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Abstract 

 
This study summarizes the state of research on Li/CuCl2 batteries, one of the 

high-capacity transition-metal conversion-type lithium ion batteries that have been 

developed as promising substitutes for conventional intercalation-type lithium ion 

batteries.  

It is also shown that Li can potentially be stored in a Cu/LiCl/C composite electrode 

through the reformation of a re-conversion reaction; such a cathode would have several 

times the capacity with a graphite anode and would be safer than a conventional 

intercalation-type lithium ion battery. However, there are two major barriers to 

developing such a cathode:  

 First, CuCl2 used as the active material in the cathode electrode readily 

dissolves in the organic solvent, which can easily induce self-discharge. To 

address this problem, a solvent can be applied to combine an electrolyte with a 

lithium salt to produce a dissolution-inhibiting effect through the formation of 

an insoluble, low dielectric constant film on the surface of the cathode active 

material. In this study, it was shown that dissolution of CuCl2, the cathode 

active material, in the electrolyte is suppressed through the use of methyl 

difluoroacetate (MFA) as the organic solvent and lithium hexafluorophosphate 

(LiPF6) as the lithium salt. 

 Second, in cases inchloride ions are present in the electrolyte, generating 

CuCl2 is difficult because the disproportionation reaction of Cu is occurred, 

and CuCl is nonconductive intermediate reactant. It was determined that 

CuCl2 generation can be maintained in such cases by controlling the chloride 

ion concentration in the electrochemical reaction field of the cathode electrode. 

In particular, this involves the instigation of a reversible reaction of CuCl2 

through the mixing of activated carbon as the added carbon of the cathode and 

controlling the chlorine ion concentration in the electrochemical reaction field 

using micro-pores. Thermodynamic data confirmed that this phenomenon is 

highly correlated with the pCl diagram. 

 Given robust solutions to these two problems, the prospects for the development of 

high-capacity, safe Li/CuCl2 batteries appear to be promising. 
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1 Chapter 1 General Introduction 

1.1 Background of Research 
Because electric energy is difficult to store, power distribution systems must 

generally rely on the synchronization of power supplied by the plant with consumer 

demand. This balancing requirement has impeded the introduction of renewable energy 

sources such as photovoltaic and wind power generation that can reduce CO2 emissions 

because the output of such sources is unstable and therefore cannot perform the 

above-mentioned synchronization. The intermittency of renewable energy has led to a 

considerable amount of research on developing large-scale electric power-storage 

systems equipped with batteries for stabilizing power output and storing electric power.  

Owing to their superior responsiveness, small size, and light weight, lithium ion 

batteries (LIBs) represent a promising medium for use in power-storage systems and are 

becoming popular household power-storage devices. However, further dissemination of 

LIBs will require a reduction in their current cost by approximately one third through, 

e.g., increased energy density. Furthermore, adapting LIBs for use in portable consumer 

electronic devices (such as mobile phones and laptop computers), hybrid vehicles 

(HEVs), plug-in hybrid vehicles, and pure electric vehicles will require increased 

energy density, output, and safety along with decreased costs. It is estimated that the 

widespread adoption of LIBs or commercial devices and vehicle use will require an 

increase in energy density by a factor of three to five.1 

An increase in the energy density of LIBs can theoretically be achieved by adopting 

high-voltage, high-capacity cathode active materials and/or high-capacity anode active 

materials. However, because the energy density of “conventional” LIBs is already 

approaching the limits of materials that apply the “intercalation and de-intercalation 

mechanisms” of lithium ions for maintaining host structures, it is imperative to develop 

“new concept” high-energy-density LIBs. The energy densities of conventional LIBs are 

restricted by the exchange number of the lithium ions in the cathode active materials 

and by the stability of such host structures.2,3  

In this study, the use of cathode active materials using conversion and re-conversion 

reaction mechanisms as a replacement for conventional intercalation and 

de-intercalation materials was investigated as a pathway to developing a “new concept” 

LIB with enhanced energy density. 
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1.2 Characteristics of Lithium Ion Batteries 
LIBs can be roughly classified into two types: “conventional” batteries based on the 

intercalation reaction, which are currently widely used; and “new concept” batteries 

based on conversion reactions. 

Intercalation-type LIBs use transition-metal oxides, which generally contain lithium 

metals such as LiNiO2 or LiCoO2, as the cathode active material and carbon such as 

graphite as the anode active material. LIBs in practical current use generally have 

energy densities ranging from 100 to 150 Wh kgī1 and operating in the 4.0 V range.  

In recent years, conversion-type LIBs with large charge/discharge capacities have 

begun to appear. These devices feature cathode active material that take advantage of a 

newly discovered reaction mechanism 4,5 based on the reversible reactivity of nanosized 

metal particles of transition-metal compounds. 

 

1.2.1 Intercalation-type Lithium Ion Batteries 
The operating principle of intercalation-type LIBs is illustrated in Figure 1-1. Using 

LiCoO2 as an example of a typical cathode active material, a two-dimensional (2D) 

layered sheet of CoO2 octahedrons is used to form the skeleton of a crystal structure 

with lithium ions deposited into the gaps. During charging and discharging, the lithium 

ions migrate through and maintain the layered, 2D CoO2 structure in a so-called 

intercalation reaction. 

Table 1-1 lists examples of intercalation-type LIBs. The general electrochemical 

reaction formula of a “conventional” intercalation-type LIB is given as 

 

yC + LiMXz ᵮ LixCy + Li(1 ī x)MXz          [1-1] 

C = Carbon 

M = Transition metal (Co, Ni, Mn, etc. ) 

X = Anion (F, O, S, N, etc.) 

Z = The number of anion 

 

In these reactions, lithium ions do not participate in the transfer of electrons, and the 

transition metals (such as Co, Ni, and Mn) that comprise the host lattice are redoxed to 

maintain the charge neutrality of the electrode. Such transition metals that are capable of 

performing redox are indispensable constituent elements of LIBs, and the number of 

lithium ion sites that the transition metal can provide in the intercalation reaction is the 

primary factor determining the capacity of the LIB. For example, theoretically each 

LiCoO2 provides one lithium ion site for the production of CoO2; in practice, however, 

the number of sites is reduced to 60%–70% to maintain the layered CoO2 structure. In 



- 3 - 
 

the graphite (C) anode, each C6 hosts one lithium ion site. 

In this process, intercalation reaction-type LIBs maintain a capacity of ~ 200mAh 

gī1 because lithium ions migrate into and out the transition-metal crystal structure 

within the range that the structure does not collapse.6,7 

 

 

 

 

 

 

 

 

 

 

Figure 1-1. Operational principle of intercalation-type lithium ion battery. Lithium ions 

migrate into and out of the structure via the electrolyte between the anode and 

cathode electrodes during charging and discharging. 

 

Table 1-1. Examples of intercalation-type lithium ion batteries. 

 

Battery 
system 

Electrochemical reaction equation 
Av. 

Potential 
（V） 

Theoretical Capacity 
（mAh gī1） 

C6/LiCoO2 Li0.5CoO2＋0.5Li+＋0.5eī ᵮ LiCoO2 3.6 137 

C6/LiNiO2 Li0.3NiO2＋0.7Li+＋0.7eī ᵮ LiNiO2 3.5 193 

C6/LiMn2O4 Mn2O4＋Li+＋eī ᵮ LiMn2O4 3.8 148 

 

1.2.2 Conversion-type Lithium Ion Batteries 
A ‘‘conversion reaction’’ is generally defined as a reaction in which a binary 

transition-metal compound reacts with lithium to generate a simple transition-metal 

substance and a binary lithium compound. This reaction involves the complete 

reduction of a transition metal to a metallic state through a process involving large 

numbers of electrons and is therefore suited to the development of extremely 

high-capacity batteries.  

The general electrochemical reaction formula of “new concept” conversion-type 

LIBs is given as 

 

Charge 

LiMXz 

Discharge 

Li+ Li+ 

Li(1-x)Mz 
e- e- LiMXz 
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MaXb + nbLi+ + nbeī ᵮ bLinX + aM          [1-2] 

M = Transition metal (Cu, Ni, Co, Fe, Mn, V, Ti, etc.) 

X = Anion (F, O, S, Cl, etc.) 

N = The formal oxidation state of X (n = 1 ～ 3). 

 

One of the advantages of conversion-type LIBs is their superior rating capabilities 

relative to intercalation-type LIBs. Another attractive feature is a general increase in 

M-X bond ionicity, which is associated through the convergence reaction in [1-2] above 

with an increased output voltage that can be tuned continuously from 0 to 3.0 V by 

modifying the anion X. As will be discussed in the next section, the highest potential is 

attained using transition-metal fluorides. The wide voltage range of such 

conversion-type LIBs requires further investigation.  

Figure 1-2 shows a conversion-type LIB using a representative cathode material. 

The types of cathode materials used in conversion-type LIBs are discussed in the next 

section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. Operational principle of conversion-type lithium ion battery. 

 

The key to the reversibility of conversion-type LIBs seems to be the complete oxidation 

and reduction of the transition metal and subsequent formation of nanosized metal 

particles that are well dispersed within a lithium binary compound (LinX) matrix. The 

breaking characteristics of make these LinX bonds are sensitive to the nature of the 

anion, X; in general, LinX is a relatively stable ionic compound with bonds that are 

generally difficult to break by transition metals to form MaXb. However, improvements 

in the dynamics and thermodynamic constraints of the transition metal through the 

Charge Discharge 

Li+ 

Li+ 

Li+ 

Li+ 

Li+ 

Li+ 

e- 

e- e- 

e- 

e- 

MaXb bLinX+aM MaXb 
e- 
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nanosizing of particles helps to promote the formation of MaXb and the decomposition 

of LinX via new electrochemical reaction mechanisms based on nanoparticle-sized 

effects.8,9,10  

 

 

1.3 Types of Conversion-type Lithium Ion Batteries and Their Features 
In this section, a variety of conversion-type LIBs, transition-metal fluorides, sulfides, 

oxides, and chlorides with lithium in non-aqueous lithium cells that can operate over a 

wide voltage range (0.02–4.3 V) at room temperature are discussed. Following the 

recognition of their high reversibility and cycling ability in 2000, increasing attention 

has been paid to the study of materials that can be used in conversion-type LIBs.11 

 

1.3.1 Selection of Transition-Metal and Anion Element 
In most cases, lithium ion uptake occurs via a heterogeneous reaction based on the 

transformation of a MaXb (refer equation [1-2]) containing a transition-metal element 

belonging to group Ⅳ and a non-metallic element belonging to groups ⅥA or ⅦA. 

Typical transition metals (M) candidates for use in conversion-type LIBs include Cu, Ni, 

Co, Fe, Mn, V, and Ti, while typical anion elements (X) include F, O, S, and Cl.  

The theoretical potential (voltage) is calculated from the Gibbs free energies of 

formation (⊿fG) of LinX and the initial compound MaXb following the Nernst equation. 

The calculated results for candidate conversion reaction materials are shown in Figure 

1-3; all calculated potentials are above 0 V, indicating that all of the candidate materials 

can undergo the reaction thermodynamically. 

 

⊿G ＝ b⊿fG(LinX) － (⊿fG(MaXb) + nb⊿fG(Li+)) ＝ －nbEF     [1-3] 

F：Faraday constant (96,485 C molī1 = 26.8 Ah molī1） 

E：Potential (Voltage)（V） 

⊿G： Difference between Gibbs free energies before and after the reaction (kJ molī1） 

 

Here, the Gibbs free energy data were obtained from an electrical science handbook.12  

Figure 1-3 shows an increasing trend in the potential with the atomic number of the 

transition metal, corresponding to a stochiometric and oxidation state from Ti to Cu. 

The potential of an electrochemical reaction increases with the ionicity of the M–X 

bond, and, with the exception of fluorides and chlorides, such bonds have a potential of 

between 0.5 and 2.0 V (vs Li+/Li). 
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Figure 1-3. Theoretical voltage calculated from Gibbs free energy of formation (⊿fG) for 

conversion-type lithium ion batteries. 

 

Because the transition-metal fluorides and chlorides react at significantly high 

potentials (close to 3.0 V) they are useful as cathode electrode materials. Although 

transition-metal fluorides are preferred as cathode electrode materials owing to their low 

equivalent weights and potential, LiF, the reaction product in the discharge process, is 

insoluble in most organic solvents, which causes a disadvantage in terms of reversibility 

and rate properties. Similarly, the transition-metal chlorides have a disadvantage in 

terms of self-discharge and their excessive solubility in most organic solvents. To 

address these problems, significant research has gone into developing nanoparticles, 

film materials, etc. to improve the organic solubility of transition-metal fluorides and 

into mesoporous carbon mixing methods for transition-metal chlorides.13 

Previous electrochemical studies of transition-metal fluorides, sulfides, oxides, and 

chlorides for applications in conversion-type LIBs are discussed in the next sections. 



- 7 - 
 

1.3.2 Transition-Metal Fluorides 
  The conversion reactions of transition-metal fluorides produce lithium fluoride (LiF) 

and M (metal). For these materials, the conversion reaction equation [1-2] can be 

rewritten as  

  

MFb + bLi + beī ᵮ bLiF + M            [1-4] 

M = Transition metal (Cu, Ni, Co, Fe, Mn, V, Ti, etc.) 

 

The Gibbs free energy, potential, theoretical capacity, and energy density for each 

transition-metal fluoride is shown in Table 1-2. In conversion reactions with lithium, 

transition-metal fluorides produce a higher potential (Ó2.0 V) than other transition-metal 

compounds, a result of the very high ionic bonding nature of the M-F bond. Attempts 

have been made to use this material property in intercalation reactions and to use 

develop cathode active materials using transition-metal fluorides. 

Arai et al. reported in 1997 that TiF3, VF3, and FeF3 exhibit average voltages of 2.5, 

2.2, and 3.0 V, respectively. Formation of LixMF3 (M = Fe, Ti, V) in similar layered 

structures resulted in materials with charge/discharge capacities of about 80 mAh gī1.14 

Addition of mechanically milled FeF3/C nanocomposites with diameters on the order of 

1–20 nm to minimize the length of ion diffusion path improved the specific capacities to 

200 mAh gī1 within the potential region of 2.8–3.5 V,15 and a subsequent increase in the 

operating temperature to 70°C improved the capacities to 660 mAh gī1 within the 

potential region 1.5–4.5 V.16 Recently, the low-temperature synthesis of a 

nanostructured iron-based fluoride cathode without carbon through the use of ionic 

liquids was reported; in the voltage range 1.6–4.5 V, this material had a specific capacity 

of about 150 mAh gī1 at room temperature.17 Further studies have reported the 

enhancing the lithium storage capacity of FeF3 by introducing C@LiF, improvement of 

cycling performance of FeF3 with boron-based addities.18,19 

Another transition metal—ball-milling-prepared carbon-coated nano-CuF2—has 

also been reported.20 Its reaction mechanism, which reportedly involves the 

transportation of Fī from the Cu/CuF2 interface to the CuF2/LiF/electrolyte interface, is 

important because electron tunneling during the reaction process can result in the 

formation of Cu nuclei that are not directly located on the Cu/carbon interface. 

Powder-based cathodes containing the carbon-coated nano-CuF2 (CCN-CuF2) and 

carbon black (Ketchen Black) have been prepared by ball-milling methods, and 

investigated by galvanostatic cycling.21 This electrode exhibits three or four shorter 

plateaus in discharge and charge profiles, and this is because the Cu dissolution is 

associated with the consumption of LiF phase in the first charge, and this dissolution 
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process consequently prevents Cu and LiF from generating to CuF2. As the results, the 

maximum specific capacity, 316 mAh gī1, is only observed at first cycle, eventually, a 

significant capacity reduction after the second cycle has been caused. 

Based on the above discussion, FeF3 and FeF2 can be considered representative 

transition-metal fluoride cathode materials for use in conversion reactions that yield 

very high specific capacities within an attractive voltage range. One of the 

disadvantages of batteries using conventional anode electrodes such as graphite, 

however, is finding a method for storing lithium. It has been suggested that LiF-Fe 

nanocomposites can be used as charge-inducing materials; however, the low 

conductivity of these compounds must be compensated through the addition of carbon 

to form a nanocomposite. An electrode composed of one such nanocomposite, a 

binder-free Fe/LiF/C generated by the pyrolysis of a ferrocene and a LiF mixture, was 

found to have a reversible specific capacity of 230 mAh gī1 (1.3–4.3 V)22 demonstrating 

the importance of using a uniform distribution of Fe, Fe–C, and LiF nanoparticles.  

 

Table 1-2. Gibbs free energies, potentials (voltages), theoretical capacities, and energy 

densities of transition-metal fluorides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

LiF-Co nanocomposite electrode thin films prepared on stainless steel substrates via 

pulsed laser deposition with initial capacities of 205 mAh gī1 (1.0–4.5 V), and initial 

discharge capacities of 550 mAh g–1 have also been developed.23 The heterogeneous 

mixture of transition metallic Co and LiF along with CoF2 at atomic or nanometer 

scales might be a key toward enhancing nanocomposite electrochemical activity and 

performance. More recently, Fe/LiF/C nanocomposites synthesized through chemical 

ball milling with nanocomposites of FeF3/C and LiH/C were found to produce a high 

MaXb a b n
fG

(kJ mol
1
)

Voltage
(V)

Capacity

(mAh g
1
)

Energy Density

(Wh g
1
)

CuF2 1 2 1 492.8 3.54 528 1870

NiF2 1 2 1 604.1 2.97 554 1644

CoF2 1 2 1 647.2 2.74 553 1516

CoF3 1 3 1 740 3.54 694 2455

FeF2 1 2 1 668.6 2.63 571 1503

FeF3 1 3 1 972 2.74 712 1951

MnF2 1 2 1 806.9 1.91 577 1104

MnF3 1 3 1 1000 2.64 718 1897

VF3 1 3 1 1227 1.86 745 1383

TiF3 1 3 1 1361 1.39 767 1069

LiF - - - 587.7 - - -
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specific capacity of over 400 mAh g–1 and favorable cycling performance.24 

It is seen, therefore, that methods such as nanoparticle formation can successfully 

promote conversion reactions through the maintenance of high forming substance 

reactivity. 

 

1.3.3 Transition-Metal Oxides 
The reaction products of transition-metal oxides in a conversion reaction are lithium 

oxide (Li2O) and M (metal). Conversion reaction equation [1-2] can be rewritten 

accordingly as 

 

MaOb + 2bLi+ + 2beī ᵮ bLi2O + aM          [1-5] 

M = Transition metal (Cu, Ni, Co, Fe, Mn, V, Ti, etc.) 

 

Table 1-3 shows the Gibbs free energies, potentials, theoretical capacities, and 

energy densities of the transition-metal oxides that have been reported to date. It is seen 

that copper oxides (CuO) have the highest potentials among the transition-metal oxides. 

Although both CuO and Cu2O are reduced by lithium and transformed into Cu 

nanoparticles and Li2O,25,26 the CuO structure appears to collapse and transform into a 

Cu2O structure as a result of oxygen vacancies.26 The transformation from CuO to Cu2O 

results in the decrease in capacity shown in Table 1-3, which can reportedly be 

suppressed through the use of CuO nanorods or nanotubes.27,28 However, although fine 

polycrystalline CuO and nanotube films have been found to produce high initial 

discharge capacities of 766 and 911 mAh g–1, respectively. However, recently, 

development as a large capacity and stable anode material in the form of CuO nanoflake 

arrays or shell/core CuO nanowire/carbon fiber composites or CuO nanoparticles etc. 

has been actively carried out.29,30,31 

The transition metal with the next highest potential is Ni. Although the cycling 

performance of NiO has been found to be inferior to that of other transition-metal 

oxides such as CoO, CuO, and Cu2O, improvements have been reportedly achieved in 

several structures, including NiO–Ni nanocomposites prepared by calcining a mixture 

of Ni2(OH)2CO3,32 NiO films deposited on copper plates and foam nickel substrates,33 

and LiF-NiO composites synthesized by the mechanical milling of LiF and Li-doped 

NiO.34 These electrode have been shown to achieve in the range of about 250–700 mAh 

g–1. 

CoO and Co3O4 are probably the most heavily studied transition-metal oxides, with 

samples of these materials prepared by calcination of Co(OH)2 reportedly achieving 

capacities of around 800 mAh g–1.35,36 Because the electrochemical properties of 
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synthesized CoO and Co3O4 strongly depend on their structures and morphologies, their 

characteristics will differ by manufacturing method; accordingly, the performance of 

Co3O4 prepared a large number of synthesis methods—including precursor pyrolysis,37 

precipitator calcination,38,39 growth within mesoporous silicas and precipitator 

calcination,40 reverse micelles,41 and facile co-precipitation method to synthesize 

uniform single-crystal Li-rich/Co3O4
42—have been investigated. 

Although the initial discharge capacity for each manufacturing method listed above 

has been found to exceed the theoretical capacity, the discharge voltages have been 

consistently lower than the theoretical values by around 1.0 V. In addition, the cycling 

characteristics tend to be improved through the addition of carbon.43 There have been 

intriguing reports of the growth of self-supported mesoporous Co3O4 nanowire (NW) 

arrays on Ti foil44 and of the fabrication of tailor-made materials from Co-alkoxide 

precursors.45 The use of NWs, which have mesoporous 3.3-nm structures and Brunauer–

Emmett–Teller (BET) surface areas of 73.5 m2/g, can introduce porosity to enhance the 

electrolyte/Co3O4 contact area and shorten the Li+ ion diffusion distance to increase the 

current to 50 C. It has also been reported that Co3O4 samples with smaller surface areas 

had much better reversibilities than samples with large surface areas, possibly as the 

result of growth in the former of solid electrolyte interphase (SEI) layers surrounding 

the active particles. Overall, it appears that material properties have a significant 

influence on charging and discharging properties. 

These days, research as a high capacity anode material has been carried out.46,47 

As shown in Table 1-3, Fe2O3 has a very large capacity based on its conversion 

reaction, a characteristic that, combined with its low toxicity and cost, makes it an 

attractive cathode material candidate. Not surprisingly, many studies have evaluated the 

characteristics of Fe2O3 samples prepared by numerous synthetic methods , including 

recrystallization powdering,48 calcination powdering of gel polymers,49 carbon 

supporting of Fe using polymer resins,50 hydrothermal synthesizing of nanorods,51 

polyethylene glycol) precursor methods,52 and gelsol solution processes.53 Although 

such manufacturing methods generally produce Fe2O3 nanostructures with high 

capacities, the cycling performances of such structures have been found to be 

suboptimal, and although adding carbon to the cathode electrode material has been 

shown to be effective in improving cycling performance, the amount of carbon required 

in this process has proven to be very large. 

The next transition metal in Table 1-3 is Mn. The full reduction capacities of MnO2 

and Mn2O3—1,233 and 1,019 mAh gī1, respectively—are the highest among the 

transition-metal oxides, and, owing to their low voltages, these metals have also been 

assessed for use as anode materials. However, the Mn oxides have large irreversible 
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capacities in the first cycle, possibly because of the formation of a SEI film on the 

surface of the electrode materials, and their performance cannot therefore be directly 

compared with that of chromium, cobalt, or copper. Several studies have evaluated 

nanoporous ɔ-MnO2 hollow microspheres prepared from precursors,54 electrochemically 

synthesized manganese oxides,55 mechanically milled powders coated with carbon.56 In 

each case, however, the irreversible capacity following the initial charging was large , 

resulting in poor cycling properties.  

