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Résumé  

 

Une importante partie de la production d’électricité provient de la conversion de chaleur. En 

effet, les centrales électriques brûlent généralement des carburants comme le gaz naturel, le charbon 

ou emploie la fission nucléaire pour produire de l’énergie thermique qui peut se transformer en 

électricité grâce à un cycle thermodynamique et au travail mécanique d’une turbine. Cependant, avec 

ces méthodes, de hauts rendements ne sont atteints qu’avec des températures élevées selon la théorie 

prédite par Carnot. De grandes quantités de chaleur de récupération à basse températures ne sont pas 

converties en électricité et sont habituellement simplement perdues. En conséquent, il y a ici une 

opportunité d’améliorer la conversion d’énergie thermique en électricité en récupérant les pertes de 

chaleur.  

Ces chaleurs à basses températures (en dessous de 200°C) sont disponibles en grandes 

quantités par l’intermédiaire des pertes de chaleur industrielles, mais aussi par le biais des énergies 

renouvelables comme l’énergie solaire thermique et l’énergie géothermique. Etant donné que les 

énergies renouvelables sont utilisables seulement par intermittence durant certaines périodes de la 

journée ou selon la saison, il devient particulièrement intéressant de pouvoir les stocker afin de 

pouvoir les distribuer et consommer de manières plus efficaces. Néanmoins, la production 

d’électricité à partir de ces chaleurs à basses températures est un défi conséquent pour les technologies 

existantes. Les piles rechargeables thermiquement permettent la conversion et le stockage de l’énergie 

thermique en électricité, mais elles ne peuvent atteindre que de faibles voltages et de basses 

puissances de sortie. 

Pour ce travail de thèse, nous présentons une batterie à flux rechargeable thermiquement qui 

utilise la complexation du cuivre avec l’acétonitrile dans un électrolyte non-aqueux et qui est capable 

de fournir un voltage de plus de 1V. Par distillation de l’acétonitrile, le complexe de Cu(I) et 

acétonitrile devient instable et réactif, ce qui permet la formation de cuivre métallique et de Cu(II) 

dans une solution de propylène carbonate, chargeant ainsi la batterie. Avec ce procédé, nous avons 

démontré une production d’électricité avec une densité de puissance de 200 W·m−2 et nous avons 

estimé une efficacité du system complet entre 5 et 14%. Ces résultats démontrent la faisabilité de ce 

concept pour produire et stocker de l’électricité à partir de pertes de chaleurs à basses températures.   

Keywords: conversion de l’énergie thermique à basses températures en électricité, batterie 

à flux rechargeable thermiquement, cuivre, acétonitrile, cycle thermodynamique, électrochimie. 
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Abstract  

 

An important part of the electricity production relies on heat conversion. Indeed power plants 

burn fuels like natural gas, coal or use nuclear fission to produce heat that can be transformed into 

electricity through a thermodynamic cycle and the mechanical work of a turbine. However, with such 

methods, high efficiencies are only reached with high temperatures according to the Carnot theory. 

Large amounts of waste heat or low-temperature heat are not converted into electrical power during 

these processes and are usually simply not exploited. Therefore, there is an opportunity to improve 

the way in which the heat is used and especially for electricity production, if waste heat can be 

recovered.  

Low-grade heat (below 200 ℃) is available in vast quantities from industry, but also from 

renewable sources such as solar thermal or geothermal energy. As renewable energies are often 

available intermittently during specific time of the day or according to the season, the storage of the 

low-temperature heat coming from these sources is particularly interesting for a more efficient 

distribution and consumption. However, production of electric power from these heat sources is 

challenging with existing technologies. Thermally regenerative batteries allow both the conversion 

and the storage of thermal energy into electric power, but they suffer from low operation voltages and 

low output powers. 

 Here, we propose a thermally regenerative flow battery based on copper complexation with 

acetonitrile in non-aqueous solutions operating at voltages above 1V. Cu(I) complex can be 

destabilized by removal of acetonitrile by distillation, leading to production of solid copper and Cu(II) 

in a solution of propylene carbonate, thereby charging the battery. With this reaction, we demonstrate 

the electricity production at power densities up to 200 W·m−2, and estimate the theoretical efficiency 

of the full system between 5-14%. The results demonstrate a proof-of-concept for producing and 

storing electricity from low-quality heat. 

 

Keywords: waste heat to power conversion and storage, thermally regenerative redox flow 

battery, copper, acetonitrile, thermodynamic cycle, electrochemistry.  
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Chapter I: Introduction 

1 

 Introduction 

 

 

 

The aim of this thesis is to propose, develop and characterize a system, which is able to convert 

and store thermal energy under chemical energy at low temperatures (<200°C) inside an energy 

storage device, such as an electrochemical cell.  

 

 

1. Heat to power conversion 

 

Current electricity production still relies strongly on the conversion of heat via the 

mechanical work of a turbine, but this approach cannot be used efficiently at temperatures  be-

low 200 °C to satisfy the the Carnot efficicency (Eq. 1.1). Here, a new approach is based on 

thermo-electrochemical systems to convert low-grade heat first into a chemical energy, which 

can then in turn be converted on demand into electricity through an electrochemical reaction. 

To illustrate this principle, a copper based battery is studied. This model system is especially 

effective for using low quality heat below 160 °C to produce and store electricity. The battery 

can be charged and discharged as a conventional battery, but it can also be charged by a thermo-

chemical reaction. This thermal charge process is predicted to have a maximum theoretical 

efficiency of ca. 10-14%. This is similar to efficiencies reported for mechanical heat to power 

methods like the organic Rankine cycle or the Kalina cycle, and significantly higher than for 

standard thermoelectric devices. The main advantage of the system, however, is its ability to 

store the energy in the battery, where it is available on demand.  
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The thermal charging process can be integrated with any heat source of ca. 140-160°C 

or more, including waste heat from industrial processes and power plants, but also geothermal 

sources and even heat from standard solar thermal collectors. More generally, the project will 

formulate the thermodynamic concepts of thermo-electrochemical systems.  

According to the International Energy Agency (IEA), there is an opportunity to im-

prove the way how the heat is used and especially for electricity production. From an IEA 

report, around 65% of the primary energy, which is consumed for power generation, is lost 

during the conversion, transmission and distribution (Fig. 1.1). One of the solutions, proposed 

by IEA, is the combined heat and power (CHP). CHP uses simultaneously heat and power from 

the same energy source, at or near the place of consumption.1 With CHP, the low or middle-

grade heats, which are not used for the electricity production and usually released in the envi-

ronment (cooling tower), could be transferred to water for district heating of industries and 

habitations such as hotels, campuses or residential buildings. This CHP system should be able 

to save 20% energy, compared to the most efficient separated production of power and heat.2 

Although CHP is a nice way to lower heat losses, the technology behind is the same than for 

common power plants and does not provide solutions for the heat to power conversion of low-

temperature waste heat. Additionally, higher energy efficiency of the power plants can be 

achieve (around 53%) if the integration of a cycle using the low-temperature is introduced.3,4   

 

Figure 1.1. Energy flows (TWh) in the global electricity system.1 

 



Chapter I: Introduction 

3 

Waste heat from industries are not the only sources of low and middle-grade heat. For 

example, geothermal sources and solar thermal collectors are able to provide low quality heat 

(< 150°C). With the treatment of all these kinds of thermal energy, several advantages and 

benefits are possible. The efficiency of industries production could be increased with utilization 

of large waste heat quantities, which have a very low economic value. The environmental im-

pacts of low-temperature heat will be decreased by its consumption for conversion. Electrical 

power from geothermal and solar sources will not increase the emissions of carbon dioxide. 

If proven successful, thermo-electrochemical electricity generation could become a 

game-changer technology in electricity generation, with the possibility to replace or comple-

ment conventional steam engines and gas turbines. This would be also beneficial for the Swiss 

Energy Strategy 2050, aiming to improve the energy efficiency and enhance integration of re-

newable energy production into the grid. 

 

1.1. Heat engines 

 

1.1.1. Rankine and Kalina cycle 

 

Nowadays, a large part of the electrical energy is currently produced through the con-

version of heat into mechanical work. A well-known theoretical model of heat engine is de-

scribed by the Carnot cycle. In this system, four reversible transformations occur. First, the heat 

input (Qin) is transferred to the system by contact with a thermostat at high temperature (Th). 

Then, the system cools from Th to Tc via an adiabatic expansion of the fluid before releasing 

heat to the cold thermostat. After the adiabatic compression, the system reaches its initial state 

at Th. At the end, the modification of the pressure and volume during the cycling allows the 

production of a mechanical work (W) by a piston. Heat engine efficiencies can be compared 

with the Carnot theoretical efficiency:5 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =
𝑊

𝑄𝑖𝑛
= 1 −

𝑇𝑐

𝑇ℎ
     1.1 
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However, during the conversion of heat inside steam turbine power plants, the Carnot 

cycle is not corresponding to the different transformations of the fluid. Another thermodynamic 

process, called the Rankine cycle, gives a better understanding of the transformations, which 

occurs in coal, gas, geothermal and nuclear power plants.6 

 

Figure 1.2. a) Process flow diagram of a Rankine cycle and b) T-S diagram of the same cycle with 

superheating of stream.6 

 

All transformations in a Rankine cycle can be analysed and compared with the Carnot 

cycle (Fig. 1.2): 

 1-2: Isentropic compression of the liquid fluid (usually water7) is performed by a pump. 

Here, the difference with the Carnot cycle comes from the work input, which is needed 

to pump the liquid from the low (pl) to high pressure (ph). 

 2-3: Inside the boiler, heat exchange allows the heating of the liquid and its evaporation. 

In Figure 1.2b, the stream is even additionally heated (superheating) to get dry vapour. 

By comparison with the Carnot cycle, the heat input is done at constant pressure (ph) 

and the temperature is changing due to the heating of the liquid to its boiling point. 

Another difference is the phase transition of the fluid in the system.  

 3-4: Through a gas turbine, the stream of dry vapour induces a power generation by its 

isentropic pressure expansion and decrease of its temperature.  
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 4-1: At constant pressure (pl), the wet vapour is transformed into a liquid inside the 

condenser. 

The final efficiency for the ideal Rankine cycle is lower than that of the theoretical 

Carnot cycle because the work of the pump (Wpump) has to be taken into account:8   

𝜂𝑅𝑎𝑛𝑘𝑖𝑛𝑒 =
𝑊𝑜𝑢𝑡−𝑊𝑝𝑢𝑚𝑝

𝑄𝑖𝑛
      1.2 

However, Equation 1.2 is still an ideal efficiency, which does not include irreversible 

transformations. Indeed, in practice, entropy formation can be created via pressure losses in the 

boiler, condenser and pipes, but also during the compression in the pump and gas expansion in 

the turbine.8 In addition, heat losses are occurring and decrease the final power generation. To 

improve the efficiency, the difference of temperature and pressure can be increased, if the heat 

source and the pump allows it.9 But it is not sufficient enough, if these two parameters are 

modified, the pump and turbine should be able to handle such conditions. In case of an increase 

of pressure by the pump, which is coupled with an increase of the boiling temperature, the 

efficiency should be higher. Nevertheless, the moisture content of the vapour phase is also in-

creased and it is known that humidity affects badly gas turbine.10 By consequence, superheating 

and reheated Rankine cycle, which increase vapour temperature and counterbalance the mois-

ture content of the vapour, can improve the efficiency without enhancement of the turbine de-

terioration.11 

It seems that the traditional Rankine cycle is the most appropriate method to extract 

power from heat, with efficiencies around 35% for a temperature range between 300 and 

550°C.12 Due to the Carnot efficiency, the yield drops for heats at low temperatures. Conse-

quently, low-grade heats are simply not exploited as they probably could be. Indeed, some tech-

niques are already known for the use of low-temperature heat (organic Rankine cycle, Kalina 

cycle…). Unfortunately, for the moment, only small amounts of low-grade heat (< 200°C) are 

involved in electricity production, due to the lack of specific power plants at the industrial scale.  

