overpotentials triggering Li metal plating and hence 

internal short-circuit.[5–7] The low Li-ion intercalation potential (0.05 V vs Li/Li+) of 

graphite though increases the operable voltage limits ,jeopardizes the cycle life and 

power density.[3,4] Also, at such low potential anodic decomposition of electrolyte 
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and formations of solid electrolyte interphase (SEI) layers irreversibly consumes Li-

ions from the electrolyte and reduces the capacity over prolong cycling.[6] Moreover, 

sluggish Li-ion diffusion kinetics across the SEI layers and the graphite electrode 

limits the overall energy density of the commercial LIC to 14 Wh kg-1.[6] Therefore, 

safer and more robust battery-type electrode that can deliver high capacity even at 

high current density is devoured to advance the current LIC technology. 

As proposed by Amatucci, owing to its safety and relatively stable 

performance over long cycling spinel lithium titanate (Li4Ti5O12, LTO) has captivated 

research interests.[8] However, combination of low theoretical capacity (175mAh g-

1) and relatively high Li-ion intercalation potential (1.55V vs Li/Li+) significantly 

lowers the overall energy density.[8] Other metal oxides (TiO2 [9][10], Nb2O5[11–13], 

V2O5[14,15] etc) have been also investigated for LIB-type electrodes of LIC. However, 

due to electronically insulative nature, their power capability is poor unless they are 

synthesized in composite structures with nano-carbonenous materials (graphene, 

carbon nanotube etc).[12,14,16,17] Thus, prerequisites for LIB-type electrode 

include Li insertion potential just above anodic electrolyte decomposition potential 

(~0.7V), high theoretical capacity,intercalation Li-ion storage reactions instead of 

conversion and alloying reactions to ensure long cycle life, and ionically and 

electronically conducting materials. 

The supplementary counter electrode for LIC, i.e. the SC-type cathode also 

needs further improvement in terms of capacity to match with that of LIB-type anode. 
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The most sparingly used material is activated carbon owing to its high surface area, 

good electronic conductivity, good chemical stability and low cost.[18,19] However, 

the inherent micropores of activated carbon are inaccessible by salt ions solvated by 

relatively big organic solvent molecules, lowering the capacity especially at high 

current densities.[19] 

2.4. Evaluation of vanadium disulfide as anode materials 

A major portion of this section is adopted from ref [20]. K. Kato et al. “All 

Two-dimensional Materials as Electrodes for High Power and High Energy Storage 

Applications”, 2D Matierials, 2018, 5 (2), 025016 

Reproduced with permission.  

2.4.1. Motivation  

Currently, more than one energy storage technologies are used in tandem to meet 

simultaneously the energy and power requirements of various electronics including 

electric vehicles. The specific capabilities and limitations in performances of 

commercially available technologies such as Li-ion batteries (LIBs) and 

supercapacitors (SCs) are deeply rooted to their fundamental charge storage 

mechanisms. The faradaic Li-ion intercalation enables the high energy density of LIBs, 

but simultaneously impedes the kinetics of Li-ion movements generating a poor 

power density. In contrast, the non-faradaic surface ion adsorption in the SC system 
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leads to faster charge storage but limits its energy density. However, the faradic 

property of LIB-electrodes and the non-faradic property of SC-electrodes need not be 

the two sides of a coin. A new class of hybrid devices “Li ion capacitors (LICs)” is 

envisaged as the promising next-generation energy storage technology combining 

both the LIB-type and SC-type electrodes in one device. The expected coherence of 

faradic and non-faradic properties in a system ensures high energy density, high 

power density with prolonged cycle life, and low self-discharge. 

In the past few years, pre-lithiated graphite as a LIB-type anode gains importance 

due to low-lithiation potential and reasonably high capacity. However, similar to its 

use in LIBs, the graphite anode in LICs is vulnerable during fast charging (i.e., Li 

insertion in graphite) to localized overpotential, triggering Li metal plating and hence 

internal short-circuit. Though the low Li-ion intercalation potential (0.05 V vs. Li/Li+) 

of graphite increases the operable voltage window, it jeopardizes both cycle life and 

a power density due to sluggish kinetics across solid electrolyte interphase (SEI). On 

the other hand, spinel lithium titanate (Li4Ti5O12, LTO) has captivated research 

interests owing to its safety and relatively stable performance over repeated cycles. 

However, a combination of low theoretical capacity (175mAhg-1) and relatively high 

Li-ion intercalation potential (1.55V vs. Li/Li+) significantly lowers the overall energy 

density. Other metal oxides (TiO2, Nb2O5, V2O5 etc.) have been also investigated as 

LIB-type electrodes of LICs. However, due to the electronically insulative nature, their 

power capabilities are poor unless they are synthesized in composite structures with 

nano-carbonaceous materials, which often results in poor volumetric energies. Thus, 
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prerequisites for ideal LIB-type electrodes include Li insertion potential just above 

the anodic electrolyte decomposition potential (~0.7V), high theoretical capacity, 

intercalation Li-ion storage reactions instead of conversion and alloying reactions to 

ensure long cycle life, and ionically and electronically conducting materials. 

In view of the aforementioned characteristics, metallic transition metal 

dichalcogenides (TMDs) such as a vanadium disulfide (VS2) nanosheets are suitable 

contenders due their diversified structural, electronic and electrochemical 

properties. Herein, vanadium metal layer sandwiched between two S layers, has been 

predicted to show excellent electrical conductance, high aspect ratios, ultrathin 

edges, and good mechanical properties. With regard to the electrochemical 

properties,VS2 also holds the promise of a potential LIB-type anode offering both high 

energy and power density due to Li-intercalation at 1.0 and 2.2 V  vs. Li/Li+ and 

specific capacity of 466 mAhg-1  thus minimizing electrolyte decomposition and Li 

plating and ensuring safe operations even at high current densities.  

The supplementary counter electrode for LIC, i.e., the SC-type cathode, also needs 

further improvement in terms of the specific capacity to match with that of the LIB-

type anode. The most studied material is AC, owing to its high surface area, good 

electronic conductivity, good chemical stability and low cost. However, the inherent 

micropores of AC are inaccessible by salt ions solvated by relatively big organic 

solvent molecules, lowering the capacity especially at high current densities. In this 

regard, increasing the pores to meso-scale ensures the complete utilization of 

available surface pores. Additionally, doping this carbonaceous material with hetero-
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atoms (N, S, P) induces polarization in its inherent sp2 carbon network, which 

consequently increases the conductivity and wettability toward organic electrolytes. 

Hence, mesoporous nitrogen-doped reduced-graphene oxide (mesoN-rGO) is 

synthesized to build all two-dimensional electrodes based hybrid device. Thus, the 

present study demonstrates the promise and feasibility of VS2 and mesoN-rGO as LIB- 

and SC-type electrodes, respectively, for the development of LICs offering high energy 

density, high power density, stable cycle life in a wider range of temperature and with 

relatively low self-discharge. 

 

2.4.2. Materials and Methods 

2.4.2.1. Synthesis of VS2 

 Hydrothermal reaction was used to prepare nanostructured VS2 powder. Six 

(6)mmol of ammoniummetavanadate (99%, Sigma Aldrich)was mixed in the solution 

consistingof 60ml deionized (DI) water and 12 ml of ammonium hydroxide. After the 

ammonium metavanadate was completely dissolved, 60 mmol of thioacetamide 

(99%, Sigma Aldrich) was added to the solution and mixed with continuous stirring 

tocomplete dissolution. The solution was poured into 100 ml PTFE-lined autoclave 

and heated to 180 ºC for 20 hr followed by Newtonian cooling to room temperature. 

The black precipitatesthus obtained werecollected and washed with DI water and 

subsequently with ethanol several times to removeanyresidual reactants, followed 

bydrying in a vacuum oven at 80 ºC overnight before storing in an Ar-filled glove box.  
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2.4.2.2. Synthesis of mesoN-rGO 

Graphene oxide (GO) was synthesized using the Improved Hummer’s method. 

In brief, 3 g of graphite powder(Bay Carbon) was combinedwith 18 g of potassium 

permanganate and mixed well in 360 ml of sulfuric acid and40 mlof phosphoric acid 

by mechanical stirring. After 12 h of stirring, the solution was poured onto 500 g ice 

prepared from DI water, followed by addition of 14 mlhydrogen peroxide. The 

solution, whichimmediately turnedyellow,was filtered and washed repeatedly using 

DI water, 30% HCl, and ethanol to remove unwanted ions. One hundred grams (100g) 

of GO was mixed with 40 ml of DI water and sonicated for 3 h. The homogenous GO 

solution was further mixed with 30g of urea (certified ACS, Fisher Scientific), which 

was transferred into 100 ml PTFEautoclave and heated to 180 ºC for 12 hr. After the 

completion of reaction, the black precipitate was collected and washed with DI water 

and ethanol several times, followed by drying in a vacuum oven at 80 ºC overnight.  

2.4.2.3. Material Characterization 

Morphology of the synthesized VS2 and mesoN-rGOwasinvestigated using a 

FEI Quanta 400 scanning electron microscope.The X-ray diffraction (XRD) 

measurement was conducted using a Rigaku D/Max Ultima II Powder with Cu- Kα X-

ray tube. The chemical state and bonding nature were characterized using a PHI 

Quantera X-ray photoelectron spectroscopy with Al KR X-ray excitation source. For 

Raman spectra, a Renishaw spectrometer with a 633 nm laser was used. The surface 

nature of mesoN-rGO was analyzed using a Quantachrome BET.  
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2.4.2.4. Electrochemical measurement 

The electrode slurry was prepared by mixing 80:10:10 mass ratio of active 

materials (VS2,mesoN-rGO or AC (Asbury)): PVdF (Sigma Aldrich): Super P 

(Timcal)conductive carbon, in N-Methyl-2-pyrrolidone (Sigma Aldrich) as solvent. 

This slurry wascoated on stainless steel and aluminum foil to prepare VS2 and mesoN-

rGO electrode respectively, and dried in vacuum oven at 80 ºC overnight. 

Electrochemical measurement was performed using 2032-type coin cells with a 

quartz membrane (Whatman) as a separator wetted with organic electrolyte(1M 

LiPF6, EC:DMC 1:1 vol%) purchased from BASF.Cyclic voltammetry was measured 

with an Autolab PGSTAT 302 N potentiostat.Galvanostatic charge-discharge testing 

was performed ona LAND CT2001A battery tester and on an Arbin Instruments BT-

2000 battery cycler which wasconnected to an environmental chamber. 

Galvanostatic charge-discharge test was performed after 3 cycles of preparatory 

steps in which cells were rested for 4 hr and galvanostatically charged- discharged at 

very low current (20mA/g). For assembly of LIC, loading of VS2 and mesoN-

rGOwasbased on the specific capacity measured in each half-cell test. Specifically, 

loading of theSC-type mesoN-rGOcathode was ~4.2 times greater than the LIB type 

VS2 anode to ensure that the LIC was theanode-limited device. Specific energy and 

power density were calculated using the mass of effective active materials. 
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2.4.3. Vanadium disulfide anode Half-cell performance  

2.4.3.1. LIB-type VS2 electrode 

The major challenge in designing a hybrid energy storage system is inferior power 

capability of Li-ion intercalation electrode which leads to lower charge storage at high 

currents. Towards this direction, we have engineered metallic VS2 nanosheets to 

reduce the Li-ion diffusion pathways, thus effectively increase the power density to 

catch up with SC-type electrode.  

 

Figure 2-3 (a)SEM images showing flower-like morphology consistingof many 
nanosheets. The Inset indicates that the thickness of nanosheets is 50 nm. (b) XRD 
spectrum of VS2 agrees with the standard diffraction pattern.  

 The synthesized VS2 powder has a nanosheet morphology self-assembling to form 

flower like structures, as seen by scanning electron microscopy (SEM) (Figure 

2-3(a)). Such unique nanostructure morphology occurs in two-steps during the 

hydrothermal reaction. First, hydrolysis of thioacetamide produces hydrogen sulfide 
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(HS-) reducing V5+ to V4+. The V4s+ reacts with various functional groups in the 

reactants such as –SH, –COOH, and –NH2 to form V–S complexes, which are further 

decomposed to form nuclei of VS2. In the second step, the Ostwald ripening and self-

assembly of the VS2 nanosheets lead to formation of nanoflower-like structures. The 

structural features of VS2 nanosheets were evaluated using X-ray diffraction, X-ray 

photoelectron (XPS) and Raman spectroscopy studies. The diffraction pattern (Figure 

2-3 (b)) is perfectly matched with the hexagonal phase of VS2 with the space group of 

P-3m1 (JCPDS No. 01-089-1640). The peaks at 2θ values of 15.3°, 35.7°, 45.2° and 

57.1° could be assigned (hkl) values of the 1T phase as (001), (011), (012) and (110) 

planes, respectively. The lattice parameters were calculated by using PDXL software 

with respect to the standard pattern, and were found to be a=3.2355(7)Å, c= 5.8(7)Å; 

V=52(6)Å. The vanadium layer is sandwiched between two S layers and these three 

layers are stacked together with interlayer spacing of 5.8 Å, similar to a CdI2-type 



 
27 

  

structure. This enlarged z-direction spacing is further expected to facilitate the 

insertion reaction in operation as a battery type electrode.  

 

 

Figure 2-4 (a) XPS spectrum with vanadium 2p peak and sulfur 2p peak. (b) Raman 
spectrum of VS2 showing the characteristic peaks of VS2 at 280 cm−1 and 402 cm−1. 

Figure 2-4 (a) shows the deconvoluted X-ray photoelectron spectroscopy (XPS) 

spectrum of VS2 nanosheets. Deconvolution of vanadium 2p3/2 peak centering around 

517 eV resulted in three individual peaks at 513.8, 516.3 and 517.3eV which 

correspond to V3+, V4+ and V5+ respectively. The variable oxidation states observed 

may be due to surface vanadium-organic moieties. The sulfur 2p peak generally 

appears as a doublet of 2p3/2 and 2p1/2 at a peak separation of 1.18 eV with similar 

FWHM. Assignment of the doublet peaks in sulfur spectrum reveals that sulfur is 

bonded as S-V4+ (pink: 161.06 eV as 2p3/2 and 162.27 eV as 2p½) and S-V2+ (green: 

163.57 eV as 2p3/2 and 164.36 eV as 2p½). The broad FWHM of peak doublet at 161.98 
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eV (2p3/2)/162.65 eV (2p1/2) and 165.04 eV resulted from the presence of remnant 

organic complexes after hydrothermal synthesis. Through these physical and 

chemical characterizations, desirable phase purity and composition of VS2 were 

confirmed. 