Recently, as the Li-CO2 battery, porous Mn2O3 cathode has been reported to have 

high durable cycling stability (2000 h) at a current density 50 mA g-1. It will be 

necessary to watch closely as a new usage of the Mn2O3 in the future.57 

Owing to its very high theoretical capacity and lowest voltage among the transition 

metals, several studies have evaluated the use of Cr2O3 in anode electrodes. Several 

experimental electrodes using the synthesis of Cr2O3 nanoparticle and carbon nanotube 

have been produced.58 Overall, the Cr2O3–CNT(0.08%) nanocomposite has performed 

highest reversibly capacity of 719 mAh g-1 at current rates of 2000mA g-1. This high 

performance and long cycling stability of Cr2O3-CNT could be ascribed to the 

synergistic effect with Cr2O3 nanoparticle.59  

 

Table 1-3. Gibbs free energies, potentials (voltages), theoretical capacities, and energy 

densities of transition-metal oxides. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
  

MaXb a b n
fG

(kJ mol
1
)

Voltage
(V)

Capacity

(mAh g
1
)

Energy Density

(Wh g
1
)

CuO 1 1 2 129.5 2.24 674 1511

Cu2O 2 1 2 146 2.16 375 808

NiO 1 1 2 211.7 1.82 718 1303

CoO 1 1 2 214.2 1.80 715 1290

Co3O4 3 4 2 774 1.91 890 1701

FeO 1 1 2 245.1 1.64 746 1226

Fe2O3 2 3 2 742.2 1.63 1007 1643

MnO2 1 2 2 465.2 1.71 1233 2106

Mn2O3 2 3 2 881.1 1.39 1019 1417

MnO 1 1 2 362.9 1.03 756 780

Cr2O3 2 3 2 1058.1 1.09 1058 1148

VO 1 1 2 402.5 0.83 801 663

V2O3 2 3 2 1139 0.95 1073 1015

V2O5 2 5 2 1419.5 1.44 1473 2125

TiO2 1 2 2 884.5 0.62 1342 834

TiO 1 1 2 513.3 0.25 839 213

Li2O - - - 561.2 - - -
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1.3.4 Transition-Metal Sulfides 
 Transition-metal sulfides undergoing a conversion reaction produce lithium sulfide 

(Li2S) and M (metal). Equation [1-2] can be rewritten as follows express this conversion 

reaction:  

 

MaSb + 2bLi+ + 2beī ᵮ bLi2S + aM          [1-6] 

M = Transition metal (Cu, Ni, Co, Fe, Mn, V, Ti, etc.) 

 

Table 1-4 shows the Gibbs free energies, potentials, theoretical capacities, and 

energy densities of the transition-metal sulfides. The electrochemical reaction between 

alkali metals such as sodium and sulfur is well known and is used in high-temperature 

NaS batteries, and a battery utilizing a reversible reduction reaction between sulfur and 

Li2S would have an attractive electrochemistry with a theoretical capacity of about 

1,675 mAh gī1. However, sulfur cathodes have a relatively low redox potential of (Ò 2 

V) and the cycling characteristics of lithium metal anodes are subject to deterioration as 

a result of dendrite formation upon charging; to address these problems, care must be 

taken to maximize the cathode potential (in the first case) and in the preparation of the 

electrolyte solution (in the second).60 Several transition-metal sulfides can be used to 

enable conversion reactions between sulfur and lithium to generate Li2S and metal 

nanoparticles via the pathway in equation [1-6]. 

Owing to its highest voltage among the transition-metal sulfides (Table 1-4), CuS 

would appear to be one of the more attractive electrode candidate materials. In practice, 

a hybrid network CuS monolith cathode formed by CuS sheets and macroporous 

monolith Cu foam shows 185.1 and 468.3 mAh g-1 for first and 100the cycle at a current 

rare of 0.2C (1C = 560 mA g-1) respectively.61 The CuS cathode prepared on the Cu foil 

substrate by a facile method exhibit excellent cyclic stability and with reversibility up to 

2C. The performance is reported due to the large 3-D net structure and the production of 

mixed ion electron conductors.62 And, approaches such as the mechanical milling of 

mixtures of S and Cu crystals as sulfur-based cathode materials with glass-ceramic solid 

electrolytes have been shown to increase the yield capacity at 20 cycles to nearly 650 

mAh gī1 (based on the total weight of copper and sulfur in the electrode).63 

After copper, the transition-metal sulfides with the next highest potentials are iron 

and cobalt (Table 1-4). To increase the low conductivity of CoS2, the use of acetylene 

black content has been investigated, with experimental results revealing an optimal 

performance for an electrode with 30 wt% acetylene black content with a capacity of 

1,280 mAh gī1 at an initial discharge voltage of 0.02–3.0 V. This electrode also 

demonstrated stable cycling characteristics over a charge/discharge voltage range of 
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1.6–3.0 V with a capacity of 200 mAh gī1, presumably as a result of the intercalation 

reaction occurring at 1.6 V. 64 Furthermore, CoS2 nanoparticles coated with ultra-thin 

graphitic carbon shells have exhibited highly reversible capacities and good cycling 

performance as a result of the improved electrochemical properties of the carbon shell, 

which not only prevents the aggregation of active materials and stabilizes the structure 

but also increases the conductivity.65 Another transition-metal sulfide, Co9S8, which 

does not appear in Table 1-4, has also been investigated and found to have a discharge 

capacity of 250–450 mAh gī1 in the voltage range 2.8–0.2 V.66  

FeS2 and FeS, which have potentials that are approximately equal to that of cobalt, 

have been used in high-temperature electric vehicle batteries with molten salt 

electrolytes.67 The lithium reduction of FeS2 has been found to have two voltage steps: 

an initial step involving the formation of nonstoichiometric pyrrhotite Fe1-xS and 

layered Li2+xFe1īxS2 solid solution at 1.7 V, and a final step involving the formation of 

layered Li2+xFe1-xS2-generated clusters of Li2S plates and amorphous Fe at ambient 

temperature.68 

Recently, as a new use of FeS or FeS2, there are reports that it is used as a hybrid Mg-Li 

ion batteries or Al batteries. Hybrid Mg-Li ion batteries use magnesium lithium alloy 

for anode, and FeS for cathode, and it is reported that the capacity of 200 mAh g-1 has 

been able to maintain even after 800 cycles though energy density is 300 Wh kg-1.69 Al 

batteries use aluminum for anode, and FeS2 for cathode, and the theoretical capacity is 

not so large as 462.7 Wh kg-1, but it is reported to be superior in terms of safety and 

cost.70 

 

Table 1-4. Gibbs free energies, potentials (voltages), theoretical capacities, and energy 

densities of transition-metal sulfides. 

 

 

 

 

 

 

 

 

 

 

  

MaXb a b n
fG

(kJ mol
1
)

Voltage
(V)

Capacity

(mAh g
1
)

Energy Density

(Wh g
1
)

CuS 1 1 2 53.6 1.97 561 1106

Cu2S 2 1 2 86.2 1.80 337 607

CoS2 1 2 2 146 1.87 871 1631

Co3S4 3 4 2 487 1.62 703 1138

FeS 1 1 2 100.4 1.73 610 1055

FeS2 1 2 2 166.9 1.82 894 1625

MnS 1 1 2 218.4 1.12 616 689

MnS2 1 2 2 225 1.67 900 1501

TiS2 1 2 2 402.2 1.21 900 1088

Li2S - - - 433.3 - - -
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Although neither is listed in Table 1-4, NiS and Ni3S2 are also transition-metal 

sulfide candidates. Studies investigating the electrochemical properties of these 

materials have involved the synthesis of nanostructured NiS via a polyol route using 1M 

LiTFSI /PEGDME,71 an assessment of the effectiveness of porous NiS2 produced via 

spark-plasma-sintering,72 an investigation of binary α-NiS–β-NiS synthesized by a 

rapid, one-pot, hydrothermal autoclave microwave method,73 and an investigation and 

availability discussion of porous NiS nanospheres using Ultrasonic spray pyrolysis 

(USP) method for lithium battery application.74 

Recently, the electrochemical properties of various nickel sulfide-based electrode 

materials are researched as materials in all-solid-state lithium batteries.75 

Research on the development of transition-metal sulfide systems with lithium metal 

anodes, with the goal of developing safer conversion-type LIBs, is ongoing.  

 

1.3.5 Transition-Metal Chlorides 
Transition-metal oxides undergoing a conversion reaction produce lithium chloride 

(LiCl) and M (metal), as shown in the following adaptation of equation [1-2]: 

 

MaClb + bLi+ + beī ᵮ bLiCl + aM          [1-7] 

M = Transition metal (Cu, Ni, Co, Fe, Mn, V, Ti, etc.) 

 

Table 1-5 shows the Gibbs free energies, potentials, theoretical capacities, and 

energy densities of the transition-metal chlorides. As a result of the high ionic bonding 

nature of the M-Cl bond, which results in a high reduction potential for LiCl, these 

materials generally have potentials with lithium (Ó2.0 V) that are higher than other 

transition-metal compounds and comparable to those of the transition-metal fluorides 

(Figure 1-3). Copper (II) Chloride (CuCl2) is a quite soluble material, and some 

ineffective attempts have been made to suppress its solubility using mixed solvents and 

complexion anions.76 Although nickel chloride (NiC12) is insoluble in the LiCl, AlCl3, 

PC system, NiCl2 reacts with the electrolyte to produce a chloride deficiency. 76 Thus, 

the major problem with using transition-metal chlorides as cathode materials is 

self-discharge caused by their excessive solubilities in electrolyte.77  

In a very recent trial, CuCl2/C nanocomposite with mesoporous carbon was used to 

immobilize the active CuCl2 phase into mesopores in a 1 M LiPF6 in EC, dimethyl 

carbonate (DMC), and ethylene methyl carbonate (EMC) (1:1:1 by vol.) electrolyte. 

However, no clear effects of using mesoporous carbon were seen, as the theoretical 

potential of the electrochemical reactions was not definitely reached and the discharge 

capacity was as low as half of the theoretical capacity.78 
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Investigation of another potential transition-metal chloride-based battery system—a 

cobalt chloride (CoCl2) prepared through application of the casting film process and 

vacuum-drying in 1 M LiPF6 in EC, DMC, and EMC (1:1:1 by vol.) 

electrolyte—produced results similar to those in previous research, with no clear 

two-stage plateaus, initial discharge capacities as large as 850 mAh gī1, and stable 

cycling performance of 400 mAh gī1 following the second cycle.79 

Studies have also been carried out to measure the cycling characteristics of Li/CuCl2 

batteries with inorganic electrolyte (LiAlCl4･3SO2) solutions.80 As such systems 

generate SO2, they are difficult to handle openly and, although approximately 270 

cycles were attained in these studies, only about half (200 mAh gī1) of the theoretical 

capacity of CuCl2 was achieved and the two-electron energy density of the CuCl2 

system was not obtained. Recently, the performance of NiCl2 as a cathode electrode has 

been reported. According to it, it is reported that the performance of 360 mAh g-1 was 

achieved at 500 ℃ of operation temperature.81 

 

Table 1-5. Gibbs free energies, potentials (voltages), theoretical capacities, and energy 

densities of transition-metal chlorides. 
 

 
 

 

 

 

 

 

 

 

 

Zebra batteries, which use sodium-based inorganic molten salt electrolytes and 

transition-metal chloride cathode materials, are well known for their reversibility and 

high-temperature (270°C–350°C) operating characteristics. Such batteries primarily use 

NiCl2 and sodium metal (Na) in the cathode and anode, respectively, and operate via the 

following electrochemical reactions:82 

 

Cathode   : NiCl2 + 2Na+＋eī ᵮ 2NaCl＋Ni         [1-8] 

Anode    : 2Na ᵮ 2Na+ + 2eī                     [1-9] 

Total reaction : NiCl2 + 2Na ᵮ 2NaCl + Ni  (2.64 V vs. Na+/Na)  [1-10] 

MaXb a b n
fG

(kJ mol
1
)

Voltage
(V)

Capacity

(mAh g
1
)

Energy Density

(Wh g
1
)

CuCl2 1 2 1 175.7 3.08 617 1899

NiCl2 1 2 1 259.1 2.65 521 1378

CoCl2 1 2 1 269.8 2.59 504 1306

FeCl2 1 2 1 302.3 2.42 756 1831

MnCl2 1 2 1 440.5 1.71 756 1290

LiCl - - - 384.4 - - -
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The theoretically calculated operating cell voltage of this set of reactions is 2.58 V 

(vs Na+/Na) and the theoretical energy density is 414 mAh gī1, which is approximately 

equal to that of CuCl2. Electrochemically, zebra batteries perform adequately at high 

temperatures but are most noted for their control of the poor conductive NiCl2 layers on 

the surfaces of Ni particles and for their reduced operating temperatures and ease of 

handling. 

NaAlCl4 catholyte and other lower melting point alkali metal salts such as NaBr, 

LiCl, and LiBr have been partially replaced 83,84,85,86 , and Ni/NiCl2
87, Na/FeCl2

88 and 

Na/CuCl2
89,90-type zebra batteries have been investigated. Although Na/FeCl2 zebra 

batteries have lower costs and Na/CuCl2
 batteries can achieve lower operating 

temperatures, both require further improvement in terms of cycling performance. 
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1.4 Copper (II) Chloride-based Lithium Ion Batteries and Their Features 
As discussed in the preceding sections, the transition-metal chlorides have 

disadvantages in terms of self-discharge as a result of their excessive solubility in most 

organic solvents. It is therefore extremely important to find measures that will block the 

dissolving of transition-metal chlorides in electrolyte. 

 

1.4.1 Solubility of Copper (II) Chloride in Organic Solvent 
The solubility characteristics of copper are believed to arise in its electron 

configuration. For instance, copper (II) and chloride ions bond ionically to create 

soluble cupric chloride (CuCl2), while copper (I) and chloride ions bond covalently to 

produce insoluble cuprous chloride (CuCl). Although the suppression of self-discharge 

by the dissolution of CuCl2 is a very important effect, understanding the behavior of 

copper (Cu) ions in both aqueous and non-aqueous solvents requires an assessment of 

the its disproportionation reactions, which are analogous to the electrochemical 

reactions occurring in batteries. 

The Gibbs free energies of Cu and Cu ions are as given as follows:12 

 

⊿G0
f(Cu) = 0 kJ molī1 

⊿G0
f(Cu+) = +49.98 kJ molī1 

⊿G0
f(Cu2+) = +65.49 kJ molī1 

 

The potentials of the oxidation and reduction of copper and copper ions are calculated 

as follows: 

  

Cu+ ＋ eī ᵮ Cu                    [1-11] 

E1
0 = ī(⊿G0

f(Cu) ī ⊿G0
f(Cu+))／(1 ×F) = 0.52 V (NHE) 

 

Cu2+ ＋ eī ᵮ Cu+                   [1-12] 

E2
0 = ī(⊿G0

f(Cu+) ī ⊿G0
f(Cu2+))／(1 × F) = 0.16 V (NHE)  

 

Cu2+ ＋ 2eī ᵮ Cu                   [1-13] 

E3
0 = ī(⊿G0

f(Cu) ī ⊿G0
f(Cu2+))／(2 × F) = 0.34 V (NHE)  

 F：Faraday constant (96,485 C/mol = 26.8 Ah molī1） 
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These formulations correspond to the Latimer diagram shown in Figure 1-4. 

 

+0.52 V  cuprous  +0.16 V   cupric  

Cu        Cu+          Cu2+ 

 

              +0.34 V  

Figure 1-4. Latimer diagram of Cu, Cu+, Cu2+ . 

 

When Cu, Cu+, Cu2+ are mixed in a solvent, the electric potential of E1 falls (moves 

toward the reduction side) while the electric potential of E2 rises (moves toward the 

oxidation side), resulting finally in E1 = E2 in the equilibrium state. 

The equilibrium constant for Cu, KCu, is then expressed as follows: 

 

2Cu+ ᵮ Cu2+ ＋ Cu                 [1-14] 

KCu＝[Cu2+][Cu]／[Cu+]2  

 

Then, from the Nernst equations corresponding to [1-11], [1-12]: 

 

E1 = E1
0 ＋ RT／F ln ([Cu+]／[Cu])           [1-15] 

E2 = E2
0 ＋ RT／F ln ([Cu2+]／[Cu+])           [1-16] 

R：Gas constant (8.314J molī1 Kī1） 

T：Absolute temperature (K) 

 

Accordingly, because E1 = E2 in the equilibrium state: 

 

E1
0 － E2

0 = RT／F ln ([Cu2+][Cu]／[Cu+]2) = 0.05914 log KCu  

(0.52ī0.16) = 0.05914 log KCu 

KCu = 106.1 ＞ 0                    [1-17] 

 

Because the equilibrium constant has a very large value, reaction [1-14] is promoted, 

resulting in a state in which most of the ions in the solvent are Cu2+ ions; this is 

particularly true in aqueous solvents. 

 

When chloride (Clī) ions are present in the solvent, the equilibrium equation takes 

the following form:  

 

Cu2+ + Cu ＋ 4Clī ᵮ 2CuCl2
ī  ,           [1-18] 
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for which the Gibbs free energies of Cu and Cu ions are as follows:12, 91 

 

⊿G0
f(Cu) = 0 kJ molī1 

⊿G0
f(Clī) = ī131.23 kJ molī1 

⊿G0
f(CuCl2

ī) = ī240.5 kJ molī1 

⊿G0
f(Cu2+) = +65.49 kJ molī1 

 

The potentials of the oxidation and reduction of copper and copper ions in this case are 

calculated as follows: 

 

CuCl2
ī ＋ eī ᵮ Cu ＋ 2Clī                [1-19] 

E1
0 = ī(2⊿G0

f(Clī) ī ⊿G0
f(CuCl2

ī))／(1 × F) = 0.21 V (NHE) 

 

Cu2+ ＋ 2Clī＋eī ᵮ CuCl2
ī                [1-20] 

E2
0 = ī(⊿G0

f(CuCl2
ī) ī 2⊿G0

f(Clī))／(1 × F) ＝ 0.47 V (NHE) 

 

Cu2+ ＋ 2eī ᵮ Cu                      [1-21] 

E3
0 = ī(⊿G0

f(Cu) ī ⊿G0
f(Cu2+))／(2 × F) = 0.34 V (NHE), 

F：Faraday constant (96,485 C/mol = 26.8 Ah molī1） 

 

which correspond to the Latimer diagram in Figure 1-5. 

 

+0.21 V  cuprous  +0.47 V   cupric  

Cu         CuCl2
ī          Cu2+ 

 

                +0.34 V  

Figure 1-5. Latimer diagram of Cu, CuCl2
ī, Cu2+ . 

 

It is possible for Cu+ to exist stably in a solvent with Cu, Cu+, Cu2+, and Clī. 

In this case, the equilibrium constant, KCu
’, is given as 

 

KCu
’ = [Cu2+][C lī]4／[CuCl2

ī]2, 

 

and the Nernst equations for [1-19], [1-20] are then given by 

 

E1 = E1
0 ＋ RT／F ln ([CuCl2

ī]／[Cu][Clī]2)  

E2 = E2
0＋RT／F ln ([Cu2+][Clī]2／[CuCl2

ī])  



- 20 - 
 

The equilibrium state, E1 = E2, is then given as 

 

E1
0－E2

0 = RT／F ln ([Cu2+][C lī]4／[CuCl2
ī]2) = 0.05914 log KCu

’  

(0.208ī0.466) = 0.05914 log KCu
’ 

KCu
’ = 10ī4.36 ≒ 0 

 

The very small value of the solution confirms that Cu+ (CuCl2
ī) can exist stably in this 

solvent.92 

Although the above analysis focused on aqueous solution-based solutions, it is 

useful to consider the electrochemical reactions driving the behavior of Clī, Cu, Cu+ 

(CuCl2
ī), and Cu2+ as well as Li+ in non-aqueous solvent-based conditions. Because the 

stable presence of Cu+ (CuCl2
ī) and/or Cu2+ in the solvent depends on the presence of 

Clī, the effects of Clī concentration on Cu, Cu+ (CuCl2
ī), and Cu2+ have been studied 

thoroughly in the contexts of copper corrosion fields and electrolysis. 

 

Figure 1-6 show a potential-pCl diagram, which is constructed based on the 

thermodynamic data in Table 1-6, for copper in an aqueous solvent at pH = 1 and 25°C. It 

is seen from the figure that, in the absence of or at low concentrations of Clī, Cu2+ (and 

not CuCl2) is the most stable form of copper in the solvent. However, as the 

Clīconcentration increases, Cu+ becomes the most stable solute and the copper 

complexion of the solution deepens. Similar results for copper electrolysis were reported 

by K. Murase et al..93 This potential-pCl copper diagram suggests that an insufficient 

concentration of Clī in the solvent will severely curtail the formation of CuCl2, resulting 

in the dissolution of Cu2+ into the solvent. Accordingly, the extent to which Cu2+ occupies 

the CuCl2 formation and suppresses its solubility has been an important subject of 

reseatch.94,95,96,97,98 

 

 Table 1-6. Thermodynamic data used to construct the potential-pCl diagram in Figure 

1-6.94, 95, 98 
8 
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Figure 1-6. Potential-pCl diagram of copper in aqueous solvent at pH 1 and 25°C. 

 

Although copper (II) chloride (CuCl2) has characteristics suitable for use in 

rechargeable LIBs, the preceding discussion has shown how the dissolution 

characteristics of these materials are complicated by the intervention of Clī. Generally, 

ion-exchange membranes have been used to overcome the formation of soluble 

complexes; however, as these tend to increase the specific resistance of the electrolyte, 

they have not proven entirely successful.76 

The effort taken in these sections to developing a prior understanding of the types of 

reaction products that can be created will pay off later on in this paper assessing the 

potential electrochemistry pathways and their formulation. 

 

1.4.2 Suppression of Copper (II) Chloride Solubility in Organic Solvents 
The organic electrolyte used in an LIB is an ion conductor in which lithium salts 

are dissolved in an organic solvent. Although there are many types of organic solvents 

and lithium salts, only a limited subset of these are practical for use in LIBs. Tables 1-7 

and 1-8 list, respectively, the primary organic solvents and lithium salts used in 

LIBs.99,100  

The electrostatic interaction between lithium ions and the anion is weakened by the 

dielectric constant of the organic solvent; reducing the dielectric constant increases the 

number of free ions, suppressing the dissociation of lithium salt and enhancing the 
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electric conductivity of the organic electrolyte. The same principle is assumed to apply 

for the copper (II) chloride (CuCl2) and the cathode materials, i.e., suppressing the 

solubility of CuCl2 by lowering the dielectric constant of the organic solvent enhances 

the conductivity.  

As CuCl2 is quite soluble in PC,76 and, as observed above, organic solvents with 

high dielectric constants will tend to dissolve CuCl2, which has fundamentally ionic 

bonding properties, an organic solvent with a low dielectric constant should be selected. 