A typical steam turbine is efficient enough for temperatures above 300°C. Alternative 

approaches have been developed to fulfil the requirements for the use of waste heat. A heat-to-

power converter, which has the same principle as the steam Rankine cycle, is the organic Ran-

kine cycle (ORC). In this system, water is exchanged with organic fluids because of their phys-

ical properties (Table 1.1). Organic fluids usually have a lower boiling temperature than water. 
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Consequently, organic vapour stream can be produced with low and medium-grade heat (80°C 

to 300°C).13  On the other side, ORC has to deal with the flammability and toxicity of the fluid. 

The energy efficiency of the ORC is between 5 and 20%.14 However, ORC still has several 

advantages over the traditional Rankine cycle. With a low boiling point, the ORC needs less 

thermal energy for the heating and evaporation of the fluids. During evaporation, lower pres-

sures and temperatures are required. In the turbine, the gas expansion ends in the vapour region, 

meaning that no liquid suspension should be present. Hence, no superheating is needed to keep 

the vapour dry and the turbine has less risks to suffer from erosion. Another consequence of the 

low pressure inside the turbine is the use of a cheaper simple stage turbine.15  

 

 

Table 1.1. Summary of fluids properties comparison in Rankine and organic Rankine cycle.16 

 
Steam Rankine cycle Organic Rankine cycle 

Fluid Water Organic compound 

Critical pressure High Low 

Critical temperature High Low 

Boiling point High Low 

Condensing pressure Low Acceptable 

Specific heat High Low 

Viscosity Low Relatively high 

Flammability No Yes and depends on fluid 

Toxicity No Yes 

Environmental impact No High and depends on fluid 

Availability Available Supply problem 

Cost Cheap more expensive 
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The optimization of the organic liquid has a crucial importance. Many articles try to 

characterize different organic compounds to estimate the most suitable for ORC.13,15,17 For ex-

ample, in the hydrocarbon family, isobutane is already used for geothermal power plants in 

Reno (NV, USA) and seems to provide the best efficiency among the different organic fluids, 

which were tested.18,19 Nowadays, ORC is the most common thermodynamic cycle for the con-

version of waste heat. 

Another possibility for the conversion of low-temperature heat was developed in the 

80s by Dr. Alexander Kalina. The Kalina cycle works with a working fluid containing a mixture 

of ammonia and water. An ideal fraction of ammonia in the liquid phase is around 70 wt% for 

geothermal sources with low and middle-grade heat.20,21 In this system, the boiling temperature 

and the applied high-pressure can be tuned according to the temperature of the heat source, by 

changing the concentration of ammonia in the working fluid.22–24  

In Figure 1.3, the process flow diagram shows the different steps of the working fluid 

during the production of power. The main operations are the compression of the ammonia so-

lution by the pump (1-2), the preheating in the recuperator (2-3), the heat transfer for the evap-

oration of the ammonia-water mixture in the evaporator (3-5), the separation of the vapour and 

liquid, the expansion of the gas in the turbine to a lower pressure and the electricity production 

(6-7), mixing and cooling of the low pressure gas with the liquid in the recuperator and con-

denser. 

 

Figure 1.3. Process flow diagram of a simple Kalina cycle.25 
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The energy efficiency of the Kalina cycle can theoretically reach 45-52% and is around 

20% more energetically efficient than the organic Rankine cycle for the same temperatures.26 

In Table 1.2, some power plants, which are using waste heat and geothermal source with a 

Kalina cycle, are presented. 

 

Table 1.2. Examples of Kalina cycle in power plants around the world.27 

 

Another type of system using low-temperature heat is the salinity gradient power 

(SGP) engine, which works with the osmotic energy.28 This energy comes from the mixing 

between solutions with different concentrations of a salt. For example, the work, that can be 

extracted when 1 m3 of river water is crossing a semi-permeable membrane to dilute a seawater 

draw solution, reaches approximately 0.75 kWh.29 For an ideal solution, the osmotic pressure 

equation gives a nice indication about the minimal pressure, that needs to be applied to the 

highly concentred side of the semi-permeable membrane in a way to avoid dilution (i is the 

Van’t Hoff factor, T temperature in Kelvin, R universal gas constant and c the molar concen-

tration):  

𝜋 = 𝑖𝑐𝑅𝑇     1.3 

In Figure 1.4, a schematic diagram of the osmotic heat engine (OHE) is shown with a 

pressure-retarded osmosis (PRO) for the SGP unit. In the PRO part, diffusion of the working 

liquid (e.g. water) occurs through the membrane and provokes a dilution and a compression of 

the salty draw solution. The draw solution is split for the power generation, with a liquid ex-

pansion in the hydroturbine, and for the pressurizing of the draw solution, with the pressure 

Project name/location Heat source Electrical output Start up 

Canoga park (Demo), 

USA 

515 °C exhaust gas of gas turbine, later solar centaur gas  

turbine 
3 MW, later 6.5 MW 

1992–

1996 

Fukuoka city, Japan Waste heat from incineration plant 5 MW 1999 

Kashima steel works, Ja-

pan 
98 °C water, waste heat of production 3.1 MW 1999 

Husavik, Iceland Geothermal brine at 124 °C 2 MW 2000 

Unterhaching, Germany Geothermal 3.4 MW 2007 
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exchanger. At the end, the solutions have to be regenerated by heat. The regeneration unit can 

be operated by solvent or salt extraction.  

 

Figure 1.4. Simplified process flow diagram of an osmotic heat engine with (1) PRO unit, (2) pressure 

exchanger, (3) regeneration unit, (4) hydroturbine and (5) booster pump.30 

 

Solvent extraction can be done by evaporative processes like multiple effect distilla-

tion (MED). With MED, heat is used to evaporate liquid in a first unit and this vapour is the 

driving steam for the evaporation of liquid in the other chambers with decreasing pressures.31  

Membrane distillation (MD) is also a technique for the solvent extraction.32 In Figure 1.5, MD 

operates by difference of vapour pressures between the hot water and the channel for conden-

sation. A hydrophobic membrane prevents the liquid water to go back into the hot liquid. At 

the end, fresh water and a more concentrate solution are recovered in parallel. Salt extraction 

by heat is also possible with thermolytic salts ((NH4)2CO3), which are forming a gas with low-

temperature heat and replace the distillation of the solvent.33,34 However, the thermal efficiency 

of membrane distillation is much better even if it remains quite low at 10%.30 
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Figure 1.5. Schematic representation of membrane distillation.35 

Other heat engines can be used for the heat to power generation of low-temperature 

heat: for examples the Maloney-Robertson cycle (which has similarities with Kalina cycle, be-

cause it also uses aqueous solution of ammonia as working fluid)36, solar-powered Stirling en-

gine37, combined cycles (e.g Brayton cycle with Rankine cycle)38, carbon carrier cycles.39  

Additionally, some technologies are promising such as the thermoelectric devices. 

Generation of electricity directly from a temperature differential is achieved in the thermoelec-

tric systems by specific semiconductors (Fig. 1.6).40 This phenomenon is called the Seebeck 

effect. A typical set-up is made from one p-type and one n-type semi-conductor with an elec-

trical connection in series and a thermal connection in parallel between the heat source and the 

heat sink.41 The main problem with thermoelectric devices is their high thermal conductivity, 

which decreases the Seebeck effect and the temperature gradient between the heat and cooling 

sources.42 To exceed this problem, a material with high electric conductivity and low thermal 

conductivity should be used. However, these conductivities are usually high in metal or low in 

glass, plastic and ceramics.43 An interesting material, called semi-metallic polymers, is able to 

have a high Seebeck value and a low thermal conductivity.44 This type of material is a good 

candidate for an enhancement of the low efficiency in thermoelectric systems (around 1-5%).45 
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Figure 1.6. Schematic representation of a thermoelectric generator (Tellurex.com).  

 

 

 

2. Energy storage in battery  

 

As potentially large amounts of low-temperature heats are available from industries 

and renewable energy sources (solar and geothermal sources), it could be interesting to be able 

to store this thermal energy like electricity inside a battery. However for such an application, 

the thermal energy cannot be simply store inside an isolated tank filled with water (or other 

liquids), which acts as a heat carrier. This low-grade heat needs to interact with reactants and 

to induce a chemical reaction, which produces compounds that can be used as electroactive 

species inside an electrochemical cell. In the following sections, the energy storage device and 

the chemistry applied for the thermal energy conversion are described.   
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2.1. Redox flow battery 

 

Regarding the storage of electricity, elelctrochemical systems are particularly interest-

ing because they can reach high energy density and can be modulated according to the need of 

the users. Consequently, batteries seem to be the ideal candidate to deal with the surplus of 

production in the electrical network, which happens frequently when there is a lower demand 

than the projected one. Since these excesses of available energy might be lost in the grid, the 

storage will optimize the electricity production and allows compensating the period when lack 

of power occurs. This ability to regulate the demand and the availability of the resources are of 

great interest regarding intermittent renewable energies. Indeed, the electricity from wind or 

solar sources are not produced constantly and have peaks of production depending the weather, 

the time of the day or year and others environmental apsects. Furthermore, theses peaks of 

production do not always fit in time with the moment of the need for power. Thus, the imple-

mentation on large scale of electrochemical devices should be economically advantageous and 

environmentaly with a better use of the ressources.     

For such purposes, a wide interest has been devoted to redox flow batteries (RFBs), 

which can have a large flexibity between the energy and the power capacity by using external 

retention tanks for the electrolyte.46–48 In RFBs, the energy and the power capacity are inde-

pendant from each other, as the energy capacity depends on the volume of the redox electrolyte 

and the power capacity on the dimensions, numbers and organization of the electrochemical 

cells. According to the needs, the RFB can be adjusted and sized. 

RFBs have been widely described in many reviews.47,49–51 Here, in Fig. 1.7, a scheme 

of the RFB technology is represented with one electrochemical cell with the positive and neg-

ative electrode. As it is mentioned in its name, RBFs can charge large volumes of redox elec-

trolyte by pumping the solution from external tanks to the cell. The positive and negative elec-

trolytes are separated by a membrane, which avoids also the contact between both electrodes. 

During the charging step, an electrical current or a voltage potential is applied to induce the 

reduction of the redox active molecule of the (−) side (Mx  Mx−1) and the oxidation of the 

redox species on the (+) side (Ny  Ny+1). As one electron is gained for the reduction from the 

oxidation in the other side, this charge transfer needs to be equilibriate by the migration of ions 

from the supporting electrolyte (S−, S+) through the membrane. Depending on the current and 
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time of the electrolysis, the redox species reach a certain state of charge according to the con-

centrentration and volume of the electrolyte (e.g. SOC = 50% if half of the redox species are 

charged). After the charging step, the electrolyte is stored in separated containers to prevent 

from self-discharge until electricity is required.  

 

Figure 1.7. Schematic representation of RFB with the electrical charge (on the left) and discharge (on 

the right). 

 

When the charged electrolytes are circulating again in the electrochemical cell, they 

will spontenaously react in the opposite way as during the charging step (discharge in Fig. 1.7) 

and oxidation occurs on the negative side and reduction on the positive one. Finally, the initial 

redox active ions (Mx, Ny) are regenerated and can be charged again. The ability of RFBs to 

perrform multiple charge/discharge cycles allows a great flexibility to store energy during rel-

atively short or long time depending on the application.    

In the RFB set-up, a critical component is the membrane. The role of the membrane is 

to separate to two half-cells by preventing the diffusion and mixing of the electroactive species 

on both sides of the battery. However, the separator needs also to keep the electroneutrality of 

both electrolytes. In the same time, the membrane avoids the electrodes to be in contact and to 

shortcut the electrical circuit. The ideal membrane should fullfill the following criteria:52  

 High ionic conductivity of the supporting electrolyte to balance the electron migration 

during the charge and discharge of the cell: the charge carriers need to preserve the 
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electroneutrality of the full circuit. Bad conductivity will induce ohmic resistance and 

therefore heating effects. This will affect drastically the voltage and energy efficency 

of the RFB. 

 High ionic selectivity to avoid the migration, crossover and mixing of the redox medi-

ators: if the charged mediators can cross the membrane, the coulombic efficiency will 

drop because of the self-discharge by contact between the two sides.  