 

Figure 2-5 Electrochemical characterizations of VS2. (a) CV of VS2 electrode 
performed in half-cell configuration at scan rate of 0.2 mV s−1. The CV curve 
indicating the two-step Li intercalation reactions. The first redox (lithiation/de-
lithiation) reaction takes place at 2.2 V and second redox reaction takes place at 1 V. 
(b) Voltage profile of galvanostatic charge–discharge test on VS2 electrode in half 
cell at various current densities. (c) Specific discharge capacity at various current 
densities indicating a high power capability of the VS2 electrode. (d) Specific charge 
and discharge capacity and coulombic efficiency of the VS2 electrode with cycling. 

 

To evaluate the Li-ion intercalation properties of nanostructured VS2, 2032-type 

coin cells were constructed using VS2 as a working electrode and Li metal as both 
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counter and reference electrode with a conventional battery electrolyte (1M solution 

of LiPF6 in ethylene carbonate: dimethyl carbonate 1/1 vol.%).  CV was performed at 

scan rate of 0.2 mV s−1 (Figure 2-5 (a)), which exhibits two-step intercalations at 2.3 

V and 1.0 V versus Li/Li+ and corresponding de-interclations at 1.3 and 2.4 V versus 

Li/Li+.  Also, asfabricated VS2 half-cells were galvanostatically cycled between 0.9 and 

3.0V at current densities of 0.1, 0.2, 0.5 and 1.0 A/g. The lower cut-off voltage was 

restricted to 0.9V to circumvent the decomposition of the organic electrolyte. As seen 

in Figure 2-5 (b), two distinct discharge plateaus are observed at 2.3V and 1V 

indicating two-step Li-ion intercalations. The first voltage plateau at 2.3V could be 

established to the reduction of V4+ to V3+as follows:  

 

VS2 + Li+ + e− → LiVS2                                                                                                      (1) 

The second discharge voltage plateau at 1V is due to the second Li intercalation into 

the LiVS2 structure, reducing V3+ to V2+ as follows:  

LiVS2 + Li+ + e− → Li2VS2                     (2) 

These two-step Li-ion intercalations involving 2 electron transfers result in a high 

specific capacity of 400 mAhg-1 at 0.1Ag-1. Notably, the capacity obtained at the low 

current density is retained about 80% at the high current density of 1 Ag-1 as shown 

in Figure 2-5 (c). This remarkable power-delivery capability of VS2 can be ascribed to 

the combination of excellent electronic and ionic conduction resulting from the 

metallic nature and 2D nanostructure of VS2 material. As seen in Figure 2-5 (d), VS2 
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shows stable capacity over 300 cycles with nearly 100% coulombic efficiency, 

suggesting absence of secondary electrochemical reaction and no degradation of the 

sulfide electrode as such. 

 

2.4.4. Nitrogen doped reduced graphene oxide cathode half-cell 

performance 

 

Figure 2-6 Structural and chemical characterizations of the meso N-rGO. 
 (a)SEM image showing thin nanosheet morphology. (b) Nitrogen adsorption–
desorption isotherm of meso N-rGO at 77 K. The inset figure shows the pore size 
distribution estimated with the DFT model.  

SC-type meso N-rGO electrode: 

 

 Graphene oxide was reduced and doped in a single process using hydrothermal 

reaction and urea as nitrogen dopant precursor. As-obtained N-rGO consists of 
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ultrathin graphene nanosheets as seen in Figure 2-6 (a). For the SC-type electrode, 

charge storage is achieved by anion adsorption on the electrode surface, where the 

porous nature dictates the charge storage capability. Therefore, surface 

characteristics of the N-rGO electrode material were analyzed by nitrogen 

adsorption-desorption isotherms. The isotherm curve (Figure 2-6  (b)) can be 

classified as type IV curve and the hysteresis loop indicates capillary condensation in 

mesopores. Moreover, the shape of the hysteresis loop can be classified as H2 type, 

indicating the presence of disordered ink-bottle shaped mesopores. The pore size 

distribution was estimated by using a Quantachrome Autosorb device which uses a 

density functional theory (DFT) model and is depicted in the inset figure of Figure 

2-6 (b).The average pore diameter ranges from 3.2 to 4.5 nm with DFT surface area 

of 390 m2g−1 from the adsorption curve. 

 

Figure 2-7 XPS spectrum of N-rGO (a) XPS spectrum of nitrogen 1s peak which 
deconvoluted into three chemical states of nitrogen: pyridinic N, pyrrolic N and 
quanternary N. (b) XPS spectrum of carbon 1s peak. 
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 A standard spectrum from XPS confirms the presence of nitrogen (N1s, 399.0 eV) 

along with carbon (C1s 284.5 eV) and oxygen (O1s 531.5 eV) peaks from meso N-rGO. 

As shown in Figure 2-7 (a), a high resolution spectrum of the N1s peak (396 eV- 404 

eV) can be deconvoluted into three distinguished peaks indicating three different 

chemical environments of nitrogen: pyridinic-N (398.0 eV), pyrrolic-N (399.4 eV) and 

quaternary-N (401.7 eV). Pyridinic-N bonds (sp2 hybridized) with two C atoms at the 

edges or defects of graphene and contributes one p electron to the π system. Pyrrolic-

N (sp3 hybridized) refers to N atoms that contribute two p electrons to the πsystem, 

although unnecessarily bond into the five-membered ring. Quaternary-N refers to N 

atoms that substitute for carbon in the hexagonal ring. These different types of 

nitrogen doping play significant roles in improving the physical and electrochemical 

properties. For instance, pyridinic-N and pyrrolic-N enhance wettability of carbon 

electrode due to their ability to donate protons, whereas quaternary-N, also referred 

to as graphitic-N, improves the electronic conductivity of the graphene. The high 

resolution C 1s (282-290eV) spectrum can be assigned to four peaks (Figure 2-7(b)). 

The major peak at 284.4 eV arises from the sp2 carbon atoms of the graphene 

structure. Peaks at 285.3 eV and 286.4eV can be assigned to C=N and C-N, 

respectively, resulting from successful nitrogen doping. The other peak at 287.65eV 

corresponds to C=O, and suggests the presence of residual oxygen-containing 

functional groups from GO. 
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Figure 2-8 Electrochemical performace of meso N-rGO in half-cells. (a) CV of the 
meso N-rGO electrode performed in half-cell configuration at scan rate of 10 mV 
s−1. The CV curve shape indicates a typical capacitive energy storage nature. (b) 
Voltage profile of galvanostatic charge discharge test on meso N-RGO electrode in 
half cell at various current densities showing typical capacitive behaviors. (c) 
Specific discharge capacity at various current densities. (d) Specific charge and 
discharge capacity and coulombic efficiency of meso N-RGO electrode over cycle 
numbers. 
presented 

Electrochemical performance of meso N-rGO as SC-type electrode was evaluated in 

half-cell configuration using Li as counter/reference electrode in the potential 

window of 3-4.7 V (Figure 2-8 (a)). The voltage profile of a galvanostatic charge-

discharge tests at various current densities indicates capacitive charge storage 

without any sign of electrolyte oxidation (Figure 2-8 (b)). Moreover, meso N-rGO 
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could provide 65 mAhg-1 at a current density of 0.1 A/g. The enhancement in capacity 

can be ascribed to the improved electronic conductivity and wettability toward the 

organic electrolyte after nitrogen doping. As shown in (Figure 2-8 (c)), the meso N-

rGO electrode exhibited satisfactory performance at current densities in the range of 

0.1 to 1 A/g. The meso N-rGO electrode also exhibited excellent cycleability with 

insignificant capacity fade over 300 cycles, as shown in Figure 2-8 (d). 

 

2.4.5. Full cell performance evaluation  

LICs based on VS2 anodes and meso N-rGO cathodes: After evaluating the 

electrochemical properties of individual electrodes, LICs using VS2 as the anode and 

meso N-rGO as the cathode were fabricated. The loading of active materials was 

adjusted based on the specific capacity determined with the respective half-cells. The 

as-assembled hybrid LIC (OCP ~ 0V) is first charged to 4.0 V where Li-ion intercalates 

into VS2 electrode via faradaic reduction reactions and PF6- ions are adsorbed on the 

surface of the meso N-rGO electrode (Figure 2-9 (a)). During the discharging process, 

the reverse process takes place where faradaic oxidation reaction (delithiation) 

happens on VS2 and PF6- ions are desorbed from the meso N-rGO surface. 



 
35 

  

 

Figure 2-9 Electrochemical performance of hybrid LIC using VS2 as anode and meso 
N-RGO as cathode. (a) Schematic of LIC based on VS2 and meso N-rGO and its ion 
movements during the charging and discharging processes. (b) Voltage profile of 
galvanostatic charge–discharge test conducted at various current densities. The two 
plateau indicates the two-step Faradaic lithium intercalation reactions into VS2 van 
der Waals layers. (c) Self-discharge property of our LIC compared with an AC-based 
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symmetric SC. The figure indicates the voltage retention profile in open-circuit 
condition after being galvanostatically charged to demonstrate low self- discharge 
property of our hybrid Li-ion capacitors. (d) Discharge capacitance of our LIC over a 
number of cyclesat 200 mAg−1. 

 The hybrid Li-ion capacitor is galvanostatically charged-discharged at various 

current densities between 0.8 and 4.0V as shown in Figure 2-9 (b). The voltage 

plateau at 1-2V and 3-4V during the charging process manifests the two-step faradaic 

Li-ion intercalations characteristic of VS2 anode as explained in Equation (1) and (2). 

Therefore, upper cut-off voltage of 4.0V is selected to ensure completion of the two-

step lithiation reaction. It is also noteworthy that these two step Li intercalation 

reaction and corresponding voltage plateaus can be clearly witnessed even at a high 

current density of 500 mA g-1, demonstrating the high power capability of 

nanostructured VS2 battery-type anode material enabled by high ionic and electronic 

mobilities in full cell configuration. 

Having one of the electrodes faradaically storing the charge in the bulk of electrode 

via Li-ion intercalations, LIC can offer lower self-discharge compared to the 

conventional SCs whose charge storage entirely depends on the ion adsorption on 

electrode surfaces. Therefore, we have compared the self-discharge behavior of 

VS2//mesoN-rGO-based LIC with activated carbon (AC)-based symmetric SCs. Figure 

2-9 (c) represents the voltage retention profile of LIC and conventional SC in open-

circuit condition after being charged to 3.5 V. It is clear that the AC-based symmetric 

SC system self-discharges 17% of its original potential immediately after switching to 

open-circuit mode, while no evidence of sudden voltage drop is observed for the 
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VS2//meso N-rGO LIC. Even after 5 hrs of self-discharge, VS2//meso N-rGO-based LIC 

retains 83% of its original potential while the AC-based symmetric supercapacitor 

self-discharges half of its original voltage. The observed co-existence of low self-

discharge and high power capability is a unique property resulted from hybridizing 

distinct charge storage mechanisms in one device, which cannot be realized in either 

of conventional LIBs or SCs. Capacity retention of the hybrid Li-ion capacitor is 

evaluated at 200 mAg-1, wherein 79% of the original capacity was retained over 

1000cycles (Figure 2-9 (d)).  

 

Figure 2-10 Ragone plot of the performance of VS2/meso N-RGO based LIC and 
conventional LIBs, SCs, and other LIC systems. (Nb2O5-CNT//AC , TiO2-B//CNT, 
Li4Ti5O12//AC, TiC//PHPNC, V2O5-RGO//AC, VN//PVDC). 
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Lastly, energy and power densities of our hybrid Li-ion capacitor at room 

temperature are calculated from the galvanostatic charge discharge test based on the 

following equations and plotted in a Ragone plot as shown in Figure 2-10. 

P(W kg−1) = I(A kg−1) × (
Vmin+Vmax

2
)                                                                               (3) 

E(Wh kg−1) = P(W kg−1) × t (hour)                                                                                (4) 

P (W kg-1) is specific power density, I (A kg-1) is applied current density, Vmin and 

Vmax are lower and upper cutoff voltages, respectively, E(Wh kg-1) is specific energy 

density and t is discharge time. Remarkably, the LIC based on VS2 and meso N-rGO 

delivers the highest energy density of 121 Whkg-1 with power density of 240 Wkg-1 

(discharge in 30.3 minute). Moreover, 29Whkg-1 of energy density is retained at high 

power output of 3600W kg-1 (discharge time of 43 seconds). The performance of 

VS2//meso N-rGO-based LIC successfully bridges the gap between conventional Li-

ion battery and supercapacitors. The combination of the following key properties 

accounts for such improved performance of the hybrid Li-ion capacitor: (1) high Li-

ion storage capacity of LIB-typeVS2 anode; (2) high power capability of VS2 due to the 

semi-metallic conductivity and fast Li-ion diffusion kinetics of the nanostructure; and 

(3) enhanced PF6- ion adsorption in the SC-type meso N-rGO cathode due to nitrogen 

doping. It is also notable that the high observed power density results from the 

inherently fast electron and ion kinetics of VS2 without the need to further engineer 

the electrode, for example by developing composites with carboneous nanomaterials 

(i.e. graphene, carbon nanotube etc...). In this way, Li-ions are stored in the bulk of 

electrode and not on the surface of electrodes, which allows the VS2//meso N-rGO-
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based LIC to achieve both high energy and power densities and excellent self-

discharge behavior simultaneously. 

 

2.4.6. Discussion  

In summary, a metallic VS2 nanostructure has been shown to achieve a high capacity 

(400 mAh/g) and high power capability (upto 1A/g)as a battery-type electrode. 

Similarly, a meso N-rGO- electrode has been synthesized as a SC-type electrode with 

the specific capacity of 60 mAh/g in the potential window of 3-4.7V and desirable 

porosity of 3.2 to 4.5 nm. By combining these two-dimensional electrodes, we 

demonstrated that an all two-dimensional materials based hybrid energy storage 

device can be achieved which offers great advantages over conventional Li-ion 

batteries and supercapacitors by providing high energy, power density, long cycle life 

and low self-discharge. Further, the operability of the VS2//meso N-rGO based LIC in 

a wider range of temperatures is also realized. 