For this purpose, high acidity organic solvents are believed to be appropriate, with 

fluorinated organic solvents considered to be particularly strong candidates as they can 

readily detach protons owing to the strong electron withdrawing effect of the fluorine 

atom. If lithium hexafluorophosphate (LiPF6) is used as the lithium salt, the detached 

protons can react with LiPF6 molecules to synthesize additional hydrogen fluoride 

(HF),101,102 which should readily react with LiCl, the reaction product produced by 

CuCl2 in the reduction process, and/or with Cu. In these reactions, lithium fluoride (LiF) 

and/or copper fluoride (CuF2) are formed intensively on the electrode surface, which 

should act to suppress the dissolution of cathode materials and provide stabilization as a 

SEI. Furthermore, fluorinated organic solvents would have the benefits with high safety 

due to high-thermal stability.  

From the above points of view, the most preferable lithium salt is believed to be 

LiPF6. Generally, LiPF6, which is non-electrolytic dissociative, is known to decompose 

to PF5 and to react somewhat with the water in the electrolyte solvent to form HF. 

However, it is assumed here that LiPF6 is subject to additional reaction mechanisms 

such as those described above. 
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Table 1-7. Primary organic solvents used in LIBs. 
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Table 1-8. Primary lithium salts in lithium ion battery organic solvents.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Another method for suppressing CuCl2 solubility is to control the diffusion of 

cathode materials to immobilize the CuCl2 active phase through strong adsorption in a 

mesoporous carbon. This results in the formation of a CuCl2/C nanocomposite of the 

CuCl2 and mesoporous carbon through the filling and immobilizing of the active phase 

into the mesopores.78 

However, the likely occurrence of a side-reaction to this process is suggested by its 

theoretical capacity (399 mAh gī1) and the unknown theoretical potential of the 

electrochemical reactions owing to the solubility of CuCl2 in an electrolyte comprising 

EC, DMC, and EMC (EC:DMC:EMC=1:1:1, by vol.). 

 
After exploring countermeasures for the suppression of CuCl2 solubility, as 

discussed above, the development of a robust CuCl2-based LIB requires improvement 

of the reversible capacity of the conversion reaction and the development of pathways 

for the subsequent re-conversion reaction.  
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1.4.3 Electrochemical Reactions of Li/CuCl2 Batteries 
The battery system examined in this study is a lithium/copper (II) chloride battery 

(Li/CuCl2 battery) that uses CuCl2 as a transition-metal chloride to produce a lithium 

ion conversion reaction and a copper (Cu) and lithium chloride (LiCl) reverse reaction. 

The system, which uses CuCl2 as a cathode, starts from a discharging process. If, 

however, the system could be started from a charging process as a lithium ion 

re-conversion reaction at the Cu and LiCl mixing electrode, it would be possible to store 

Li using the Cu and LiCl mixing electrode and to use a graphite anode electrode, 

thereby increasing the energy density by reducing the additional quantity of carbon. 

The electrochemical reactions at the cathode and anode of a Li/CuCl2 battery are 

given as follows: 

 

Oxidation (Charge) side Ŷ    Ÿ Reduction (Discharge) side 

Cathode   : CuCl2 + 2Li+ + 2e– ᵮ Cu + 2LiCl    [1-22] 

Anode    :             2Li ᵮ 2Li+ + 2e–      [1-23] 

Total reaction :    CuCl2 + 2Li ᵮ Cu + 2LiCl     [1-24] 

 

These can be broken down into the two fundamental electrochemical reactions 

represented by the electron redox reaction equations [1-25] and [1-26], with a total 

fundamental equation expressed by [1-27]: 

 

Oxidation (Charge) side Ŷ  Ÿ Reduction (Discharge) side  

CuCl2＋Li+＋eī  ᵮ CuCl + LiCl  (3.41 V vs. Li+/Li)   [1-25] 

CuCl＋Li+＋eī   ᵮ Cu + LiCl   (2.74 V vs. Li+/Li)   [1-26] 

CuCl2 + 2Li+ + 2eī ᵮ Cu + 2LiCl   (3.07 V vs. Li+/Li)  [1-27] 

 

In the electrochemical reactions represented by [1-25], [1-26], and [1-27], the 

theoretical electric potentials are calculated using equation [1-3]:  

 
⊿G0

f(CuCl2) = ī175.7 kJ molī1 

⊿G0
f(CuCl) = ī119.9 kJ molī1 

⊿G0
f(Li+) = ī293.3 kJ molī1 

⊿G0
f(LiCl) = ī384.4 kJ molī1 

⊿G0
f(Cu) = 0 kJ molī1 
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CuCl2 ＋ Li+ ＋ eī ᵮ CuCl ＋ LiCl（3.41 V ( vs. Li/Li+) ） 

E = ī((⊿G0
f(CuCl)＋⊿G0

f(LiCl)) ī (⊿G0
f(CuCl2) ＋ ⊿G0

f(Li+)))／(1×F) 

= 3.41 V 

 

CuCl ＋ Li+ ＋ eī ᵮ Cu ＋ LiCl（2.74 V ( vs. Li/Li+) ） 

E = ī((⊿G0
f(Cu) ＋ ⊿G0

f(LiCl)) ī (⊿G0
f(CuCl) ＋ ⊿G0

f(Li+)))／(1 × F) 

= 2.74 V 

 

CuCl2 ＋ 2Li+ ＋ 2eī ᵮ Cu ＋ 2LiCl（3.07 V ( vs. Li/Li+) ） 

E = ī((⊿G0
f(Cu) ＋ 2⊿G0

f(LiCl)) ī (⊿G0
f(CuCl2) ＋ 2⊿G0

f(Li+)))／(2 × F) 

= 3.07 V, 

 

in which the Gibbs free energy figures are obtained from an electrical science 

handbook.12 For an electrochemical reaction that ideally advances in the system, the 

results of [1-3] indicate that two steps of charging and discharging with the curve 

characteristics of 2.7 and 3.4 V, respectively, will occur. 

 

However, as described in Section 1.4.1, any Cl- present in an organic solvent can 

induce a number of electrochemical reactions. The calculated potentials of these 

electrochemical reactions are listed in Table 1-9. Although reactions that will not appear 

as a result of the reaction field situation are included in this enumeration, it is useful to 

understand in advance the numerous potential types of electrochemical reactions that 

can occur in Li/CuCl2 batteries. From the information in the table, it is expected that the 

potentials of the electrochemical conversion and/or re-conversion reactions are very 

close, and many electrochemical reactions will occur overlapping. 
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Table 1-9. Induced electrochemical reactions in the presence of Clī in the organic solvent. 

For the CuCl2
ī Gibbs free energy calculations, the following value is used: 

⊿G0
f(CuCl2

ī) = ī240.5 kJ molī1.98 Eq. [1-28] corresponds to [1-26]; Eq. 

[1-34] corresponds to [1-25]. 
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1.5 Research Purpose and Implementation Items 
The ultimate goal of this research is to develop a Li/CuCl2 battery based on a 

re-conversion reaction that uses a lithium compound (Cu/LiCl) as a cathode material as 

a substitute for conventional Li/CuCl2 batteries based on conversion reactions that use 

lithium metal anode materials as the lithium source. 

To develop such a battery, it is necessary to suppress the dissolution of CuCl2 in the 

organic solvent and to develop a method for oxidizing CuCl2 from Cu during the 

charging process. 

 

In Chapter 2, which investigates methods for suppressing the dissolution of CuCl2 in 

the organic solvent, the results of the solvent selection process and discharge tests are 

discussed. To suppress self-discharge caused by the dissolution of CuCl2, fluorinated 

carbonate and fluorinated ester are shown to be capable of achieving dissolution control 

based on the film effect of LiF at the SEI at a low dielectric constant. 

In the case of fluorinated carbonate trifluoro propylene carbonate (TFPC), the 

potential plateaus in Eqs. [1-25] and [1-26] peculiar to Li/CuCl2 batteries were not 

found, and the results of the discharge test confirmed that it was difficult to apply TFPC 

as an organic solvent for Li/CuCl2 batteries. Although charge/discharge testing of 

fluoroethylene carbonate (FEC) produce potential plateaus suitable for Li/CuCl2 

batteries were observed, the effects were not as clear as they were for methyl 

difluoroacetate (MFA), a fluorinated ester, which very clearly produced the potential 

plateaus particular to Li/CuCl2 batteries. In addition, MFA was found to be capable of 

charging/discharging was possible. These results suggest that CuCl2 has low solubility 

in MFA and that self-discharge can be suppressed in this solvent. 

Thus, MFA was chosen as the strongest organic solvent candidate for suppressing 

the self-discharge of Li/CuCl2 batteries. Furthermore, a fluorine compound believed to 

be LiF observed in X-ray diffraction (XRD) measurement and scanning electron 

microscope (SEM) observation following the discharge test is believed to have inhibited 

the active material dissolution on the cathode surface. As a reference, discharge testing 

using the conventional organic solvents PC and EC+DMC+EMC was also carried out. 

 

Chapter 3 discusses the selection of the lithium salt and the determination of its 

proper concentration as well as the results of X-ray absorption fine structure (XAFS) 

electrochemical reaction analysis. It is shown that lithium salts are readily soluble in 

high dielectric constant PC and EC + DMC + EMC. In addition, the 

electrolyte-dependent self-discharge characteristics of the CuCl2 electrode are 

preliminarily evaluated using the results of previous MFA studies.103,104 Despite the 



- 29 - 
 

concern that lithium salt dissolves only marginally in low dielectric constant MFA, it is 

confirmed that using MFA as an organic solvent along with the lithium ester salt lithium 

hexafluorophosphate (LiPF6) or the lithium imide salts lithium bis (pentafluoroethane 

sulfone)imide, Li[N(SO2CF2CF3)2] (LiBETI), lithium bis (trifluoromethane 

sulfone)imide, and Li[N(SO2CF3)2] (LiTFSI) as a lithium salt significantly affects the 

self-discharge characteristics.  

The self-discharge characteristics of an electrolyte in which these lithium salts are 

dissolved in MFA are evaluated and their initial discharge capacities ranked as follows:  

1.0 M LiPF6/MFA ＞ 1.0 M LiBETI/MFA ≧ 1.0 M LiTFSI/MFA 

In the latter two cases, the self-discharge is high and it is found that leaving the 

electrode alone for one month reduces the discharge capacity to nearly zero. By contrast, 

the discharge capacity of 1.0 M LiPF6/MFA is found to decline by only about 20% over 

two months and stabilizes thereafter.  

Thus, the electrolytic combination of LiPF6 and MFA is judged to be the most 

effective in controlling the self-discharge occurring as a result of the dissolution of 

CuCl2 cathode material. This is believed to be a result of a film effect occurring when an 

insoluble reactant such as LiF produces an SEI of elemental fluorine on the cathode 

electrode surface. As a result of this analysis, it is determined that the dissolution of Cu 

in the CuCl2 electrode can be suppressed by covering the electrode and active material 

surfaces with the copper fluoride hydroxide (CuFOH, etc.) and CuCl and Cl liberated by 

the CuCl2 dissolution process. 

Varying the concentration of the lithium salt LiPF6 in the MFA from 1.0 to 2.7 M 

reveals a maximum initial discharge capacity at 2.2 M, which is associated with an ion 

conductivity of about 12 mɋ cmī1. This results confirms that LiPF6/MFA is usable 

sufficiently as an electrolyte for Li/CuCl2 batteries. 

Because MFA has a lower dielectric constant than either PC or EC + DMC + EMC, 

less LiPF6 is dissociated into the electrolyte, resulting in an environment in which it is 

easier for LiPF6 to decompose and form LiF. This in is believed to provide a membrane 

effect in which LiPF6 is available on the CuCl2 electrode surface, which in turn controls 

the dissolution of CuCl2 following charging. This effect is also seen from the relatively 

high optimum concentration of LiPF6. 

XAFS analysis is then used to investigate the behavior of the CuCl2 electrode during 

the charging and discharging processes. This analysis confirms the reversibility of 

Li/CuCl2 batteries with LiPF6/MFA electrolyte as a result of the minimal formation of 

CuCl2 during the charging process.  

It was thought that Cu and Cu+ were likely to be present due to the 

disproportionation reaction in the electrolyte containing chlorine or chlorine ion. In 
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addition, CuCl generated in the electrochemical reaction process was considered to have 

low electrical conductivity. Therefore, it became clear that it was necessary to take some 

measures to promote the formation of CuCl2 in the charge process. 

 

Chapter 4 reports on the cycling results produced by a 2.2 M LiPF6/MFA electrolyte 

developed following the results reported in Chapter 3. Following initial charging and 

discharging, the discharge capacity and energy density of a conversion-type LIB in 

which copper (II) chloride is used as a cathode active material are found to be 183 mAh 

gī1 (based on the weight of CuCl2) and 473 Wh kgī1 (based on the weight of CuCl2 + 

2Li), respectively, after 10 cycles. 

However, the reaction plateau from Eq. [1-25] corresponding to Cu2+ Ÿ Cu+, which 

is clearly seen in the initial discharging process, disappears in the second discharging. 

This corresponds to similar results obtained from the XAFS analysis in which CuCl2 is 

not generated after the first charge process. As mentioned in the previous chapter, this is 

presumed to be a result of the nonconductive nature of the CuCl, which is formed in the 

course of the electrochemical reaction as a result of the disproportionation reaction of 

Cu. Thus, an attempt is made to induce an electrochemical reaction by raising the upper 

charging limit voltage from 3.6 to 4.0 V. This has the effect of increasing the discharge 

capacity of the second and third cycles and the promotion of CuCl2 formation. 

 

Chapter 5 discusses the results of preliminary testing of a re-conversion-type LIBs 

with Cu, LiCl, PTFE, and acetylene black (AB) cathodes under charging and 

discharging in 1.0 and 2.2 M LiPF6/MFA electrolyte with a upper limit charge voltage 

of 3.6 V.  

In the LIBs using a re-conversion reaction, the formation of CuCl2 and charging to 

above 200 mAh gī1 are found to be hindered by the CuCl nonconductivity and Cu 

disproportionation reaction issues discussed in the preceding chapter. Furthermore, it 

becomes clear that many electrochemical reactions occur as a result of charge processes 

induced by the charge characteristics of the cathode with added AB, possibly as the 

result of carbon coexistence within this cathode. Accordingly, charge/discharge testing 

is performed on the PTFE, LiCl, and Cu cathodes without the addition of carbon 

conductive materials. In these tests, the upper limit voltage is set to 4.0 V and 2.2 M 

LiPF6/MFA is used as the electrolyte. The results show that charging and discharging is 

possible even in the absence of carbon in the electric conductive material. When AB is 

added to the Cu/LiCl composite electrode, many additional electrochemical reactions 

that are not present during the charging/discharging test are observed; however, it 

remains difficult to charge above 200 mAh gī1 
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These results indicate that the presence of carbon has a significant influence on the 

reaction mechanism and that charging to 200 mAh gī1 above is possible only by 

controlling the electrochemical reactions through the introduction of additive carbon, 

which also has the effect of suppressing the dissolution of the cathode electrode active 

material. Confirming the results in Chapter 4, the reduction from Cu2+ to Cu+ following 

equation [1-25] does not occur owing to the disproportionation reaction of Cu and the 

nonconductivity of CuCl, the effects of which are believed to be affected by the 

concentration of chlorine ions. Thus, methods for controlling the concentrations of ions 

through the use of the micro-pores of additive carbon, i.e., the fixing of chloride ions by 

utilizing the adsorption ability of activated carbon and the promotion of the generation 

of CuCl2, are explored. 

The cycling characteristics resulting from the addition of activated carbon with 

different physical properties to the cathode material are observed and charge/discharge 

testing is performed to determine the influence of activated carbon on the characteristics 

of re-conversion-type LIBs with Cu/LiCl/C composite electrodes. In these cycling 

performance tests, the effects of equation [1-25] in terms of the reduction from Cu2+ to 

Cu+ at the initial discharging are finally revealed, and it is shown that the degree to 

which the reduction reaction occurs is closely correlated with the specific surface area 

and pore micro-pore volume. XRD analysis is then carried out to. These results are 

corroborated by XRD analysis, which confirms the promotion of CuCl2 at the initial 

charge. 

Further improvement of the cycling and rate characteristics awaits future functional 

testing to be carried out on additive carbon materials such as carbon nanotubes with fine 

and large micro-pore volumes and specific surface areas. 
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2 Chapter 2 Optimization of Organic Solvent  

2.1 Introduction 
CuCl2, a transition-metal chloride, is easily dissolved in organic solvents and can 

incur self-discharge. Its discharge properties in various organic solvents were 

accordingly investigated to determine the degree to which its dissolution could be 

suppressed. 

In general, organic solvents have small dielectric constants and do not easily 

dissolve lithium salts; it is believed that active materials can also have difficulties 

dissolving into such solvents under certain conditions. Fluorinated carbonate-based 

solvents with highly electron withdrawing properties can have exceedingly low 

dielectric constant and are also expected to produce LiF-based film effects similar to 

those in anode graphite surfaces.1,2,3 Furthermore, fluorinated esters are expected to 

suppress the dissolution of CuCl2. In this chapter, the results of our testing of 

conventionally used fluorinated organic solvents are discussed. 

 

2.2 Experimental for Optimization of Organic Solvents 
The cathode materials, reference, counter electrode, organic solvent, and lithium 

salts used in the experiment involving a cathode electrode based on a conversion 

reaction (CuCl2 electrode) are as follows: 

 

[Cathode materials] 

・Copper (II) Chloride: CuCl2 (Sigma-Aldrich, 451665-50G)  

・Acetylene black: AB (DENKA BLACK) 

・Polytetrafluoroethylene: PTFE (Du Pont-Mitsui Fluorochemicals Co., Ltd., 6J) 

 

[Organic solvent] 

・Propylene Carbonate: PC (Kishida Chemical Co. Ltd., LBG-64955) 

・ Trifluoropropylene Carbonate: TFPC (Tokyo Chemical Industry Co., Ltd. 

Z1000-BULK) 

・Ethylene Carbonate: EC (Kishida Chemical Co., Ltd., LBG-29015) 

・Dimethyl Carbonate: DMC (Kishida Chemical Co., Ltd., LBG-24835) 

・Ethyl Methyl Carbonate: EMC (Kishida Chemical Co., Ltd., LGB-31385) 

・Fluoroethylene Carbonate: FEC (Kishida Chemical Co., Ltd., LBG-32051) 

・Methyl Difluoroacetate: MFA (Tokyo Chemical Industry Co., Ltd., Z4528) 
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[Lithium salt] 

・Lithium hexafluorophosphate: LiPF6 (Kishida Chemical Co., Ltd., LBG-45860) 

 

[Current collector] 

・Pt mesh (Sanwa Kinzoku Co., 100 mesh) 

・Pt mesh (Arise technology Co., Ltd., PFN-14-0618-001, 100 mesh) 

[Counter electrode] 

・Pure lithium-foil (Honjo Metal Co., Ltd., Thickness 200ɛm,) 

[Reference electrode] 

・Lithium-metal wire (Honjo Metal Co., Ltd., ű1mm) 

 

Prior to preparation of the cathode electrode, AB was dried at 600ǓC under vacuum 

condition for 3 h. The required quantity of materials (CuCl2, AB, PTFE) in the weight 

base were mixed in a mortar and the resulting mixture was rolled into a 220-ɛm thick 

sheet from which a 5-mm diameter composite was punched out and then pressed onto a 

Pt mesh at 18 MPa to prepare a CuCl2 electrode. Pt mesh was used as the current 

collector in the Li/CuCl2 batteries because it is a noble element. A pure lithium-foil was 

used as the counter electrode.  

Fluorinated organic solvents have high electron withdrawing properties that lead to 

low dielectric constants and the expected production of a LiF-based film effect on anode 

graphite surfaces. For these experiments, TFPC ,FEC and MFA were selected as 

representative fluorinated carbonate-type organic solvents with low dielectric constants. 

MFA with a water content of less than 50 ppm and a purity above 99% was used as 

the organic solvent. As electrolytes for comparison, 1.0 M LiPF6/ EC+DMC+EMC 

(1:1:1 by volume) were also prepared. PC and EC + DMC + EMC (1:1:1 by vol.) were 

selected as reference conventionally used organic solvents.  

The cathode electrode was prepared by mixing with CuCl2, AB, and PTFE at a 

weight ratio of CuCl2:AB:PTFE = 70:25:5. The TFPC and FEC cathode electrodes were 

prepared by mixing with CuCl2, AB, and PTFE at a weight ratio of CuCl2:AB:PTFE = 

50:30:20. The assembly was soaked in electrolyte and discharge testing commenced 

following a 6 h rest interval. The lower limit discharge voltage, atmospheric 

temperature in the glove box, and current were set to 2.5 V, 25°C, and 0.01 C, 

respectively. 

Because transition-metal chlorides have strong absorbencies and lithium metal 

reacts with atmospheric nitrogen gas and water, the Li/CuCl2 battery experiments were 

all carried out in a glove box (Miwa Mfg. Co., Ltd.) with an argon gas atmosphere. The 

O2 concentration and dew point within the argon-filled glove box were normally 
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maintained at below 1 ppm, and ī80°C, respectively. 

In these studies, three-pole type cells (EC Frontier Co., Ltd.) were used to obtain all 

electrochemical measurements. In the cell, a working electrode, reference electrode, and 

opposite electrode are fixed to a Teflon electrode holder, which in turn is fixed to a 

Pyrex glass cell into which a quantity of the predetermined electrolyte is poured using 

an O-Ring. The glass cell is then placed in a polypropylene fixation cell holder. All of 

electrochemical measurements were performed in the glove box. 

As analysis devices, potentiostats/galvanostats (Bio-Logic Science Instruments, 

SP-240, SP-200, VSP-300) were used as electrochemical measurement devices. The 

cathode electrode surface was observed under magnification using an SEM apparatus 

(HITACHI FE-SEM SU6600) The element color maps of cathode electrode surface 

were taken by energy dispersive X-ray spectroscopy (EDX, HORIBA EMAX ENERGY 

EX-X50). The structure of cathode electrode was characterized using XRD (Bruker Co. 

D8 ADVANCE). The presence of Cu in the electrolytes and anodes following the initial 

discharge process was quantitatively analyzed using an ICP-MS. 

 

2.3 Experimental Results for Organic Solvents 
2.3.1 Evaluation of Discharge Test Results on PC 

The initial discharge profile of the CuCl2 electrode in 1.0 M LiPF6/PC electrolyte is 

shown in Figure 2-1, in which the capacity is based on the weight of CuCl2.  

The Li/CuCl2 battery theoretical capacity of 399 mAh gī1 and expected two-electron 

redox reactions corresponding to the plateaus of equations [1-25] and [1-26] at 3.41 and 

2.74 V, respectively, were not observed. In the discharge process, one prominent and 

one small plateau were observed at approximately 3.6 and 2.8 V, respectively.  

  

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Initial discharge capacity profile for CuCl2 electrode in 1.0 M LiPF6/PC 

(based on the weight of CuCl2). 