 Chemical stability: with high content of corrosive acids or the use of organic solvents, 

the separator needs to stay stable in these harsh environments. Additonally the pres-

ence of oxidative or reducing compounds can enhance the deterioration of the mem-

brane.  

 Mechanical stability: as usually the cells are compressed and the circulating electrolyte 

can have a high pressure, the mechanical strength of the membrane has to resist to the 

pressure applied.  

 Long life time: for long term cycling, the membrane needs to stay stable and therefore 

needs to be chemically and mechanically resistant to the RFB specific conditons   

 

Three main types of membranes can be listed for RFB application: anionic, cationic, 

and porous (or non-ionic) membranes.52,53 Anionic exchange membrane are selective to anions 

and are particularely interesting to limit the crossover of positively charged redox mediators, 

which are present in the electrolyte compostion. Event if the selectivity is high for this type of 

separator, their conductivity and chemical stability can be relatively poor. To improve the 

chemical resitance, they are commonly reinforced with a layer of polymer such as polyethylene 

(FAP-330-PE from Fumatech), perfluoroalkoxy alkanes (FAPQ-3100-PFA from Fumatech) or 

polyether ether ketone (FAB-130-PEEK from Fumatech). Already, few commercial mem-

branes such as Selemion (AGC Engineering Co.), Neosepta AHA (Astom), FAP (Fumatech, 

BWT group), AMI-7001 (Membrane international Inc.) have been tested.53–56  

Cationic membranes are broadly applied in RFB because of their high conductivity for 

protons. The most common cationic exchange membrane is the Nafion (from Dupont), which 

is a polymer close to hydrophibic polytetrafluoroethylene (PTFE) with additional sulfonic acid 
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groups. This –SO3
− function forms channels in the Nafion structure that can be hydrated and 

where proton hoping can occur.57,58 As many RFBs are based on an aqueous and acidic electro-

lyte, the protons can easily cross the membrane and induce a low resistance throught the mem-

brane, which is advantageous regarding the voltage and energy efficicencies of the battery. 

However, the membrane may also be permeable to the cations from the redox mediator and can 

lower the coulombic efficiency. Different methods were done to improve the selectivity of cat-

ionic membranes by filling the pore to with inorganic materials (SiO2)
59–61 or by imitating the 

Nafion with another sulfonated polymer.62   

Porous membranes are a cheaper alternative to ionic membranes and have pores in the 

micrometer scale. A commercially available porous membrane that is used for RFB applications 

is the Daramic.63 The crossover throught the pores are relatively consequent and the Daramic 

is usually modified by pore-filling with ion exchange resins and crosslinkers.52,64,65 Modified 

nanofiltration membranes with SiO2 are also proposed as porous separator and show promising 

performance to lower the price of the membrane.66,67 

Another key element of the RFB is the electrode. The choice of the electrodes is mainly 

influenced by the electrolyte composition, which is targeted. The final electrodes of the RFB 

need to fullfill several conditions to allow a high performance of the cell:68 

 High reactivity with the redox mediatior: the electron transfer at the electrode should 

only be limited by the diffusion of the redox species and not be by the kinetics at the 

heterogenous interface between the electrolyte and electrode. Therefore, the redox 

couple at the electrode should observe a reversible or quasi-reversible electrochemical 

behaviour. If an irreversible electron transfer process occurs at the electrode, the en-

ergy efficiency of the battery will be affected with losses of voltage to induce the slow 

electron transfer.  

 No reactivity with the supporting electrolyte and solvent: to avoid the degradation of 

the electrolyte and to control the eletrochemistry inside the electrolyte, only the redox 

mediator has to react on the electrode. If the deterioration of the electrolyte occurs at 

the electrode, the side-products might interfere with the conductivity of the solution 

and with the electrochemistry at the heterogenous interface of the electrode.  
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 As for the membrane, the electrodes should be mechanically and chemically stable for 

a given electrolyte content. The degradation of the electrode might poison the electro-

lyte and decrease or modifiy its active surface area.  The electrodes should also be 

resistant to highly oxidative or reductive conditions that can be encountered during the 

charge, discharge and resting storage modes.  

 High active surface area is preferred to increase the proportion and probability of elec-

trochemical reaction when the electrolyte is flowing inside the cell. When the reaction 

sites are maximized, the electrical current that can be applied or recover can reach 

higher values. It usually implies the use of porous electrodes that can be compressed 

in the battery.  

The electrodes for RFB applications are often based on carbon material such as C-felt, which 

are very porous with a high active surface.69 Even if the reversibility of the chemical reaction 

is not always optimal, its porosity, prize and compressibility still make these electrodes attrac-

tive with some treatments of their surface for enhancing the reactivity.70–72 When a solid metal 

is depositied on the electrode during the charge of the battery (Fe, Cu), the metal cannot be 

stored in the external tank and the RFB loses its ability to decoupled the volume of charge 

species with the cell dimensions. To overpass this limitation, suspension of solid particles, on 

which the metal can be plated, have been tested to store the charged species in the external 

tanks. Theses conductive particles in suspension form an electrical conductive network and this 

type of electrode are called slurry electrodes.73–75  

 There is a large variety of electrolyte composition for the RFB and they are commonly 

classified between aqueous and organic electrolytes. The choice of the redox mediator will de-

termine the cell voltage according the potential of the negative and positive redox reaction. The 

solvent will set a limit for the concentrations of the supporting electrolyte and redox active 

species. Consquently, the ionic conductivity and power energy density of the RFB relies on the 

solubility of the salts in the circulating solution.  

In the aqueous solvent, the supporting electrolyte is mainly an acid with a concentra-

tion of 1 to 5 M (H2SO4, HCl). The most commerciliased RFB is the all-vanadium RFB (V3+/ 

V2+, VO2
+/VO2+).76,77 With the vanadium battery, different mediators for the positive side have 

been investigated like iron (V3+/V2+, Fe3+/ Fe2+)78,79, cerium (V3+/ V2+, Ce4+/ Ce3+)80, manganese 
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(V3+/ V2+, Mn3+/ Mn2+)81 and polyhalides (V3+/ V2+, BrCl2
−/ Br−)50,82. On the negative side va-

nadium seems to be the ideal candidate because the reduced and charge mediator stays as an 

ion (V2+) and is not a metallic solid like Fe, Pb, Zn (zinc-bromine RFB83).   

Organic redox flow batteries can refer to a RFB with an organic solvent and/or organic 

mediator for the composition of the electrolyte. These types of RFB have been developed to 

improve the potential window of the battery cycling84 and to target new redox mediators, which 

are not accessible in aqueous phases (mainly metal ligand complexes).54,84–87 Ruthenium, va-

nadium, chromium, manganese, nickel, iron, cobalt and uranium complexes have been tested 

in acetonitrile or propylene carbonate solvents with tetraethylammonium tetrafluoroborate 

(TEABF4) or 1-ethyl-3-methylimidazolium hexafluorophosphate (EMIPF6) as charge carri-

ers.52 Ru, 88 V,89 Cr 87 and Mn 85 are complexed with acetylacetonate (acac) and Ru90, Ni, Fe 

with tris(2,2’-bipyridine) ligand (bpy)55,84. For most of theses batteries, the electrolyte is the 

same in the fully discharge state on both sides of the cell. During the charging step, the oxidized 

complex is kept in the (+)-tank and the reduced one in the (−)-tank. This is useful for rebalanc-

ing the volume of the electrode after a discharge and this should avoid huge losses of capacity 

of the battery. RFBs based on Li-battery are also considered as organic RFBs with their organic 

solvent composition.91       

All-organic RFB (organic solvent and redox meditor) are also tested to improve the 

solubilty of the redox mediator that can be quiet low with metal-ligand complexes. The targeted 

redox mediator molecules for the negative electrolyte can be viologen92,93, anthraquinone94–96, 

aloxazine97 and N-methylphthalimide (on (−)-side).98 On the (+)-side, 2,2,6,6,-teramethyl-1-

piperidinylxy (TEMPO) is the most commun organic compound for RFB.92,93,98 Some organic 

polymer mediator are also tested in aqueous electrolytes for safety reason.92 

 

2.2. Copper redox flow battery 

 

For this project, the goal is to work on a thermo-electrical system, which is able to 

store energy from electrical power or a thermal source. For that purpose, an all-copper redox 

flow battery (RBF) is investigated. Different Cu RFB have been described by using different 

solvents such as acetonitrile,99 acetonitrile-water mixtures,100 hydrochloric acid solutions,101 
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copper-containing ionic liquid102,103 and deep eutectic solvents.104 One of the first Cu secondary 

battery was built by Kratochvil and Betty with two redox couples Cu/CuClO4 and Cu-

ClO4/Cu(ClO4)2 in a pure acetonitrile (ACN) solution. This battery developed a potential of 

1.35 V and shows a good stabilization of Cu(I) in ACN.99 However, perchlorates are explosive 

with copper at high temperatures, and so they are not suitable for thermally regenerative sys-

tems. Additionally, Parker et al. demonstrated a process, where segregated copper from roasted 

concentrates and ores was leached with a Cu(II) acetonitrile-water solution, followed by ther-

mal disproportionation of Cu(I) from this solution to recover metallic Cu and the Cu(II) con-

taining leaching solution.105 It means that Cu(I) can be heated to give back metallic Cu, but also 

Cu(II), as Cu(I) is disproportionated. If Cu and Cu(II) are considered as electroactive species, 

Cu oxidation at the anode and Cu(II) reduction at the cathode can produce electric current and 

regenerate Cu(I). Then, the Cu(I) solution can be recycled and can again undergo a redox reac-

tion induced by heat. The idea to couple the thermal charge by the Cu(I) disproportionation and 

to store Cu(II) and Cu in a electrochemical cell was previously proposed in an aqueous acetoni-

trile solvent by P. Peljo et al.100  

 

In this RFB, Cu(I) needs to remain stable in solution after the discharge for the cycling 

of the battery. However, Cu(I) ions are not really stable in aqueous media.106–108 They can dis-

proportionate to Cu(II) ions and Cu particles. From the Pourbaix diagram of copper in aqueous 

solution (Fig. 1.8a), the area of Cu(I) stability is almost non present at 25°C.109 It was also 

reported that the potential of the Cu RFB was decreasing with larger concentrations of water 

inside the solvent.100  

One solution to have a stable Cu(I) in aqueous solution seems to heat it. From the 

Pourbaix diagram of copper (Fig. 1.8b), the potential window of Cu(I) stability is not negligible 

at high temperatures and in acidic conditions.109 However, working at such high temperatures 

is not practical with aqueous solutions. By considering the Hard Soft Acid Base rule, Cu(I) is 

soft with a good π-donor character (comparing to Cu(II)) and acetonitrile is a solvent with π-

acceptor characteristics. With a boiling point close to 82°C,110 ACN seems to be an ideal com-

plexing agent for the solubilisation of Cu(I) and for the disproportion of Cu(I) by its evaporation 

with waste heat. 
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Figure 1.8. Pourbaix diagram of copper in an aqueous solution at a) 25°C and b) 300°C.109 

 

For the synthesis of the electroactive species, which is targeted for the Cu redox flow 

battery, a Cu(I) complex needs to be produced. The reducing ability of metallic Cu on Cu (II) 

in acetonitrile is known since 1923, when Morgan used this method for the preparation of cu-

prous chloride or bromide-mono(acetonitrile) complexes.111 

In this work, the goal is to develop the concept of P. Peljo et al. in a purely organic 

solvent made of acetonitrile (for Cu(I) stabilization) and propylene carbonate (as a working 

liquid). By removing water from the system, higher potentials, higher power generations and a 

better heat conversion performance are expected for the heat to power all Cu-RFB. Indeed, if a 

solvent can be found with a high boiling point and no azeotropic properites with ACN, the heat 

required will be only assigned to the ACN distillation for the Cu(I) disproportionation. Propyl-

ene carbonate (PC) is chosen here as the co-solvent of acetonitrile because of its high boiling 

point and previous application in electrochemical storage systems (organic RFBs, lithium bat-

teries). With this organic molecule, only the ACN will be distillated as the ACN and PC do not 

form an azeotropic liquid mixture.   