 

2.5. Effect of anions in electrolyte on Li-ion capacitor 

A major portion of this section is adopted from ref [21]. K. Kato et al. “Revealing 

anion chemistry above 3V in Li-ion capacitors”, Electrochimica Acta, 324, 134871 

Reproduced with permission.  
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2.5.1. Motivation 

The major challenge of LICs arises from such disparity in charge-storage 

kinetics as charge storage capabilities of positive and negative electrodes cannot be 

balanced at all the current densities, which can expose either electrode to unstable 

voltages and ultimately accelerates performance fade[22]. In other words, 

electrolytes are required to perform different functions as cations intercalates into 

the negative electrodes and anions adsorbs on the positive electrodes. Therefore, the 

performance of electrolytes in such distinctive environments is critical to develop 

stable LIC devices. In the past decade, considerable efforts were directed towards 

enhancing kinetics or employing active materials with high electron mobility in the 

LIB-type electrodes; conventional strategies involve nanostructuring active 

materials[20,23], creating composites with carbonous nanomaterials[24,25], and 

utilizing electronically conductive sulfides[20] and nitrides[23,26,27]. In spite of the 

ever-growing number of studies focusing on electrode materials, only a handful of 

reports actually investigates effects of electrolytes on the energy and power outputs 

of LICs[28–30].  

 The electrolytes are typically consists of a lithium salt dissolved in 

organic solvents. Compared to Li-ion batteries, the salt anions have a more explicit 

role on the effectivity of the electrolyte in LICs because the charge storage of the 

EDLC-type positive electrodes solely relies on anion adsorption. Although there are 
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great deal of studied on the effect of  ion size, solvents, carbon pore structure on the 

achievable capacitance of the EDLC systems[31], only a few reports focus on the effect 

of Li-salts on the LIC performance. Understanding of the anion’s influence on the 

device performance will provide strategical designing and selection guideline of 

electrolytes optimized for LIC applications. Blending Li salts (LiBF4 or LiPF6) with a 

tetraalkylammonium salt (TEABF4) commonly used in EDLCs in organic solvents 

increases capacitance[28–30], stability towards oxidation, and cycle life[30]. 

Nevertheless, the absence of a comprehensive study concerning the role of different 

anions in the performance of LICs is a critical gap in the literature of these devices. 

 

Figure 2-11 Schematic illustration of a Li-ion capacitor (LIC) used as a model to 
study effects of anions in electrolytes on the device performances. 
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 Herein, we systematically investigate the influence of anions on the 

performance of LICs, by comparing four Li-salts containing different counterions: 

hexafluorophosphate (LiPF6), tetrafluoroborate (LiBF4), perchlorate (LiClO4), and 

bis(trifluoromethanesulfonyl)imide (LiTFSI). These four Li-salts are one of the most 

common salts used for Li-ion batteries because of its large and relatively stable anion 

structures. Here, we selected these salts due to the anion size difference (Figure 2-11) 

and its difference in ionic conductivities (associated with dissociation constant, which 

will be explained in the later section). Due to the complexity of the dual charge-

storage mechanism occurring in LICs (Figure 2-11), the influence of anions on the 

performance of AC and LTO electrodes was first investigated using a half-cell 

configuration (vs Li metal), to independently evaluate contributions of the anions to 

the individual electrodes. This deconvolution of electrochemical phenomena granted 

by half-cells will be invoked later in this manuscript during the evaluation of LIC full-

cells (AC vs LTO). We demonstrate that the anions have immense impact on the 

achievable energy and power densities, mainly due to their distinct adsorption 

behaviors on the positive electrode surface and transport properties in the 

electrolyte. More than providing a direct compositional-screening, this study 

highlights the decisive activity of anions, and suggests which properties, metrics and 

structural features are relevant during the design of new electrolyte salts. 
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2.5.2. Experimental  

2.5.2.1. Electrolyte and electrode preparation 

Electrolytes were prepared in an Ar-filled glove box by forming 1 mol L-1 

solutions of the respective Li-salts (Sigma Aldrich) in mixtures of ethylene carbonate 

(EC, Sigma Aldrich) and dimethyl carbonate (DMC, Sigma Aldrich) in 1:1 volume ratio. 

The LiPF6 electrolyte (1 mol L-1 LiPF6 in EC:DMC 1:1 volume ratio) was purchased 

from BASF and used as received. The active material powders for both the positive 

electrode (activated carbon, AC 5564, kindly supplied by Asbury Carbon Inc) and the 

negative electrode (spinel lithium titanate nanopowder, Li4Ti5O12, < 200 nm, Sigma 

Aldrich) were used as received. The slurries contained 80:10:10 weight ratio of active 

materials (AC or LTO), Super P conductive carbon (Timical) and polyvinylidene 

fluoride (Sigma Aldrich), respectively, in a sufficient amount of N-methyl-2-

pyrrolidone (NMP, Sigma Aldrich) solvent. Electrodes were prepared by applying the 

respective slurries on Al foil (for AC) and Cu foil (for LTO) using a doctor blade 

coupled to an automated coating machine. The coated electrodes were dried 

overnight in a vacuum oven at 90 °C, and then cut into circular disks (diameter of 12.5 

mm) for electrochemical measurements. All the electrochemical tests were 

conducted in 2032-type coin cells, with a quartz membrane used as a separator, and 

excess electrolyte. 
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2.5.2.2. Galvanostatic charge-discharge test 

Galvanostatic charge-discharge testing was performed on Arbin Instruments BT-

2000 battery cyclers. For the LIC full-cell studies, the mass loadings of LTO and AC 

were balanced based on the specific capacity obtained at 0.1 A g-1 from the respective 

half-cell measurements (typically in the range of 1-2 mg/cm2 for LTO and 7-9 mg/cm2 

for AC). The resulting thicknesses of the LTO and AC electrodes were ~20 µm and 

~80 µm, respectively. The electrodes used in full-cells had the same thickness and 

composition as the ones used in half-cell measurements. For the AC half-cell studies, 

charge-discharge tests were conducted between 3.0 - 4.5 V at current densities of 0.1 

to 2.0 A g-1, while for LTO voltages were constrained to 1.0 – 3.0 V at current densities 

of 0.1-10 A g-1. A five-fold higher current density was applied for the LTO half-cells to 

simulate the effective current density experienced by the LTO electrodes in the LIC 

full-cells, in which the mass loadings of LTO is set to be one fifth of AC, as described 

above. To acquire additional information from the self-discharge behavior, a rest time 

of five seconds was implemented immediately after the charging and discharging 

steps of AC half-cells and LIC full-cell studies. Specific energy density, E (Wh kg-1) and 

power density P (W kg-1) were calculated using the following equations: 

E(Wh kg−1) = Q(Ah kg−1) × V (V)                                                                                 (1) 

P(W kg−1) = E(Wh kg−1) ÷ t (hour)                                                                                    (2) 
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where Q (Ah kg-1) is the specific capacity stored with respect to the total mass 

of AC and LTO active materials, V is the average voltage excluding the IR drop and t is 

the discharge time. 

2.5.2.3. Electrolyte transport measurements 

Transport properties of the electrolytes were measured in triplicates, to ensure 

reliability. Ionic conductivities were assessed by electrochemical impedance 

spectroscopy (EIS), by adding the electrolytes to quartz membranes sandwiched by 

two blocking stainless steel electrodes. Lithium transference numbers were 

measured using the potentiostatic polarization technique as described by Evans et 

al.[32,33]. These measurements were conducted on symmetrical 

Li/electrolyte+separator/Li cells. As related literature for LiPF6 is available, we opted 

to reproduce here the data from the work by Valoen et al for this system[34]. As 

discussed in a previous publication, reproducibility (and accuracy) of transference-

number measurements were improved by selecting appropriate polarization 

potentials[35]. Anionic transference numbers were calculated by subtracting the 

lithium transference numbers from unit and considering that the total charge 

transported in the electrolyte is a summation of partial currents carried by anionic 

and cationic (Li+) species[32]. Anionic conductivities were obtained by multiplying 

the total ionic conductivities by the anionic transference number. Electrochemical 

impedance spectroscopy (EIS) was taken from 100 kHz to 0.1 Hz with an amplitude 

of 5 mV, and the EC-Lab software was used to fit the impedance data to obtain the 
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solution resistance (Rs, for the ionic conductivity), the charge-transfer resistance (Rct, 

for the lithium transference number), and CPE coefficient (n). EIS and potentiostatic 

polarizations were conducted in an Autolab PGSTAT 302N. 

2.5.2.4. Surface and pore analysis  

Porous surface characteristics of activated carbon (AC) was evaluated by physical 

adsorption/desorption of N2 gas at 77K (Quantachrome Autosorb-iQ-MP/Kr BET 

Surface Analyzer). The pore size distribution was estimated using quenched solid 

state density functional theory (QSDFT) considering the microporous nature of AC. 

Cylindrical, slit and sphere pore models were selected as pore geometries due to the 

nature of the hysteresis loop (H3) observed from the isotherm measurement. The 

data reduction software available in the Quantachrome instrument was used for the 

pore distribution calculations.  

2.5.3. Results and discussion  

2.5.3.1. Electrolyte transport properties: the effect of anions  

 The electrolytes of interest for LICs are solutions of lithium salts 

dissolved in non-aqueous solvents. As such, they exist as a pool of partially 

dissociated ions, with Li+ solvated by charge-dense moieties of the solvent molecules. 

Contrarily, the anions are relatively undisturbed by the solvent, due to the effective 

delocalization of a partial negative charge[36,37]. As the salts investigated here share 

a same cation (Li+), variations in the intrinsic properties of the negative counterions 
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can be expected to affect the charge storage capability of LICs. A direct consequence 

of these variations is also observed in the ionic conductivities of 1 mol L-1 solutions of 

the salts in EC/DMC, which increases as LiBF4 < LiTFSI < LiClO4 < LiPF6 (Table S1).  

Although the imide-based anion TFSI- is bulkier than the other anions (Figure 

2-12 (a))[38–41], the large anion size does not directly affects the ionic conductivity. 

This is because the strength of dissociation, rather than the size of Li-salts, plays a 

critical role in determining the ionic conductivity of the electrolytes. The strength of 

dissociation (in certain carbonate solvents) increases with ion volume[40], as TFSI- > 

PF6- > ClO4- > BF4-. The lower dissociation constant observed for BF4-[42,43] indicates 

that a smaller effective ion concentration available for ion conduction which is exactly 

the reason behind the low ionic conductivity of BF4- (Table S1). Moreover, charge 

transport in LiPF6 and LiTFSI solutions is favored by the greater dissociation degree, 

counterbalancing the influence of a larger anionic radii. 

 

Figure 2-12 Physical properties of Li-salts used in this study.  (a) Desolvated anion 
sizes and structures of the four Li salts (LiPF6[44], LiClO4[45], LiTFSI[38] and 
LiBF4[46]) investigated in this study. (b) Effective anionic and cationic 
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conductivities of the prepared electrolytes containing different Li salts in the solvent 
mixture of EC/DMC 1/1 vol%. 

Considering that LICs are dual-ion based devices where both anions and 

cations partake in the charge-storage processes (Figure 2-12), the analysis of 

transference numbers and effective ionic conductivities of anions and cations offers 

further insights on the electrolyte properties. First, lithium transference numbers 

were measured using the potentiostatic polarization technique on Li-symmetrical 

cells as described by Evans et al. [32,33]. Second, anionic transference numbers were 

calculated by subtracting the lithium transference numbers from unit and 

considering that the total charge transported in the electrolyte is a summation of 

partial currents carried by anionic and cationic (Li+) species[32]. Lastly, the cationic 

and anionic conductivities were calculated by multiplying the respective transference 

number to the total ionic conductivities measured by EIS.  (see Experimental 2.3. for 

details). 

Table 1 Comparison of anionic transference numbers, ionic conductivities, and 
effective anionic and cationic conductivities of electrolytes containing different Li-
salts. 
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It shows that the anion has the largest relative contribution to the conductivity 

in LiTFSI, and the smallest in LiPF6. The resulting anionic conductivity, reuniting 

contributions from size, dissociation and mobility, increases in the following order: 

LiBF4 ˂ LiClO4 ˂ LiTFSI < LiPF6 ((Figure 2-12 (b)).  As a consequence, migration of 

anions to the positive electrode is faster when the latter salts are used. An analogous 

conclusion is achieved when analyzing the Li+ conductivity, which progresses as 

LiTFSI ≈ LiBF4 ˂ LiClO4 < LiPF6, highlighting the prominent transport properties of 

LiPF6. 

2.5.3.2. AC positive electrode half-cell evaluation 

For the AC/Li half-cells, devices were galvanostatically cycled between 3.0 and 

4.5 V (the window similar to the one experienced by the AC electrode in full-cells), at 

current densities ranging from 0.1 to 2 A per mass of AC, as indicated in Figure 2-14 

(a). At the lowest current density (0.1 A g-1), the specific capacity observed, associated 

with anion adsorption at the positive electrode, follows the order: LiTFSI < LiPF6 < 

LiBF4 < LiClO4. To grasp the origin of these differences in the attainable capacity, the 

pore structure of the activated carbon was compared with the anion’s size. It has been 

reported that the maximum capacitance can be achieved when the electrode pore size 

is tailored to be slightly larger than the adsorbing ions [38,46,47]. Moreover, since 

anions are known to be partially desolvated when entering the carbon pores [31], 

bare anion size (without solvation shell) is used here (Figure 2-12 (a)). Nitrogen 

isotherm and QSDFT pore size distribution of the AC indicate that a majority of the 
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existing pores is smaller than 0.74 nm (Figure 2-13). Such microporous structure 

justifies the poor adsorption behavior of TFSI anions, as their desolvated size 

(0.79nm) fails the full utilization of the small pores. For the other three salts, the 

progression of capacity is in reasonable accordance with the anion size (except for 

LiBF4). In general, the smaller the anion size, the greater the charge storage capability, 

due to the formation of short and compact electrical double layer[48,49], and to the 

improved accessibility to the micropores of the host material[38,50]. 

 

 

Figure 2-13 Nitrogen physisorption isotherm measurement of activated carbon 
used for cathode materials. (a) Nitrogen adsorption desorption isotherm curve (b) 
IQSDFT pore size distributions 

The irregular behaviors of LiBF4 can be explained by inspecting the voltage 

profiles (Figure 2-14 (b)).  At a current density of 0.1 A g-1, all electrolyte systems 

present a typical linear voltage profile, indicating voltage independent capacitive 

anion adsorption on AC surfaces for all the Li-salts. However, when the current 
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density is increased to 1 A g-1, a noticeable different feature arises for LiBF4 where 

higher sudden voltage increase appears, constraining the system to a narrower 

effective voltage window. Such large ohmic loss can be explained by the higher 

impedance arising from the lower total conductivity of LiBF4 electrolytes (Table 1) 

and justifies the decreased performance of this salt at higher cycling rates. 