- 40 - 
 

The plateau at 3.6 V is potentially attributable to the primary electrochemical 

reactions, given in equation [1-39], and/or equation [1-38], caused by the reduction of 

dissolved copper from the cathode electrode during the initial rest interval. 

The secondary small plateau at 2.8 V is potentially attributable to the electrochemical 

reactions described in equation [1-28] ([1-26]), but it appears that the reaction of CuCl 

ceased because the copper had been already reduced to the metallic condition and/or 

dissolved in electrolyte. Under these circumstances, charging would be expected to 

cease. 

These results confirm that PC-based electrolytes are problematic for use in Li/CuCl2 

batteries owing to the high solubility of copper and the lack of reversibility in their 

reactions. 

 

2.3.2 Evaluation of Discharge Test Results on EC+DMC+EMC  
The initial discharge profile of a CuCl2 electrode in 1.0 M LiPF6/EC+DMC+EMC 

electrolyte is shown in Figure 2-2, in which the capacity is based on the weight of 

CuCl2.  

It is seen from the figure that the initial discharge profile of the CuCl2 electrode is 

the same as in the PC case, with a significant plateau and a small plateau at 

approximately 3.6 and 2.8 V, respectively. This configuration is likely caused by the 

same factors that applied in the PC case.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2. Initial discharge capacity profile for CuCl2 electrode in 1.0 M LiPF6/ 

EC+DMC+EMC (based on the weight of CuCl2). 



- 41 - 
 

These results suggest EC+DMC+EMC based electrolytes, which from Table 1-7 

have a lower dielectric constant than PC electrolytes, are also problematic for use as 

electrolytes in Li/CuCl2 batteries owing to the high solubility of copper and their lack of 

reversibility. 

 

2.3.3 Evaluation of Discharge Test Results on TFPC 
The discharge and charge profiles of a CuCl2 electrode in 1.0 M LiPF6/TFPC 

electrolyte are shown in Figure 2-3, in which the capacity is based on the weight of 

CuCl2.  

Whereas the theoretical capacity of the reaction 399 mAh gī1 and the initial discharge 

process should include two-electron redox reactions corresponding to the plateaus of 

equation [1-25] at 3.41 V and equation [1-26] at 2.74 V for a Li/CuCl2 battery, the 

experimentally measured plateaus have reduced slopes and the discharge capacities are 

significantly larger than the theoretical capacities.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-3. Initial discharge capacity profile for CuCl2 electrode in 1.0 M LiPF6/ TFPC 

(based on the weight of CuCl2). 

 

Reduction of copper dissolved from CuCl2, which is an electrode active material, 

and long reduction reactions of CuCl, which is presumably generated by the oxidation 

of dissolved copper, are both seen. These effects are likely to be the result of the 

dissolution of copper into the electrolyte. The high charge voltage following the second 

cycle and the relative absence of the plateaus of equation [1-26] at 2.74 V during the 

discharge process are both attributable to the dissolution of copper. The discharging and 
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charging performance begin to decline significantly following the second cycle. 

These results suggest that TFPC-based electrolytes are not suitable for use as 

organic solvents in Li/CuCl2 batteries owing to the high solubility of copper and the 

lack of reversibility of the produced reactions.  

 

2.3.4 Evaluation of Discharge Test Results on FEC 
The discharge profile of a CuCl2 electrode in 1.0 M LiPF6/FEC electrolyte is shown 

in Figure 2-4, in which the capacity is based on the weight of CuCl2.  

It is seen that the capacity reached nearly 350 mAh gī1, which is close to the theoretical 

capacity attainable under the controlled dissolution of copper, and that two-electron 

redox reactions corresponding to the plateaus of equations [1-25] and [1-26] for 

Li/CuCl2 batteries at 3.41 and 2.74 V, respectively, are present.  

Although the first plateau has a reduced slope that appears to reflect a slight degree 

of copper dissolution, the overall result suggests that the dielectric constant of the 

fluorinated carbonated-based organic solvent FEC effectively suppresses copper 

dissolution.  

These results suggest that FEC is a good candidate for use as an electrolyte in Li/CuCl2 

batteries. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-4. Initial discharge capacity profile for CuCl2 electrode in 1.0 M LiPF6/ FEC 

(based on the weight of CuCl2). 
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2.3.5 Evaluation of Discharge Test Results on MFA 
The discharge profile of a CuCl2 electrode in 1.0 M LiPF6/MFA electrolyte is shown 

in Figure 2-5, in which the capacity is based on the weight of CuCl2.  

The strong electron withdrawing property of the fluorine, which results in a lower 

electrolyte dielectric constant, presumably hinders the dissolving of copper. This is 

reflected in the experimental results shown in the figure, in which the capacity is close 

to the theoretical value of 399 mAh gī1 and the two-electron redox reactions 

corresponding to the plateaus for a Li/CuCl2 battery of equations [1-25] and [1-26] at 

3.41 and 2.74 V, respectively, are seen. The measured discharge capacity of 409 mAh 

gī1 actually exceeds the theoretical capacity (399 mAh gī1); the extra capacity in this 

case may be a result of the reduced presence of CuCl reactions that would otherwise 

follow the dissolution of copper. 

These results suggest that MFA is the best available fluorinated organic solvent for 

suppressing the dissolution of copper in Li/CuCl2 batteries.  

Figure 2-6 and Figure 2-7 show SEM images of the CuCl2 electrode surface before 

and after the initial discharge process, respectively. Prior to discharge, the surface of the 

cathode electrode has a smooth surface with finely ground and scattered active materials. 

Following the initial discharge process, lithium chloride in the form of crystallized 

cubes and discrete spherical copper deposits are prominent on the cathode electrode 

surface, physical signs that conversion via two-electron redox reactions has occurred. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-5. Initial discharge capacity profile for CuCl2 electrode in 1.0 M LiPF6/ MFA 

(based on the weight of CuCl2). 
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Figure 2-8 and Figure 2-9 show EDX elemental color maps of Cu, Cl, F, and P in 

the CuCl2 electrode before and after the initial discharge process, respectively.  

The overlapping of the copper and chlorine elemental signals prior to discharge 

confirms their presence together as CuCl2. The crystallized cubes corresponding to 

lithium chloride and the discrete spherical substances corresponding to copper that 

appear following discharge confirm that the conversion reaction has been carried out 

completely. There is another observed overlap of F, which appears to correspond to LiF 

derived from the decomposition products of LiPF6. It also appears that LiF has 

suppressed copper dissolution on the anode graphite surface. 

 

The XRD analysis results of the CuCl2 electrode before and after discharging are 

shown in Figure 2-10, from which it is seen that the CuCl2 signal appears only in the 

initial condition before discharging, whole copper and lithium chloride are clearly 

detected after discharging. This result suggests that the conversion two-electron redox 

reactions represented by equations [1-25] and [1-26] at 3.41 and 2.74 V, respectively, 

have taken place. The presence of LiF after discharging suggest that it is primarily 

responsible for suppressing the dissolution of copper. 
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Figure 2-6. SEM image of CuCl2 electrode before initial discharge process in 1.0 M 

LiPF6/ MFA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-7. SEM image of CuCl2 electrode after initial discharge process in 1.0 M LiPF6/ 

MFA. 
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Figure 2-8. EDX elemental color maps of Cu, Cl, and F in CuCl2 electrode before initial 

discharge process in 1.0 M LiPF6/ MFA（1000× magnification）. 
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Figure 2-9. EDX elemental color maps of Cu, Cl, F, and P in CuCl2 electrode after initial 

discharge process in 1.0 M LiPF6/ MFA (Initial rest time is 6 h ) （1000× 

magnification）. 
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Figure 2-10. CuCl2 electrode XRD patterns before (black) and after (blue) discharge in 

1.0 M LiPF6/ MFA. 

 

 

 

2.4 Summary 
CuCl2, one of the transition-metal chlorides, is readily soluble in an organic solvent 

and incurs self-discharge. It was shown that these reactions could be controlled by 

reducing the dielectric constant of the organic solvent, which has the effect controlling 

the solubility through fluorination. Using LiPF6 as a lithium salt, the two-electron redox 

reactions corresponding to the plateaus of equations [1-22] and [1-23] at 3.41 and 2.74 

V, respectively, were clearly observed in the discharge process.  

The capacity profiles associated with the organic solvents assessed in this section are 

shown in Figure 2-11, and their stabilizing abilities are listed in descending order as 

follows:  

 

MFA ＞ FEC ＞ TFPC ≫ EC＋DMC＋EMC ≒ PC 

 

As was discussed above and demonstrated in this section, even when LiPF6 is used 

as a lithium salt, an organic solvent with a high dielectric constant is prone to inducing 

the dissolution of copper into the solvent. Reducing the dielectric constant contributes to 
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fluorination of the solution, which in turn helps form a LiF film (SEI) on the cathode 

surface that suppresses dissolution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-11. Initial discharge capacity profiles for CuCl2 electrode in 1.0 M LiPF6/ PC, 

EC+DMC+EMC, MFA (based on the weight of CuCl2). 
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3 Chapter 3 Optimization of Lithium Salt and Reaction 
Analysis 

3.1  Introduction 
In Chapter 2, we assessed the abilities of a number of organic solvents to suppress 

self-discharge caused by the dissolving of CuCl2 and/or Cu with lithium salt LiPF6, a 

process that is restrained by the formation of a LiF film. It was determined that a 

combination of MFA and LiPF6 produced the most preferable electrolyte. 

MFA also has superior heat stability.1,2,3,4 However, lithium salts generally have low 

solubilities, with low dielectric constants particularly limited in terms of solubility. 

Previous studies have found that lithium ester salts such as lithium hexafluorophosphate 

(LiPF6) and lithium imide salts such as lithium bis (pentafluoroethane sulfone) imide 

Li[N(SO2CF2CF3)2] (LiBETI) and lithium bis (trifluoromethane) sulfoneimide 

Li[N(SO2CF3)2] (LiTFSI) readily dissolve in MFA5,6. These lithium salts demonstrate 

high ionic conductivity with only slight dissolution ability.6,7 Therefore, in this chapter, 

we investigate the discharge properties of these salts dissolved into MFA-based 

electrolytes for different initial rest times. 

 

3.2  Experimental for Optimization of Lithium Salts 
Among the many types of lithium salts, lithium imide salts generally have good 

ionic conductivity7 and are stable to lithium metal. LiPF6, one of the lithium ester salts, 

also has good ionic conductivity. Accordingly, LiPF6, LiTFSI, and LiBETI were 

dissolved in MFA to prepare 1.0 M LiPF6/MFA, 1.0 M LiTFSI/MFA, and 1.0 M 

LiBETI/MFA solutions, respectively, which were compared in terms of their initial 

discharge capacity profiles.  

 

[Lithium salt] 

・Lithium bis (pentafluoroethane sulfone) imide: LiBETI (Kishida Chemical Co., 

Ltd.) 

・Lithium bis (trifluoro methanesulfonyl) Imide: LiTFSI (Kishida Chemical Co., 

Ltd., LBG-43513) 

・Lithium hexafluorophosphate: LiPF6 (Kishida Chemical Co., Ltd., LBG-45860) 

 

Other experimental conditions are the same as in Section 2.2. Following this, their 

abilities to suppress self-discharge caused by the dissolving of CuCl2 were evaluated. 

The cathode electrode was fabricated by mixing CuCl2, AB, and PTFE at a weight 

ratio of CuCl2:AB:PTFE = 70:25:5. Discharge tests were started after 6, 174, 342, and 

678 h initial rest times, during which the electrodes were soaked in electrolyte. The 
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results were assessed to evaluate the stabilities of the discharge profiles with the lower 

limit discharge voltage, atmospheric temperature in the glove box, and current set to 2.5 

V, 25°C, and 0.01 C, respectively. Following the discharge process, the structure of 

each cathode electrode was characterized via SEM and XRD to confirm whether the 

conversion two-electron redox reactions had occurred and to verify the formation of 

LiF. 

 

3.3 Experimental Results for Lithium Salts 
3.3.1 Evaluation of Self-Discharge Test Results on LiBETI 

Figure 3-1 shows the initial discharge capacity profiles based on the initial rest time 

for 1.0 M LiBETI/MFA. The two-electron redox reactions corresponding to the plateaus 

of equations [1-25] and [1-26] in a Li/CuCl2 battery at 3.41 and 2.74 V, respectively, 

are observed, but the discharge capacity falls below the theoretical value of 399 mAh 

gī1 as the initial rest time increases.  

In the case of PC (Figure 2-1), the plateau at 3.6 V, which is attributable to the 

electrochemical reactions described by equations [1-38] and/or [1-39] and caused by the 

reduction of dissolved copper from the cathode electrode in initial rest, was not 

observed. This possibly occurred as a result of the CuCl2 in the cathode electrode 

continuing to dissolve into electrolyte over time, which prevented the copper from 

irreversibly re-oxidizing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1. Initial discharge capacity profiles as a function of initial rest time in 1.0 M 

LiBETI/MFA (based on the weight of CuCl2). 
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Figure 3-2 and 3-3 show EDX elemental color maps of Cu, Cl, and F in a CuCl2 

electrode following the initial discharge process in 1.0 M LiBETI/MFA for initial rest 

times of 6 and 678 h. It is seen that copper is removed from the cathode electrode over 

time until it is essentially undetectable after 678 h of rest time. It is also seen that 

although LiCl partially crystallizes on the cathode surface, most LiCl appears to 

dissolve in the electrolyte. Ultimately, the cathode in this case does not function as an 

electrode.  

These results indicate that electrode-discharge characteristics within a given organic 

solvent MFA are affected by the type of lithium salt used.   
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Figure 3-2. EDX elemental color maps of Cu, Cl, and F in CuCl2 electrode following initial 

discharge process in 1.0 M LiBETI/MFA (Initial rest time is 6 h )（1,000× magnification）. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. EDX elemental color maps of Cu, Cl, and F in CuCl2 electrode following initial 

discharge process in 1.0 M LiBETI/MFA (Initial rest time 678 h)（1000× magnification）. 
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3.3.2 Evaluation of Self-Discharge Test Results on LiTFSI  
Figure 3-4 shows the initial discharge capacity profiles as a function of initial rest 

time for a 1.0 M LiTFSI/MFA. 

Although two-electron redox reactions are observed, the discharge capacity is less 

than the theoretical value of 399 mAh gī1 and, similar to the LiBETI case, diminishes 

with the length of initial rest time. It also appears that the CuCl2 in the cathode electrode 

dissolves into the electrolyte over time and that copper does not irreversibly re-oxidize. 

Figure 3-5 and 3-6 show EDX elemental color maps of Cu, Cl, and F in a CuCl2 

electrode following an initial discharge process in 1.0 M LiTFSI/MFA with rest times of 

6 and 678 h, respectively. As in the LiBETI case, copper dissolves increasingly with rest 

time, suggesting that LiTFSI is also a poor choice of lithium salt for use with MFA in 

Li/CuCl2 batteries. 

As discussed in Chapter 2, changing the organic solvent can in some cases block the 

two-electron redox reactions of the lithium salt LiPF6, removing, in particular, the 2.74 

V plateau. The dissolution states of copper prior to discharging for LiBETI and LiTFSI 

are expected to differ depending on the lithium salt used. In the XRD results shown in 

Figure 2-10 no LiF is detected in the 1.0 M LiPF6/ MFA cell prior to discharge, 

suggesting another mechanism for suppressing the dissolution of copper; this case is 

investigated in detail in Section 3.3.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4. Initial discharge capacity profiles as a function of initial rest time for 1.0 M 

LiTFSI/MFA (based on the weight of CuCl2). 

 



- 55 - 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. EDX elemental color maps of Cu, Cl, and F in CuCl2 electrode after initial 

discharge process in 1.0 M LiTFSI/MFA (initial rest time 6 h)(1000× magnification). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6. EDX elemental color maps of Cu, Cl, and F in CuCl2 electrode after initial 

discharge process in 1.0 M LiTSFI/MFA (initial rest time 678 h) (1000× magnification). 
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3.3.3 Evaluation of Self-Discharge Test Results on LiPF6  
Figure 3-7 shows the initial discharge capacity profiles as a function of length of 

initial rest time for 1.0 M LiPF6/MFA.  

As discussed in Section 2.3.5, LiPF6 undergoes two-electron redox reactions 

corresponding to plateaus of equations [1-25] and [1-26] in a Li/CuCl2 battery at 3.41 

and 2.74 V, respectively, and has a discharge capacity nearly equal to the theoretical 

value, 399 mAh gī1. In addition, while the discharge capacity of lithium imide salt 

continues to decrease with initial rest time, for LiPF6 the capacity decline essentially 

ceases beyond a specific initial rest time. Thus, using LiPF6 as a lithium salt effectively 

suppresses the dissolution of copper, even in cathode electrodes immersed in electrolyte 

for a long initial time, resulting in good two-electron redox reactions. 

Figure 3-8 show EDX elemental color maps of Cu, Cl, F, and P following the initial 

discharge process in a CuCl2 electrode in 1.0 M LiPF6/MFA for a 678 h initial rest time 

(the corresponding EDX elemental color maps for a 6 h initial rest time are shown in 

Figure 2-9). Despite the long initial rest time, copper is clearly observed and there is a 

well-developed crystallization of lithium chloride.  

A comparison of Figure 3-6 andFigure 3-8 reveals that LiCl crystals develop on the 

surface of the cathode electrode following long-term initial immersion. The 

precipitation of LiCl crystal particles is potentially the result of suppression of the 

dissolution of CuCl2 into the electrolyte, with the resulting Cu and Cl contributing to the 

conversion reaction through discharging are increased. The overlapping elemental 

distributions of copper and fluorine observed in Figure 3-8 reinforce this conclusion, as 

copper tends to be covered by the formation of LiF following discharge. 

These results suggest that both the presence of copper and the dissolution behavior 

of lithium chloride significantly affect the discharge properties in Li/CuCl2 batteries. 

 

Figure 3-9 shows the relation between the initial rest time and the discharge capacity 

for 1.0 M LiPF6/MFA, 1.0 M LiBETI/MFA, and 1.0 M LiTFSI/MFA. As mentioned in 

the previous section, the discharge capacities in LiBETI and LiTFSI decrease with the 

length of the initial rest time, while the decrease in the discharge capacity of 

LiPF6,ceases at 20% of the theoretical value. This suggests that the LiPF6 lithium salt in 

MFA has a significant degree of influence on the solubility of the CuCl2 electrode and 

on the electrode surface prior to discharge. 

It was also shown in Chapter 2, the lithium salt LiPF6 will in some cases not 

undergo two-electron redox reactions—with, in particular, the plateau at 2.74 V 

disappearing—in some organic solvents (such as PC and EC + DMC + EMC). This 
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suggests a suppression of CuCl2 dissolution in an electrode immersed in electrolyte 

prior to discharge that occurs only between MFA and LiPF6. The lack of LiF in the XRD 

results in Figure 2-10, suggest that this suppression of CuCl2 dissolution is the result of 

a side-reaction product other than LiF, as will be discussed in more detail in Section 

4.2.5. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7. Initial discharge capacity profiles as a function of initial rest time for 1.0 M 

LiPF6/MFA (based on the weight of CuCl2). 
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Figure 3-8. EDX elemental color maps of Cu, Cl, F, and P in CuCl2 electrode after initial 

discharge process in 1.0 M LiPF6/MFA (Initial rest time is 678 h)（1000× 

magnification）. 
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Figure 3-9. Relation between initial rest time and discharge capacity in 1.0 M 

LiPF6/MFA, 1.0 M LiBETI/MFA, and 1.0 M LiTFSI/MFA. 

 

 

3.3.4 Suppression Mechanism of Copper (II) Chloride Dissolution 
In this section, the phenomena occurring on the surface immediately following 

immersion in the electrolyte is investigated. 

The relationships between the dissolution rate of Cu in the CuCl2 electrode and the 

first discharge capacity for 1.0 M LiPF6/MFA, 1.0 M LiPF6/FEC, and 1.0 M LiPF6/PC 

electrolytes are shown in Figure 3-10. Here, the dissolution rate of Cu is expressed as 

the weight ratio of the Cu in the electrolyte, as quantitatively analyzed using ICP-MS 

(Agilent Technologies Co. Ltd. 7500CX), to the Cu in the CuCl2 electrode. 

Using LiPF6 as a lithium salt with a carbonate-type solvent such as PC, which has a 

high Cu dissolution rate, reduces the discharge capacity. By contrast, using MFA, which 

has a low Cu dissolution rate, results in a discharge capacity close to the theoretical 

value. This disparity in dissolution rates can in general be attributed to differences in 

dielectric constants: carbonate-based solvents such as PC have relatively high dielectric 

constants, while ester-based solvents such as MFA have smaller dielectric constants. 

Thus, as was previously noted in Section 2.2, the dielectric constant of the solvent is 

considered to be the dominant driver of the dissolution rate of Cu with respect to CuCl2 

when LiPF6 is used as the lithium salt.  
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Figure 3-10. Relationship between dissolution rate of Cu in CuCl2 electrode and first 

discharge capacity in various electrolytes (1.0 M LiPF6/MFA, 1.0 M 

LiPF6/FEC, and 1.0 M LiPF6/PC) after 6 h immersion.  

 

Even when dissolved in MFA, the first discharge capacity of the CuCl2 electrode 

with the lithium salts LiTFSI and LiBETI decreases with the initial rest time. By 

contrast, a mechanism for suppressing CuCl2 dissolution similar to that discussed in 

Section 3.3, seems to occur for lithium salt LiPF6 with MFA.  

We next evaluated the relationship between the solubility characteristics of the Cu in 

the CuCl2 electrode and first discharge capacity at various concentrations of LiPF6 and 

MFA. Figure 3-11 shows the dissolution rate of Cu by LiPF6 concentration in MFA after 

4 weeks (672 h) of immersion and the discharge capacity of LiPF6 by concentration in 

MFA after 4 weeks (672 h) and 6 h of immersion. 

After 4 weeks of immersion, LiPF6 not dissolved in MFA demonstrates a high Cu 

dissolution rate, confirming that the discharge capacity is significantly reduced 

following immersion longer than 6 h. However, LiPF6 that is slightly dissolved in MFA 

demonstrates a discharge capacity close to the theoretical capacity (399 mAh g-1) 

following immersion for 6 h, and increasing the immersion time to 4 weeks does not 

significantly reduce the discharge capacity. In these assessments, the first discharge 

capacity reached a maximum at 2.2M LiPF6/MFA. 

These results suggest that the dissolution of a small amount of LiPF6 into MFA 

enhances the MFA suppression of CuCl2 dissolution shown in Figure 3-10 . 
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Figure 3-11. Solubility characteristics of Cu in CuCl2 electrode after 4 weeks (672 h) 

immersion and initial discharge capacity after 4 weeks (672 h) and 6 h 

immersion as a function of LiPF6 concentration in LiPF6/MFA electrolyte. 

 

 

Figure 3-12 and 3-13 show SEM images and EDX elemental color maps of C, Cu, 

Cl, and F in a CuCl2 electrode prior to and following 4 weeks (672 h) of immersion in 

2.2M LiPF6/MFA electrolyte, respectively.  