 

 

 

 

 

b) a) 
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The projected cycling process of the Cu RFB is described in Fig. 1.9. with a thermal 

charge from solar heat collectors: 

 

Figure 1.9. Schematic diagram for thermo-electrochemical copper battery. 
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3. Scope of the present work 

 

This thesis work covers three main topics: (i) the electrochemistry of the Cu(I)/Cu(0) 

and Cu(II)/Cu(I) redox couples in acetonitrile and propylene carbonate, (ii) the thermodynamic 

of the Cu(I) disproportionation reaction induced by heat and the characterization of the vapour-

liquid equilibrium for mixtures of acetonitrile and propylene carbonate, and (iii) the develop-

ment of the Cu redox flow battery, which is able to be charged electrically and thermally.  

In this first chapter, the heat conversion to electricity was presented and the technology 

of the redox flow battery is described, especially regarding the integration of Cu-based electro-

lyte and the coupling of the thermal charge with the electrical discharge in energy storage de-

vices.  

Chapter 2 gives an electrochemical characterization of the Cu(II)/Cu(I) in the organic 

solvent mixture containing acetonitrile and propylene carbonate. The influences of the temper-

ature and of the propylene carbonate content are investigated for the cell potential, the diffusion 

and the kinetic parameters. With the temperature effect, the activation energies of the diffusion 

and electron transfer at the electrode are determined according to the PC content in solution.  

Chapter 3 is devoted to the study of the Cu(CH3CN)4
+ deposition on Cu electrode. The 

simulations and fittings of the linear sweep voltammetry are calculated from an algorithm, 

which is applicable in the case of an instantaneous nucleation of a univalent ion on the same 

metal. The diffusion and kinetic parameters are fitted and simlulated with three equation de-

rived from the main algorithm.  

Chapter 4 is dedicated to the thermodynamic anaylsis of the Cu(I), acetonitrile and 

propylene carbonate electrolyte. The thermoanalytical technique used is the differential scan-

ning calorimetry and this method allows determing precisely different thermodynamic param-

eters that are essential for the estimation of the energy efficiency of the thermal energy conver-

sion to electrical power.  

Chapter 5 is devoted to the development and optimization of the redox flow battery 

system. This section highlights the importance of the distance between electrodes in the cell 
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and the need to have a membrane, which is as ionically conductive as possible. Different mod-

ifications of the negative electrode are presented to deal with the cost and deterioration of the 

usual Cu foam electrode. An automatized set-up for the synthesis of Cu NPs demonstrates the 

ability to produce Cu slurry for battery applications.  

Chapter 6 finally demonstrates the feasibility to couple thermal charging step with a 

redox flow battery to obtain an electrical power output. The performances of the heat to elec-

tricity conversion in the Cu flow cell reach efficiencies rarely obtained for a system, which can 

store the energy and is limited by the Carnot cycle efficiency 

Chapter 7 summarizes the main results of the previous chapters and opens the discus-

sion for further improvments for a potential scale-up of the Cu battery system to target industrial 

waste heat.   
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Abstract 

In this Chapter II, the objective is to understand the electrochemistry of the positive 

side of the all-Cu redox flow battery. Therefore, the redox mechanism of the Cu2+/Cu+ couple 

is described for different solvent compositions with acetonitrile (ACN) and propylene carbonate 

(PC). The diffusion of the redox species and the kinetic of the electron transfer at the working 

electrode are investigated and compared with the variation of the PC content in the Cu(I)-ACN 

solution. Furthermore, the influence of the temperature on the Cu(I)-ACN-PC system is 

characterized and allows the calculation of the activation energies for the diffusion and kinetic 

parameters. With the redox potential depending on the temperature, the Gibbs energy, the 

entropy and the enthalpy of the electron transfer reactions have been determined for the 

Cu2+/Cu+ redox couple. 
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Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) are the main 

electrochemical techniques that are utilized in this chapter for the determination of the diffusion 

coefficients (D), heterogeneous rate constants (k0) and charge transfer coefficients (α). During 

the data analysis, the calculation of the diffusion coefficient is based on the Randles-Sevcik 

equation with CV or on the Levich equation with LSV at rotating disk electrode (RDE). The 

values of the heterogeneous rate constant are extracted from CV with the Nicholson method for 

quasi-reversible system and with the Koutecký-Levich equation for LSV at RDE. The general 

trends are in good agreement with previous works; the kinetics and diffusion are faster with 

higher temperatures and when small ratios of PC are introduced in the solvent composition.  

 

1. Introduction  

The interest for the study of the Cu2+/Cu+ redox couple results from the idea of Peljo 

et al. to build an energy storage system based on the thermodynamics and electrochemistry of 

copper.1 The thermally regenerative all-copper redox flow battery described in this paper uses 

low temperature heat sources to charge the battery and to store energy under a chemical form. 

This heat to chemical energy conversion was previously applied by A.J. Parker et al. to purify 

copper.2 In their work, Parker et al. demonstrated a process, where segregated copper from 

roasted concentrates and ores were leached with a Cu2+ containing acetonitrile-water solution 

to form Cu+ complex stabilized by ACN. This method relies on the comproportionation of Cu 

with Cu2+ to 2Cu+ in ACN and is followed by the thermal disproportionation of Cu+ from this 

solution to recover pure metallic Cu particles and the Cu2+ containing leaching solution.3 It 

means that Cu+ solutions can be heated to remove the complexing ACN to destabilize the Cu+ 

and give back metallic Cu, but also Cu2+, as Cu+ is disproportionated during the distillation of 

the ACN.4,5 If Cu and Cu2+ are considered as electroactive species, Cu oxidation at the anode 

and Cu2+ reduction at the cathode can produce electric current and regenerate Cu+. Then, the 

Cu+ solution can be recycled and then again undergoes a redox reaction induced by heat 

(distillation of ACN). The cycling process of the proposed Cu RFB is described in Scheme 2.1. 

The originality of this approach is to couple these processes of RFB and thermal recycling of 

the metallic Cu and Cu2+ with the Cu+ ion.  

Different Cu RFBs have been studied using different solvents such as acetonitrile 6, 

acetonitrile-water mixtures 1, hydrochloric acid solutions 7, copper-containing ionic liquids 8 
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and deep eutectic solvents 9. One of the first Cu secondary battery was built by Kratochvil and 

Betty with two redox couples Cu/CuClO4 and CuClO4/Cu(ClO4)2 in a pure acetonitrile (ACN) 

solution 6. This battery developed a potential of 1.35 V and shows the strong stabilization of 

Cu+ in ACN 6. However, perchlorates are explosive with copper at high temperatures, making 

this approach unsuitable for scale-up if the thermal process of A. J. Parker is applied during the 

charge of the battery. 

 

Scheme 2.1. Full representation of the all-Cu redox flow battery coupled with thermal treatment of the 

Cu(I) as a charging process.  

 

In the RFB, Cu+ needs to remain stable in solution after the discharge for the cycling 

of the battery. However, Cu+ ions are not really stable in aqueous media 10–12, as they readily 

disproportionate to Cu2+ ions and metallic Cu. From the Pourbaix diagram of copper in aqueous 

solution, the area of Cu+ stability is almost absent at 25°C 13. Consequently, ACN is chosen to 

stabilize Cu+, because it is known to complex well with Cu+ 14,15 and because the boiling point 

of ACN is relatively low (82°C).16 As ACN is evaporated during the regeneration of Cu and 

Cu2+, a co-solvent, which will not undergo a physical change, is required. Water was proposed 

earlier, but it was reported that the voltage of the Cu RFB decreases with larger concentrations 

of water inside the solvent 1. Propylene carbonate (PC) is selected here for its high boiling point 

(242°C) and for its high dielectric constant. It is for similar reasons that PC was also tested in 

some electrolytes for Li batteries.17–19 
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Considering a Cu-ACN-PC battery with heat to power conversion, the characterization 

of the electrochemistry needs to be described to check the limits that will be faced and the 

feasibility of such a system. The electrochemistry of the Cu+/Cu in ACN has been already 

studied by Atek et al. 20 and will be described in the following chapter. The main focus of this 

chapter is dedicated to the electron transfer in the Cu2+/Cu+ redox couple. Already few papers 

have described the electrochemistry of Cu+ in pure ACN,21 in water 22–24, in ACN-water 

mixtures25 and in ionic liquids.26 However, no complete studies are available from our 

knowledge for the description of the electrochemistry of Cu in ACN-PC solvent mixtures. In 

this chapter the kinetics, mass transfer and thermodynamics parameters for the electron transfer 

at a working electrode are studied and characterized. 

 

2. Theory 

2.1. Mass transport and kinetics with potential sweep methods 

During the recording of a CV, the potential at the working electrode changes with time, 

cycling between an initial potential (Ei) and a final one (Ef). For potential sweep methods (LSV 

and CV), the speed of the measurement is determined by the scan rate (ν in V·s−1). Equations 

2.1 and 2.2 describe the evolution of the potential with time from a low to high potential (Eq. 

2.1) and from a high to a low potential (Eq. 2.2). In the case of LSV, the potential scanning is 

applied only in one way for either oxidation or reduction of the electroactive species:  

𝐸(𝑡) = 𝐸i + 𝜈𝑡                                                                                                                                         2.1 

𝐸(𝑡) = 𝐸f − 𝜈𝑡                                                                                                                                         2.2 

At a WE, the potential of the electrode is given by the Nernst equation (Eq. 2.3), when 

the redox reaction is at equilibrium:  

𝐸eq = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln (

𝑎o

𝑎r
) =  𝐸0′ +

𝑅𝑇

𝑛𝐹
ln (

𝐶o
∗

𝐶𝑟
∗
)                                                                                   2.3 

with Eeq as the equilibrium potential at the working electrode in V, E0 the standard 

potential and E0’
 the formal redox potential of the compound in V.  

For a reversible system, the change of potential induces a modification of the ratio 

between the concentration of the oxidized (Co) and reduced (Cr) form of the redox species. As 

a response to the applied potential, the redox species, which are at the WE surface, are oxidized 
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or reduced. Equation 2.8 describes the current of a reversible system according to the 

dimensionless current χ(σt). This equation is calculated from the partial differential equations 

(Eq. 2.4 and 2.5), which are the Fick’s second law of diffusion for the oxidized and reduced 

species:  

𝜕𝐶o(𝑥, 𝑡)

𝜕𝑡
= 𝐷𝑜

𝜕2𝐶o(𝑥, 𝑡)

𝜕𝑥2
                                                                                                                    2.4 

𝜕𝐶r(𝑥, 𝑡)

𝜕𝑡
= 𝐷r

𝜕2𝐶r(𝑥, 𝑡)

𝜕𝑥2
                                                                                                                     2.5 

The initial and boundary conditions are the following: 

𝑡 = 0,              𝐶r(𝑥, 0) = 𝐶Cu+
∗                       𝐶o(𝑥, 0) = 𝐶Cu2+

∗ = 0                                                2.6  

𝑥 → ∞,              𝐶r(∞, 𝑡) = 𝐶Cu+
∗                       𝐶o(∞, 𝑡) = 0                                                             2.7 

𝑖 = 𝑛𝐹𝐴𝐶r
∗√𝜋𝐷𝑟𝜎 ∙ 𝜒(𝜎𝑡)                                𝜎 =

𝑛𝐹𝜈

𝑅𝑇
                                                                   2.8 

This approach is valid in the presence of sufficient amount of supporting electrolyte, 

so that almost no mass transport of the oxidized and reduced species takes place by migration. 

The dimensionless current for reversible system, χ(σt) depends on the time and indicates the 

link between the current and potential. The π0.5χ(σt) values were calculated by different methods 

(numerical27, series solution28,29, partially analytical30,31 and others32,33). Equation 2.9 is called 

the Randles-Sevcik equation, which gives the current of the LSV or CV peak and corresponds 

to Equation 2.8 for the maximum value of π0.5χ(σt) at 0.446328,34. According to the Randles-

Sevcik equation for reversible systems, the peak current Ip is proportional to the square root of 

the rate scan. This effect can be explained by the diffusion at the working electrode. If the scan 

rate is slow, the diffusion layer can grow around the electrode and less redox species can reach 

the WE to create an electric current. The opposite happens for a fast scan rate: the diffusion 

layer has no time to grow and more analytes can flow rapidly to be oxidized or reduced due to 

a large concentration gradient between the bulk and electrode surface.   