 

Figure 2-14 Rate capability tests of AC half-cell (Li metal used as counter electrode) 
with the electrolytes containing different Li salts.  (a) Capacity retention of the AC 
half-cells with different electrolyte systems at various current densities from 0.1-2.0 
A g-1. The galvanostatic charge-discharge tests were conducted in the voltage range 
of 3 – 4.5 V vs Li foil. (b) Voltage profiles of the AC half-cells cycled at 0.1 and 1A g-1 
with respect to the mass of AC.  

Further insights on the effect of Li salts on the AC electrode/electrolyte 

interface were obtained from electrochemical impedance spectra of AC//AC 

symmetrical cells at different potentials. The symmetrical cell was charged to 3.0 V to 

induce voltage shifts of 1.5 V on both positive and negative electrodes (+1.5 and -1.5 

V, respectively), simulating similar voltages experienced by AC electrodes in the 

aforementioned half-cell tests (~3.0 - ~4.5 V vs Li/Li+, as the open circuit voltage of 

AC is ~3.0 V vs Li/Li+). The Nyquist plots (Figure 2-15 (a)) present a depressed 
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semicircle at high frequencies and a non-vertical line at the low frequency region. The 

semicircles generally arise from faradaic charge-transfer processes[51]. Therefore, 

the appearance of the semicircle indicates a possible pseudocapacitive response from 

the functional groups present at the surface of activated carbon[52,53] or Li-

intercalations in the activated carbon surface layers (at negative electrodes). By 

comparing the four electrolyte systems, it is apparent that both the bulk resistance 

(first intercept in real impedance at the high frequency region, proportional to the 

total solution conductivity) and the charge-transfer resistance (diameter of the 

semicircle) are largest for LiBF4, in agreement with the ohmic loss observed in the 

voltage profile of AC half-cell at 1A g-1 as shown in Figure 2-14 (b). On the other hand, 

resistances were similar for the other three systems (LiPF6, LiClO4 and LiTFSI). 



 
53 

  

 

Figure 2-15 EIS analysis on AC//AC symmetrical cells with the different 
electrolytes. (a) Nyquist plots of AC//AC symmetrical cells taken at OCP, 1.5 V and 3 
V. (b) An equivalent circuit model of the impedance spectrum. Rs is the solution 
resistance, Rct is the charge-transfer resistance, Cdl is the double layer capacitance 
and CPE is the constant phase element. (c) Comparison of the CPE coefficient (n) at 
different potentials for systems containing different Li salts. A n value close to 1 
indicates a capacitive behavior and charge accumulation process, while n closer to 
0.5 indicates a diffusion-controlled behavior. 

The non-vertical line at the low frequency region can be used to understand 

how “ideal” the capacitive behavior is when an anions are adsorbing on AC electrodes. 

It can be approximately modelled by a resistance associated in series with a constant 

phase element (CPE). The impedance of a CPE ( 𝑍𝐶𝑃𝐸 ) is expressed by 𝑍𝐶𝑃𝐸 =
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[𝑄(𝑗𝜔)𝑛]−1 , where Q is a frequency-independent parameter, 𝑗  is an imaginary 

number, 𝜔 is a radial frequency and n is an exponent of 0 ≤ n ≤ 1. When this exponent 

of n is unity, the system is an ideal capacitor (90° vertical line in a Nyquist plot) and a 

deviation from the ideal capacitor (n<1) arises from distribution of reaction rates and 

non-uniform thickness [49,53]. At open circuit potential (OCP), n is close to unit for 

all the electrolytes, implying that ideal capacitive response is achieved (ion 

adsorption can occur at OCP[49]). When the cells are polarized to 3 V, the value of n 

decreases in different extent depending on the type of anions present in the 

electrolyte: the highest n value was observed for LiClO4 (0.82), and the lowest for 

LiTFSI (0.56). This illustrates that the capacitive charge accumulation process is 

dominating when ClO4- is adsorbing on AC surface, whereas TFSI based systems failed 

to achieve perfect capacitive behavior. The deviant behavior of TFSI- might be due to 

the variation in reaction rates as large anions fails to be adsorbed within the 

micropores of AC.  

In the presence of carbonate solvents, LiTFSI is known to fail passivating 

aluminum foil current collectors at high voltages[49], a process that reportedly leads 

to impedance rise and accelerated self-discharge[54,55]. Zhang et al. have 

investigated the effect of lithium salt on the Al dissolution[54], revealing that the 

oxidative stability of the metal/electrolyte interface improves in the following order: 

LiTFSI < LiClO4 < LiPF6 < LiBF4. Electrolytes containing labile fluorine-based anions 

(as LiBF4 and LiPF6) successfully passivates the surface of Al foil to mitigate further 

parasitic reactions[49], whereas electrolytes with LiClO4 and LiTFSI (especially the 
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latter) may continue to dissolute the current collectors as high potential (> 3.2 V vs 

Li/Li+) is applied[54]. Figure 2-15 (c), however, suggests that Al dissolutions in the 

presence of LiClO4 may not be problematic within the timespan of our impedance 

experiments. 

From the symmetrical and half-cell tests of AC positive electrodes with 

different electrolytes, the following conclusions can be drawn: 1) intermediate anion 

sizes are preferred, as they offer formation of a denser electrical double layer and 

improved diffusion within the electrode, while still undergoing extensive 

dissociation. While a smaller ionic size is decisive for achieving high capacities (as 

LiClO4 outperformed LiPF6 in Figure 2-14 (a), the higher conductivity exhibited by 

LiPF6 led to improved performance retention at higher current densities (Figure 

2-16(a)); 2) a good balance between anionic and cationic conductivities should exist; 

3) given the high potentials experienced by the positive electrode, the anions should 

assist in passivating the aluminum current collector.  
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Figure 2-16 Capacity retention of AC and LTO half-cells (Li foil is used as a counter 
electrode) at various current densities with respect to the mass of AC or LTO. (a) 
Capacity retention of the AC half-cells in a voltage range of 3-4.5V. (b) Capacity 
retention of the LTO half-cells in the voltage range of 1-3 V. 

2.5.3.3. LTO negative electrode half-cell evaluation 

As discussed in the previous sections, altering the anion produces significant 

changes in the transport properties of the electrolyte. These changes can affect the 

performance of negative electrodes in LICs by varying the rate at which the Li+ can be 

supplied to the electrode. Additionally, the anions can also directly influence the 

charge transfer process of negative electrodes, as a high degree of ionic association 

can affect the solvation/desolvation dynamics of Li+[56]. As a Li-intercalation 

negative electrode, spinel lithium titanate (Li4Ti5O12, LTO) was selected due to its 

relatively facile Li-ion diffusion kinetics and an absence of solid electrolyte interphase 

(SEI) layer owing to its high Li-insertion potential (1.55 V vs Li/Li+)[57]. LTO//Li half-
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cells containing different electrolytes were tested through galvanostatic charge-

discharge at various current densities, and the results are presented in Figure 2-17. 

Interestingly, the difference in performances among 4 electrolyte systems is less 

compared to AC positive electrodes as shown in Figure 2-14 (a) and Figure 2-16. 

 

Figure 2-17 Rate capability tests of LTO half-cell (Li metal used as counter 
electrode) with the electrolytes containing different Li salts. (a) Capacity retention 
of the LTO half-cells with different electrolyte systems at various current densities 
from 0.1-10 A g-1. The galvanostatic charge-discharge tests were conducted at a 
voltage range of 1 – 3 V. (b) Voltage profiles of the LTO half-cells cycled at 0.1 and 10 
A g-1 with respect to the mass of LTO.  

The voltage profiles at 0.1 A g-1 display reversible Li-intercalation and de-

intercalation at 1.55 and 1.58 V vs Li/Li+ respectively for all the four electrolyte 

systems. When the current is increased to 10 A g-1, differences in voltages profiles 

appear. The current density of 10 A g-1 is selected here as it is the approximate current 

density experienced by the negative electrode in a full-cell when the AC positive 

electrode effectively operates at 2 A g-1; see Experimental 2.2. for details. First, the 

measured specific capacities at 10 A g-1 increased as: LiClO4 < LiTFSI< LiBF4 < LiPF6. 
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The voltage profiles obtained at 10 A g-1 display the higher polarization for LiClO4 and 

LiTFSI based systems.  

 

 

Figure 2-18 EIS analysis on LTO symmetrical cells with electrolytes containing 
different Li salts. 

To understand the origin of performance differences among the electrolytes, 

impedance responses were recorded (Figure 2-18). In order to isolate the impedance 

contributions of LTO electrodes from that of Li-foils, impedance was taken in LTO 

symmetrical cell. The LTO electrodes used in the rate-capability tests (Figure 2-17) 

were recovered from the half-cells at de-lithiated states, cut in half to be assembled 

into LTO symmetrical cells. The impedance response in the symmetrical cells shows 

a clear difference in a low frequency for the poor performance cells (LiClO4 and 

LiTFSI) and better counterparts (LiBF4 and LiPF6). For LiClO4 and LiTFSI based cell, a 
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Warburg impedance with 45-degree line dominates, inferring the formation of 

passivation layers on electrodes and the semi-infinite diffusion process at the 

electrode/electrolyte interfaces. On the other hand, LiBF4 and LiPF6 based systems 

display capacitive responses in the low frequency regions indicating that charge-

accumulations are dominant behaviors. Therefore, higher voltage polarizations 

observed in LiClO4 and LiTFSI systems (Figure 2-17 (b)) can be explained by the 

possible formation of resistive passivation layers on LTO electrode surfaces.  

2.5.3.4. AC//LTO LIC full-cell evaluation 

The influence of different anions on the performance of LIC full-cells (AC vs 

LTO) is presented in Figure 2-19. The voltage limits for the full-cells were selected to 

be 2.8 V (for charge) and 0 V (for discharge) as shown in Figure 2-19(a), During the 

charging process, AC positive electrodes store charge via anion adsorption on the 

electrode surfaces from 3V (vs Li/Li+, OCP) to an approximate maximum potential of 

4.3 V (vs Li/Li+), while the voltage of LTO negative electrode immediately drop to 

~1.5 V (vs Li/Li+) where Li-ion intercalation into LTO takes place, creating a device 

voltage of 2.8V. During the discharging process, the reverse occurs: desorption of 

anions from AC and Li-ion removal from LTO.   

Galvanostatic charge-discharge tests on the full-cells were conducted at 

current densities ranging from 0.02 A g-1 to 4.5 A g-1 (with respect to the total active 

material mass on both electrodes) to evaluate the energy and power densities of the 

full-cells using Equation (1) and (2) in Experimental 2.2 . The resulting Ragone plot 
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(Figure 2-19) shows that LiClO4 presented the most favorable balance between 

energy and power densities, closely followed by LiPF6. As a striking illustration of the 

importance of anion design, the energy density at slow rate increases by 112 % (from 

~26 Wh kg-1 to ~55 Wh kg-1) when LiTFSI is substituted with LiClO4. Moreover, the 

relative progression displayed by all four electrolyte systems actually resembles the 

observations for AC half-cells (Figure 2-14 (a), Figure 2-16) especially the drastic 

performance decay experienced with LiBF4. In AC half-cells, the capacities of the LiBF4 

based cell drastically decayed and delivered the poorest performance at current 

densities higher 2A g-1 (per mass of AC).  
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Figure 2-19 Electrochemical properties of the LTO//AC based full-cell LIC with the 
electrolytes containing different Li salts. (a) Schematic to represent the voltages (vs 
Li metal) experienced by AC positive electrode and LTO negative electrode with the 
output device voltage of the LTO//AC full-cells. (b) Ragone plot of the full-cells 
containing different electrolytes. The inset figure is the magnified view to allow 
better inspection of the low power density region. (c) Voltage profiles measured at 
0.1, 1 and 2.5 A g-1 with respect to the total mass of AC and LTO.  

 Similar performance decline associated with the LiBF4 based cell was 

also observed in full-cells at power densities higher than 1400 W kg-1 (per mass of 

both electrodes), which is equivalent to the effective current density of 1.2 A g-1 

applied to the AC electrode. Such comparable results observed in the AC half-cell and 
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full-cell is a clear indication that the full-cell performance is predominantly limited by 

the anions’ adsorption capability on the positive electrode surfaces, highlighting the 

significance of an anions’ design and an electrolyte engineering. Figure 2-19 (c) 

represents the voltage profiles of the LICs charged and discharged at 0.1 A g-1, 1 A g-

1, and 2.5 A g-1 respectively. At the low current density (0.1 A g-1), LiPF6 and LiClO4 

based cells display anticipated voltage behavior (similar as Figure 2-19 (a)) where 

charge-storage commences at 1.5 V (when  negative and positive electrode potentials 

are approximately ~1.5 V vs Li/Li+ and 3V vs Li/Li+, respectively), followed by linear 

increase in voltage until 2.8 V. On the other hand, charge storage in the LiBF4 cell 

starts from higher potential (2V) due to the ohmic loss. At high current densities, 2.5 

A g-1, the ohmic loss exacerbates where charging starts from 1.9 V (compared to 1.5V 

at 0.1 Ag-1). Moreover, more pronounced self-discharge during a 5 second rest period 

at an open circuit condition and the ohmic drop in the beginning of the discharging 

process were observed at the high current density. This ohmic loss verified with LiBF4 

is even more drastic then in the half-cell experiments, highlighting the importance of 

ionic conductivity to secure high power. For LiTFSI cells, a linear charging response 

at lower voltage than other systems. This indicates that the full-cell mass balancing 

by conventional way, i.e. based on the half-cell specific capacities, is not desirable (see 

Experimental 2.2. for details).  

 The cell is possibly limited by the negative electrode as other cell 

prepared with greater negative electrode loading did not show behavior. As the 

charge storage capability of the LTO negative electrode depletes, the potential of LTO 
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immediately decreased below 1.5 V vs Li/Li+, which led to the increase in the device 

voltage. Cycle life during continuous charge-discharge at 0.1 A g-1 greatly depends on 

the salts being used. While LiPF6, LiClO4and LiTFSI based cells show stable capacity 

over 2500 cycles, the capacity fade of LiBF4 based cell is significant. The poor cycle 

performance can be explained by inspecting the coulombic efficiency and impedance. 