Comparison of the SEM figures reveals that, following immersion in the electrolyte, 

the CuCl2 electrode is impregnated with the electrolyte and has a smoothly expanded 

surface. Examination of the EDX elemental color maps reveals the precipitation of 

byproducts related to F onto the CuCl2 electrode surface as well as the overall spread of 

Cu and Cl. 

Next, XRD analysis was conducted to analyze the byproducts on the CuCl2 

electrode surface. Figure 3-14 and 3-15 show XRD patterns produced by a CuCl2 

electrode prior to and following 4 weeks (672 h) of immersion in 2.2M LiPF6/MFA 

electrolyte, respectively. A comparison of the figures reveals that CuCl2, which readily 

dissolves into solvent, and CuCl, which does not readily dissolve, are coexistent in the 

CuCl2 electrode and that copper fluoride hydroxide has been generated on the CuCl2 

electrode following immersion. However, as was previously noted in Sections 2.3.5 and 

3.3.3, a CuCl2 electrode immersed in 1.0M LiPF6/MFA electrolyte can attain the 

theoretical initial discharge capacity of 399 mAh gī1 and demonstrates two-electron 

redox reactions corresponding to the plateaus of equations [1-25] and [1-26] in a 

Li/CuCl2 battery at 3.41 and 2.74 V, respectively. As the amount of CuCl and copper 
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fluoride hydroxide generated in this case are extremely small, CuCl and copper fluoride 

hydroxide are presumably generated in the dissolution process of CuCl2 into the 

electrolyte. 

This experiment also produced a new side-reaction product—fluoride—which is 

presumably generated by the reaction of CuF2 with H2O in the electrolyte as follows: 

 

CuF2 + H2O Ÿ CuFOH + HF 

 

CuF2 has been thoroughly studied as a cathode electrode material for use in 

conversion-type LIBs but is considered difficult to use because it readily forms a 

hydrate8 through a mechanism in which LiPF6 in a non-ionized state generates a strong 

Lewis acid, PF5, which reacts with H2O in the MFA to form the hydrate, HF.9,10 

Although H2O is typically consumed by this reaction, it has been reported that the 

reaction of LiPF6 with H2O in the electrolyte is hindered when LiCl is present, which 

enables CuF2 to react with H2O instead. Although CuF can also be generated, it is often 

changed into CuF2 and/or Cu through a disproportionation reaction. 

Thus, in the dissolution process in the CuCl2 electrode, HF generated by H2O in 

LiPF6/MFA electrolyte reacts with CuCl2 and CuCl to generate CuF and CuF2, which 

then react with H2O; this in turn suppresses the reaction with LiPF6 in the presence of 

LiCl,11 resulting in the further generation of copper fluoride hydroxides such as CuFOH. 

The lack of a LiF signal in the XRD results in  

Figure 3-15 suggest that there is nearly no reaction between LiPF6 and H2O, which 

confirms the effectiveness of the slightly generated CuCl and copper fluoride 

hydroxides such as CuFOH in suppressing the dissolution of the initial CuCl2 electrode 

into the LiPF6/MFA electrolyte. It can also be inferred that dissolution of active cathode 

materials is primarily suppressed by the coating effect of post-discharge LiF formation. 

 

The formation of the slightly generated side-reaction products CuCl and copper 

fluoride hydroxide on the CuCl2 electrode surface were observed using transmission 

electron microscopy, with the state following 4 weeks (672 h) of immersion in 2.2M 

LiPF6/MFA electrolyte shown Figure 3-16, which shows a photograph of an enlarged 

surface state of the active material (CuCl2) in the CuCl2 electrode. It is seen that a very 

thin (~5-nm) film has formed on the active material surface. The film believed to be 

composed of Cl and Cu liberated by the CuCl2 dissolution process and copper fluoride 

hydroxide generated by the reaction of CuF2 and H2O following dissolution of CuCl2 

the LiPF6/MFA electrolyte. 
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In conversion-type LIBs using the highly soluble transmission metal chloride CuCl2 

as a cathode active material, solubility can be suppressed through the use of LiPF6/MFA 

electrolyte, which in turn enables recurring cycles of charging and discharging. We have 

shown that this solubility suppression arises from the formation of a CuCl and copper 

fluoride hydroxide cover over the active material surface of the CuCl2 electrode 

immediately following immersion into the LiPF6/MFA electrolyte. In particular, copper 

fluoride hydroxide is generated as the suppression of a reaction with H2O by reaction 

with LiPF6 in the presence of LiCl and CuF2, which in turn are generated by the reaction 

of HF with CuCl2 and CuCl.  

It was found that the dissolution of Cu into the CuCl2 electrode can be suppressed 

by covering the CuCl2 electrode surface and active material surface with the copper 

fluoride hydroxide and CuCl and Cl liberated by CuCl2 dissolution process and that 

extremely low quantities of these byproducts are generated as a result of the plateaus 

corresponding to the electric theoretical potential and theoretical initial discharge 

capacity, resulting in a very effective suppression of the dissolution of CuCl2. 

 

The above analysis of the reaction components and confirmation of the film 

formation on the active material confirm that, once the coating film has formed, the 

dissolution of CuCl2 is reduced to a minimal level. 
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Figure 3-12. SEM image and EDX elemental color maps of C, Cu, Cl, and F in CuCl2 

electrode before immersion in LiPF6/MFA electrolyte. 
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Figure 3-13. SEM image and EDX elemental color maps of C, Cu, Cl, and F in CuCl2 

electrode after 4 weeks (672 h) of immersion in 2.2 M LiPF6/MFA electrolyte. 
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Figure 3-14. CuCl2 electrode XRD (SmartLab Rigaku Co.) pattern before immersion in 

LiPF6/MFA electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-15. CuCl2 electrode XRD (SmartLab Rigaku Co.) pattern after 4 weeks (672 h) 

of immersion in 2.2M LiPF6/MFA electrolyte.  
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Figure 3-16. Surface conditon of active materials (CuCl2) observed by transmission 

electron microscopy (JEM-2100 Electron Microscope, JED-2300 Analysis 

Station Plus, JOEL Ltd.) after 4 weeks (672 h) of immersion in 2.2M 

LiPF6/MFA electrolyte. 
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The image below is an enlarged view 
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3.3.5 Influence of LiPF6 Concentrations on Ionic Conductivity 
In a previous discussion, it was shown that combining an appropriate electrolyte 

with LiPF6 and MFA could optimize the functionality of the CuCl2 electrode. In this 

section, the suitable range of salt concentrations is assessed through the analysis of the 

ionic conductivity of LiPF6/MFA electrolyte at various LiPF6 concentrations. 

Having found that a combination of LiPF6 and produces the optimal results, in this 

section, we assess the conductivity of MFA mixed with LiPF6 concentrations ranging 

from 0-2.7 M. Figure 3-17 shows the measured ionic conductivity by LiPF6 

concentration in MFA. Generally, the ionic conductivities exceed 10 mS cm-1
 for LiPF6 

concentrations above approximately 1 M, which suggests that any solvents with 

concentrations of 1 M or higher are suitable from the standpoint of conductivity.  

 
 
 
 
 
 
 
 
 
 
 
 

Figure 3-17. Ionic conductivity as a function of LiPF6 concentration in MFA. 
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3.3.6 Influence of LiPF6 Concentration on Discharge and Charge 
Properties 

In this section, electrode discharging and charging properties are evaluated in terms 

of LiPF6 concentration in MFA. 

It was shown in the preceding subsection that electrolytes with ionic LiPF6/MFA 

conductivities greater than 10 mS cm-1 (corresponding to LiPF6 concentrations greater 

than 1.0 M) are essentially suitable from a conductivity standpoint for use in LIBs. 

However, in light of the expected suppression effect occurring from the active material 

dissolution of LiPF6, discharge and charge tests were conducted at various LiPF6 

concentrations.  

The results, shown in Figure 3-18, reveal no significant discharge/charge 

performance by concentration, with the charging capacity approximating the theoretical 

value of 399 mAh gī1 across the range of values, indicating that the dissolution of 

copper is well controlled during the discharge process. In addition, the two-electron 

redox reactions corresponding to the plateaus of equation [1-25] and [1-26] at 3.41 and 

2.74 V, respectively, are clearly observed. The optimal discharge and charge profiles are 

seen at a LiPF6 concentration of 2.2 M. This concentration does not correspond to the 

peak ionic conductivity; because it occurs at the higher concentration side of the 

examined range it is likely correlated to the suppression of CuCl2 electrode dissolution. 

In addition, the measured charging capacity during the charge process reaches only 

about half of the theoretical capacity, an issue that will be addressed in a later section. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-18. Initial discharge and charge profiles for 1.0, 1.4, 1.8, 2.2, and 2.7 M 

LiPF6/MFA after 678 h initial rest time.  
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3.3.7 Correlation of Copper Dissolution and Battery Performance 
The results do far suggest that increasing the LiPF6 concentration in MFA improves 

the suppression of Cu dissolution from the CuCl2 electrode in a Li/CuCl2 battery. 

Accordingly, the relation between LiPF6 concentration, dissolved quantity of copper, 

and discharge capacity were investigated, with the measurement results by LiPF6 

concentration following an initial rest time of 678 h shown in Figure 3-19. The 

quantities of Cu in the electrolyte and anode following the initial discharge process (in 

terms of the Cu solubility ratio given by the ratio of weight of Cu in the electrolyte and 

anode to that in the initial CuCl2 electrode) were analyzed using the ICP-MS.  

The lowest Cu solubility ratio occurred at 2.2 M LiPF6/MFA, which is in close 

agreement with the initial discharge capacity results shown in Figure 3-18. This optimal 

concentration in terms of the effectiveness of CuCl2 dissolution into the electrolyte 

follows from the analysis in Section 3.3.6 and corresponds to a condition in which 

dissolution is suppressed and self-discharge of the Li/CuCl2 battery is minimized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-19. Solubility of copper from CuCl2 electrode in LiPF6/MFA at concentrations 

of 1.0, 1.4, 1.8, 2.2, and 2.7 M LiPF6 after 678 h initial rest time.  
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3.4 Reaction Analysis of Li/CuCl2 Batteries Based on Conversion Reaction 
with LiPF6/MFA Electrolyte 

3.4.1 Analysis Methods 
In this section, the occurrence of the two-electron redox reactions corresponding to 

the plateaus of equation [1-25] and [1-26] at 3.41 and 2.74 V, respectively, is confirmed 

based on the results of XAFS analysis of a CuCl2 electrode in LiPF6/MFA electrolyte to 

determine the valence states of CuCl2, CuCl, and Cu during the discharge and charge 

processes. 

The cathode electrode was prepared by mixing CuCl2, AB, and PTFE in a weight 

ratio of CuCl2:AB:PTFE = 50:30:30. XAFS measurements were carried out at beamline 

BL28XU of the SPring-8 facility12 During the measurements, the cathode was shielded 

from the atmosphere by packing in aluminum-laminated films. The cathode was 

subjected to a photon flux of about 1012 photons sī1 at 8 keV with a beam size (height × 

width) of about 1 mm × 1 mm at the sample position. XAFS spectra were recorded in 

transmission mode using ionization chambers. CuCl and CuCl2 diluted by fine BN 

powder and then pelletized and Cu foil were used as the references for X-ray absorption 

near the edge structure (XANES). The electrode surfaces were observed under 

magnification via SEM and element color maps were constructed using EDX. 

 

3.4.2 Discharge and Charge Reaction Analysis of CuCl2 Electrode Using 
XAFS 

The discharge and charge profile of a CuCl2 electrode in 1.0 M LiPF6/ MFA is 

shown in Figure 3-20. The electron redox reaction equations [1-25] and [1-26] and the 

total equation [1-27] are updated as follows, with the theoretical potential (voltage) 

calculated from against Li+/Li from the Gibbs free energies:  

 

CuCl2＋Li+＋eī  ᵮ CuCl + LiCl  (3.41 V vs. Li+/Li)  [1-25] 

CuCl＋Li+＋eī   ᵮ Cu + LiCl   (2.74 V vs. Li+/Li)  [1-26] 

CuCl2 + 2Li+ + 2eī ᵮ Cu + 2LiCl   (3.07 V vs. Li+/Li)  [1-27] 

 

The discharge and charge capacities were determined to be 417 and 183 mAh gī1, 

respectively; presumably, the discharge capacity exceeds the theoretical value of 399 

mAh gī1 because of the reactions induced by CuCl regenerating with diluted copper and 

chlorine ions. As seen in Figure 3-20, the Li/CuCl2 batteries could be discharged and 

charged reversibly, and there are two plateaus in the discharge process corresponding to 

the reduction equations [1-25], and [1-26] and another two plateaus and one shoulder 
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attributable to the oxidation equations [1-26], [1-25], and [1-27], respectively. Based on 

these findings, an attempt was made to identify the products in the middle of the 

discharge and charge reaction processes 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-20. Initial discharge and charge profile of CuCl2 electrode in 1.0 M LiPF6/MFA; 

(e)–(j) are analysis points of XANES spectra in Figure 3-21. 

 

 

The XANES spectra of the CuCl2 electrode as a cathode in the middle of the 

discharge and charge reaction processes are shown in Figure 3-21. The spectra 

correspond to the following electrode states and properties:  

 

(a) CuCl2 spectrum of reference 

(b) CuCl spectrum of reference 

(c) Cu spectrum of reference using Cu foil 

(d) Pristine CuCl2 electrode prior to soaking in electrolyte 

(e) CuCl2 electrode prior to discharge/ following soaking in electrolyte for 6 h 

-the stated of spectra (d) and (e) remained unchanged prior to discharge 

regardless of whether they were soaked in electrolyte. 

(f) CuCl2 electrode at 3.30 V during discharge process 

-spectrum (f) is identified with CuCl (b), indicating that CuCl2 is converted into 

CuCl in the first plateau. Its capacity of 192 mAh gī1 is very close to the 

theoretical value of 199 mAh gī1 for the Cu2+ Ÿ Cu+ reaction. 
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(g) CuCl2 electrode at 2.50 V just following discharge process 

-spectrum (g) shows Cu (c) with weak CuCl (b) features, indicating an 

incomplete Cu+ Ÿ Cu reaction in the second plateau, despite a capacity (~ 220 

mAh gī1) above the theoretical value of 199 mAh gī1 corresponding to the Cu2+ 

Ÿ Cu+ reaction. In this case, side reactions would be caused by CuCl 

regeneration with diluted copper and chlorine ions. 

(h) CuCl2 electrode at 2.9 V during charging process 

- spectrum (h) resembles CuCl (b) more closely than (g), as the CuCl (b) signal 

peaks conspicuously at around 8,978 and 8,983 keV. Although most of the Cu 

should be oxidized to CuCl in this voltage region, Cu remains abundant, 

possibly because Cu is prevented from oxidizing to CuCl by its 

nonconductivity and the presence of a disproportionation reaction.  

(i) CuCl2 electrode at 3.30 V during charging process 

(j) CuCl2 electrode at 3.55 V just following charging process 

-spectra (i) and (j) closely resemble CuCl (b) but with a weak presence of Cu 

(c). 

 

Figure 3-22, it is seen that spectra (i) and (j) in Figure 3-21 can be fitted by the 

spectra Cu (c) and CuCl (b). In these spectra, the CuCl:Cu ratios are 85:15 and 92:8, 

respectively, indicating the conversion of Cu into CuCl in the second and third plateaus 

of the charge process. Given the potentials of reaction equations [1-26] and [1-25], 

CuCl2 should be detected at 3.30 and 3.55 V after the second and third plateaus, 

respectively; however, XANES spectra (i) and (j) in Figure 3-21 reveal no CuCl2 around 

these potential regions, probably as a result of disproportionation reactions 

corresponding to the reverse reactions of [1-26] and [1-25]. This effect has been well 

documented as a disproportionation phenomenon of Cu in the coexistence of Cu+, Cu2+, 

and Cu systems.13,14 A complete reaction [1-27] would be expected to suppress such 

disproportionation reactions as well as the nonconductivity of CuCl, and it is believed 

that measures such as raising the charged voltage and/or controlling the activity of 

chlorine would be necessary to promote CuCl2 deposition. 

On the other hand, spectrum (j) in Figure 3-22 indicates that approximately 8% of 

the Cu remained unreacted, from which it can be inferred that approximately 90% of the 

Cu reacts with the CuCl cathode active material during the charging process. From 

Figure 3-20, the charge capacity at 3.55 V is 183 mAh gĭ1, which closely corresponds to 

90% of the theoretical value for the Cu Ÿ Cu+ reaction.  
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Figure 3-21. XANES spectra of 

(a) CuCl2,  

(b) CuCl,  

(c) Cu foil,  

and the following cathode states: 

(d) Pristine (prior to soaking in 

the electrolyte); 

(e) Prior to discharging, after 

soaking in electrolyte for 6 h;  

(f) 3.30 V during discharge 

process; 

(g) 2.50 V just after discharge 

ends; 

(h) 2.9 V during charge process;  

(i) 3.30 V during charge process, 

and;  

(j) 3.55 V just after charging 

ends. 
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Figure 3-22. Comparison of spectra (i), (j) from Figure 3-21 with corresponding curves 

fitted from standard CuCl and Cu spectra.  

 

 

3.5 Summary 
In this chapter, we discussed the suitability of various lithium salts and 

concentrations and the results of electrochemical reaction analyses based on XAFS 

measurements. The self-discharge properties of MFA as an electrolyte solvent with a 

low dielectric constant was investigated for various lithium ester salts, LiPF6, and the 

lithium imide salts Li[N(SO2CF2CF3)2] (LiBETI) and Li[N(SO2CF3)2] (LiTFSI). 

Discharge testing of LiPF6, LiBETI, and LiTFSI in MFA-based electrolytes revealed 

that a 1.0 M LiPF6/MFA solution reached a self-discharge ratio saturation of 20% after 

two months of soaking in electrolyte, and that a combination of LiPF6 and MFA is the 

most effective in suppressing the self-discharge caused by the dissolution of cathode 

materials (CuCl2). The cause of this suppression was determined to be the coating of 

CuCl and copper fluoride hydroxide that forms on the active material surface 

immediately following soaking of the electrode in the LiPF6/MFA electrolyte, which 

effectively suppresses the dissolution of Cu from the CuCl2 electrode. The optimal 

LiPF6 concentration was found to occur at 2.2 M LiPF6/MFA. 

It was further confirmed that the ionic conductivities of greater than 10 mS cmī1 at 

2.2 M LiPF6/MFA are compatible with effective Li/CuCl2 battery operation. 

(i) 

(j) 



- 76 - 
 

XAFS analysis was conducted to determine the valences of Cu in the active 

Li/CuCl2 battery cathode material during the discharge and charge processes, with the 

results confirming the reversibility of the LiPF6/MFA electrolyte. However, the presence 

of disproportionation reactions during the charge process indicates that measures such 

as raising the charged voltage and/or controlling the activity of the chlorine are 

necessary to promote oxidation to CuCl2. 
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4 Chapter 4 Cycling Performance of Li/CuCl2 Batteries 
Based on Conversion Reaction 

4.1 Introduction 
The results of the previous chapters suggest that LiPF6/MFA is the most preferable 

electrolyte for use in Li/CuCl2 batteries. This electrolyte is robust in terms of 

self-discharge characteristics, with the self-discharge ratio becoming saturated at 20% 

after two months of soaking in electrolyte and the results of many assessments showing 

that LiPF6/MFA optimally suppresses self-discharge from the dissolution of cathode 

materials. The two-electron redox reactions corresponding to the plateaus of equations 

[1-25] and [1-26] at 3.41 and 2.74 V, respectively, are most clearly observed at 2.2 M 

LiPF6/MFA, with a discharge capacity very close to the theoretical capacity of 399 mAh 

g-1. XAFS analysis further confirmed the presence of the conversion reaction, and 

measurements of ionic conductivity revealed that, at LiPF6 concentrations of greater 

than 1 M, the ionic conductivity is above 10 mS cm-1, which is suitable for practical 

battery operation. 

In this chapter, the cycling performance of Li/CuCl2 batteries with 2.2 M 

LiPF6/MFA electrolyte is investigated. In the XAFS analysis described in the previous 

chapter, the lack of CuCl2 during the charging process was attributed to the presence of 

disproportionation reactions. To overcome this effect, in this chapter we look at raising 

the charged voltage to promote CuCl2 deposition. 

The cathode electrode (CuCl2 electrode) to be assessed in the discharge and charge 

cycling tests was fabricated by mixing CuCl2, AB, and PTFE at a weight ratio of 

CuCl2:AB:PTFE = 70:25:5 and the electrolyte concentration was adjusted to 2.2 M 

LiPF6/MFA. Following an initial 678 h rest time with the cathode soaking in electrolyte, 

the cycling testing began from the discharging side and ran for 6 h. The discharge lower 

limit voltage, upper limit charge voltage, glove box ambient atmospheric temperature, 

and current were set at 2.5 V, 3.6 V or 4.0 V, 25°C, and 0.01 C, respectively. 

Following the cycling test, the surface condition of the CuCl2 electrode was 

characterized using SEM and XRD to confirm determine whether the two-electron 

redox conversion reactions has occurred and for comparison with the initial surface 

condition. 
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4.2 Results of Discharge and Charge Cycling Testing on CuCl2 Electrode 
with LiPF6/MFA 

4.2.1 Discharge and Charge Cycling Test Results at Upper Limit 
Charge Voltage of 3.6 V 

Figure 4-1 shows the discharge and charge profiles of the CuCl2 electrode in 2.2 M 

LiPF6/MFA at a upper limit charge voltage of 3.6 V under 30 cycles. The first clear 

plateau at 3.4 V during the first discharge process is likely attributable to the reduction 

from Cu2+ to Cu+ corresponding to equation [1-25], while the second clear plateau at 2.7 

V is likely attributable to the reduction from Cu+ to Cu corresponding to equation [1-26]. 

These reactions indicate typical electrochemical reactions in Li/CuCl2 batteries that are 

caused by the two-electron redox reaction of CuCl2 in equation [1-27]. In the discharge 

process, electrochemical reactions of equation [1-25] and [1-26] are clearly reflected in 

the discharge profiles and demonstrate an attractive lack of overvoltage. Thus, 

controlling the solubility of soluble cathode materials would make it possible to 

discharge and charge a CuCl2 electrode as a conversion reaction cathode. 

On the other hand, the charged capacity achieved during first charge process was 

about 230 mAh gī1, or about the half of theoretical Li/CuCl2 batteries capacity of 399 

mAh gī1; the second discharge capacity was also significantly diminished. This is 

possibly the result of the stability of Cu+ (CuCl2
ī) as the cuprous species for the 

disproportionation reaction with Cu in the presence of chlorine ions, which would 

prevent CuCl2 from forming and/or depositing in cathode electrode. Electrochemical 

equations [1-38] and [1-39] are considered to be linked to the copper disproportionation 

reaction. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1. Discharge and charge profiles of CuCl2 electrode with 2.2 M LiPF6/MFA at 

upper limit charge voltage of 3.6 V. 

2.2 M LiPF6/MFA

CuCl2:AB:PTFE=70:25:5

0.01C, 3.6 V-2.5 V cut
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In the previous XAFS analysis, it was also seen that following the first charge process 

CuCl and Cu were only present on the cathode electrode.  