𝐼p = 0.4463 𝑛𝐹𝐴𝐶 √
𝑛𝐹𝜈𝐷

𝑅𝑇
                                                                                                                                 2.9 

 

In the case of quasi-reversible redox reactions, the kinetics parameters (k0, ka, kc, α) 

influence the current response during the potential scan. The kinetics of the electron transfer 
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cannot be neglected because this step is not fast enough. Consequently, the boundary conditions 

are not the same. The current at a WE can be described first at equilibrium by the Butler-Volmer 

type equation (2.10). This equation is obtained from the anodic rate constant (ka) for the 

oxidation of the reduced species at the WE interface and from the cathodic rate constant (kc) for 

the reduction of the oxidized species at the WE interface (Eq. 2.11 and 2.12). By applying 

equations 2.1 - 2.3 to the equation 2.10, the current as the function of time can be solved 

numerically. 35  

𝑥 → 0,            
𝐼(𝑡)

𝑛𝐹𝐴
= 𝐷r [

𝜕𝐶r(𝑥, 𝑡)

𝜕𝑥
]

𝑥=0

= 𝑘a𝐶r(0, 𝑡) − 𝑘c𝐶o(0, 𝑡)                                          2.10 

𝑘c = 𝑘0exp (−𝛼𝑓(𝐸 − 𝐸0′))                                                                                                             2.11 

𝑘a = 𝑘0 exp ((1 − 𝛼)𝑓(𝐸 − 𝐸0′
))                                                                                                   2.12 

Sometimes these rate constants can be defined differently, by substituting 1   .36,37 

The quasi-reversible behaviour of electron transfer at the electrode was first described 

by Matsuda & Ayabe for a system, which stands between a fully reversible (Nernstian) and 

totally irreversible reaction. For this type of redox reactions, the limitations do not come only 

from the diffusion but also from the kinetics of the electron transfer for the anodic and cathodic 

response. To classify the three categories of reactivity, they defined a reversibility factor, Λ, 

which can additionally be used with α for the determination of the peak shape parameters (ip, 

Ep, Ep/2):
30,35        

Λ =  
𝑘0

(π𝐷o
1−α𝐷r

α 𝑛𝐹
𝑅𝑇 𝜈)

0.5                                                                                                                    2.13 

Reversible:    Λ ≥ 15 

Quasi-reversible:  15 ≥ Λ ≥ 10−2(1+α) 

Irreversible:    Λ ≤ 10−2(1+α) 

The influence of the electron transfer kinetics on the CV potential peak separation for 

quasi-reversible systems was highlighted by Nicholson, who defined the charge parameter ψ, 

which is similar to the reversibility factor of Matsuda & Ayabe (Eq. 2.13). In this theory, the 

modification of the peak separation should indicate a particular kinetics of the redox species at 
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the electrode. With simulated CV, Nicholson showed that a larger peak separation is observed 

with small ψ and k0 indicating a more irreversible charge transfer. For the determination of the 

heterogeneous rate constant k0, the so-called method of Nicholson can be applied. In this 

method, the potential peak separation corresponds to a specific value of the dimensionless 

kinetic parameter ψ (Table 2.1). The working function, which describes the relation between 

ΔEp and ψ, was numerically calculated by Nicholson 38. From the following equation, the 

heterogeneous rate constant k0 can be found with its corresponding ψ 27,38 : 

𝜓 = Λ𝜋−0.5 =
(

𝐷r

𝐷o
)

𝛼
2

𝑘0

√π𝐷rf𝜈
                                                                                                                     2.14 

In Eq. 2.14, the effect of the scan rate on the peak separation can be extrapolated. With 

higher ν, a smaller ψ is predicted and consequently a bigger peak separation on the CV. 

However, the scan rate is not influencing the kinetics and so it is common to record multiple 

CVs at different scan rates to have a good estimation of k0. To be able to use the Nicholson 

method, the ohmic drop absolutely needs to be compensated. Indeed, the ohmic resistance has 

the same signature on CV than k0 and provokes an increase of the peak separation especially at 

high scan rates. In non-aqueous solvents, the compensation of some residual internal resistance 

can be particularly difficult to achieve.  

Table 2.1: Evolution of the peak potential separation with the kinetic parameter 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Evolution of the kinetic parameter, ψ, with the peak 

potential separation. 

ψ ΔEp / mV 

20 61 

7 63 

6 64 

5 65 

4 66 

3 68 

2 72 

1 84 

0.75 92 

0.5 105 

0.35 121 

0.25 141 
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2.2. Mass transport and kinetics with RDE 

The rotating disk electrode is an electrochemical technique that involves a rotational 

motion of the electrode regarding the electrolyte. In such an experiment, a forced and controlled 

convection of the solution is induced to the electrode and bring the redox active species at the 

bulk concentration until a distance of the boundary layer, δ, from the electrode. Between δ and 

the electrode surface, a diffusion process occurs that gives the name of diffusion layer thickness 

to δ (Eq. 2.17). During linear sweep voltammetry at a rotating disk electrode, the equation 2.15, 

known as the Levich equation39, describes the anodic limiting current (il,a) and the equation 2.16 

shows the mass transfer coefficient:  

𝑖𝑙,𝑎 = 0.62𝑛𝐹𝐴𝐷𝑟
2 3⁄

𝜔1 2⁄ 𝜈−1 6⁄                                                                                                           2.15 

𝑚𝑟 =  
𝐷𝑟

𝛿𝑟
 = 0.62𝐷𝑟

2 3⁄
𝜔1 2⁄ 𝜈−1 6⁄                                                                                                      2.16 

𝛿𝑟 = 1.61𝐷𝑟
1 3⁄

𝜔−1 2⁄ 𝜈1 6⁄                                                                                                                    2.17 

This limiting current is totally governed by the mass-transfer, which depends on the 

viscosity ν, diffusion coefficient Dr and on the angular frequency of rotation ω. Consequently, 

Dr can be calculated from the limiting current as long as the other parameters are known (ω, 

ν...).   

For a general definition of a current response during a LSV, the Koutecký-Levich 

equation combines il,a with the kinetic current iK, which arises under purely kinetic controlled 

conditions: 

𝑖𝐾 = 𝐹𝐴𝑘𝑎(𝐸)𝐶𝑅
∗                                                                                                                                    2.18 

𝑘𝑎(𝐸) = 𝑘0 exp[(1 − 𝛼)𝑓(𝐸 − 𝐸0′
)]                                                                                              2.19 

1

𝑖
=  

1

𝑖𝑙,𝑎
+  

1

𝑖𝐾
=

1

0.62𝑛𝐹𝐴𝐷𝑅
2/3

𝜔1/2𝜈−1/6𝐶𝑅
∗

 + 
1

𝑖𝐾
                                                                     2.20 

By recording data at various angular speeds, it is possible to build Koutecký-Levich 

plots (1/i vs. ω-1/2), that can be used to extract iK at the intercept and Dr from the slope. As the 

kinetic current is defined in the Butler-Volmer equation, the kinetic parameters can be 

calculated by using the Tafel behavior of the current under kinetic control, which means to 
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consider the current for potential at the beginning of the oxidation current, where diffusion can 

be neglected.  

𝑖K = 𝑖0[𝑒(1−𝛼)𝑓𝜂 − 𝑒−𝛼𝑓𝜂]                                                                                                                  2.21 

𝑖K = 𝑖0𝑒(1−𝛼)𝑓𝜂                                                                                                                                      2.22 

 

3. Material and methods 

3.1. Chemicals 

All solvents and chemicals were used as received without further purification and were 

stored in a glove box under nitrogen. The solvents were acetonitrile (ACN, CH3CN, extra dry 

over molecular sieves, 99.9%, from Acros) and propylene carbonate (PC, C4H6O3, anhydrous, 

99.7%, from Sigma-Aldrich). The supporting electrolyte was tetraethylammonuim 

tetrafluoroborate (TEABF4, 99%, from ABCR) and the electroactive species 

tetrakis(acetonitrile)copper(I) tetrafluoroborate was either commercial, ([Cu(CH3CN)4]BF4, > 

98%, from TCi), or prepared by comproportionation reactions.14,15 For the synthesis of 

[Cu(CH3CN)4]BF4, copper(II) tetrafluoroborate hydrate (Cu(BF4)2·xH2O, from Sigma-

Aldrich), acetonitrile (ACN, CH3CN, from Merck) and copper wire (dia. 1 mm, ≥ 99.99%, from 

GoodFellow) were of analytical grade and were used as received. The comproportionation 

reaction occurs in a Schlenk line filled with nitrogen. The Cu+ complex with ACN is dried 

overnight under vacuum and stored in a nitrogen-filled glove box. 

 

3.2. Electrochemical measurements 

Electrochemical analyses were obtained with a Metrohm Autolab model 

PGSTAT302N potentiostat. Cyclic voltammetry (CV), chronopotentiometry (CP) and 

electrochemical impedance spectroscopy (EIS) were performed inside a three-electrode set-up 

with a Pt wire as counter electrode (CE) and a Pt disk working electrode (WE, dia. 2 mm). The 

reference electrode (RE) was made with a Cu wire (dia. 1 mm, ≥ 99.99%, GoodFellow) inside 

the solution containing 0.1 M TEABF4 and 0.01 M [Cu(ACN)4]BF4 in ACN-PC mixtures. 

Diffusion coefficients and rate constants were determined from CV at different temperatures 

(between 25-70°C). For linear sweep voltammetry (LSV) measurements, a three-electrode cell 
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was built with a Pt rotating disk electrode (RDE) serving as a WE. CE, RE and electrolyte 

solutions are similar as for the other electrochemical measurements.  

All potentials are expressed vs. the Cu wire in the solution of the given concentration 

of [Cu(CH3CN)4]BF4. Hence, the potential of the Cu reference in equilibrium with 10mM Cu(I) 

solution in acetonitrile on the “non-aqueous standard copper electrode” scale (SCuE), i.e. vs. 

Cu(I) solution with the activity of 1 in equilibrium with Cu in acetonitrile is assumed to follow 

the Nernst equation considering the γCu+=1, i.e. the potential of the reference is −0.118 V vs. 

SCuE in acetonitrile. To establish the relation with the ferrocene (Fc) scale recommended by 

IUPAC, the potential of the Fc+/Fc couple vs. Cu/10mM Cu(I) in ACN was measured as 0.69 

± 0.01 V, i.e. the potential of the reference electrode used is −0.69 V vs. Fc+/Fc.  

For the determination of the diffusion coefficient of Cu2+, which is needed for the 

calculation of the heterogeneous rate constant with the Nicholson method, an electrolysis is 

performed inside a H-cell with a ACN solution of 0.1 M [Cu(CH3CN)4]BF4 with 0.3 M TEABF4 

as supporting electrolyte. The reticulated vitreous carbon (RVC) WE on the positive side 

produces the Cu2+ solution and, on the negative RVC CE, metallic Cu is plated with the 

reduction of Cu+. The SCuE is used as the RE on the positive side to set the Cu+ oxidation at 

1.4 - 1.5 V and the separation between both half-cells is realized with glass wool (Fig. 2.2). The 

final Cu2+ solution is diluted to reach a concentration of 10 mM for electrochemical analysis.  

All experiments were performed under the inert N2 atmosphere of a glovebox (or under 

an anaerobic atmosphere with a flow of nitrogen inside the set-up) and by applying a positive 

feedback iR compensation. 

 

3.3. UV-vis and Raman analysis 

UV-vis spectroscopy was carried out with a ChemStation for UV-visible spectroscopy 

(Agilent Technologies, USA). 