The coulombic efficiency in the first cycle is relatively small (84%) which slowly 

increases to 98.0% after 100 cycles and reaches to 98.5% after 200 cycle where 

almost negligible charge can be stored. The impedance analysis of the LiBF4 based LIC 

before and after the cycle life test reveals an increase in the charge-transfer resistance 

and appearance of semi-infinite diffusion process after the repeated cycling. On the 

other hand, the coulombic efficiencies of the stable cells at 100th cycle are 99.95% 

(LiClO4), 99.72% (LiTFSI) and 99.69% (LiPF6). The capacity fluctuation observed for 

LiPF6 is However, it is crucial to note that cycle life in LICs is largely affected by the 

mass loading of positive and negative electrodes as described by Dsoke et al.[22]. 

Such mass balancing was not conducted in this study and it can further improve the 

cycle life of each electrolyte system.  

 The similarity between the general behavior of AC half-cells and the 

full-cells suggests that, in Li-ion capacitors, the performance of the capacitive positive 

electrode likely have prominent effect on the behavior of the overall device. This 

statement is logically supported by the intrinsic uneven performance between the 

active materials in each electrode: activated carbon (in the positive electrode) has a 

much lower specific capacity than LTO (in the negative electrode), requiring the 
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former to be deployed as electrodes that are significantly thicker[22]. Moreover, LTO 

is known to be capable of remaining functional even at extremely high rates[58,59], 

whereas anionic adsorption in thick AC electrodes becomes more problematic at 

elevated current densities[22,60]. The importance of investigating the role of anions 

in the operation of LICs is exactly that they are directly involved in what appears to 

be the most critical electrodic process in the device.  

 

Figure 2-20 Radar chart to compare the key properties of different Li salts. 

2.5.3.5. Comparisons  

 The radar chart in Figure 2-20 summarizes the virtues and 

weaknesses of the salts we investigated here. In addition to the balanced anionic and 

cationic conductivities, the ability to passivate the aluminum current collector is 
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essential for the device to endure realistic scenarios. Although our experiments do 

not show direct effects of corrosion, high-power storage devices (as supercapacitors) 

are commonly held charged for long periods until an energy boost is required; while 

trickle charging would inevitably accelerate Al dissolution, which drastically 

promotes self-discharge. In spite of the passivating activity exhibited by LiTFSI in 

ionic liquids[61], this salt would not be compatible with the high voltages (vs Li/Li+) 

required by positive electrodes in LICs when other solvents are employed. Although 

LiBF4 can protect aluminum, this salt has been reported to be somewhat reactive 

towards LTO negative electrodes [62], and our experiments have demonstrated that 

the low ionic conductivity provided by LiBF4 is incompatible with high-power 

applications. Moreover, the overall energy and power outputs of cells using LiPF6 and 

LiClO4 are significantly higher than with the other systems. Although stable capacity 

retention over continuous charge-discharge was observed for LiClO4 , this salt has 

also long been shown to present safety problems, preventing its widespread 

implementation in commercial devices[42]. From all analyses contained in this 

manuscript and depicted in Figure 2-20, LiPF6 is actually the salt that combines the 

most desirable balance of properties for Li-ion capacitors. The fact that LiPF6 

presented the best compromise between safety and projected performance is not 

coincidental: decades worth of research on Li-ion batteries were not able to produce 

a much better compound, and this salt is prevalent in both academic investigation and 

the battery market.  
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2.5.4. Conclusion 

In summary, our systematic comparison of carbonate-based electrolytes 

containing Li-salts with different anions (LiPF6, LiBF4, LiClO4 and LiTFSI) has 

demonstrated that the electrochemical performances of LICs are predominantly 

affected by the choice of counterion. Although many studies on LICs focus on 

increasing energy and power densities through engineering electrodes, the present 

study reveals that the performance of Li-ion capacitors are also dictated by the 

anions’ adsorption process on the positive electrode. This was exemplified in the 

100% increase in energy density by replacing LiTFSI with a salt containing a smaller 

anion (LiClO4). Based on the analysis presented in this manuscript, the following 

conclusions can be drawn as factors framing the desirable properties of Li-salts for 

LICs:  

(1) Li-salts with small anion size and high dissociation ability are preferred to 

form compact electrical double layers on positive electrode surfaces while 

ensuring high ionic conductivities and high power capability. LiBF4 has the 

smallest anion size (0.48 nm) among the four, but its low dissociation induces 

a low ionic conductivity and a poor power output.  Comparing the other three 

salts, the energy density follows in the order of anion sizes: LiClO4 (0.49 nm) 

> LiPF6 (0.51 nm) > LiTFSI (0.79 nm). 

(2) Electrolytes should possess a good balance of anionic conductivity and 

cationic conductivities, as the mobility of both ions affects the charge storage 
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capability of LICs. In this regard, LiPF6  has the most favorable transport 

properties for both Li+ and anion. 

(3) Electrochemical stability of the Li-salts and their abilities to passivate Al 

current collectors should be considered to prolong the cycle life of  LICs in 

realistic applications. Although detrimental effects of Al corrosion were not 

observed in this study, LiTFSI and LiClO4 are known to fail passivating Al 

surfaces, leading to increase in internal impedances and self-discharge. The 

stability of Li-salts at high potentials should be cherished especially in LICs, 

which are often held at charged states.  

Although LiPF6 showed the most balanced properties among the four Li-salts 

investigated here, our study intends to scrutinize and pinpoint critical properties for 

LICs, and to open avenues for novel electrolyte design, resulting in robust LIC 

technologies with high energy and power densities.  
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Chapter 3: Redox active organic molecule for 

Li-ion batteries  

3.1. Introduction  

3.1.1. Advantages of electrochemical active organic electrodes 

 

 Lithium-ion (Li-ion) batteries have revolutionized the electronic industry 

and hold much promise in powering clean technologies such as electric vehicles. 

With increasing consumption of Li-ion batteries, the waste batteries is estimated to 

increase by 290% and reach 700 metric tons by 2025[63]. Most of the materials 

currently adopted in Li-ion batteries rely on incorporation of transitional metals 

such as nickel, cobalt, and manganese as cathode materials. Uses of these 

transitional metal raises environmental concerns. For instance, the cradle-to-grave 

energy consumption of lithium cobalt oxide, which is commonly employed as 

cathode in commercial Li-ion batteries, liberates 560 kg/tons of SOx gas and 

20kg/tons of greenhouse gas. [1 from NSF] Although more and more Li-ion batteries 

shift from cobalt based to nickel or manganese rich cathode materials, recycling will 

become a major problem because uses of metal based cathode complicates the 

recycling process and require harsh chemicals and heat[64]. As a sustainable 

alternative to the current inorganic materials, electroactive organic materials have 

attracted great interest.  
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In addition to the environmental friendliness, the electroactive organic 

molecules unique performance and design advantages over the inorganic 

counterpart. First, the shuttling ion (Li-ion etc.) coordinating the molecules can be 

easily replaced with other ions (Na+ [65,66], K+ [67,68], Mg2+ [69,69,70]) without 

compromising the kinetics because the charge storage replies on coordination 

chemistry rather than intercalation chemistry observed in inorganic metal oxides. 

Moreover, organic molecule offers design flexibility at the molecular level. Redox 

potentials of organic molecules are related with their highest occupied molecular 

orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels. For n-type 

organic molecules (will be explained in the next section), lowering LUMO level 

increase electron affinity and therefore increase the reduction potential of molecules. 

For p-type organic molecules, decreasing HOMO level increases ionization potential 

and therefore increasing the oxidation potential.[71] For Li-ion batteries (and other 

cation shuttling) batteries, changing reduction potential correlated with LUMO 

energy is one’s interest because molecule undergoes reduction process first to uptake 

Li. (whereas p-type molecules get oxidized first to update anions).  There are two 

major ways to change the LUMO energies. First approach is to attach electron 

withdrawing group and the second approach is to extend the conjugation in the 

molecule through aromatic ring.  Substitution with electron withdrawing group such 

as (F, CN etc.) is expected to decrease the electron density from the molecule’s core 

and increase the redox potential. This approach is used to specifically tailor the redox 

potential of parent molecule.[72]  Extending the aromatic ring is another approach to 
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tailor the redox potential and it also suppresses the solubility. Extension of the 

conjugation can possibly lower the capacity due to the increase in the 

“electrochemically inactive area”.  

3.1.2. Charge storage mechanism  

Transitional based inorganic materials store reversibly undergoes redox 

reaction by changing the valence state of the transition metals (Co, Ni, Mn, Fe etc.). 

For organic molecules, charges are reversibly stored by changing the charge state of 

the molecule moieties or groups.[73] This reversible redox reaction in electroactive 

organic molecules can be categorized in three types as shown in Figure 3-1. For n-

type molecules, the molecules are reduced to be negatively charged states, and the 

charges are balanced by cations (Li+, Na+, K+, H+ etc.). The size of cations have less 

effect on electrochemical behaviors in organic molecules than inorganic molecules 

in which the amount of ions (determines capacity) and its redox potential are highly 

influenced by the size of cations. The n-type molecules include conjugated carbonyl 

and organodisulfide.  P-type molecules undergoes oxidation reaction and the 

positively charged molecules are neutralized by anions present in electrolytes (PF6-, 

ClO4- BF4-, TFSI- etc for nonaqueous electrolytes and NO3-, Cl- etc. for aqueous 

electrolytes). Examples of the p-type molecules are conjugated amine and 

conjugated thioester. Lastly, there is bipolar-type of organic molecules that can be 

charged both negatively and positively. This type can be found in nitroxyl radical, 

thioester, and conjugated hydrocarbons.  
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Figure 3-1 Three redox mechanisms of electroactive organic molecules.  

3.1.3. Challenges  

Despite of the environmental and design flexibility of the electroactive 

organic molecules, there are multiple challenges associated with the fundamental 

properties of the materials. First, its mass density is low compared to the inorganic 

counterpart. Although it does not affect the gravimetric energy density, the low 

mass density reduces the volumetric energy density, which is often an imperative 

matrix for automobile applications. One of the major challenges of the organic 

molecules for commercial application is the dissolution of the organic molecules in 

organic solvents used as electrolytes. The active materials gradually leach out from 

electrodes to electrolytes, and the reversible capacity decreases as cycling progress. 

Approaches to overcome this issue include polymerization[74,75], having large π-

conjugated systems[76,77], and immobilized on conductive substrates[78]. In 

addition to the strategic molecular and electrode design, the choice of electrolytes 
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and the results electrolyte/electrode interface are known to have immense effects 

on the solubility of organic molecule and cycle life. For example, 9,10-anthraquinone 

(AQ) cathode displayed more stable cycle life in concentrated electrolyte (4M 

CF3SO3Na, NaTFS) showed le than in the diluted counterpart.[79] The cycle life 

improved because the highly concentrated electrolyte is a viscous and saturated 

solution in which organic molecules are less soluble.  

At this moment, despite that a plethora of molecules and cell designs are 

proposed for organic batteries, commercialization of the technology needs require 

further development due to the low volumetric energy density and the poor cycle 

life. Moreover, the supply of the transition metal is still ample that does not 

neccesiate the development of transition metal free batteries. However, considering 

the expected growth of Li-ion battery technologies in a wide spectrum of 

applications, environmental benign battery technology will become indispensable 

part of the technology profiles. Furthermore, by combining with upcoming Li-ion 

battery technology such as solid state electrolytes, the dissolution problems 

associated organic molecules can be solved.   
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3.2. Comparison of electrochemical performance of dimers and tetramers of 

lawsone for Li-ion Batteries  

 A major portion of this section is adopted from ref [80,81].  

M. Miroshnikov, K. Kato et al. “A Common Tattoo Chemical for Energy Storage: 

Henna Plant-Derived Naphthoquinone Dimer as a Green and Sustainable Cathode 

Material for Li-Ion Batteries”, RSC Advances, 2018, 8 (3), 1576 

M. Miroshnikov, K. Kato et al. “Made From Henna! A Fast-Charging, High-Capacity, 

and Recyclable Tetrakislawsone Cathode Material for Lithium Ion Batteries”, ACS 

Sustainable Chem. Eng., 2019, 7 (16), 13836 

Reproduced with permission.  

3.2.1. Motivation  

As described in the previous section, dissolution is one of the major challenges 

associated with electroactive molecules. This issue is more severe for smaller 

molecules, and it can be circumvented by polymerizing the molecules.  

 As part of this ongoing effort, we investigated bislawsone (BL) and 

tetrakislawsone (TKL), a dimer and tetramer of 2-hydroxy-1,4-napthoquinone 

(lawsone). Lawsone (LS) is a pigment extracted from the henna leaves which have 

been utilized as a dye for skin and hair[[82–84]] Hence, we have synthesized  

bislawsone (BL) and tetrakislawsone (TKL) through a facile chemistry reaction,[[83]] 

which serves to increase the availability of redox sites. We report the subsequent 
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chemical lithiation of bislawsone to yield lithiated bislawsone (Li – BL) using mild and 

greener reaction conditions.[[85]] Compared to existing organic electrode materials, 

including those derived from other electroactive quinones and organic 

polymers,[[86–88]] our compounds offer the advantage of being naturally sourced, 

and avoiding harsh or expensive catalysts/reagents. Additionally, these materials are 

synthesized in environmentally benign or minimally problematic solvents (water, 

acetonitrile, and methanol)[[89]] and require minimal synthetic steps or extensive 

purification procedures.  

This works compares the electrochemical properties of BL and TKL in Li-ion batteries 

and Na-ion batteries.  

3.2.2. Materials and Methods  

3.2.2.1. Synthesis of bislawsone and tetralawsone 

Synthesis of BL and TKL was conducted by our collaborator, Professor 

George John’s group in The City College of New York.  