These results suggest that other measures are needed to promote CuCl2 deposition 

in the presence of disproportionation reactions.  

 

4.2.2 Influence of Upper Limit Charge Voltage 
In Figure 4-1, a large capacity reduction is seen in the second cycle after the first 

discharge. This capacity reduction is caused by the suppression of oxidation from Cu+ to 

Cu2+, resulting in an oxidation potential of Cu of around 3.6 V (vs Li+/Li) and the 

possibility of dissolution,1,2,3 based on the presence of disproportionation reactions at 

high potential in the presence of chlorine ions. Because, as revealed by the XAFS 

analysis, CuCl2 was not present in the cathode electrode at the upper limit charge 

voltage of 3.6 V, the upper limit charge voltage increased from to 4.0 V and promoted 

the formation and deposition of CuCl2. 

The discharge and charge profiles of a CuCl2 electrode in 2.2 M LiPF6 /MFA under 

a upper limit charge voltage of 4.0 V are shown in Figure 4-2. Following the initial 

discharge, during the first charge process the capable charge capacity increased from 

230 to about 280 mAh gī1, confirming that raising the charge voltage affects the 

appearance in the discharge process of the plateau attributable to equation [1-25] at 3.4 

V and that the substantial capacity loss occurring during the second discharge process  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2. Discharge and charge profiles of CuCl2 electrode with 2.2 M LiPF6/MFA at 

upper limit charge voltage of 4.0 V. 

2.2 M LiPF6/MFA

CuCl2:AB:PTFE=70:25:5

0.01C, 4.0 V-2.5 V cut
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could be restrained by raising the charging voltage. The presence of electrochemical 

reactions occurring shoulders between 3.6 and 4.0 V to promote the formation of CuCl2 

by raising the charge voltage is easily surmised from an examination of the 

electrochemical reaction potential calculations in Table 1-9. 

 
Figure 4-3 shows the influence of charge voltage on discharge cycling capacity in 

2.2 M LiPF6/MFA electrolyte at 3.6 and 4.0 V. The discharge capacities above 200mAh 

gī1 are believed to correspond to the electrochemical reaction corresponding to equation 

[1-25], and the discharge capacities of the second and third cycles are seen to improve 

as the charging voltage increases as a result of electrochemical reactions that promote 

the formation and deposition of CuCl2 while not intensifying the decline in total 

discharge capacity.  

Figure 4-4 shows a comparison of XRD patterns for post-cycling CuCl2 electrodes 

in 2.2 M LiPF6/ MFA at cell voltages of 3.6 and 4.0 V. Although the number of cycles 

differ by voltage, it is seen that increasing the charging cell voltage makes it easier to 

generate CuCl2. Furthermore, the increased upper limit charge voltage does not appear 

to increase the decline in the total discharge capacity; it can therefore be concluded from 

these measurements that increasing the charge voltage is effective in managing the 

formation and deposition of CuCl2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-3. Tendency of discharge capacity decline influenced on discharge voltage 3.6 V 

and 4.0 V with 2.2 M LiPF6/MFA.  
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Figure 4-4. Comparison of post-cycling XRD patterns of CuCl2 electrode in 2.2 M 

LiPF6/ MFA at charge voltages of 3.6 and 4.0 V. 

 

 

SEM and EDX elemental color maps of Cu, Cl, F, P, and C in a CuCl2 electrode in 

2.2 M LiPF6/MFA following cycling at 3.6 and 4.0 V (initial rest time 678 h) are shown 

in Figure 4-6 andFigure 4-7, respectively. For comparison, images EDX images of the 

initial CuCl2 electrode are shown in Figure 4-5. No specific differences are seen 

between the surface situations of the post-cycling electrodes; while aggregate 

overlapping of copper and chlorine are seen in the initial condition, following cycling 

both elements are finely dispersed in a similar manner. 
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Figure 4-5. EDX elemental color maps of Cu, Cl, and C in CuCl2 electrode prior to 

cycling tests with 2.2 M LiPF6/ MFA（1000× magnification）. 
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Figure 4-6. EDX elemental color maps of Cu, Cl, F, P, and C in CuCl2 electrode after the 

30 cycles of discharging and charging process with 2.2 M LiPF6/MFA (initial 

rest time 678 h)（1000× magnification). Lower limit discharge and upper limit 

charge voltages are 2.5 and 3.6 V, respectively.  
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Figure 4-7. EDX elemental color maps of Cu, Cl, F, P, and C in CuCl2 electrode after the 

10 cycles of discharging and charging process with 2.2 M LiPF6/MFA (initial 

rest time 678 h)（1000× magnification). Lower limit discharge and upper limit 

charge voltages are 2.5 and 3.6 V, respectively.  
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4.3 Consideration of Electrochemical Reactions for Li/CuCl2 Batteries 
The results of the cycling tests discussed in the previous section, demonstrate 

differences between the charge and discharge process profiles. Specifically, as shown in 

Figure 4-1 and Figure 4-2, in the discharge process, a plateau at 3.4 V attributable to 

reduction from Cu2+ to Cu+ and corresponding to equation [1-25] and a second clear 

plateau at 2.7 V attributable to reduction from Cu+ to Cu and corresponding to equation 

[1-26] are clearly observed. It is understood that the reductions from Cu2+ to Cu+ and 

from Cu+ to Cu, which reflect two-electron redox reactions of CuCl2 as given by 

equation [1-27], progress smoothly.  

Nevertheless, despite the many plateaus observed in the charging process, in 

general CuCl2 does not form; instead, only CuCl is generated. Presumably, some 

interposition reactions, e.g., disproportionation reactions and/or intervening reactions 

such as dissolution and separation reactions with mediated chlorine ions, obstruct the 

generation of CuCl2. To better understand these processes, electrochemical reactions 

that might involve the ion species in the system revealed in Figure 4-1 and Figure 4-2 

were investigated.  

Figure 4-8 shows these potential electrochemical reactions at each plateau in the 

discharge and charge profiles of a CuCl2 electrode in 2.2 M LiPF6/MFA at the upper 

limit charge voltage of 4.0 V.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-8. Discharge and charge profiles of CuCl2 electrode in2.2 M LiPF6/MFA at 

upper limit charge voltage of 4.0 V, with electrochemical reactions occurring at 

each plateau. 
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It appears that the following electrochemical reactions, previously analyzed in 

Chapter 1, can thermodynamically occur during the CuCl2 electrode charging process: 

 

CuCl ＋ Li+ ＋ eī ᵮ Cu ＋ LiCl    (2.74 V vs. Li+/Li)   [1-26] ([1-28]) 

CuCl ＋ eī       ᵮ Cu ＋ Clī     (3.16 V vs. Li+/Li)   [1-30] 

CuCl2 ＋ Li+ ＋ eī ᵮ CuCl ＋ LiCl  (3.41 V vs. Li+/Li)   [1-25] ([1-34]) 

Cu+ ＋ eī        ᵮ Cu           (3.56 V vs. Li+/Li)   [1-38] 

Cu2+ ＋ Clī ＋ eī ᵮ CuCl          (3.61 V vs. Li+/Li)    [1-39] 

CuCl2 ＋ eī      ᵮ CuCl2
ī        (3.72 V vs. Li+/Li)    [1-40] 

 

It is likely that these complicated electrochemical reactions are caused by Clī that 

can be derived from trace quantities of dissolved lithium chloride and the presence of 

copper disproportionation reactions. The copper dissolution (Cu+, CuCl2
ī) linked to 

electrochemical reaction formula [1-38] at the 3.6-V plateau is likely to occur in the 

presence of chlorine ions. Similarly, at the 3.7 V plateau it appears that ClCl2 is 

generated from CuCl2
ī dissolved into the electrolyte. It is also possible that ClCl2 is 

generated from CuCl and Clī at around 3.8 V.  

These findings suggest that the conditions under which CuCl2 is generated are 

fostered as the potential increases; in other words, the reaction field becomes more 

complex at high potentials owing to the appearance of disproportionation reactions 

involving chlorine ions. 

Figure 1-6 shows that ion species in organic solvents follow a potential-pCl diagram 

similar to that of copper in aqueous solvent. It can therefore be assumed that, in the 

absence or at low concentrations (activity levels) of Clī, dissolved copper will be stable 

in the solvent as Cu2+ (and not as CuCl2). As the Clī concentration increases, Cu+ 

becomes more stable and copper complex ions such as CuCl2
ī become more prominent.  

From the potential-pCl diagram of copper it can be surmised that insufficient Clī in 

the solvent will restrict the formation of CuCl2 and allow the Cu2+ to dissolve into the 

solvent. Under such electrochemical reaction field conditions, it would be necessary to 

control the concentration of chlorine ions in the cathode to promote the formation and 

deposition of CuCl2. 
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4.4 Summary 
Based on the determination in the previous section that LiPF6/MFA electrolyte is 

the most preferable electrolyte for Li/CuCl2 batteries as it is most effective at limiting 

self-discharge caused by dissolution of cathode materials, the cycling performance of a 

CuCl2 electrode in 2.2 M LiPF6/MFA was investigated.  

The typical electrochemical reactions of Li/CuCl2 batteries arising from the 

two-electron redox reactions of CuCl2 were found in the first discharge process, which 

demonstrated the attractive characteristic of limited overvoltage. However, the 

measured capable charge capacity in this charge process was found to be approximately 

half of the theoretical Li/CuCl2 battery capacity of 399 mAh gī1, while the second 

discharge also demonstrated significantly decreased capacity. These capacity reductions 

are likely caused by disproportionation reactions in the presence of Cu2+, Cu+, Cu, and 

Clī, which would inhibit the formation/deposition of CuCl2 on the cathode electrode. 

Although many plateaus were observed in the charge process, the discharge capacity 

was found to be improved by raising the charge voltage from 3.6 to 4.0 V, which is 

believed to inhibit the formation of CuCl2 as a result of the induced generation of 

disproportionation reactions mediated by chlorine ions. 

Increasing the charging voltage was found to promote the formation and deposition 

of CuCl2 while not promoting a decrease in the discharge capacity. Thus, it could be 

deemed an effective means for promoting the generation and precipitation of CuCl2. 

Under this approach, if the concentration of chlorine ions in the cathode could be 

controlled the CuCl2 of the soluble cathode material could also be used in 

conversion-type LIBs. 
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5 Chapter 5 Cycling Performance of Li/CuCl2 Batteries 
Based on Re-conversion Reaction    

5.1 Introduction 
By now, we have established that LiPF6/MFA electrolyte is the preferred electrolyte 

for use in Li/CuCl2 batteries owing to its optimal suppression of self-discharge from the 

dissolution of cathode materials. This suppressive effect is the result of the coating of 

CuCl and copper fluoride hydroxide on the active material surface of the CuCl2 to form 

a film of LiF immediately upon soaking of the CuCl2 electrode in LiPF6/MFA 

electrolyte.   

The first discharge process of a cathode in LiPF6/MFA electrolyte produces the 

typical electrochemical reactions seen in Li/CuCl2 batteries as a result of two-electron 

redox reactions of CuCl2; additionally, overvoltage is limited during this process. 

During the first charge process however, the actual charging capacity is 

approximately half of the Li/CuCl2 battery theoretical capacity of 399 mAh gī1, while 

the second discharge capacity is also significantly decreased. XAFS and XRD analysis 

of the charging process detected no CuCl2, confirming that its formation is hindered in 

the charge process. It was also found that the battery capacity could not easily exceed 

200 mAh gī1. Our prior analysis attributed this capacity ceiling to disproportionation 

reactions in the presence of Cu2+, Cu+, Cu, and Clī, which lead to the enhanced 

formation of nonconductive CuCl that does not readily form CuCl2 on the cathode 

electrode. 

Based on the enhanced conversion reactions, optimal CuCl2 electrode discharge and 

charge-cycling performance was found to occur in 2.2 M LiPF6/MFA at lower limit 

discharge and upper limit charge voltages of 2.5 and 4.0 V, respectively. Accordingly, 

increasing the charging voltage can be considered effective in enhancing the formation 

and deposition of CuCl2 while not accelerating the attenuation of discharge capacity. If 

this capacity could be used to control the solubility of soluble cathode materials, it 

would be possible to use a CuCl2 electrode as conversion reaction cathode. 

 

A battery that started from the charging process based on a re-conversion reaction in 

place of the conversion reaction used in conventional Li/CuCl2 batteries could 

potentially store Li using the Cu and LiCl mixing electrode and use a graphite anode 

electrode instead of a lithium metal electrode. Through its reduction in the additional 

quantity of carbon, this structure would have an enhanced energy density. 

To implement such a battery given the experimentally observed limitations is the 

cells analyzed in this study, we looked at the effects of increasing the charging voltage 

and controlling the activity of chlorine ions to promote the formation and deposition of 
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CuCl2. The apparent success of the former approach induced us to further look at 

measures for promoting the formation and deposition of CuCl2 using an activated 

carbon. Accordingly, the properties of several types of carbon were prepared as shown 

in Table 5-1 (Refer to appendix Table A-4).  

This chapter discusses the results of testing the re-conversion reaction charging and 

discharging cycling performance of Cu/LiCl/C composite electrodes in which activated 

carbon is used as a cathode additive. 

 

Table 5-1 Specific surface areas and pore volumes of additive carbons. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.2 Experimental for Li/CuCl2 Batteries Based on Re-conversion Reaction 
The cathode materials, reference, counter electrode, organic solvent, and lithium salt 

used in experiments involving a cathode electrode based on a re-conversion reaction 

(Cu/LiCl composite electrode) are given as follows:  

 

[Cathode materials] 

・Copper: Cu (Sigma-Aldrich , 774103-5G) 

・Copper: Cu (Kojundo Chemical Laboratory Co., Ltd, CUE08PB) 

・Lithium chloride: LiCl (Sigma-Aldrich, 429457-25G) 

Acetylene Black
(DENKA BLACK)

Grassy Carbon
(BAS S-12)

Activated Carbon A
(UES UCG-CPT)

Activated Carbon B
(ASAHI ORGANIC
CHEM. AC0230)

Specific surface area
BET method

m2/g 55 2 1,780 2,960

Primary particle size ɛm 0.043 5.0 6.5 2.2
Total Pore volume

BET method
cm3/g 0.18 0 0.86 1.9

Pore diameter (Av.) nm 13.2 11 1.9 2.5

Total specific surface area
t-plot method

m2/g 63 3 1,700 3,710

Outerה⁷⁷ m2/g 60 72
Innerה⁷⁷ m2/g 1,640 3,640

Pore volume (Inner)
t-plot method

cm3/g 0 0.75 1.7

Specific surface area
BJH-method

m2/g 59 2.3 241 1,460

Total Pore volume
BJH-method

cm3/g 0.3 0 0.24 1.0
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・Acetylene black: AB (DENKA BLACK) 

・Glassy Carbon (ALS Co., Ltd, S-12), 

・Activated Carbon A (UES Co. Ltd, UCG-CPT)  

・Activated Carbon B (Asahi Organic Chemicals Industry Co. Ltd, AC-0230) 

・Polytetrafluoroethylene: PTFE (Du Pont-Mitsui Fluorochemicals Co. Ltd., 6J) 

 

[Organic solvent] 

・Metyl Difluoroacetate: MFA (Tokyo Chemical Industry Co., Ltd., Z4528) 

 

[Lithium salt] 

・Lithium hexafluorophosphate: LiPF6 (Kishida Chemical Co., Ltd., LBG-45860) 

 

[Current collector] 

・Pt mesh (Sanwa Kinzoku Co., 100 mesh) 

 

[Counter electrode] 

・Pure lithium-foil (Honjo Metal Co., Ltd., Thickness 200ɛm) 

 

[Reference electrode] 

・Lithium-metal wire (Honjo Metal Co., Ltd., ű1mm) 

 

The method for preparing this cathode electrode (Cu/LiCl composite electrode) with 

AB was the same as that used for the CuCl2 electrode based on a conversion reaction. 

Prior to the preparation of the cathode electrode, each carbon without AB was dried at 

200 °C under vacuum conditions for 24 h and LiCl particles were crushed into 

multiple-micron powders with a mortar. The materials used in the weight base required 

were mixed by mortar and the resulting mixture was then rolled into a 150-ɛm-thick 

sheet from which punched a 5-mm-diameter composite was punched and then pressed 

onto a Pt mesh at 10 MPa to prepare the Cu/LiCl and Cu/LiCl/C composite electrodes. 

A Pt mesh and a pure lithium foil were used as the current collector and counter 

electrode, respectively. 

MFA with a water content of less than 50 ppm and a purity greater than 99% was 

used as the organic solvent. LiPF6 was dissolved into the MFA to prepare 1.0 M 

LiPF6/MFA and 2.2 M LiPF6/MFA as electrolytes. 

As seen in Table 5-1, the properties of AB differ completely from those of other 

carbons in that their primary particle diameters are varied and quite small. As the 

specific surface area depends largely on the particle size, significant differences would 
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be expected in the behavior of the electrochemical reactions. Accordingly, a preliminary 

study on the charge and discharge properties of a Cu/LiCl/AB composite electrode was 

carried out for comparison. 

In preliminary charge and  discharge cycling tests, composite electrodes of 

Cu:LiCl:AB:PTFE = 28:42:25:5 and Cu:LiCl:AB:PTFE = 32:48:15:5 were prepared by 

mixing Cu powder with a particle diameter of 60–80 nm, LiCl, AB, and PTFE in the 

respective weight ratios. The respective electrodes were placed in 2.2 and 1.0 M 

LiPF6/MFA electrolytes and subjected to a 6 h rest time before commencing the cycling 

tests from the charge side. In each case, the lower limit discharge voltage , upper limit 

charge voltage, glove box ambient temperature, and current were set at 2.5 V, 3.6 V, 

25°C, and 0.01 C, respectively. 

Prior to conducting the charge and discharge cycling tests, the cathode electrodes 

were fabricated by mixing Cu powder (1ɛm particle diameter), LiCl, additive carbon, 

and PTFE at weight ratios of Cu:LiCl:PTFE=40:50:10 and Cu:LiCl:C:PTFE = 

32:48:15:5 with the electrolyte adjusted to 2.2 M LiPF6/MFA. Unless otherwise 

specified, the content ratio of Cu and LiCl was the stoichiometric ratio used to 

synthesize CuCl2. Following an initial 6 h rest time with the electrodes soaked in 

electrolyte, cycling tests were started from charging side and carried out for 6 (for GC) 

or 18 h (activated carbon). The lower limit discharge voltage, upper limit charge voltage, 

glove box ambient atmospheric temperature, in and current were set at 2.5 V, 3.6 V or 

4.0 V, 25°C, and 0.01 C, respectively. 

Following the cycling tests, the surface conditions of the cathode electrodes were 

characterized by SEM and XRD analysis, that are described in Section 3.2, to confirm 

the occurrence of conversion two-electron redox reactions and for comparison with the 

initial surface conditions. 

 

5.3 Experimental Results for Li/CuCl2 Batteries Based on Re-conversion 
Reaction 

5.3.1 Preliminary Evaluation of Cu/LiCl/AB Composite Electrode 
Figure 5-1 shows the 10th cycle charge and discharge profiles of the Cu/LiCl/AB 

composite electrode (Cu:LiCl:AB:PTFE=32:48:15:5) in 1.0 M LiPF6/MFA. Although 

the electrode had a rather low weight ratio of AB to CuCl2 (CuCl2:AB: PTFE = 70:25:5), 

but it was tested in a 1.0 M LiPF6/MFA electrolyte to investigate the influence of the 

lithium salt concentration. 

The addition of AB nanoparticles resulted in the production of the 2.7 and 3.4 V 

plateaus, corresponding respectively to equations [1-28] and [1-34], during initial 

discharging. However, the capacity decreased sharply as the charge and discharge 
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cycling progressed, with a particularly large reduction of the redox capacity between 

Cu+ and Cu2+.  

Ideally, the redox capacities between Cu and Cu+ and between Cu+ and Cu2+ should 

both be about 200 mAh gī1, but in the presence of chlorine ions Cu+ dominates Cu2+ as 

a result of the disproportionation reaction of copper ions in the electrolyte. Accordingly, 

only Cu+ can coexist with the Cu in the electrolyte, and only half of the Cu can be 

oxidized and reduced, which reduces the actual capacity to approximately one half the 

theoretical capacity of CuCl (about 200 mAh gī1).  

 

Figure 5-2 shows the fifth cycle charge and discharge profiles of the Cu/LiCl/AB 

composite electrode (Cu:LiCl:AB:PTFE=28:42:25:5) in 2.2 M LiPF6/MFA. In this 

condition, the CuCl2 and AB are present in equivalent amounts in the electrode. 

(CuCl2:AB:PTFE = 70:25:5). 

In this case, the addition of AB nanoparticles produces plateaus at 3.4 and 2.7 V 

during the initial discharge process, but no clear plateau is observed in the initial charge 

process. As a result, very little CuCl2 is generated in the oxidation step following the 

second cycle, and it is presumed that only the CuCl formation reaction occurs. 

A comparison of Figure 5-1 and Figure 5-2 reveals that mixing a large amount of 

Cu/LiCl/AB into the composite electrode increases the overall capacity and produces 

large, multi-level plateaus in the charge characteristics. However, the appearance of a 

2.7 V plateau corresponding to the reduction reaction in equation [1-28] in the discharge 

process, it is suggests the occurrence of CuCl generation reactions in the multiple 

plateaus of the charge process. The amount of carbon added to the electrode is expected 

to affect battery characteristics, i.e., in the presence of Cu2+, Cu+, Cu, and Clī, changing 

the amount of added carbon should enable control of the disproportionation reactions.  

Using this method for controlling the Clī concentration through the addition of 

carbon, we attempted to generate and deposit CuCl2 by manipulating the equilibrium 

state of these ion species. 
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Figure 5-1. Charge and discharge profiles of Cu/LiCl/AB composite electrode 

(Cu:LiCl:AB:PTFE=32:48:15:5) in 1.0 M LiPF6/MFA (0.01 C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-2. Charge and discharge profiles of Cu/LiCl/AB composite electrode 

(Cu:LiCl:AB:PTFE=28:42:25:5) in 2.2 M LiPF6/MFA (0.01 C). 
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5.3.2 Cyclic Voltammetry Properties of Cu/LiCl Composite Electrode 
Prior to charge and discharge measurements, cyclic voltammetry (CV) scans were 

recorded at a rate of 0.01 mV/s to confirm the oxidation/reduction potential of the 

Cu/LiCl composite electrode. Figure 5-3 shows the CV profiles of the Cu/LiCl 

composite electrode (Cu:LiCl:PTFE=40:50:10) in 2.2 M LiPF6/MFA. It is seen from the 

figure that the CV profiles are very simple and clearly reflect the electrochemical 

properties of the Cu/LiCl composite electrode.  