Raman spectra were measured at room temperature by an inVia Raman Microscope 

(Renishaw, UK) with a pulsed excitation line of 532 (Nd-YAG laser) or 633 nm (helium-neon 

laser). Liquid samples and the air sensitive [Cu(CH3CN)4]BF4 powder were analysed inside a 

sealed UV-vis cuvette. 
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Figure 2.2. a) Image of H-cell set-up at t0 for the electrolysis of Cu+ with an ACN solution of 0.1 M 

[Cu(CH3CN)4]BF4 with 0.3 M TEABF4 as supporting electrolyte. Both electrodes are made of 

reticulated vitreous carbon (RVC) and the RE is a 10mM Cu+/Cu electrode. b) Images of the H-cell after 

full Cu+ conversion in green Cu2+ solution on the positive side and c) in metallic Cu on the negative 

RVC electrode. 

 

 

 

 

 

a)  b)  

c)  
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4. Synthesis and characterization of [Cu(CH3CN)4]+ 

 

For the synthesis of the electroactive species, which is targeted for the Cu redox flow 

battery and for the electrochemical analysis of this chapter, a Cu(I) complex needs to be 

produced. A well-known synthesis of Cu(I) complex is achieved in ACN, which plays the role 

of solvent and ligand, during the comproportionation of Cu and Cu(II).40,15,41 The reaction 

described below occurs with a constant heating around the boiling point of ACN under inert 

atmosphere (N2).  

 

This reflux coupled to the Schlenk line is maintained until the blue solution containing 

Cu(II) changes to a totally transparent and uncolored phase. If the concentration of Cu(II) in 

the starting solution is high enough, some Cu(I) complexes can precipitate before removing the 

solvent. To separate the excess of copper, the solution is filtered inside the glovebox to avoid 

contact of the sensitive Cu(I) with the moisture coming from ambient air. During the last step, 

the Cu(I) complex is isolated by evaporating ACN overnight under vacuum. The final aspect 

of the Cu(I) product is a white and shiny crystalline powder. According to the amount of 

metallic Cu, which reacts, and the quantity of produced Cu(I), the yield is calculated and reaches 

97%. For a long-term storage, the Cu(I) powder is kept inside a glovebox. The amount of water 

in the starting molecule Cu(BF4)2·xH2O has been determined, as the yield, from the metallic 

Cu quantity, and is found to be between 6 and 7. 

For this inorganic synthesis, two different counter anions of the starting Cu(II) ion 

have been tested (BF4
− and SO4

2−) and it leads to the formation of [Cu(CH3CN)4]BF4 (1) and 

[Cu(CH3CN)4]2SO4 (2). According to the solubility of SO4
2−, complex (2) is less miscible in 

organic media. Therefore, molecule (1) is the chemical species that will be integrated in the 

battery and is analyzed electrochemically in this chapter.  

In a way to confirm the complete conversion of Cu(II) during the comproportionation, 

UV-vis spectroscopy of the final Cu(I) powder is compared with Cu(II). In Figure 2.3a, the 

spectrum of Cu(BF4)2 in water shows the characteristic peak of Cu(II) with a maximum of 

absorbance around 810 nm.42 In ACN, this peak is shifted to smaller wavelength and appears 
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around 760 nm. In both solvent, Cu(II) solution looks blue due to the presence of water in the 

Cu(BF4)2·xH2O molecule. However, the wavelength change for the maximal absorption comes 

from the exchange of water from the Cu(II) solvation shell with ACN. As expected in the case 

of successful reaction, no trace of Cu(II) appears in the 20 mM [Cu(CH3CN)4]BF4 solution of 

ACN. It is easy to compare the UV-vis spectra of Cu(I) and Cu(II), because Cu(I) electronic 

configuration [Ar]4s03d10 cannot undergo absorption of light in the UV-vis range. Indeed, Cu(I) 

d orbital, which is completely full with 10 electrons, is not able to promote an electron with 

UV-vis light (Fig. 2.3b). In consequence, regardless the ligand and symmetry of the complex, 

no peak should be recorded for any Cu(I) solution.  

 

 

Figure 2.3. a) UV-vis spectra for [Cu(CH3CN)4]BF4 in ACN (red), Cu(BF4)2 in ACN (light blue) and 

water (blue); b) electronic configuration of Cu(I) and Cu(II) d orbital in an octahedral conformation 

according to crystal field theory43. 

 

Between water and ACN, Cu(II) absorbance peak is changing respectively from 810 

to 760 nm, meaning that Cu(II) needs more energy for the electron transitions when it is 

solvated with ACN (Δo becomes bigger). This modification can be explained by the crystal field 

theory, which describes the loss of degeneracy among d or f orbitals for transition metals during 

their coordination with ligands.44 By changing some of the water ligands from Cu(BF4)2·xH2O 

with ACN, two effects are influencing the Cu(II) ions electronic configuration [Ar]4s03d9. First 

the ligand ability to increase or decrease the splitting energy Δo needs to be considered. 

a) b) 
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Secondly Δo can also be influenced by Cu(II) coordination geometry, which can be affected by 

the ligand nature. From literature, solvated Cu(II) ions forms distorted octahedral structure 

along their z-axis in water as well as in ACN.41,45,46 These results are in agreement with the 

Jahn-Taller theory, which describes, by applying group theory, the instability of degenerate 

electronic states for non-linear molecules.47 For the Cu(II) case, a strong Jahn-Taller distortion 

is observed in water and ACN, because of the odd electrons number in the eg orbitals, which 

are oriented in the z-direction.44 Therefore, the main influence on the difference of Δo between 

water and ACN complexes with Cu(II) comes from the stronger field formed by ACN, which 

increases Δo. This tendency for ACN to induce a larger Δo than water is also reported in the 

spectrochemical series.44 

As ACN belongs to the C3v group and contains 6 atoms, it can be calculated, according 

to the group theory, that this molecule has 12 vibrations modes. Among them, 8 modes coming 

from 4 doubly degenerated vibrations, arising from the E class, should appear at only 4 different 

wavelengths ν5, ν6, ν7 and ν8. The other 4 fundamental vibration modes ν1, ν2, ν3 and ν4 belong 

to the symmetric A1 class.48 All of them should be Raman and IR active.49  

 

 

Figure 2.4. Raman spectra of liquid ACN (red), solid [Cu(CH3CN)4]BF4 powder (black) and solid 

Cu(BF4)2 powder (blue). 
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In Figure 2.4, Raman spectra of liquid ACN and solid Cu(BF4)2 are compared with 

ACN, which is coordinated with Cu(I) as the solid [Cu(CH3CN)4]BF4 salt. Raman spectroscopy 

is obtained by the inelastic (anti-)Stokes scattering of an exciting light inside a molecule and 

gives it vibration levels.48 A summary of the liquid ACN vibrations and ACN vibrations as a 

ligand is given in Table 2.2. The experimental Raman shifts of the different vibrational states 

are in good agreement with previous publications, which also help to attribute the mode, class 

and assignment of vibrations to the Raman shifts.50–53 By analysing the similarities of the 

fingerprints between liquid CH3CN and [Cu(CH3CN)4]BF4, 9 peaks are in the same range of 

energy. Seven of them correspond to the fundamental modes vibrations and ν7, which is of 

really low intensity in ACN, doesn’t appear in the Cu(I) complex. ACN vibration energies vary 

from 0.1 to 5.4% between the two samples (Table 2.2). This effect was explained and predicted 

by Dimitrova with simulations of ACN-cation interactions.54 Vibrations need higher energies 

to occur in the complexed ACN, because Cu(I) interaction with the lone pair of nitrogen 

rigidifies the C−C≡N body. Indeed, this is also visible by the fact that the only vibrations, which 

show a smaller energy in the complex, are the one involving the CH3 non-coordinated part of 

ACN (ν3 and ν6, see Table 2.2). Another explanation for the ACN small variation of peak can 

be the different physical states of both samples (liquid ACN and Cu(I) powder). In Cu(I) 

crystalline powder, the symmetry of the molecule as well as the symmetry of the crystal lattice 

need to be considered, because lattice vibrations could also influence the Raman spectrum.55 

In Figure 2.4, Cu(BF4)2 spectrum contains the four vibrations modes of BF4
− anion 

with energies of 765 (mode A1), 355 (mode E), 525 and 1060 cm−1.56–58 Another vibration at 

244 cm−1 correspond probably to a Cu-F vibration.58 The same vibration is found at lower 

Raman shift 235 cm−1 for [Cu(CH3CN)4]BF4 due the weaker interaction of Cu(I) with BF4
−. 

Except the ACN and BF4
− peaks, [Cu(CH3CN)4]BF4

 Raman spectra has one specific signal 

coming from Cu(I) interaction with ACN at 156 cm−1. It is not surprising to find metal transition 

complexes with metal-ligand vibrations at low Raman shift.59,60 
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Table 2.2. Raman shifts for liquid ACN and coordinated ACN with Cu(I) in [Cu(CH3CN)4]BF4. 

   Raman shift / cm-1 

Mode50–53  Class 50–53 Assignment 50–53 CH3CN (liq.) [Cu(CH3CN)4]BF4 Δ / % 

 ν8 E C−C≡N bending 381 394 3.41 

 2ν8 A1 + E  750 763 1.73 

 ν4 A1 C−C stretching 921 938 1.85 

 ν7 E CH3 rocking 1043   

 ν3 A1 CH3 deformation 1376 1363 - 0.94 

 ν7 + ν8    1415   

 ν6 E CH3 deformation 1447 1369 - 5.39 

 2ν4 + ν8    2205   

 ν2 A1 C≡N stretching 2251 2276 1.11 

 ν3 + ν4    2294 2306 0.52 

 2ν3 A1   2735   

 ν3 + ν6    2846   

 2ν6    2882   

 ν1 A1 Sym C−H stret. 2941 2944 0.10 

 ν5 E Asym C−H  stret. 3004 3009 0.17 
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5. Results and discussion  

5.1. Temperature and solvent effects 

 

The three different oxidation states of Cu in ACN are shown in Fig. 2.5. As ACN is 

stabilizing the Cu+ ions, a relatively large window of potential appears for this copper oxidation 

state. The Cu+ reduction in Cu is observed at 0.0 ± 0.02 V (vs. Cu+/Cu) with a characteristic 

deposition peak, which is followed by the faradic process of Cu stripping from the WE. A pre-

deposition peak of Cu+ on the Pt WE surface can also be detected around 0.2 V (vs. Cu+/Cu). 

The Cu+ oxidation in Cu2+ appears at a half-wave potential of 1.36 ± 0.01 V (vs. Cu+/Cu) with 

a quasi-reversible peak shape. From the difference of potential between these two redox 

couples, the stability window of Cu+ can be approximated to 1.36 V for a 10 mM Cu+ solution 

in pure ACN. 

Upon addition of some ferrocene, a third redox couple is detected on the CV curve in 

Fig. 2.5a. The peak with the half-wave potential at 0.69 ± 0.01 V (vs. Cu+/Cu) is induced by the 

ferrocene/ferrocenium couple. The potential of this redox active compound is commonly used 

as a reference for electrochemistry in organic media. The CV curve of Cu+ is also plotted in 

Figure 2.5b in function of the Fc+/Fc potential on the second x-axis. In the literature, the Fc+/Fc 

potential in ACN with 0.1 M n-tetrabutylammonium hexafluorophosphate is reported at 0.99 V 

(vs. Ag/AgCl (0.1 M n-tetrabutylammonium chloride in ACN)) with a peak separation of 87 

mV.61 Here ΔEp has a comparable value of 84 mV in ACN with 0.1 M TEABF4. According to 

Eq. 2.14 and Table 2.1, ψ = 1 and Λ = 1.77, therefore if the boundaries of Matsuda &Ayabe are 

followed, the redox reaction of Fc+/Fc is under the quasi-reversible regime in ACN (0.1 M 

TEABF4).  

Table 2.3. Summary of the E1/2 of Cu+/Cu and Cu2+/ Cu+ with different references.  