Bislawsone (BL) was synthesized from lawsone (LS) (Tokyo Chemical 

Industry >98.0%) via reaction with ammonium peroxodisulfate (Tokyo Chemical 

Industry >99.0%) according to procedures described by Inagaki et al (scheme 

1).[[83]] 100 mg (0.289 mmol) of BL was then dissolved in 10 mL of anhydrous 

methanol (Acros Organics 99.8%). 12 mg (1.73 mmol) of Li metal (Sigma Aldrich 

99%), preserved in mineral oil (Spectrum Chemical), was then briefly rinsed with a 
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few drops of diethyl ether (Fisher Scientific >99.0%) to remove excess oil and added 

to the methanol solution of BL. Upon addition of Li, the solution changed in color from 

bright yellow to dark red. This solution was stirred at room temperature for 20 min 

and then filtered under vacuum to remove any excess metal or metal oxide. The 

supernatant solution was then collected from the filtration flask and the solvent was 

removed under vacuum. The product was then re-dissolved in a very minimal amount 

of methanol and filtered again. This time the precipitate was washed with diethyl 

ether and collected to yield 57 mg (57% yield) of lithiated bislawsone (Li – BL) as a 

dark red solid.  

Tetrakislawsone was synthesized according to procedures detailed by 

Brahmachari and scaled up appropriately.[90] 5.57 g (32.0 mmol) of 2-hydroxy-1,4-

napthoquinone (>98.0% TCI America), 1.07 g (8.00 mmol) of terepthaldehyde (98% 

Acros Organics), and 0.621 g (6.40 mmol) of sulfamic acid (99% Acros Organics) were 

added to an oven-dried round bottom flask with a stir bar. 32 mL of ethanol: water 

(1:1 v/v) was hitherto added. The flask was sealed and the reactants were stirred for 

24 hours at room temperature. The reaction mixture was then filtered under vacuum 

and washed with an additional 100 mL of 1:1 ethanol: water solution. The crude 

product was purified by recrystallization in ethanol, followed by further washing with 

hot ethanol, to obtain 3.33 g of the pure product as a yellow solid (52.4% yield). 

Lithiated tetrakislawsone derivatives were synthesized by treating 200 mg (0.25 

mmol) of tetrakislawsone suspended in methanol with 1-4 eq. of lithium methoxide 

solution (2.5 x 10-1 M), which was prepared under argon in a glove box by dissolving 
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the anhydrous powders (98+% Alfa Aesar) in dry methanol (99.9% Alfa Aesar). The 

precipitated solids were filtered under vacuum and washed with methanol to yield 

lithium tetrakislawsones (LiTKL). The products were dried under high vacuum in a 

desiccator for 3 hours 

3.2.2.2. Material Characterizations 

FTIR Spectra were recorded on the Nicolet 380 IR spectrometer (Thermo 

Scientific) using the Attenuated Total Reflectance (ATR) technique with a diamond 

crystal. UV/VIS titration studies were carried out by preparing a 3 mL solution of BL 

(1 x 10-4M), which was titrated with lithium acetate dihyrdrate (LiOAc) (Acros 

Organics 98%) solution (3.0 x 10-2 M), such that a 10 μL aliquot of the LiOAc solution 

corresponded to 1 eq. of Li. LiOAc was chosen for all Li titration studies due to its 

solubility in the reaction solvent, thus providing the capability to dispense accurate 

volumes of the Li aliquots in solution. 

In situ Raman spectroscopy was performed using an in-house built three 

electrode electrochemical cell. Active material, prepared by mixing lawsone and 

carbon (50:50 w/w), was pressed onto a carbon paper and used as working electrode. 

Sodium metal foil was used as both counter and reference electrodes. 1 м Sodium 

perchlorate (NaClO4, Sigma Aldrich) in Tetraethylene glycol dimethyl ether 

(TEGDME, Sigma Aldrich) was used as electrolyte for the Raman studies. 

Galvanostatic charge discharge was performed using CHI-760E bipotentiostat 

instrument. The typical in situ Raman spectrum was recording at different depth of 
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charge/discharge potentials and presented. The band intensities used for the data 

analysis in this study were baseline corrected.  

3.2.2.3. Electrochemical Characterization 

Solubility test was conducted by dissolving a few milligrams of Li-BL in and N-

Methyl-2-pyrrolidone (Sigma Aldrich), de-ionized water, mixture of ethylene 

carbonate (Sigma Aldrich): Dimethly carbonate (Sigma Aldrich) 1:1 vol/vol, 

Dioxalane (Sigma Aldrich), dioxalane (Sigma Aldrich), dimethoxymethane (Sigma 

Aldrich) and tetraethylene glycol dimethyl ether (Sigma Aldrich).  

All electrochemical measurements were conducted in CR 2032-type coin cells (MTI), 

which were assembled an Ar-filled glove box. Electrodes were prepared by mixing 

60:40 (w/w) TKL: conductive carbon (Super C65). The mixed powder was placed in 

between two gas diffusion layer electrodes (Fuel Cells etc.) to be tested as a working 

electrode. Li or Na foils (Sigma Aldrich) were used as counter electrodes, which were 

separated from a working electrode with Quartz membrane separator (Whatman). 

Electrolytes were prepared in the glove box by dissolving 1 mol/L 

bis(trifluoromethylsulfonyl) amine lithium salt (Sigma Aldrich) of NaClO4 (Sigma 

Aldrich) in tetraethylene glycol dimethyl ether (Sigma Aldrich). EnouGalvanostatic 

charge-discharge test were performed on an Arbin Instruments BT-2000 battery cycler, 

and cyclic voltammetry were measured with an Autolab PGSTAT 302 N potentiostat.  
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3.2.3. Electrochemical characterizations of Li-bislawsone  

The major challenge of organic molecules to be deployed in Li-ion battery 

chemistry is their instability in solvents during electrode fabrication and 

electrochemical cycling. Generally, organic electrodes with conventional Li-ion 

battery electrolytes exhibit catastrophic capacity fading upon initial charge-discharge 

cycles resulting from dissolution of electrochemically active organic species.  

 

Figure 3-2 Test overview of  Li-BL for Li-ion batteries. a) Solubility tests of Li-BL 
molecule in commonly used solvents for electrode fabrication (De-ionized water 
and NMP) and for electrolytes (ethylene carbonate (EC): dimethyl carbonate (DMC) 
1:1 vol/vol, dioxalane, dimethoxymethane (DME) and tetraethylene glycol dimethyl 
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ether (TGEDME). b) A schematic representing the half-cell tests in coin cells used to 
conduct electrochemical tests on Li-BL electrodes. Li-BL electrodes were fabricated 
by sandwiching in between two carbon papers. This fabrication process avoids Li-
BL to be dissolved in solvents commonly used during electrode fabrication such as 
N-Methyl-2-pyrrolidone (NMP) and water. 

Prior to conducting electrochemical experiments on the Li-BL molecule, we 

have conducted solubility tests in various solvents to establish the least soluble 

electrolyte system. Among studied solvents, tetraethylene glycol dimethyl ether 

(TGEDME) displays relatively stable against BL molecule as shown in Figure 3-2 (a). 

Hence, the electrochemical properties of Li-BL were evaluated in CR2032 coin cells 

using 1M bis(trifluoromethylsulfonyl) amine lithium salt (LiTFSI) in TEGDME as an 

electrolyte solution and Li foil as counter/reference electrodes. Due to solubility 

issues with water and N-Methyl-2-pyrrolidone (NMP) solvent, the electrodes were 

fabricated using 3:2 wt/wt of Li-BL and conductive carbon black by mixing uniformly 

and being sandwiched in between two carbon papers as shown in Figure 3-2 (b).   

To ensure that the carbon papers do not contributed to a significant portion of 

the measured capacity, the same area of carbon paper used in TKL electrode is 

assembled into Li-half cells and its capacity is measured as shown in Figure 3-3. From 

the linear voltage profile, it is mainly capacitive reaction resulted from the surface of 

carbon paper with Li-ions. Discharge capacities of TKL electrodes are compared with 

and without the subtraction of carbon paper’s capacity and the difference is 

calculated to be 17 mA/g.  
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Figure 3-3 Capacity contribution of carbon paper to the TKL electrodes. (a) voltage 
profile of carbon paper tested in Li-half cells. (b) comparison of specific capacity 
with and without subtraction of carbon paper’s capacities.  

 

 
Figure 3-4 CV tests scanned between 1.7 and 3.0 V vs Li/Li+ at rate of 0.2 mV/sec. 
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The fundamental electrochemical activity of Li-BL was studied with cyclic 

voltammetry (CV) recorded between 1.7 to 3.0V vs Li/Li+ at a scan rate of 0.2 mV/sec 

(Figure 3-4). During the first cycle, a reduction peak was observed at 1.88 V followed 

by two broad oxidation peaks at 2.3 and 2.5V. From the second cycle, an additional 

reduction peak at 2.2V emerges along with the previously observed reduction and 

oxidation peaks. The first cycle can be regarded as an electrochemical activation 

process which has been previously reported for other organic battery materials.[91]  

After the first cycle, the two pairs of redox peaks continuously appear in the 

subsequence cycles inferring the reversible two electrons and Li-ions transfer 

processes. More importantly, the relatively high redox potential suggests the 

feasibility of Li-BL to be used as cathode materials for Li-ion batteries.[92,93] 

 

Figure 3-5 Electrochemical impedance spectroscopy of Li-BL electrodes taken at 
lithiated (discharged) and de-lithiated (charged) states 
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Figure 3-5 shows Nyquist plots taken with electrochemical impedance spectroscopy 

at lithiated (discharged) and de-lithiated (charged) state of Li-BL after 10cycles of CV 

scans. It is clear that the charge-transfer resistance, a diameter of the semi-circle at 

high frequency region, is significantly lower at lithiated state than that at de-lithiated 

state of Li-BL.  

 

Figure 3-6 Voltage profile of Li-BL electrodes tested at various current densities.  

Figure 3-6 represents galvanostatic charge-discharge behavior of Li-BL electrode at 

different current densities in TEGDME electrolyte. The charging and discharging 

voltage plateaus were observed between 2.1-2.5V with insignificant polarization. The 

slanted voltage plateau observed in Figure 3-6   is unique to carbonyl based 

electroactive organic molecules in which Li binding process to various carbonyl 

environments in the molecules take place at slightly different potential due to the 

difference in LUMO energy before and after the Li binding process.[94]  Li-BL organic 
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electrodes exhibit specific discharge capacity of 130 mAh/g at current density of 20 

mA/g which corresponds to 1.7 Li per unit formula according to the following 

Faraday’s law: 

 

Where Q theoretical is theoretical capacity (mAh/g), n is the number of electrons 

transferred, F is faraday constant (96484 C/mol), MW is molecular weight of active 

material. More notably, 61% of the discharge capacity observed at low current 

density (20 mA/g) was retrieved at higher current density (200 mA/g) indicating 

the fast charging and discharging capability of Li-BL electrode.  

 

Figure 3-7 Capacity retention of lawsone molecule tested at a curent density of 50 
mA/g. 
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The electrochemical property of lawsone, a monomer of bislawsone, was also 

investigated to address the advantages of dimerization process (Figure 3-7). 

Comparison of galvanotactic charge-discharge test clearly represents that the 

capacity fade is suppressed for Li-BL compared to lawsone molecules.   Li-BL 

electrodes exhibits moderate cycle performance at 50mA/g for 35 cycles (Figure 3-7 

(a)). The observed capacity fade observed could be attributed to the slow dissolution 

of Li-BL in the electrolyte under the influence of electric field.[94] Such dissolution of 

Li-BL can be further suppressed by grafting on nanocarbon materials[95], inorganic 

materials[96] or polymers[97].    

3.2.4. Electrochemical properties of tetrakislawsone in Li-ion batteries 

Next, the electrochemical behavior of tetrakislawsone (TKL) is evaluated in Li-ion 

and Na-ion half-cells and also compared with that of bilawsone (BL) to highlight the 

effect of a dimerization and tetramerization of lawsone on suppressing the 

disoolution of the active materials. Half-cells containing TKL as a cathode and lithium 

as an anode is first subjected to cyclic voltammetry test as shown in Figure 3-4.  
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Figure 3-8 Cyclic voltammetry of TKL electrodes in Li half cells at a scan rate of 0.2 
mV/sec. 

In the first cycle, the TKL electrode exhibits reduction peaks at 3.2, 2.8, 2.3 and 2 V 

vs Li/Li+ and the corresponding oxidation peaks at 2.34, 2.45, 2.85 and 3.28 V Li/Li+. 

From the second to the third cycle, the redox peak at the highest potential disappear, 

which indicates that the Li-ion binding occurs at this potential is irreversibly attached 

to TKL molecules during the first few cycles. Such irreversible reaction was observed 

in BL molecules as shown in Figure 3-4. From the extensive NMR study on chemically 

lithiated TKL molecules conducted by our collaborator, Prof. George John’s group, it 

is discovered that the first Li-ions coordinate as shown below. Therefore, this 

irreversible binding site is likely to be the same site which has the lowest energy for 

Li-binding reaction.  
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Figure 3-9 Molecular structure of tetrakislawsone. 

Next, galvanostatic charge-discharge test of TKL electrode was conducted in Li-half 

cells at different current densities to understand the power capability of TKL. The 

electrode unveiled an excellent specific capacity of 240 mAh/g at a current rate of 

25mA/g. Interestingly, the retention in the capacity of about 160 mAh/g even at a 

current density of 200mA/g suggests that the lithium ion insertion and extraction in 

the TKL molecule is kinetically facile. For instance, TKL retains 70% of capacity 

gained at 25 mA/g when a higher current of 200 mA/h is applied. Bislawsone, on the 

other hand, retains only 58% of the original capacity. The enhancement in the rate-

capability is ascribed to the increased electronic conductivity resulted from the 

extended π-conjugated system of the tetramer. 
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Figure 3-10 Voltage profiles of galvanostatic charge-discharge tests conducted at 
various current densities. 

The capacity retention of TKL was tested to understand the effect of 

tetramerization on stabilization of monomer (lawsone). As shown in Figure 3-11, the 

capacity retention vastly improved as monomer is dimerized and tetramerized. For 

TKL, the cell shows a capacity loss for the first few cycles, and after that attains 

stability over the repeated charge-discharge cycling. Notably, from 20 to 300 cycles 

the capacity fade is almost negligible due to reversible Li-ion insertion and extraction, 

which effectively confirms the oligomer of an organic molecule like TKL is stable 

against the electrolyte and provides required long stability.  At the end of the 300th 

cycle, the cathode delivers the specific capacity of 116 mAh/g with an excellent 

columbic efficiency (>99%). Hence, the electrochemical properties suggested the 
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capability of tetramerized lawsone molecules to accept Li-ions in a reversible manner 

under different current densities and stability over the number of repeated charging. 