In the first cycle, very little Cu oxidation/reduction is seen; following the second 

cycle, however, two distinguishing oxidation peaks and one distinguishing reduction 

peak appear. On the oxidation side, the first sharp oxidation peak at around 2.8V can be 

attributed to electrochemical reaction [1-28], while the second, which occurs in a broad 

oxidation peak around 3.6 V, is attributable to reactions [1-34], [1-38], [1-40], [1-41], 

which were analyzed in Section 4.3. Reactions [1-38], [1-40] likely correspond to 

disproportionation reactions occurring in the presence of Cu2+, Cu+, Cu, and Clī, in 

which case the synthesis of CuCl2 is hindered and it is difficult to charge above 200 

mAh gī1. A single sharp reduction peak corresponding to electrochemical reaction 

[1-28] is observed on the reduction side.  
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Figure 5-3. Cyclic voltammetry (CV) profile (first, second, fifth, and tenth cycles) of 

Cu/LiCl composite electrode (Cu:LiCl:PTFE=40:50:10) in 2.2 M 

LiPF6/MFA, recorded at 0.01 mV/s. 

 

 

Figure 5-4 shows SEM images of the CV scans of the initial Cu/LiCl composite 

electrode (left side) and the electrode after ten cycles (right side). In the initial figure, 

LiCl powder appears to form in a molten combination, although XRD revealed that 

there was no water content. In addition, there are small dispersed particles 

corresponding to the copper powder (~ 1 ɛm).  

The SEM images reveal that, although copper is regarded as a conductive electrode 

material, under the dispersed copper conditions the Cu oxidation/reduction is hindered 

by a lack of electrode conductivity during the first cycle but, following the second cycle 

the copper, which has reacted somewhat with the LiCl, has precipitated dendritically in 

the electrode as a result of the first reduction, as shown in Figure 5-4 (right side). The 

resulting growth of dendritic copper electron paths enables the Cu oxidation/reduction 

to occur without the use of additive carbon as a conductive material.  
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The repetition of charging and discharging cycles causes the electron paths of 

precipitated dendritic copper to grow gradually and, although the oxidation/reduction 

peaks continue to increase, after five cycles the total area of oxidation/reduction 

corresponding to charging capacity can decrease as a result of the dissolution of Cu 

and/or LiCl in the electrolyte (Figure 5-5). 

 

 

 

 

 

 

 

 

 

Figure 5-4. Left: SEM image of initial Cu/LiCl composite electrode, Right: SEM image 

of Cu/LiCl composite electrode after 10 cycles (Cu:LiCl:PTFE=40:50:10) on 

the CV scans. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-5. EDX elemental color maps (Left: initial, Right: after 10 cycles) of Cu and Cl 

in Cu/LiCl composite electrode (Cu:LiCl:PTFE=40:50:10). 
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5.3.3 Cycling Results of Cu/LiCl Composite Electrode 
The charge/discharge profiles of a Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=40:50:10) in 2.2 M LiPF6/MFA are shown in Figure 5-6 as a reference. 

This electrode was constructed and tested to confirm that a Cu/LiCl composite cell 

could be used as a re-conversion reaction cathode in LiPF6/MFA that could charge and 

discharge without the use of carbon as a conductive material. The upper limit charge 

voltage and lower limit discharge voltage were set to 4.0 and 2.5 V, respectively, and the 

charge/discharge current was set to a constant 0.01 C. The content ratio of Cu to LiCl 

was the stoichiometric ratio needed to synthesize CuCl2, and the capacity was based on 

the total weight of Cu and 2LiCl (CuCl2 + 2Li) within the electrode.  

Under the initial Cu and LiCl mixing condition, the lack of conductivity in the 

Cu/LiCl composite electrode increased the charge voltage and limited the charging 

capacity to 150mAh gī1 (versus a theoretical capacity of 399 mAh gī1). However, under 

several charge and discharge cycles the capacity increased gradually to near 200mAh 

gī1 as the “copper” functioned as a replacement conductive material for carbon as a 

result of the formation of electron paths via fine copper precipitation in the Cu/LiCl 

composite electrode. However, a gradual capacity decrease began to appear after five 

cycles in a manner similar to that shown in Figure 5-3. This decline in capacity was 

presumably caused by a small degree of Cu and/or LiCl dissolution into the electrolyte. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-6. Charge/discharge profiles of Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=40:50:10) in 2.2 M LiPF6/MFA (0.01 C). 
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The capacity of the Cu/LiCl composite electrode in these tests reached only half of 

the theoretical capacity (399 mAh gī1), probably because only nonconductive CuCl was 

formed as a result of the disproportionation reactions in the presence of Cu2+, Cu+, Cu, 

and Clī. Nevertheless, a reaction potential of 3.4 V was attained in the charge process, 

which suggests that the 2.7 V plateau corresponding to the reduction reaction in 

equation [1-28] appeared only in the discharge process, which would imply that the 

charging and discharging capacities reached only half of their respective theoretical 

capacities.  

 

Figure 5-7 show an XRD patterns of the initial Cu/LiCl composite electrode and the 

electrode following 10 cycles (Cu:LiCl:PTFE=40:50:10) as well as typical XRD 

patterns of CuCl2 and CuCl. It is seen that the mixture of materials in the Cu/LiCl 

composite electrode has not changed during the cycling process, suggesting that the 

electrochemical reaction occurred quite reversibly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-7. XRD pattern of initial Cu/LiCl composite electrode and electrode following 10 

cycles (Cu:LiCl:PTFE=40:50:10). Also shown are typical CuCl2 and CuCl XRD patterns. 
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Figure 5-8 and Figure 5-9 show SEM images and EDX elemental color maps of Cu, 

Cl, and F in a Cu/LiCl composite electrode (Cu:LiCl:PTFE = 40:50:10) in the initial 

condition and following 10 cycles of charge and discharge measurement, respectively. 

During the cycling, which occurred at a constant current of 0.01 C, the copper, which 

reacted with LiCl in the electrode, repeatedly precipitated in a growth pattern of 

connected cluster particles about 5ɛm in diameters. In this configuration, electrode 

conductivity is presumably maintained by connected clusters of particles without the 

use of carbon as a conductive material.  

Beyond 10 cycles, Cu and Cl are dispersed finely and uniformly throughout the 

electrode, while Cu and LiCl continue to precipitate along connected cluster particles 

that form Cu electron paths. There are also traces of elemental F, which appears to be 

connected to PTFE, and copper fluoride hydroxide derived from the decomposition 

products of LiPF6. The dispersal of the fluorine F would be expected to change as the 

charge and discharge re-conversion reactions proceeded. 

These figures show that the self-precipitation function of copper is capably 

controlled, allowing the use of the Cu/LiCl composite electrode as a charge-starting 

cathode electrode in a re-conversion based LIB that does not require carbon as a 

conductive material. It is also seen that the cathode electrode structure depends critically 

on the charge and discharge conditions and in turn significantly controls the charge and 

discharge profiles and cycling characteristics. 

However, in confirmation of the results of the XAFS and XRD analysis of the 

charge process, there is no clear plateau corresponding to electrochemical reaction 

[1-34], although the slight slope suggests parallel plateaus corresponding to multiple 

simultaneous electrochemical reactions caused by the coexistence of Cu2+, Cu+, Cu, and 

Clī. This disproportionation reaction makes it difficult to charge above approximately 

200 mAh gī1 and, presumably, hinders the synthesis and deposition of CuCl2 in the 

cathode. 

 

As was described in Chapter 1, the thermodynamically derived potential-pCl 

diagram of copper indicates that increasing the chlorine ion concentration in the 

electrolyte allows Cu+ to form readily in the electrolyte; similarly, raising the potential 

allows CuCl2 to form readily. Accordingly, prior to investigating the control of Clī 

concentration by carbon addition we investigated the effect of increasing the 

composition ratio of lithium chloride in a Cu/LiCl composite electrode, i.e., we 

investigated the effect of chlorine surplus on charge and discharge performance. 
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Figure 5-8. Initial SEM image of Cu/LiCl composite electrode and EDX elemental color 

maps of Cu, Cl, and F in Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=40:50:10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-9. SEM image of Cu/LiCl composite electrode and EDX elemental color maps 

of Cu, Cl, and F in Cu/LiCl composite electrode (Cu:LiCl:PTFE=40:50:10) 

following 10 cycles of charge and discharge measurements. 
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The charge and discharge profiles of a Cu/LiCl composite electrode in 2.2 M 

LiPF6/MFA is shown in Figure 5-10. The charge and discharge testing conditions were 

the same as those applied to the (Cu:LiCl:PTFE=40:50:10) composite electrode, with 

similar results, as the (Cu:LiCl:PTFE=25:65:10) composite electrode was also found to 

capable of charging and discharging without the use of carbon of conductive materials. 

The content ratio of LiCl was twice the stoichiometric ratio used to synthesize CuCl2 

with Cu, and the capacity in Figure 5-10 is based on the total weight of Cu and 4LiCl 

within the electrode.  

However, the results differed significantly from those produced by the 

(Cu:LiCl:PTFE=40:50:10) composite electrode in that the decline in capacity was 

restrained and the charge and discharge profiles were very stable. These results clearly 

establish the ease with which a reaction product can be synthesized with copper to 

establish stability in the presence of excessive chlorine and/or chlorine ions. To further 

investigate this profile stabilization effect, the Cu/LiCl composite electrode analyzed 

using SEM imaging and EDX elemental color maps.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-10. Charge and discharge profiles of Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=25:65:10) in 2.2 M LiPF6/MFA (0.01 C). 
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Figure 5-11 and Figure 5-12 show SEM images and EDX elemental color maps of 

Cu, Cl, and F in a Cu/LiCl composite electrode (Cu:LiCl:PTFE=25:65:10) under initial 

conditions and following 9.5 cycles (i.e., the fully charged condition), respectively. 

Despite the difference in charge conditions, comparison with the Cu/LiCl composite 

electrode (Cu:LiCl:PTFE=40:50:10) shown in Figure 5-10 reveals an electrode surface 

that appears to be covered with hard crystallized materials, which are likely either a 

reactant derived from LiCl or LiCl itself. The connected cluster particles observed in the 

electrode in Figure 5-10 are not observed. 

After 9.5 cycles, under the fully charged condition, elemental Cu and Cl are 

dispersed uniformly and presumably form chemical reactants, i.e., CuCl and/or CuCl2 in 

the electrode. Notably, in Figure 5-12 fluorine, which is presumably LiF derived from 

decomposition products of LiPF6, is prominent. In general, LiPF6, which is 

non-electrolytic dissociative, decomposes to PF5 and reacts somewhat with the water in 

the electrolyte solvent to form HF. In the Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=25:65:10) the content ratio of LiCl is twice the stoichiometric ratio 

needed to synthesize CuCl2 with Cu, and the resulting surplus LiCl can easily react with 

HF and/or directly react with LiPF6, resulting in the formation of LiF on the electrode 

surface. In addition, the LiCl itself, which is slightly dissolved in the electrolytes, 

re-precipitates onto the electrode surface. These reactants serve to protect the Cu/LiCl 

composite electrode surface. Conversely, the LiCl is expected to suppress the 

dissolution of Cu and CuCl2 in electrolyte in a manner similar to copper fluoride 

hydroxide and to restrain the change in electrode construction via conversion reactions.  

The uniform dispersion of Cu and Cl, as shown in Figure 5-12, presence of fluorine, 

which suggests a LiF coating on the Cu/LiCl composite electrode surface that 

suppresses the dissolution of cathode active materials, and the plateau corresponding to 

equation [1-34] all imply the formation of a chemical reactant, i.e., CuCl and/or CuCl2, 

in the electrode.  

To test this hypothesis, the surface of the Cu/LiCl composite electrode was analyzed 

using XRD. The results, which are shown in Figure 5-13, reveal the presence of CuCl 

but not CuCl2. The charging reaction therefore appears to be ineffective at promoting 

the formation and deposition of CuCl2, even if the amount of lithium chloride is 

increased to approximately twice the stoichiometric ratio needed to synthesize CuCl2 

with Cu. As explained in the following section, the promotion of CuCl2 forming 

reactions using, for example, an activated carbon, requires additional positive control of 

the chlorine concentration.  
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Figure 5-11. Initial SEM image of Cu/LiCl composite electrode and EDX elemental 

color maps of Cu, Cl, and F in Cu/LiCl composite electrode 

(Cu:LiCl:PTFE=25:65:10). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-12. SEM image of Cu/LiCl composite electrode and EDX elemental color maps 

of Cu, Cl, F, and P, in Cu/LiCl composite electrode (Cu:LiCl:PTFE=25:65:10) 

following 9.5 cycles of charge and discharge measurement. 
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Figure 5-13. XRD pattern of Cu/LiCl composite electrode (Cu:LiCl:PTFE = 25:65:10) 

under initial conditions and following 9.5 cycles, along with typical XRD 

patterns of CuCl2 and CuCl. 
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5.3.4 Cycling Results of Cu/LiCl/C (Glassy Carbon) 
Figure 5-14 shows the charge and discharge profiles of Cu/LiCl/C composite 

electrode (Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA. In this case, the additive 

carbon (C) is GC, the addition of which reduced the over voltage in the initial charge 

process and distended the second plateau in the vicinity of 3.4 V through plural 

electrochemical reactions such as [1-34], [1-38], [1-40], and [1-41] occurring during the 

charging process. 

This extension of the second mild slope plateau presumably enhances the formation 

and deposition of CuCl2 the formation and deposition in the Cu/LiCl/C composite 

electrode. Furthermore, the plateau at 3.4 V attributable to the Cu2+→Cu+ reduction, in 

equation [1-34] appeared and the total capacity approached 250 mAh gī1.  

As shown in Table A-4, although GC has a small pore volume, a small specific 

surface area, and a large particle size, it can effectively increase the charge capacity as a 

result of the promotion of formation and deposition of CuCl2 following the Cu oxidation 

in equations [1-34] , [1-40], and [1-41]. This enhanced formation and deposition of 

CuCl2 is also driven by the improvement of Cu/LiCl/C composite electrode conductivity 

obtained by the introduction of GC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-14. Charge and discharge profiles of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE = 32:48:15:5) in 2.2 M LiPF6/MFA (0.01 C), where C is 

GC (BAS S-12). 
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However, increasing the charging to close to 250 mAh gī1 requires further improvement 

in the additive carbon properties of the Cu/LiCl/C composite electrode. 

 

Figure 5-15 and Figure 5-16 show SEM images and EDX elemental color maps of 

Cu, Cl, and F in Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) in the 

initial condition and following 10 cycles. Initially, Cl is in an agglomerated form as a 

mass of LiCl but becomes quite dispersed after 10 cycles. Although there is no image of 

Cu after 10 cycles, it is presumably dispersed in a similar manner. Conversely, the black 

GC particles are in a dispersed state but are absorbed after 10 cycles into the electrode 

along with Cu as electrode conductive materials. Fluorine is rather prominent after 10 

cycles, but as far in the XRD image in Figure 5-17 neither copper fluoride hydroxide 

nor LiF are observed, indicating extremely small amounts of these byproducts. 

Notably, in Figure 5-16 many hole-like objects are seen on the electrode surface. 

These appear to mark the locations of LiCl clusters that disappeared in the repeated 

cycles of charging and discharging. 
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Figure 5-15. Initial SEM image of Cu/LiCl/C composite electrode and EDX elemental 

color maps of Cu, Cl, and F in Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5). (1000× magnification), where C is GC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-16. SEM image of Cu/LiCl/C composite electrode and EDX elemental color maps of 

C, F, Cl, and P in Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) after 

10 cycles of charge/discharge measurement. (1000× magnification), where C is GC. 
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Figure 5-17. XRD pattern of Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) 

under initial conditions and after 10 cycles, along with typical XRD patterns of 

CuCl2 and CuCl. 
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5.3.5 Cycling Results Cu/LiCl/C (Activated Carbon) 
Figure 5-18 shows the charge and discharge profiles of Cu/LiCl/C composite 

electrode (Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA. Here, the additive 

carbon (C) is activated carbon A, the addition of which reduced the over voltage in the 

initial charge process, as in Figure 5-14, and induced the appearance of plateaus at 3.2 

and 3.4 V in the initial charge process. The plateau at 3.2 V is attributable to the 

electrochemical reactions in equation [1-30], while the nearby gently sloping plateau at 

3.4 V is attributable to multiple electrochemical reactions characterized by, e.g., [1-34], 

[1-38], [1-40], and [1-41], and occurring during the charging process. The former 

electrochemical reaction appears to have been caused by LiCl from the Cu/LiCl/C 

composite electrode that has slightly dissolved into the electrolyte.  

An inspection of Figure 5-14 andFigure 5-18 reveals that the gently sloping plateau 

near 3.4 V appears clearly in the first charge process for activated carbon A, while in the 

first discharge process, the plateau at 3.4 V attributable to the Cu reduction in equation 

[1-34] is extended steadily. This suggests the presence of further effects, based on the 

large specific surface areas and pore volumes in the activated carbon, that promote the 

formation and deposition of CuCl2 while suppressing the dissolution of active cathode 

materials.  

It is therefore seen that generating a plateau region of 3.4 V or greater in the oxidation 

process beyond the region of the 2.7 V plateau in the reduction process is the key to 

how successfully producing CuCl2. 

During the process of repetitive charging and discharging, the plateau at 3.2 V 

disappears gradually and shifts toward 3.4 V; this is likely caused by the weakening of 

the reactions associated with equation [1-30] owing to the reduction of the Clī 

concentration as a result of blockage of micro-pores in the activated carbon. 

  Although re-conversion reaction by the direct reaction of Cu and LiCl following 

equation [1-28] is expected, the slight dissolution of LiCl and adsorption of dissolved 

Clī by activated carbon causes equation [1-30] to predominate. Nevertheless, as CuCl is 

produced by the latter process anyway, it can be presumed that a 2.7 V plateau appears 

in the reduction process. 

 

Figure 5-19 and Figure 5-20 show SEM images and EDX elemental color maps of 

Cu, Cl, F, and C in Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) in the 

initial state and following 10 cycles, respectively. Here, C is activated carbon A. It is 

seen that, in the initial condition, Cu is dispersed around an aggregate white LiCl lump 

and that black activated carbon particles are scattered in the same manner as in Figure 

5-15. Fluorine is also present on the electrode surface. However, the quantities of these 
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reactants are very small and undetectable in the XRD analysis of the initial condition 

shown in Figure 5-21. 

After 10 cycles, elemental Cu, Cl, and C are dispersed finely and uniformly in the 

electrode. An examination of Figure 5-20 reveals minute, fine holes on the Cu/LiCl/C 

composite electrode, although in lower numbers than in the GC case. Because the Clī 

concentration in the pores of the activated carbon is high, the oxidation reaction from 

Cu+ to Cu+2 is stimulated and CuCl2 is presumably generated. As shown in Figure 5-20, 

the F intensity on electrode surface is enhanced through the presence of the activated 

carbon. In the XRD pattern in Figure 5-21, LiF, which is also expected to be effective 

for the suppression of cathode active material dissolution as copper fluoride hydroxide, 

is observed on the electrode surface after 10 cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-18. Charge and discharge profiles of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA (0.01 C), where C is 

activated carbon A (UCG-CPT). 
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Figure 5-19. Initial SEM image and EDX elemental color maps of Cu, Cl, F, and C in 

Cu/LiCl/C composite electrode (1000×magnification) 

(Cu:LiCl:C:PTFE=32:48:15:5). Here, C is activated carbon A. 
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Figure 5-20. SEM image and EDX elemental color maps of Cu, Cl, F, and C in Cu/LiCl/C 

composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) after 10 cycles. (1000× 

magnification). C is activated carbon A. 
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Figure 5-21. XRD pattern of Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) 

in initial state and after 10 cycles, along with typical XRD patterns of CuCl2 and 

CuCl. 

 

 

 

Figure 5-22 shows the charge and discharge profiles of a Cu/LiCl/C composite 

electrode (Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA, where C is activated 

carbon B. As with the activated carbon A, the addition of activated carbon B suppresses 

the occurrence of over voltage during the initial charge process and enhances and 

extends the plateaus at 3.2 and 3.4 V, increasing the measured charge capacity above 

250 mAh gī1 during the initial charge process. As was discussed in the analysis of the 

activated carbon A results, generating a plateau region at or above 3.4 V during the 

oxidation process that extends beyond the region of the 2.7 V plateau produced during 

the reduction process is key to the successful production of CuCl2. In the activated 

carbon B results shown in Figure 5-22, the plateau of the oxidation process of 3.4 V or 

more extends well beyond the plateau in the 2.7 V region in the reduction process, in 

which the reduction reaction from Cu2+ to Cu+ corresponding to equation [1-34] is 

prominent. 
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The total capacity increases with the plateau length; Figure 5-18 and Figure 5-22 

differ in terms of the length of the plateau at 3.4 V. It is seen from Figure 5-18 and 

Figure 5-22 and from Table A-4 that increasing the specific surface area and pore 

volume lengthens the plateaus at 3.2 and 3.4 V during the charge process. The 

lengthening of the plateau at 3.4 V is also attributable to the Cu reduction in equation 

[1-34] during the initial discharge process.  

These results confirm that specific surface area and pore volume have a significant 

influence on the electrochemical reactions occurring during the charge and discharge 

processed in a Cu/LiCl/C composite electrode via changes induced in the ion 

concentrations by electrochemical reaction fields within the micro-pores. By 

suppressing the dissolution of active cathode materials in the Cu/LiCl/C composite 

electrode, activated carbon supplements the effect produced by LiPF6/MFA of 

controlling the Clī ion concentration by promoting the formation and deposition of 

CuCl2. Addressing the gradual decline in the activated carbon effect seen in Figure 5-22, 

which is presumable the result of blockage of ion transfer in the micro-pores and 

dissipation by reactants such as LiF, remains the subject of future research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-22. Charge and discharge profiles of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA. C is activated carbon 

B (Asahi organic chem. AC0230). 
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Figure 5-23 andFigure 5-24 show SEM images and EDX elemental color maps of 

Cu, Cl, F, and C in a Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) in 

the initial condition and after 10 cycles, respectively. Here, C is activated carbon B. It is 

seen that Cu and activated carbon are dispersed around an aggregate white LiCl lump in 

the initial condition and that fluorine is present on the electrode surface. However, the 

quantity of these reactants is very small and they are not seen in the XRD analysis of 

the initial condition shown in Figure 5-25. 

After 10 cycles, elemental Cu, Cl, and C are finely and uniformly dispersed 

throughout the electrode. An examination of Figure 5-20 reveals that the surface of the 

Cu/LiCl/C composite electrode is covered with white reactant, i.e., LiF. Although the 

coating of LiF is presumably effective in suppressing the dissolution of Cu and Cl as 

cathode active materials, the disappearance of the micro-pores from the accumulation of 

reactants such as LiF blocks the movement of ions in the micro-pores and decreases the 

adsorption ability of the Clī ions. This causes the Cu oxidation promoting effect to 

gradually disappears, an issue that, like the activated carbon A blockage problem 

described above, will have to be addressed in future research. 

 

We next turn to the investigation of the effects of specific surface area and pore 

volume on CuCl2 formation. 
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Figure 5-23. Initial SEM image and EDX elemental color maps of Cu, Cl, F, and C in 

Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5). (1000× 

magnification). C is activated carbon B. 
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Figure 5-24. SEM image and EDX elemental color maps of Cu, Cl, F, and C in Cu/LiCl/C 

composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) after 10 cycles. (1000× 

magnification). C is activated carbon B. 
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Figure 5-25. XRD pattern of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5) in initial condition and after 10 cycles, along 

with typical XRD patterns of CuCl2 and CuCl. C is activated carbon B. 
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5.3.6 Reaction Analysis of Charge and Discharge Properties 
Previously, the charging and discharging properties were analyzed (Figure 5-22) 

to determine whether CuCl2 was actually formed and deposited on a Cu/LiCl/C 

composite electrode during the charging process.  