Redox 

couple 

E1/2 / V 

(vs. SCuE) (vs. 10 mM Cu+/Cu)  (vs. Fc+/Fc)   (vs. Ag/AgCl) 

 

Cu+/Cu 

Cu2+/ Cu 

Fc+/Fc 

 

− 0.118 

1.242 

0.572 

 

0.00  

1.36  

0.69 

 

− 0.69 

0.68 

0.00 

 

0.30 

1.67 

0.99 
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Figure 2.5. a) CV curve of Cu(I) oxidation and reduction peaks with the reference redox couple Fc+/Fc 

(5 mM)  on Pt disc electrode from 10 mM of  tetrakis(acetonitrile)copper(I) tetrafluoroborate in ACN at 

a scan rate of 100 mV/s. b) CV curve of Cu(I) oxidation and reduction peaks on Pt disc electrode from 

10 mM of  tetrakis(acetonitrile)copper(I) tetrafluoroborate in ACN at a scan rate of 100 mV/s. 

 

The effect of the temperature on the redox potential of the Cu2+/Cu+ is shown in the 

CVs of Fig. 2.6a. A shift of approximatively +55 mV is observed between the Cu2+/Cu+ half-

wave potential at 25 and 70°C. The dashed CV at 40°C in Fig. 2.6a shows a particular shape, 

which is assigned to the undesired effect of increased natural convection due to the heating of 

the solution. With the influence of temperature, various thermodynamics quantities (Erxn, ΔH0, 

ΔS0, ΔG0, Krxn) can be obtained from the following equations (2.23-2.27). It is particularly 

interesting to consider the evolution of the potentials with temperature if a battery is pictured 

with the Cu+/Cu couple on the negative side and the Cu2+/Cu+ on the positive side 6,8,9,62–65. In 

this case, the electromotive force (emf) of the battery is represented by the standard emf 

potential of the cell reaction E0
rxn. For the standard potential of the Cu+ reduction (E0

Cu(I)/Cu), 

the assumption regarding the activity of solid is applied to the Nernst equation with aCu = 1 (Eq. 

2.23). As the concentration of Cu+ of 10 mM was used in the experiments, the potential of the 

reference electrode can be estimated as −0.118 V vs. SCuE, assuming negligible activity effects. 

The electrochemical discharge comproportionation reaction of the cell is given here with a 

predicated E0
rxn of 1.24 V and induced the formation of two Cu+ from Cu2+ reduction (E0 = 1.24 

V vs. SCuE for a standard 1 M Cu+ solution at 25°C) and Cu oxidation (E0 = 0V vs. SCuE for 

a standard 1 M Cu+ solution at 25°C) (Cu | Cu+ || Cu+ | Cu2+): 

 

a) b) 
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The E0
Cu(II)/Cu(I) is approximated to the experimental value E1/2 of the CVs in Fig. 2.6a 

(Eq. 2.24). With an increase of the temperature to 50°C, the cell voltage reaches 1.26 V (vs. 

Cu/Cu+). Indeed, a small gain of voltage can be expected in the electrochemical cell by working 

with higher temperatures.  

 

𝐸 = 𝐸Cu(I)/Cu
0 +

R𝑇

F
ln (

𝑎Cu(I)

𝑎Cu
) = 𝐸Cu(I)/Cu

0′ +
R𝑇

F
ln (

𝐶Cu(I)

𝐶0
) = 0.00 V (𝑣𝑠. Cu+/Cu)        2.23 

𝐸𝐶𝑢(𝐼𝐼)/𝐶𝑢(𝐼)
0 ≈  𝐸1/2                                                                                                                              2.24 

∆𝐸0 = 𝐸rxn
0 = 𝐸Cu(II)/Cu(I)

0 − 𝐸Cu(I) Cu⁄
0                                                                                            2.25 

∆𝐺0 = −𝑛𝐹𝐸rxn
0 = ∆𝐻0 − 𝑇∆𝑆0                                                                                                      2.26 

 

From the difference of standard potentials in Eq. 2.25, the Gibbs energy of the Cu and 

Cu2+ comproportionation to Cu+ can also be calculated with Eq. 2.26. In Fig. 2.6b, the 

experimental trend that ΔG0 and E0
rxn follow with various temperatures is nicely illustrated. A 

linear evolution of ΔG0 and E0
rxn with temperature is observed and is explained by Eq. 2.26. 

The linearity of ΔG0 allows the calculation of thermodynamics constant for the formation of 

Cu+ with Cu and Cu2+, assuming that ΔH0 and ΔS0 are independent of the temperature. The 

standard entropy ΔS0 of the cell reaction is derived from the slope of the linear fit applied to 

ΔG0 shift with temperature and reaches 78.6 ± 6.9 J·mol−1·K−1. By using the intercept of the 

same linear fit, the enthalpy of the overall discharge reaction ΔH0 is calculated as −97.2 ± 3.3 

kJ·mol–1. These results show that the Cu+ generation during the battery discharge is 

spontaneous, exergonic, and thermodynamically more spontaneous with higher temperatures. 

 



Chapter II: Cu2+/Cu+ electrochemistry in acetonitrile and propylene carbonate mixtures 

 

 49 
 

 

Figure 2.6. CVs of [Cu(CH3CN)4]BF4 (10 mM) in ACN solutions (0.1 M TEABF4) at 298.15 K. All 

scan rates are set at 100 mV·s−1. a) CV showing the general electrochemical behavior of Cu+ in ACN at 

different temperatures (25, 40, 55, 70°C) for Cu+ in ACN. c) ΔG0 and E0
rxn evolution with temperature 

and linear fitting (dashed line), and c) natural logarithm of the equilibrium reaction constant in function 

of T 

 

In Table 2.4, the thermochemistry of various electrochemical cells is presented and 

can be compared with the cell potential (1.24 V) of a Cu battery that can be expected from the 

electrochemistry of Cu+ in ACN. Regarding the cell voltage, the Cu-ACN system has a similar 

voltage than most of the overall reaction dealing with one electron transfer (except the Li-ion 

battery that has a much higher cell reaction potential, Table 2.4). The overall cell reactions are 

shown in the spontaneous direction of the discharge in Table 2.4 and therefore the amount of 

released Gibbs energy of the cell is, as expected always negative in that case. Higher Gibbs 

energies are obtained when the full cell reaction implies more than one electron (H2 fuel cell, 

Zn, Pb, Ni batteries) or when the cell voltage is fundamentally higher (Li-ion battery) (Eq. 

2.26). The entropy values are fluctuating the most between the reported data in literature and 

a) 

b) c) 
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between the different chemistries. In Table 2.4, ΔS0 is mainly negative and leads to a less 

spontaneous cell reaction with higher temperature. Based on this observation, the discharge 

should be done at low temperatures to increase the output energy of the system and increase the 

energy efficiency. A thermally enhanced electrochemical cycle has been done by D. Reynard 

et al. for a V redox flow battery (V RFB) with a heating step (60°C) during the charge and a 

cooling one (20°C) during the discharge. This use of a different temperature between the charge 

and discharge shows an increase of energy efficiency of 9%. 66 It is possible the combine this 

type of thermodynamic cycle to an electrochemical system that have a negative ΔS0. In the case 

of the Cu+ battery, the discharge should be applied at high temperature according to the positive 

value of the ΔS0. Two main explanations are exposed to explain the negative sign of the ΔS0 for 

the Cu+ formation:  

 The change of physical state between the metallic solid Cu to the complexed and 

solubilized Cu+ in ACN,  

 The modification of the coordination sphere in ACN between the Cu2+ that forms 

a distorted octahedral complex and Cu+ with a tetrahedral shape.41,45,46 The 

release of two CH3CN molecules from the Cu(II) complex during reduction.   
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Table 2.4. Cell potential and thermochemical data for different energy storage systems. 

a For x=1. According to reference 70, the entropy of the Li-ion cell changes significantly with the amount of inserted Li in the LixCoO2.
b From reference 80. c Calculated 

values with Eq. 2.26.  

Battery Overall cell reaction ne E0
cell

 / V ΔG0 / kJ mol-1 ΔH0 / kJ mol-1 ΔS0 / J K-1mol-1 
 

H2 fuel cell 67–69 2H2(g) + O2(g) → 2H2O(l) 4 1.23 –474 −571  −327  

Li-ion battery 70 LiCoO2  →  (1-x)Li + LixCoO2   1 3.83 −370 −382 −41  

Alkaline 67,71 Zn(s) + 2MnO2(s) → ZnO(s) + Mn2O3(s) 2 1.43 −271.4 −269.5 6.4 

 

Zn /Ag2O 67,71 Zn(s) + Ag2O(s) → ZnO(s) + 2Ag(s) 2 1.59 −307.1 −317.2 −34.2 

 

NiCd 71–73 
Cd(s) + 2NiOOH(s) + 2H2O(l) →  

Cd(OH)2(s) + 2 Ni(OH)2(s) 
2 1.30 −250.3 −282.6 −53.5 

 

NiMH 67,71–74 NiOOH(s) + MH → Ni(OH)2(s) + M 1 1.35 −130.3 −130.2 0.3 

 

Lead-acid 67,71 
Pb(s) + PbO2(s) + 2H++ 2HSO4

− → 

2PbSO4(s) + 2H2O(l) 
2 1.92 − 370.9 −359.6 40.0 

 

V RFB 75–80 V2+ + VO2
+ + 2H+ → V3+ + VO2+ + H2O(l) 1 

1.24 to 1.34 

1.32 b 

−120 to −130 

−138  b 

−156 to −190 c 

−162 c 

−120 to −230 

−83.3  b 

 

Fe-V RFB 75–77,80 Fe3+ + V2+ → Fe2+ + V3+  1 
1.02 to 1.10 

0.73  b 

−110 or −99 

−70  b 

−80 or −108 c 

−99.5 c 

100 or −31 

−100  b 

 

Fe-Cr RFB 76,77,80,81 Fe3+ + Cr2+ → Fe2+ + Cr3+  1 
1.18 to 1.2 

0.98  b 

−120 

−95  b 

−118 or −127 c 

−114 c 

7 or −22 

−66  b 

 

Cu(CH3CN)+  

(this work) 
Cu2+ + Cu(s) + 8 CH3CN(l) → 2Cu(CH3CN)+ 1 1.24 −120 −97.2 78.6 
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Not only has the temperature an effect on the electrochemistry, but also the solvent 

composition influences the electron transfer process. In the case of interest, the ratio between 

the ACN and PC content in solution changes the potential and shape of the CV. In Fig. 2.7a, 

the potential of the Cu+ oxidation is lowered with increasing content of PC. Additionally, the 

peak separation between the oxidation and reduction peak becomes larger with less ACN and, 

in this quasi-reversible redox reaction, the system becomes more irreversible and with a slower 

kinetics (more data will be shown in Section 4.3). When just a bit of PC is introduced, another 

shape modification of the CV appears already with only 30% PC: a second peak/hill seems to 

occur after the first oxidation or reduction. This second phenomena can be probably explained 

by a non-faradic process linked with a change of the Cu ion complexation with ACN following 

the first faradic peak. This observation again suggests that the Cu2+ forms a complex with 6 

ACN ligands instead of 4 for the Cu+. Also regarding the current of the CVs, the capacitance 

of the electrical double layer seems to be more important with less available ACN at the 

electrode interface.  

The absence of ACN in the solution avoids the stabilization of the Cu+ ions and almost no 

differences of potential are detected between the Cu2+/Cu+ and Cu+/Cu when Cu+ is added in 

the solution. Without some little additional ACN in the solvent, the Cu+ oxidation is 

irreversible. In Fig.2.7b, a predominance diagram is shown for the considered ACN organic 

system. In this graph, the ACN vol% replaces the acidity of the usual Pourbaix diagram and 

highlight the decrease of Cu+ electrochemical window with the diminution of the coordinating 

ACN concentration.  
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Figure 2.7. The ACN-PC mixtures from 10 to 100 vol% ACN contains [Cu(CH3CN)4]BF4  (10 mM) 

and TEABF4 (0.1 M). a) CVs at 100 mVs−1 and 298K showing the effect of the solvent composition on 

the electrochemical potential of Cu2+/Cu+ redox couple. b) Predominance diagram for ACN-PC organic 

solution with the evolution of Cu2+/Cu+ standard potential in function of the ACN content in PC solution. 

c) Predominance diagram for ACN-PC organic solution with the evolution of Cu2+/Cu+ standard 

potential in function of the ACN content in PC solution for different concentration of Cu+ and Cu2+/Cu+ 

ratios of concentration. 