 

Figure 3-11 Comparison of capacity retention of galvanostatic charge-discharge 
test conducted at 50 mA/g for a) lawsone (1.7-3.0 V vs Li/Li+) b) bilawsone  (1.5-3.5 
V vs Li/Li+) and c) tetrakislawsone (1.5-3.5 V vs Li/Li+) 

 In order to validate whether changes to the functional groups of TKL during 

chemical lithiation were comparable to the electrochemical proccess, in situ Raman 

spectroscopy was conducted by our collaborator, Prof. Leela Arava’s group. A 
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specially designed liquid immersion objective lens was used to drastically reduce the 

refractive index mismatch in the optical path at the air/electrolyte interface and 

provided better sensitivity and resolution to study the phenomenon in detail. The in 

situ Raman spectroscopy results are shown in Figure 3-12;  the spectrum at open 

circuit potential indicates the presence of the carbonyl group 40,41 (C=O at ∼1663 

cm−1) of the lawsone molecule. During the lithiation (discharge) process, we observed 

that the carbonyl peak diminished linearly with discharge potential, which can be 

attributed to the binding of lithium ions to the oxygen atoms in carbonyl groups of 

lawsone molecules forming a Li−O= bond.42 During charging from 1.5 to 3.5 V, the 

frequency band at 1660 cm−1 was found to reemerge with respect to increasing 

potential, with a maximum at 3.5 V. This disappearance and appearance of the C=O 

bond with respect to charge− discharge potentials demonstrated the reversible 

binding of lithium with lawsone molecules. 
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Figure 3-12 In situ Raman spectra from 1590 to 1800 cm−1 demonstrating the 
reversible intercalation of Li ions during the charge/discharge processes of TKL 
electrodes. 



 
91 

  

3.2.5. Conclusion  

Naturally-derived molecule, lawsone and its oligomer structures (bislawsone 

(dimer), and tetrakislawsone (tetramer)) were investigated as cathode materials for 

Li-ion batteries. The comparison of the electrochemical performance entails the 

following conclusion:   

1) Oligomer structure suppress the dissolution of active materials and 

improve the cycle life.  

2) Such structure also improves the rate capability due to the increased 

electron mobility in the extended π-conjugated system 

The next step of this study includes the mechanistic study reason behind the 

improved capacity retention. Although dissolution was suppressed, the author 

witnessed the discoloration of electrolytes after repeated charge/discharge cycles 

although the cell did not display the capacity fading. This suggests that there must 

be other mechanism which enabled the long term cycling.  Such study will pave the 

way to design more strategic molecules or electrode architecture and contribute to 

development of more environmental benign Li-ion battery technology.  
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3.3. Tetralawsone for light charging batteries  

The major portion of this section will be in the future publication. It is a 

collaborative work of the following people:  

Keiko Kato, Anand B. Puthirath, Ali Mojibpour, Mikhail Miroshnikov, Sitakanta 

Satapathy, Liangliang Dong, Leela Mohana Reddy Arava, George John, Palash 

Bharadwaj, Ganguli Babu and Pulickel M. Ajayan.  

3.3.1. Motivation  

A single device capable of harvesting and storing energy will shift a paradigm 

of solar and energy storage technologies. Photo-charging will reduce electrical input 

energy requirements and pave the way to the development of self-powered, 

autonomous Li-ion batteries, which are free from an external energy source or 

harvester [98,99]. Photo-charging can be achieved by incorporating a photo-active 

electrode which can produce electron-hole pairs under the light. These photo-

generated electrons and holes reduce and oxidize the respective electrode materials 

to facilitate chemical energy storage. The first photo-rechargeable battery was 

proposed in 1976 by Hodes et al. using CdSe as a photo-electrode and Ag/Ag2S and 

S/S2- as charge storage redox couples [100]. However, due to the toxicity of the Cd-

based chalcogenide photo-electrode, the dye-sensitized TiO2 photoelectrode, adopted 

from dye-sensitized solar cells (DSSCs), became the major photo-harvesting materials 

for photo-rechargeable Li-ion [101–105], Li-sulfur [106], and Li-oxygen [107] 
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batteries. For instance, Guo et al. connected TiO2 vs platinum based DSSCs to TiO2 vs 

LiCoO2 based Li-ion batteries and demonstrated the photo-rechargeability [102]. In 

2015, Li et al. proposed an innovative solution to reduce the charging voltage of 

LiFePO4 based Li half-cell by incorporating a TiO2 layer as an additional photo-

electrode [101]. Li’s 3-electrodes battery reduced the charging voltage from 3.45 to 

2.78 V and saved the input electrical energy by 20% upon light illumination.  

 To simplify the design, Paolella et al. directly mixed photo-sensitive Ru 

dye (N719) with LiFePO4 cathode (against Li metal anode) and observed the increase 

in open circuit [105].  Interestingly, such a photo-charging effect was observed only 

in the presence of oxygen and with a specific electrolyte formulation. The authors 

concluded that the photo-excited electrons reduce oxygen in the atmosphere, and the 

reduced oxygen species further reduce the electrolyte on Li-metal anode surfaces. 

More recently, in 2018, Ahmad et al. used metal-halide-based 2D perovskite materials 

((C6H9C2H4NH3)2PbI4) as a solar-harvester and a Li-ion battery cathode material 

[104]. Using the 2D perovskite composite electrode cathode and Li metal anodes, 

photo-charging was demonstrated by the increase in open circuit potential (OCP) 

under light illumination and change in the discharge potential under light 

illumination. The authors attributed the OCV increase to the generation of photo-

current from perovskite and the corresponding reduction of Li anodes through the 

external circuit. This work is significant being the first work combining charge 

harvestor and storage material in one material. However, the proposed mechanism 

does not fully explain the observed photo-charging effects and other mechanism 
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should be responsible for the OCP increase under light illumination. Moreover, the 

photo-charging takes place between 2.6-2.9 V which cannot be explained by the 

oxidation of perovskite materials (redox potential is typically <1V). Lastly, use of the 

lead based materials raises health and environmental concerns.  

Here we use organic molecule, tetrakislawsone,  derived from henna leaf as a 

single electrode material that serves both photo-active and Li-ion storing capabilities. 

The lithiated tetrakislawsone (LiTKL) is a tetramer of lawsone (2-hydroxy-1,4-

naphthoquinone) and derived from henna leaf, a commonly used natural dye for skin, 

hair, and textiles. We previously reported bislawsone, a dimer of lawsone, as a 

cathode material for Li-ion battery applications. Bislawsone displayed 125 mAh g-1 of 

discharge capacity at 20 mA g-1 with a voltage plateau at 2.1-2.5 V vs. Li/Li+ [108]. 

Moreover, tetramer of lawsone displayed 227 mAh g-1 at 25 mA g-1 with superior cycle 

stability than bilawsone [109]. Lawsone based materials are semiconductors with a 

band gap of 3.81 eV, which has been used as a dye for DSSC [110,111]. Herein, we 

demonstrate lithiated tetrakislawsone as both a photo-active and Li-ion storage 

material to construct photo-rechargeable organic batteries (Figure 3-13). LiTKL 

electrodes, capable of absorbing light, produces pairs of an electron and hole. Using a 

single material with both storage and harvesting functionalities can eliminate the 

inefficient charge transfer happened across the interface of light harvesting materials 

and charge storage materials. Additionally, photo-charging effect is promoted by 

using tetramer of lawsone with high crystalline nature. The long-range order of TKL 

(compared to lawsone) can promote delocaliation of the charge carriers within the 
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materials, which leads to the increase in charging effect. The produced electrons, 

collected by current collectors, reduces anodes, while holes repel Li and promote de-

lithiation and charging process. This photo-assisted charging effect was confirmed 

with an increase in charging current with potentiostatic measurement and an 

increase in discharge capacity under light irradiation due to the competing charging 

process. This is the first time to unveil the charge harvesting capability of the redox 

active organic materials. This work paves the way for development of sustainable and 

efficient photo-charging batteries.  

 

Figure 3-13 Schematic illustration of lithiated tetrakislawsone (LiTKL) photo-
charging battery.  



 
96 

  

3.3.2. Materials and Methods  

3.3.2.1. Synthesis of tetralawsone 

 The synthesis of tetrakislawsone was scaled up from the protocol first proposed 

by Bramachari.(15) First, 697 mg (4.00 mmol) of lawsone (2-hydroxy-1,4-

naphthoquinone) (>98.0% TCI America), 134 mg (1 mmol) of terepthaldehyde 

(98% Acros Organics), and 77.8 mg (0.8 mmol) of sulfamic acid (99% Acros 

Organics) were added to a solution of 8 mL ethanol: water (1:1 v/v) in a round 

bottom flask equipped with a magnetic stir bar. This solution was then stirred 

vigorously at room temperature for 24 hours and washed with 25 mL of 1:1 ethanol: 

water solution three times under vacuum filtration. The resulting crude product 

was recrystallized in pure ethanol to yield an orange-yellow solid that was further 

dried under vacuum at 80 oC. 

3.3.2.2. Coin cell fabrications and electrochemical study 

The coin cells (CR2032, MTI) with transparent glass windows were fabricated in-

house to irradiate the TKL molecule with a laser during electrochemical 

measurements. A hole with a diameter of 3 mm was created in the positive coin cell 

case, and a piece of glass slide was glued to the positive can using an epoxy resin. After 

the curing of the epoxy resin at room temperature overnight, the positive case was 

used to assemble the coin cell in a standard manner in an Ar-filled glove box.  
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For the fabrication of TKL electrodes, a stainless-steel mesh was used as a 

current collector to allow both the movement of Li-ions and the irradiation of light on 

the TKL molecule. First, the steel mesh was coated with carbon using acetylene gas 

(C2H2) to enhance the charge transfer from the TKL molecules to the stainless steel. 

For carbon coating, the stainless-steel mesh was purged with a carrier gas of H2/Ar 

(15%H2) in a quartz tube for 30 min. After the purging, the furnace is raised to 600 

°C, and the stainless-steel mesh is annealed at 600 °C for 30 min. Next, acetylene 

(C2H2) is introduced into the furnace and kept for 30 min to coat SS mesh with carbon, 

which was followed by naturally cooling down to room temperature. 

To prepare TKL electrodes, the center part of the carbon-coated stainless steel, 

which will be placed directly under the optical window, was coated with TKL-

containing slurry. The slurry consists of TKL, Super C 65 conductive carbon (Timical) 

and polyvinylidene fluoride (Sigma Aldrich) in 80:10:10 weight ratio in a sufficient 

amount of N-methyl-2-pyrrolidone (Sigma Aldrich) as a solvent. The loading of active 

materials is approximately 4.2 mg/cm2 with thickness of < 10µm. The slurry coated 

electrodes were dried in a vacuum oven at 80 oC overnight and evaluated as working 

electrodes in half-cell configuration (vs. Li metal). The electrodes with TKL coating 

were placed under the optical window of the modified positive case, and the coin cells 

were assembled in a standard manner in an Ar-filled glove box. Electrolyte solution 

(1mol/L) was prepared from lithium  bis(trifluoromethanesulfonyl)imide (LiTFSI, 

Sigma Aldrich) in ionic liquid 1-methyl-1-propylpiperidinium 

bis(trifluoromethylsulfonyl) imide (Iolitec).   
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3.3.2.3. Material Characterizations 

A Shimadzu 2450 ultraviolet-visible spectrophotometer is used to obtain the 

ultraviolet-visible absorption spectrum in the range of 300–800 nm. For the spectra 

acquisition, the TKL molecule was dissolved in N-methyl-2-pyrrolidone (Sigma 

Aldrich). Raman Spectra of the samples were obtained by a Renshaw inVia Raman 

microscope with a 50x objective lens. To avoid florescence related emission, a 

wavelength of 632.8 nm from a He–Ne laser with 1 µm spot size is employed for the 

sample excitation.  

3.3.2.4. Electrochemical measurements  

Cyclic voltammetry and potentiostatic measurement were conducted in an 

Autolab PGSTAT 302N. Galvanostatic charge-discharge test was conducted in Arbin. 

For experimental measurement of HOMO and LUMO level, reduction potential from 

cyclic voltammetry (CV) was used. The TKL electrode is prepared in the same way as 

described above, and it is tested against platinum counter electrode and Ag/AgNO3 

(acetonitrile) reference electrode. 1 mol/L of LiTFSI dissolved in anhydrous 

acetonitrile was used as an electrolyte, and a scan rate of 0.05 V/sec was used. The 

potential was calibrated against the ferrocene/ferrocenium couple. For the 

calibration measurement, an electrolyte of 0.1 mol/L tetraethylammonium 

tetrafluoroborate (TEABF4).    
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For the potentiostat measurement, the TKL electrodes were first discharged 

to 1.5V to be in a lithiated state. Under solar irradiation (Power: 100 mW cm-2), 

changes in current were observed in a potentiostatic mode (3V). 

3.3.2.5. Light illumination measurements 

To study the photo-charging of TKL molecules, the fabricated coin cell is 

illuminated with a 405 nm diode laser with laser power of 120 mW and a beam 

diameter of 1 mm. During the illumination, the I-V characteristics of the cell are 

monitored by a Keithley 2636B sourcemeter. 

3.3.2.6. Computational Methods  

The density functional (DFT) calculations are performed using the Gaussian 

09 suite of programs [16]. The gas-phase geometries of LiCoO2 and 1Li-TKL are 

obtained using B97XD/6-31G(d) level of theory for C, H, O, N, Li, and GenECP basis 

set for Co atoms. The solvation phase geometries of TKL, TKL−, TKL+ and 4Li-TKL are 

obtained using B97XD/6-31G(d) level of theory using the CPCM = NMP solvation 

model. TD-DFT calculations are performed using CAM-B3LYP/6-31G(d) level of 

theory using the respective solvation model. The dynamic dielectric constant of the 

solvent is used for retaining accuracy. All the optimized geometries were 

characterized as minimal by confirming the absence of imaginary frequencies. The IP 

and EA values of TKL are then calculated by subtracting the electronic energies of the 
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respective charged species and the neutral TKL. Koopman’s theorem was then 

applied to obtain EHOMO and ELUMO (17). 

−𝐼𝑃 = 𝐸𝐻𝑂𝑀𝑂                         (1) 

−𝐸𝐴 = 𝐸𝐿𝑈𝑀𝑂                         (2) 

The marginal overestimation of EHOMO by 0.1 eV from the experiment is always 

a consequence of the use of approximate DFT functionals as reported by Tozer and 

co-workers (18). 