Figure 5-26 shows the initial charge profile of a Cu/LiCl/C composite electrode 

with activated carbon B, along with the electrochemical reactions at each plateau. It is 

seen that the initial charge profile has a good repeatability and the electrochemical 

reactions are in close agreement with their respective equations. The achieved initial 

charge capacity is close to 300 mAh gī1. 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-26. Initial charge profile of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA, with electrochemical reactions 

shown for each plateau. C is activated carbon B (Asahi organic chem. AC0230). 

 

CuCl ＋ Li+ ＋ eī  ᵮ Cu ＋ LiCl    (2.74 V vs. Li+/Li)  [1-26] ([1-28]) 

CuCl ＋ eī        ᵮ Cu ＋ Clī     (3.16 V vs. Li+/Li)  [1-30] 

CuCl2 ＋ Li+ ＋ eī  ᵮ CuCl ＋ LiCl  (3.41 V vs. Li+/Li)  [1-25] ([1-34]) 

Cu2+ ＋ Clī ＋ eī   ᵮ CuCl         (3.61 V vs. Li+/Li)  [1-39] 

Cu+ ＋ eī          ᵮ Cu           (3.56 V vs. Li+/Li)  [1-38] 

CuCl2 ＋ eī        ᵮ CuCl2
ī        (3.72 V vs. Li+/Li)  [1-40] 
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The observed plateaus in Figure 5-26 are in close agreement with the analyzed results 

from Table A-4, with each electrochemical reaction appearing to be viable in terms of 

the thermodynamic data associated with the Cu/LiCl/C composite electrode charge 

process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-27. Charge and discharge profile of Cu/LiCl/C composite electrode 

(Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA, along with 

electrochemical reactions for each plateau. C is activated carbon B (Asahi 

organic chem. AC0230). 

 
Figure 5-27 shows the charge and discharge profiles of a Cu/LiCl/C composite 

electrode (Cu:LiCl:C:PTFE=32:48:15:5) in 2.2 M LiPF6/MFA along with the 

electrochemical reactions occurring at each plateau. In this case, C is activated carbon B 

(Asahi organic chem. AC0230). 

The results in the figure confirm the capability of activated carbon to restrain 

deterioration in the capacity and cycling performance of a Li/CuCl2 battery by 

controlling the chlorine and/or chlorine ion concentrations in the electrode. It is also 

seen that CuCl2 can be formed and deposited by controlling the chlorine and/or chlorine 

ion concentrations using the micro-pores of the carbon. Thus, if another method could 

be found to increase the chlorine and/or chloride ion concentration by another method, 

the charging and discharging profile could be retained suppressing the reduction in 

capacity.  
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Figure 5-28 shows the XRD patterns produced by a Cu/LiCl/C composite electrode 

with activated carbon B (Cu:LiCl:C:PTFE=32:48:15:5) following the initial charge 

process shown in Figure 5-26. Typical XRD patterns of CuCl2 and CuCl are also shown 

as a reference.  

In a cathode electrode without activated carbon under the fully charged condition, 

only CuCl and Cu signals can be confirmed, while the CuCl2 signal will be completely 

absent. In the Cu/LiCl/C composite electrode, by contrast, the mixing with activated 

carbon B preserves the CuCl2 signal while retaining the CuCl. 

These results suggest that oxidation from Cu+ to Cu2+ is promoted in pores, 

particularly in the micro-pores in activated carbon, and that activated carbon suppresses 

the dissolution of active cathode materials, enabling the deposition of CuCl2 in the 

Cu/LiCl/C composite electrode. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-28. XRD pattern of Cu/LiCl/C composite electrode under initial conditions and 

after first charging (Cu:LiCl:C:PTFE=32:48:15:5), along with typical XRD 

patterns of CuCl2 and CuCl. C is activated carbon B.   
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Figure 5-29 show SEM images and EDX elemental color maps of Cu, Cl, F, and C 

in a Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) following initial 

charging. Here, C is activated carbon B. In the initial charging process, the aggregate 

white lithium chloride lump and copper particles that that were present in the electrode 

prior to charging have disappeared, and copper and chlorine are dispersed in 

approximately uniform manner.  

Furthermore, black activated carbon particles have been scattered along with 

elemental F, which is detectable on the electrode surface. However, these reactants are 

present in very small quantities, as reflected by their absence from the XRD analysis 

results of the initial condition shown in Figure 5-28. 

After 10 cycles, elemental Cu, Cl, and C are finely and uniformly dispersed 

throughout the electrode. An examination of Figure 5-20 reveals that the surface of the 

Cu/LiCl/C composite electrode is covered with white reactant (LiF). Although the 

coating of LiF is presumably effective in suppressing the dissolution of Cu and Cl as 

cathode active materials in the fully charged condition, the micro-pores are presumably 

blocked by the accumulation of reactants such as LiF; this blocks the movement of ions 

in the micro-pores and decreases the adsorption ability of the Clī ions, causing the Cu 

oxidation promoting effect to gradually disappear. As with the similar issues noted 

above, this problem remains the subject of future activated carbon research. 
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Figure 5-29. SEM image electrode and EDX elemental color maps of Cu, Cl, F, and C in 

Cu/LiCl/C composite electrode (Cu:LiCl:C:PTFE=32:48:15:5) after first 

charging (1000× magnification). C is activated carbon B. 
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5.3.7 Influence of Additive Carbon Properties on Charge and Discharge 
Properties  

Figure 5-30 shows the relation between the specific surface areas of GC, activated 

carbon A, and activated carbon B to the initial discharge capacity corresponding to the 

Cu reduction (equation [1-34]) in a Cu/LiCl/C composite electrode. It is seen that the 

specific surface area and initial discharge capacity corresponding to the plateau at 3.4 V 

have a good linear correlation, which confirms that that the specific surface area of 

activated carbon has a strong influence on the formation and deposition of CuCl2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-30. Relation between initial discharge capacity corresponding to the Cu 

reduction in equation [1-34] and the specific surface area of carbon in various 

Cu/LiCl/C composite electrodes (Cu:LiCl:C:PTFE=32:48:15:5). 

 

 

Figure 5-31 shows the relation between the pore volumes of GC, activated carbon A, 

and activated carbon B and the initial discharge capacity corresponding to the Cu 

reduction (equation [1-34]) in a Cu/LiCl/C composite electrode. In this case there is a 

strong linear correlation between the pore volume of the activated carbon and the initial 

discharge capacity corresponding to the plateaus at 3.4, confirming that the activated 

carbon pore volume of activated carbon also has a strong influence of the formation and 

deposition of CuCl2.  
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As was initially expected, it would appear that increasing the specific surface through 

the development of micro-pores can, through the concentration of ions in the 

electrochemical reaction fields within the micro-pores, promote necessary reactions are 

impossible without activated carbon.  

Future research should be carried out to determine whether the same mechanism can be 

induced using carbon nanotubes with micro-pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-31. Relation between pore volume of activated carbons in various Cu/LiCl/C 

composite electrodes (Cu:LiCl:C:PTFE=32:48:15:5) to initial discharge 

capacity corresponding to the Cu reduction in equation [1-34]. 

 

 

5.4 Summary 
The development of a conversion reaction-based Li/CuCl2 battery system with a 

mixed Cu/LiCl electrode in place of a CuCl2 electrode that could initiate the charging 

process using a re-conversion reaction would be useful from a several perspectives. 

Such a battery, for instance, could store Li in the Cu/LiCl electrode and could also 

feature a graphite anode electrode. Investigation of the properties of such a cell, 

however, revealed the absence of CuCl2 production via XAFS and XRD analyses results 

of the charge process. 

This result was attributed to the hindering of oxidization of Cu to Cu2+ owing to the 

presence of disproportionation phenomena relating to the copper oxidation–reduction 
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reaction and to the presence of chlorine and/or chlorine ions, which had a significant 

impact on the electrochemical reactions. These phenomena were found to be in 

accordance with a potential-pCl diagram based on prior thermodynamic data. 

The addition of activated carbon to the Cu/LiCl composite electrode was shown to 

induce the formation and deposition of CuCl2 during the charging process and to 

improve the Cu utilization efficiency and charging and discharging capacity; in 

particular, the capacity of Cu reduction was enhanced. The resulting carbon-enhanced 

electrodes were shown to be fully capable of charging and discharging as LiPF6/MFA 

re-conversion reaction cathodes increased the charging capacity from 200 to 300 mAh 

gī1.  

 

As a result of this improvement in charging capacity, the formation and deposition 

of CuCl2 was promoted and a plateau at 3.4 V, which was attributable to the Cu 

reduction process CuCl2 + Li+ + eī Ÿ CuCl + LiCl (3.4 V vs. Li+/Li), appeared in the 

discharge process. It was shown that electrode behavior is significantly affected by the 

properties of additive carbon, in particular by the increase in specific surface area in the 

presence of micro-pores, in which electrochemical reaction fields were shown to 

increase ion concentrations, thereby promoting the formation and deposition of CuCl2. 

Specific surface area and pore volume of the activated carbon were found to have 

strong correlations with the capacity at the plateau at 3.4 V, attributable to the Cu 

reduction, CuCl2 + Li+ + eī Ÿ CuCl + LiCl (3.4 V vs. Li+/Li), during the initial 

discharge process .  

 XRD analysis of Cu/LiCl/C composite electrodes in the fully charged condition 

revealed the presence of CuCl2, confirming that reactions leading to the formation and 

deposition of CuCl2 occur within the micro-pores and also confirming that these 

structures suppress the dissolution of active cathode materials and enable the deposition 

of CuCl2 in the electrode. 

Finally, it is expected that future research using materials such as carbon nanotubes 

will unlock even more currently blocked reactions.  
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6 Chapter 6 Generalization 

6.1 Summarization 
This study was conducted to investigate the properties and potential of Li/CuCl2 

batteries, which are a type of transition-metal conversion-type LIB. Such batteries can 

potentially attain capacities several times higher than those of conventional 

intercalation-type LIBs. In addition, the promising possibilities of storing Li in 

Cu/LiCl/C composite electrodes and of using graphite to fabricate anode electrodes 

were assessed as Li/CuCl2 batteries based on re-conversion reaction. 

The fabrication of successful cells faces two primary challenges: the high solubility 

of CuCl2 used as the cathode active material in organic solvent, which enhances 

self-discharge in the cell; and the hindering of the reversible formation and deposition 

of CuCl2 in the charging process by the nonconductivity of CuCl and disproportionation 

reactions occurring in the presence of Cu2+, Cu+, Cu, and Clī in the electrolyte. To 

address the former problem, a combination of low dielectric constant solvent and 

lithium salt to induce a film effect that would suppress the dissolution of cathode active 

materials was adopted; to address the latter problem, a suitable electrolyte and activated 

carbon additive were developed and optimized. Specifically, it was found that the 

combination of LiPF6/MFA as an organic solvent and lithium salt could suppress the 

solubility of CuCl2 in electrolytes through the selection of an optimized LiPF6 

concentration. This allowed the cell to produce all of the theoretical electrochemical 

reactions allowable under the predetermined thermodynamic data.  

The latter problem was additionally addressed through the use of carbon to the 

control ion concentration in the electrochemical reaction field of the cathode electrode. 

Specifically, the addition of an activated carbon to the electrode promoted the successful 

reversible formation and deposition of CuCl2 in the charging as a result of the 

micro-pore structures within the carbon, which produced electrochemical reaction fields 

that could control chlorine ion concentrations. The phenomenon was found to correlate 

with the potential-pCl diagram derived from thermodynamic data. 

Together, these two successful adaptations allow for the use of a safer conventional 

carbon electrode as a replacement for a metal lithium anode. 

The development of Li/CuCl2 batteries that overcome these problems is expected to 

result in increasing practical applications in the future. Further analysis of 

thermodynamic data should prove effective in developing a better understanding of 

charging and discharging properties.  
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Appendix 
 

Properties of Additive Carbon 
A-1. Introduction 

Currently deployed Li/CuCl2 batteries have CuCl2 electrodes that operate using a 

conversion reaction. Development of a battery system based on re-conversion reaction 

that used a Cu and LiCl mixing electrode and started from a charging process, however, 

would introduce new possibilities for storing Li in the Cu /LiCl mixing cathode 

electrode and adopting graphite as the anode electrode. By reducing the additional 

carbon quantity through the use of improved carbon, such a battery could achieve 

enhanced energy-density levels. 

The practicalities of developing such a battery, however, might be limited by the 

difficulty, as revealed by the XAFS and XRD results, in synthesizing CuCl2, which 

would make it difficult to charge a battery above 200 mAh gī1. The lack of CuCl2 was 

attributed to disproportionation reactions occurring in the presence of Cu2+, Cu+, Cu, 

and Clī species, one possible solution to which would be raising the charge voltage 

and/or controlling the activity of chlorine ions. 

In the preceding chapters it was shown that, when the upper limit charge voltage is 

raised the total discharge capacity does not significantly decrease and CuCl2 deposition 

is promoted; this suggests that increasing the charge voltage is another potentially 

effective measure for encouraging the formation and deposition of CuCl2. 

In this chapter, other measures involving various additive carbon properties are 

explored as means of controlling the activity of chlorine ions based on the potential-pCl 

diagram (Figure 1-6). Such approaches use nanoporous properties tailored to promoting 

CuCl2 formation and deposition. 

 

A-2 Properties of Additive Carbons for Controlling Electrochemical 
Reactions 
A-2.1 Classification of Additive Carbons in Terms of Adsorption Ability 

The classification of additive carbon is important in the theoretical modeling of 

adsorption phenomena as it provides a criterion for determining which materials can 

satisfy various functions. The IUPAC system for classifying gas-solid adsorption 

isotherms includes six types of isotherms (Figure A-1):1,2,3 

 

Type I isotherm “approaches a limiting value” and is normally used to 

represent adsorption on microporous (pore size < 2 nm) adsorbents. 
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Type II isotherm represents nonporous or adsorption on macro-porous 

(pore size > 50 nm) adsorbents with strong adsorbate–adsorbent 

interactions. 

 

Type III isotherms represent nonporous or adsorption on macro-porous 

(pore size > 50 nm)  adsorbents with weak adsorbate–adsorbent 

interactions. 

 

Type IV and V isotherms represent mesoporous (pore size 2–50 nm) 

adsorbents and mono- and multilayer adsorption plus capillary 

condensation, showing the hysteresis properties of these. 

 

Type VI isotherm represents multi-molecular layer adsorption on a smooth 

surface without pores. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-1. IUPAC classification of gas-solid adsorption isotherms. 
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Adsorption of chlorine ions with carbon has been widely studied in relation to the 

adsorption of methyl mercaptan by activated carbon, the use of coated copper chloride4 

to remove chlorine ions from seawater via the adsorption ability of carbon nanotubes,5 

and the adsorption of chlorine by Graphene.6 

To control the concentration of chlorine ions in the electrochemical reaction field of 

the cathode, promote the formation and deposition of CuCl2, and improve Cu utilization 

efficiency and charge/discharge capacity, we looked at the effects of adopting activated 

carbon. The physical properties of the additive carbon we assessed are explained in the 

following sections. 

 

A-2.2 Physical Properties and Evaluation of Acetylene Black 
Acetylene black (AB) is the most commonly used additive to LIBs and is used as a 

conductive material.  

Because AB has a fine particle size of around 50 nm, its percolation threshold is very 

small (< 5%), enabling conductivity through the addition of minimal material. 

Decreasing the additive quantity of AB would make it possible to increase the quantity 

of active materials in the cathode electrode, increasing the LIB capacity. 

The conductivity of AB is considered its most important feature, and other 

properties such as adsorption are rarely assessed. As we seek an adsorbing function to 

control the concentration of chlorine ions, we measured the adsorption properties of AB 

as a reference for discussing its basic properties. 

Table A-1 and Figure A-2 show the measurement results for AB of various specific 

surface areas and pore volumes. AB is considered to be an IUPAC Type III adsorbent. 

Although it displays advanced graphitization advances and has small pore volumes, AB 

appears to be somewhat absorbent. These characteristics appear to reflect a tendency for 

the surface adsorption to depend on the fine particle diameter, which can be easily 

evaluated for a specific surface area, although the (micro) pore volume cannot be 

measured using the t-plot method. 

Evaluated of the mesopores using the BHJ method reveals relatively small pore 

volumes with limited absorption capability. These characteristics are also believed to be 

reflect the surface adsorption of particles. 

Thus, it would seem necessary to increase the additive quantity of AB to enhance 

the strength of its adsorption function. However, the effort needed to do increase the 

additive quantity of the carbon in this case may outweigh the utility of doing so. 
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Table A-1. Specific surface area and pore volume of acetylene black. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-2. Adsorption isothermal properties of acetylene black. 

Acetylene Black
(DENKA BLACK)

Specific surface area
BET method m2/g 55

Primary particle size ɛm 0.043
Total Pore volume

BET method cm3/g 0.18

Pore diameter (Av.) nm 13.2

Total specific surface area
t-plot method m2/g 63

Outerה⁷⁷ m2/g
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Pore volume (Inner)

t-plot method cm3/g

Specific surface area
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BJH-method cm3/g 0.3
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A-2.3 Physical Properties and Evaluation of Glassy Carbon 
Glassy carbon (GC) was assessed as a reference additive carbon because its particle 

size (which averages 5ɛm) is approximately equal to that of the activated carbon 

described in the next section.  

Given it large particle diameter, the percolation threshold of GC is typically around 

30%. Accordingly, because the conductivity of an electrode changes significantly at a 

30% additive ratio, it is worth considering GC as an additive carbon for controlling 

electrochemical reactions. 

GC is manufactured in a high-temperature heat treatment process that imparts 

special material properties such as significantly improved corrosion resistance and 

strength. As shown in Table A-2 and Figure A-3, measurement of the specific surface 

area and pore volume of GC places it along with AB into an IUPAC Type III 

classification; however, the vitrification resulting from its high-temperature treatment 

reduces the specific surface area and pore volume of GC relative to acetylene black. 

Thus, although it shows the same properties curve as AB, its surface adsorption ability 

is considered to be limited, and attaining the same adsorption ability as AB or using it to 

improve the conductivity of a cathode electrode would require increasing the addition 

amount. In line with our focus on employing an adsorbing function to control the 

concentration of chlorine ions, we tested GC over the carbon additive domain from 

small values starting at the percolation threshold to determine how well it could control 

ion concentrations. The results of this evaluation of the battery properties produced by 

GC were used as reference data and for a discussion of its basic properties. 

It remains clear, however, that minimizing additive carbon quantities to enhance 

battery capacity is a useful battery electrode design strategy. 
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Table A-2. Specific surface area and pore volume of glassy carbon. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

Figure A-3. Adsorption isothermal properties of glassy carbon (GC). 

  

Grassy Carbon
(BAS S-12)

Specific surface area
BET method m2/g 2

Primary particle size ɛm 5.0
Total Pore volume

BET method cm3/g 0

Pore diameter (Av.) nm 11

Total specific surface area
t-plot method m2/g 3

Outerה⁷⁷ m2/g

Innerה⁷⁷ m2/g
Pore volume (Inner)

t-plot method cm3/g 0

Specific surface area
BJH-method m2/g 2.3

Total Pore volume
BJH-method cm3/g 0
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A-2.4 Physical Properties and Evaluation of Activated Carbons  
The effects of specific surface area and pore volume of two types of activated 

carbon on the properties of Li/CuCl2 batteries were then investigated. These carbons are 

development products; one has a very large specific surface area and one has an 

intermediate specific surface area, and both were assessed as capacitor materials to 

control the concentration of chlorine ions around the cathode electrode in electrolyte. 

The measured specific surface areas and pore volumes of activated carbon A and B are 

shown in Table A-3 and Figure A-4 andFigure A-5.  

It is seen from Table A-3 that both activated carbon A and B have much higher 

specific surface areas and total pore volumes (BET method) compared than AB or GC. 

Measurement results obtained using the t-plot method also revealed sufficient 

development of micro-pores, with the inner specific surface areas much better 

developed than the outer areas. This last feature indicates that internal adsorption via 

osmotic pressure in the micro-pores dominates surface adsorption in these materials. As 

a reference, specific surface areas were evaluated using the BJH-method to assess the 

development of mesoporous regions. As shown in Table A-3, while mesopores are not 

as prominent as micro-pores, activated carbons A and B are sufficiently mesoporous.  

As the micro-pores are more prominent than mesopores and the inner specific 

surface area is significantly larger than an outer specific surface area in both activated 

carbons, they would be expected to absorb and concentrate chlorine ions; this would 

generate micro-pore electrochemical reaction fields that would promote the formation 

and deposition of CuCl2, thereby suppressing the dissolution of active cathode 

materials. 
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Table A-3. Specific surface areas and pore volumes of activated carbon A and B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-4. Adsorption isothermal properties of activated carbon A.  

Activated Carbon A
(UES UCG-CPT)

Activated Carbon B
(ASAHI ORGANIC CHEM. AC0230)

Specific surface area
BET method m2/g 1,780 2,960

Primary particle size ɛm 6.5 2.2

Total Pore volume
BET method cm3/g 0.86 1.9

Pore diameter (Av.) nm 1.9 2.5

Total specific surface area
t-plot method m2/g 1,700 3,710

Outerה⁷⁷ m2/g 60 72

Innerה⁷⁷ m2/g 1,640 3,640

Pore volume (Inner)
t-plot method cm3/g 0.75 1.7

Specific surface area
BJH-method m2/g 241 1,460

Total Pore volume
BJH-method cm3/g 0.24 1.0
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Figure A-5. Adsorption isothermal properties of activated carbon B. 

 

A-3. Summary 
In the previous section, it was shown that discharging and charging tests of CuCl2 

electrodes reveal that Cu does not easily oxidize to CuCl2 owing to disproportionation 

reactions in the presence of Cu2+, Cu+, Cu, and Clī species. To promote the formation 

and deposition of CuCl2 and improve Cu utilization and charge/discharge capacity, this 

section focused on methods for controlling the concentrations of chlorine ion in the 

cathode electrode via the adsorption of additive carbon. The specific surface areas and 

pore volumes of several additive carbons—AB, GC, and activated carbons A and 

B—were measured to evaluate their adsorption abilities and IUPAC classifications. 

Table A-4 summarizes the measurement results. 

Carbons A and B were found to have much higher specific surface areas and total 

pore volumes (BET method) than either AB or GC. In addition, the micro-pore 

structures of their inner specific surface areas appeared to be compatible with useful 

adsorption properties.  

Overall, the results suggest that activated carbons with well-developed micro-pores 

on their internal specific surface areas promote the formation and deposition of CuCl2, 

improving the Cu utilization efficiency and the charge/discharge capacities with the 

effect of enabling the control of chlorine ions. 
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Table A-4. Specific surface areas and pore volumes of additive carbons. 
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