Bader’s QTAIM (Quantum Theory for Atoms-in-Molecules) analysis is 

performed using the Multiwfn 3.3.9 software (19). The potential energy density −V(rc) 

is extracted as one of the real space functions at the targeted BCP in between the O−Li 

bonds of the molecular systems. 

 

3.3.3. Materials and electrochemical characterizations 

3.3.3.1. Optical properties of TKL and Li-TKL 

The primary process in photo-charging is the effective absorption of the light 

and conversion of this energy to an electron-hole pair, followed by a movement of the 

photo-generated electrons into metal current collectors. To facilitate an easy path for 

this process, the absorption properties and band alignments of the TKL cathode were 

studied using UV-vis spectroscopy and cyclic voltammetry (CV).  
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 Experimental UV-vis spectra (Figure 3-14) show the absorption edges 

at 500 nm and 580 nm for the TKL and Li-TKL respectively indicating that the TKL in 

charged (unlithiated) and discharged (lithiated) states can effectively absorb the 

visible light. Absorbance maxima’s are located at 397 nm (TKL) and 427 nm (Li-TKL), 

which indicates the absorbance range spans from blue to violet. The location of 

absorption maxima’s and their corresponding red shifts are well in agreement with 

our TD-DFT results performed for both the molecules using the respective solvation 

model. From the UV-vis spectrum, a band gap was calculated to be 2.67 eV and 2.41 

eV for TKL and Li-TKL respectively (as shown in Tauc plot, Figure 3-14 (b)), indicating 

the semiconducting nature of the TKL molecule.  

 

Figure 3-14 Optical and energy band characterizations of tetrakislawsone (TKL) 
and lithiated-tetrakislawsone (Li-TKL). (a)Experimental and TD-CAM-B3LYP/6-
31G(d) (CPCM=NMP) computed UV-vis absorption spectrum of TKL and Li-TKL in 
NMP. (b) Tauc plot for the determination of the optical band gap. 
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Next, cyclic voltammetry (CV) was used to estimate HOMO and LUMO energies 

of the TKL molecule. In general, HOMO and LUMO energies are energies required to 

extract (oxidation) or inject (reduction) an electron from/to a molecule respectively, 

which can be measured from reduction and oxidation potentials.[112] Cyclic 

voltammetry (Figure 3-15(a)) shows the reduction onset potential of -0.65 V vs. 

Ag/AgNO3 reference electrode. By calibrating and converting this potential using a 

ferrocene redox couple (Figure 3-15(b)), the LUMO energy of the TKL was estimated 

to be -3.7 eV. Furthermore, the HOMO energy of -6.4 eV was calculated from the LUMO 

energy and band gap energy, as shown in Figure 3-16 (a).  

 

Figure 3-15 Cyclic votammetry to estimate HOMO and LUMO energy level of TKL. 
(a) Cyclic voltammogram of TKL electrode measured at a scan rate of 50 mV/sec. 
The reduction onset potential was measured to determine the LUMO energy of TKL. 
The inset-figure illustrates the three-electrode set-up used in this experiment. (b) 
Cyclic voltammogram of ferrocene redox couple used to calibrate the Ag/AgNO3 

reference electrodes. Stainless steel mesh is used as a working electrode and 
platinum wire is used as a counter electrode in a supporting electrolyte of 0.1 mol/L 
TEABF4 in AN at a scan rate of 0.05 V/sec. 
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The experimentally observed HOMO and LUMO energy levels of TKL 

corroborates well with our DFT calculated molecular level ionization potential (IP) 

and electron affinity (EA) for the hole (TKL−) and anion (TKL+) of TKL, respectively, 

as shown in Figure 3-16(b).  As light irradiates the TKL electrodes, electrons could be 

excited to the LUMO of TKL and transferred to SS current collectors. Our DFT 

calculations predict the HOMO (EHOMO = −5.9 eV) level of Li-TKL to be destabilized by 

~0.6 eV than its corresponding non-lithiated derivative, as shown in Figure 3-16 (b). 

This substantiates the fact that the oxidation of Li-TKL by the holes (TKL+) could 

occur as soon as the electrons are excited to the LUMO of TKL and transferred to SS 

current collectors (Figure 3-16 (a)).  

 

Figure 3-16 Comparison of experimental and calculated energy band of TKL. 

 (a) Energy band alignment of the TKL photo-cathode with the stainless-steel 

current collector. (b) B97XD/6-31G(d) (CPCM = NMP) computed electronic energy 

levels and electrostatic potential (ESP) landscapes depicting the molecular level 

ionization potential (IP  −EHOMO) and electron affinity (EA  −ELUMO)  of TKL resulting 
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in the formation of hole (TKL−) and anion (TKL+), respectively. Scale values are in eV. 

Isovalue = 0.002 

3.3.3.2. Modified-Coin Cell Fabrication 

The photo-charging properties were evaluated using modified coin cells as 

summarized in Figure 3-17. The architecture of the photo-electrodes is critical for 

efficient light absorption and charge transfer. Here, stainless steel (SS) mesh was used 

as a current collector because of the open structure allowing the flow of both 

incoming light and Li-ions to the TKL molecules. Furthermore, the surface of the SS 

mesh is homogeneously coated with carbon using chemical vapor deposition (Figure 

3-17) to ensure the charge transfer of photo-excited electrons from TKL molecules to 

the SS current collector. The carbon coating was thin enough and did not block the 

open spaces in the mesh structure as shown in the SEM images (Figure 3-18 (a)). As 

shown in Figure 3-18 (b) (c) , surface morphology of the electrode changed from soft, 

amorphous carbon-like-texture to nanosize crystal-like texture after the TKL 

molecule is coated. 

After the carbon coating process, the SS mesh present the broadened nature 

of the D and G bands in Raman spectra (Figure 3-18 (d)) indicating defective 

amorphous carbon. After the carbon coating process, TKL containing slurry was 

coated in the center of the carbon-coated SS so that the TKL coated region will be 

placed directly under the glass window in the positive case.  
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Figure 3-17 The modified coin cell used for photo-charging experiments. 

 

Figure 3-18 SEM images of TKL electrodes. (a) Stainless steel (SS) mesh 

coated with carbon showing that the mesh structure is not altered by carbon coating. 

(b) Magnified view of carbon coated SS mesh. (c) Magnified view of TKL electrode 

after slurry coating. The surface is homogeneously covered with nano-size crystals of 

TKL. (d) SEM image of the TKL electrode. A TKL-containing slurry is coated on a 

carbon coated stainless steel current collector. (e) Raman spectrum of the carbon 

coated stainless steel current collector before (bare SS) and after carbon coating.  
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  Lastly, the modified coin cell was used to assemble the TKL based photo-

assisted batteries. A small window was created on commercial CR2032 coin cells and 

covered with a piece of cover glass using epoxy. Our modified-coin cells ensure 

hermetic sealing and an oxygen/moisture-free environment, which allow the optical 

and electrochemical characterizations in an open atmosphere. The hermetic sealing 

was confirmed by leaving the modified cell in an open atmosphere and inspecting Li-

foils as shown in Figure 3-18 (e).  Even after exposing the cell to an open atmosphere 

for 13 days, there was no change in the color of the lithium foil, indicating that the 

modification on the coin cell did not alter the hermetic sealing.  

3.3.3.3.  Photo-charging effect 

The photo-charging capability of the TKL molecule was measured by 

potentiostatic and galvanostatic charge-discharge measurements. Before the 

potentiostatic measurement, the modified TKL cell with an optical window was first 

discharged in the dark to 1.5 V vs. Li/Li+ to lithiate the TKL molecule. After the 

discharge process, a constant voltage of 3 V vs. Li/Li+ was applied in the presence and 

absence of 405 nm violet laser irradiation, and the charging current was recorded. As 

shown in Figure 3-19 (a), the charging-current increases under light irradiations and 

decreases in dark conditions, and this on/off behavior was observed repeatedly for 

the duration of the experiments. The increase of the charging current in the presence 

of light indicates the acceleration of the charging process by light irradiation. The light 
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irradiation excites electrons from the HOMO to the LUMO band of Li-TKL creating an 

electron-hole pair in the TKL molecule, which oxidizes the Li-TKL to TKL, and 

promotes the charging process.  

 

Figure 3-19 Electrochemical characterization of photo-charging battery. (a) 
Potentiostatic measurement where potential was held at 3V vs Li/Li+ and the 
charging current was measured in the presence and absence of light. Before the 
measurement, the cell was discharged to 1.5 V vs Li/Li+ to lithiate the TKL molecule. 
(b) Galvanostatic discharge test in dark and light conditions at a current density of 
50 mA/g. The inset figure is an expanded view of the end of the discharge curve to 
show the increase in discharge capacity under light irradiation. (c)Coulombic 
efficiency in dark and light conditions. When the TKL cell is charged in the dark and 
discharged in light, 112 % of coulombic efficiency was observed. (d) Schematic 
representation to demonstrate the photo-charging reaction that regenerates the 
lithiated TKL to TKL. 
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 Furthermore, photo-charging was confirmed by the galvanostatic 

charge-discharge test as shown in Figure 3-19  (b). The charged cell was discharged 

at a constant current (50 mA/g) under light and dark conditions, and the attainable 

discharge capacities were compared. In dark conditions, specific discharge capacities 

of 333, 313, 306 and 296 mAh g-1 were obtained for the first to fourth discharge 

cycles. The slight decay of the specific capacity is often observed in quinone-based 

organic electrode materials due to an instability of organic molecules in the 

electrolytes. After the four charge-discharge cycles in darkness, the cell was charged 

in the dark and discharged under the light irradiation. Surprisingly, a larger discharge 

capacity (332 mAh/g) was obtained compared to the previous cycle’s discharge 

capacity (296 mAh/g) as shown in the inset figure of Figure 3-19 (c). Defining the 

coulombic efficiency as a ratio of the discharge capacity (lithiation) to the charge 

capacity (delithiation), the coulombic efficiency is less than 100% in the dark, but it 

exceeds 100% only in the presence of light as shown in Figure 3-19 (c). Such extra 

discharge capacity arises from the competing photo-charging reactions during the 

discharge process. This reverse process re-generates the lithiated TKL back to TKL 

during the discharging process as illustrated in Figure 3-19 (d). These concurrent 

competing reactions of photo-charging and discharging extend the discharge capacity 

and resulted in the coulombic efficiency of above 100%. The efficiency can be further 

improved by optimizing the electrode architecture to improve the light interaction 

with the TKL molecule. Discharge voltage remained unchanged regardless of the light 

irradiation. Redox potential of n-type organic molecule (TKL- coordinated with Li+) 
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is governed by governed by the LUMO energy of the molecules. [112] Since the light 

irradiation does not alter the LUMO energy, the discharge voltage of TKL molecule 

does not change in the presence of light. Light will assist the charging process by 

supplying energy for electrons to move from HOMO to LUMO. Then the applied 

potential will complete the charging process by providing enough energy for 

electrons to reduce Li as depicted in Figure 3-20 (a). This is the reason why the photo-

charging occurs only in a close-circuit condition where electrons produced from the 

TKL cathode can flow to the Li metal anode for the corresponding reduction reactions. 

In the open circuit condition, only 30mV of potential increase was observed in 15 

hours of the light irradiation as shown in Figure 3-20 (b). Therefore, light irradiation 

assists and accelerate the charging process and cannot be the solo energy source for 

the charging process due to the two-electrode design of the cells.  

 

Figure 3-20 Photo-charging mechanism. (a) Band energy diagram to explain 

the light assisted charging process. (b) Open circuit potential of the TKL photo 

batteries under the light irradiation.   
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3.3.4. Conclusion  

In conclusion, a single electrode material which can harvest the renewable 

energy and store that in the form of chemical energy to deliver when it required has 

been demonstrated. The band gap of organic electrode materials is found to be 2.67 

eV and 2.41 eV for TKL and Li-TKL respectively as studied from UV-vis spectrum and 

DFT calculations. The photo-charging capability of the TKL molecule was measured 

using electrochemical properties on modified coin-cell. The observed rise in charging 

current, specific capacity values and coulombic efficiency under light irradiation 

compared to the absence of light evidence the quinone-based organic electrode as 

both photo-active and lithium storage material, which paves the way to photo-

rechargeable green organic Li-ion batteries. Careful selection of electrode materials 

with optimal bandgap to absorb the intended frequency of sunlight and functional 

groups to accept Li-ions reversibly is a key to progress solar rechargeable batteries 
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Chapter 4: Summary  

The main scope of this thesis was to proposes an alternative electrochemical 

energy storage device to address the weakness of the current Li-ion battery 

technologies. Chapter 2 focuses on Li-ion capacitors which fuse the merits of Li-ion 

batteries and supercapacitors by using electrodes with Faradaic and non-Faradaic 

charge storage mechanism. However, the imbalance in the charge storage kinetics 

provokes parasitic side reaction on the either of electrode when both electrodes are 

utilized to the full state of charge.  

To minimize kinetic difference, we developed a Li-ion capacitor based on two 

dimensional materials: vanadium disulfide anode and nitrogen-doped reduced 

graphene oxide cathode. Semi-metallic vanadium disulfide nanosheets ensures 

facile ionic and electron transport while nitrogen doping increase the capacity of 

cathodes. Our Li-ion capacitor based on two dimensional materials delivered energy 

density as high as 121 Wh g−1 (at 240 W kg−1) and retains 29 Wh g−1 at high power 

density of 3600 W kg−1 (based on electrode active material mass).  

Our second approaches to improve Li-ion capacitor performance was to 

study effect of electrolytes especially the Li-salts on the overall performance. We 

demonstrated that the performance of Li-ion capacitor is largely determined by the 

transport and adsorption properties of anions. We conclude that a desirable Li-salts 

for Li-ion capacitor should be 1) balanced anionic and cationic transport properties 
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in electrolyte 2) smaller anions (without compromising the transport properties) to 

maximize the capacitive capacity on porous electrodes 3)high oxidative stability as 

capacity is proportional to voltage window.  

Chapter 3 introduces an electroactive organic cathode as an environmentally 

friendly alternative for Li-ion battery technology and bring the new capability of 

such materials to the light. Systematic investigation of the molecule highlights that 

an oligomer structure improved the capacity retention of the molecules. Moreover, 

we combined the light harvesting feature and Li-ion storage capability of such 

molecule to demonstrate the light-rechargeable Li-ion batteries. Light rechargeable 

batteries will shift the paradigm of current Li-ion battery technologies for sensing,  
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