 

 

 

 

 

 

 

a) 
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5.2. Analysis of LSV at RDE 

 

The full CV in Fig. 2.8a is measured on a rotating disk electrode (RDE); the i-curve 

shows the limiting current for the Cu+ oxidation above 1.6 V (vs. Cu/Cu+) and the Cu+ reduction 

under –0.2 V. The Cu oxidation current shows a particular shape with three peaks arising from 

the stripping under the constant convection of the experiment. To describe the kinetics and 

diffusion parameters at the WE for the electron transfer between Cu+ and Cu2+, LSVs are 

recorded with a RDE at different rotational speeds (500 to 3000 rpm, in Fig. 2.8b). 

 

 

Figure 2.8. RDE experiment with ACN solution, Cu(CH3CN)4]BF4  (10 mM) and TEABF4 (0.1 M).Scan 

rate at 50 mV s−1 a) Full CV at 500 rpm, b) LSVs at various rotation rates for the Cu+ oxidation. 

 

With these other sets of electrochemical data, E1/2 appears at 1.38 ± 0.01 V (vs. Cu/Cu+) and 

then shifts to higher value compared to the one from the CVs. As the current is governed by the 

Koutecký-Levich equation during a LSV at a RDE and because the limiting current is defined 

by the Levich equation (see Eq. 2.15 and 2.20), the higher angular speeds (ω) increase the 

anodic limiting current (il,a) intensity (Fig. 2.8b). The Levich relation between il,a and ω allows 

the calculation of the diffusion coefficient with the slope of the Koutecký-Levich fit, DCu+ = 

1.56 ± 0.14 ∙10−5 cm2·s−1. From the Koutecký-Levich plot in Fig. 2.9a, the current with no mass-

transfer (ik) can be extracted at the intercept of the linear regression for different potentials. This 

plot shows that ik becomes more important with higher voltage and starts to be constant when 

voltage for the limiting current are reached. In Fig. 2.9b, the evolution of ln(ik) indicates also 

that ik does not follow the Tafel behavior and starts to be influenced by diffusion control from 

a) b) 
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1.5 V. With this observation, the choice of the potential that need to be used to determine the 

kinetics parameter is crucial, especially if a pure and meaningful ik, that is only controlled by 

the kinetic at the electrode is targeted. The potential window, which is considered here, is 

located at the beginning of the oxidation current increase between 1.25 and 1.35 V (vs. Cu/Cu+). 

 

  

Figure 2.9.  a) Koutecký-Levich plot at E = 1.325, 1.35, 1.4, 1.5 and 1.6 V (vs. Cu/Cu+). c) Tafel-type 

plots for the measured data and for the simulations with E0 = 1.38 V (vs. Cu/Cu+), [Cu+]0 = 10 mM and 

[Cu2+]0 = 5 ∙ 10−4 mM. 

 

The Tafel-type plots in Fig. 2.9b-c show the evolution of the ln(ik ) with the potential, 

which determines the values of the charge transfer coefficient (α) and of the heterogeneous rate 

constant (k0). The simulated curves are calculated with the Eqs 2.18-2.20-2.22. According to 

Eq. 2.22, the slope of ln(ik) vs. E is defined by (1-αf) and α can be determined. The α values, 

which are calculated from the experimental data, give an averaged value of 0.7 ± 0.02. From 

b) c) 

a) 
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the different simulation curves that are visible in the Fig. 2.9b-c, α seems to be comprised 

between 0.6 and 0.8. A more detailed graph of the influence of α on the Tafel slope is presented 

in Fig. 2.9c and the focus is concentrated on the potential window, which is mainly controlled 

by kinetics (1.2 to 1.4 V). As expected from Eq. 2.22, the slope decreases at higher α values 

and the simulated Tafel curve with α = 0.7 fits the best the current at the selected potential 1.25-

1.35 V. Regarding k0, the simulated curves predict an interval between 5 to 10 ∙10−3 cm·s−1 and 

the calculation from Eqs. 2.18-2.19 gives a mean number of 6.22 ± 0.13∙10−3 cm·s−1 for the 

standard rate constant. At the end, the simulation curve containing the calculated parameters is 

plotted in Fig. 2.9b-c with a gray line and stands between the two simulations with the limit 

values of α and k0. 

 

4.3. Activation energies for the diffusion and kinetics of Cu+ 

oxidation 

For a more complete electrochemical analysis of the Cu-ACN-PC system, CVs at 

different temperatures are recorded for several Cu+ solutions of ACN-PC mixtures. The amount 

of PC was varied from 0 to 90 vol%. Pure PC resulted in a poor electrochemical behaviour of 

Cu+. In these conditions, the low amount of ACN is not enough to stabilize the Cu+ within a 

convenient potential window and the peak signals for the Cu/Cu+ and Cu+/ Cu2+ overlap. In Fig. 

2.7, the effect of the solvent composition has been clearly described. By increasing the ratios 

of PC, the potential of the Cu+ oxidation is decreasing versus the Cu+/Cu reference. This shift 

of approximately −0.4 V between the 100 and 10 vol% ACN solution confirms the stabilization 

effect of the ACN around the Cu+ cations.  

In the case of reversible reactions, the peak potentials for the oxidation and reduction 

do not change with scan rate and the difference of potential between these two peaks should be 

59/n mV for n, the number of electrons during the transfer at the electrode. An isosbestic point 

is also obtained for I = 0 A. In Fig. 2.10, it is not the case because Cu(I)/Cu(II) couple has a 

quasi-reversible behaviour and the peak separation of the oxidation and reduction peak is 

following the prediction of Nicholson with an increasing separation at higher scan rates. Eq. 

2.9 is used in this work to calculate the apparent diffusion coefficient D from the slope of the 

linear regression, which is fitting the evolution of the anodic peak current with the square root 
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of the scan rate. As the system is quasi-reversible, Eq. 2.9 is strictly not valid, but is used here 

to evaluate the apparent diffusion coefficient.  

 

Figure 2.10. CV experiment with ACN solution, Cu(CH3CN)4]BF4  (10 mM) and TEABF4 (0.1 M).Scan 

rate at 10-200 mV·s−1. 

 

From the evolution of the apparent diffusion coefficient in Fig. 2.11a, higher 

temperatures and ACN contents induce a larger diffusion coefficient. This trend is not 

surprising if the Brownian motion and the Stokes-Einstein equation are considered to explain 

the effect of these two parameters. While the Einstein relation describes the linearity between 

D and T, the Stokes-Einsten equation shows the inversed relation of D compared to the viscosity 

of the medium. As the viscosity of PC is higher than the ACN, the diffusion of Cu+ is faster in 

a solvent with lower PC concentrations. The viscosity of ACN-PC solution does not evolve 

linearly with the PC ratios (cf. Annexes), and the viscosity of the 50 vol% (or 60.5 %(w/w) PC) 

solution is only 33 % of the pure PC solution. This trend can be partially observed with the 

larger difference of D between the 50, 30 and 10 ACN vol% solutions, compared to the 100, 70 

and 50 % ACN electrolytes, which have a diffusion closer to each other. The influence of low 

D can be also observed on the CVs in Fig. 2.7a with the decrease of the peak current density 

for the electrolyte with higher viscosity. This corresponds to the definition of the peak current 

for CV given by the Randles-Sevcik equation, which states that Ip is proportional to D0.5. 

 

According to Fig. 2.11c, the standard rate constant of the Cu+ oxidation follows the 

same trend with the temperature and PC content as the diffusion coefficient. One explanation 
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is that the electron transfer is coupled with a change of the solvation shell around the Cu cation 

going from a tetrahedral 4-coordinated Cu+ complex to a probable elongated octahedral 6-

coordinated Cu2+ complex with ACN. This structural change linked to the redox reaction needs 

the presence of ACN at the WE to allow a reversible process. In Fig. 2.7a, the CVs with lower 

ACN content have larger peak separation, which is the sign of a less reversible process 

according to the Nicholson & Shain theory for quasi-reversible systems.27,38 As a positive 

feedback ohmic drop compensation is used when recording these CVs, the peak separation is 

only assigned to the diminution of the standard rate constant. Consequently, the redox reaction 

goes from a quasi-reversible to a more irreversible state of kinetics with high PC concentrations. 

 

 

Figure 2.11. a) D in function of the temperature (30 to 70 °C) for solutions with different concentrations 

of PC in ACN and an electrolyte with  [Cu(CH3CN)4]BF4  (10 mM) and TEABF4 (0.1 M). b) Arrhenius 

plot of D for different concentrations of PC in ACN. c) k0 in function of the temperature (30 to 70 °C) 

for the same electrolytes. d) Arrhenius plot of k0 for different concentrations of PC in ACN. 

 

b) 

a) 

d) 

c) 
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During the calculation of k0, one approximation is done when Eq. 2.14 is applied to 

the dimensionless kinetic parameter ψ deduced from the peak separation; the ratio between 

DCu(I) and DCu(II) is considered as constant with the temperature change. The different ratios for 

the diffusion coefficients of both oxidation states are given in the Annexes with the values of 

DCu(II) in the ACN-PC solutions calculated with the Randles-Sevcik equation Eq. 2.9.  

A comparison between the kinetic parameters and the literature is shown in Table 2.5. 

The diffusion coefficient measured in this work corresponds reasonably well to the value 

reported in literature for ACN, with a slightly lower value 21. With the difference of viscosity 

between water and ACN, a higher D is obtained in ACN electrolytes. For k0, the calculated 

parameters stand in the middle of the various orders of magnitude that are presented (from 0.18 

to 18·10−3 cm·s−1). However, in all the cases, a quasi-reversible kinetic is described. It seems 

also that the transition state is more symmetrical in aqueous solutions, with α around 0.5, than 

in organic solvent with 0.3.   

 

Table 2.5. Summary of kinetic parameters in several electrolytes for the Cu(I) oxidation and depositon 

at 25°C. 

Authors Methods Conditions D ∙ 105 /          
cm2 s−1 

k0 ∙ 103 / 
 cm s−1 

α 

R. Bessette and J. Olver 21 CA Cu(I) in ACN, TEAClO4 0.1 M 1.64 − − 

I. D. MacLeod et al. 25 CP, CV Cu(I) in ACN-H2O, H2SO4 0.12 M 1.34 0.18 _ 

P. Kiekens et al. 22 RDEa RDEb Cu(I) in H2O, KCl 0.5 M 1.20 4.6 18 0.49 0.58 

B.Stepnik-Swiatek and J. 
Malyszko 23,24  

RDE Cu(I) in H2O, Ca(ClO4)2 1M 1.30 0.27 0.56 

D. Lloyd et al. 26 CV, CA, IS CuCl32− 0.04 M in ethaline  0.027 0.95 0.25 

I. Atek et al.20 
LSV and 
computation 

Cu(I) deposition on Cu WE in 
ACN, TEABF4 0.1 M 

1.75 0.03 0.8 

This work  
RDE 
CV 

Cu(I) in ACN, TEABF4 0.1 M 
Cu(I) in ACN, TEABF4 0.1 M 

1.56 ± 0.14 
1.48 ± 0.33 

6.22 ± 0.13 
6.40 ± 0.07 

0.7 ± 0.02 

CA: chronoamperometry, CP: chronopotentiometry, CV: cyclic voltammetry, RDE: rotating disk electrode, IS: impedance spectroscopy 

 

With the evolution of D and k0 as a function of the temperature, the Arrhenius relations 

for both parameters are plotted in Fig. 2.11b and 2.11d. From the linear fittings, the activation 

energies for the diffusion and the electron transfer are calculated and reported in Table 2.6. The 

activation energies Ea for the diffusion and the kinetics increase linearly with the temperature, 
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and the activation energies are larger for high PC contents. The solutions with ACN 100, 70 

and 50 vol% have similar properties regarding the activation energy of the diffusion coefficient. 

By comparison, the activation energy for k0 evolves more monotonically with the increase of 

the PC ratio. 

It is difficult to compare all these results with the relevant literature, as there is no 

published or available studies (from our knowledge). However, Ea for D and k
0 have been 

reported for the oxidation of Cu+ in ethaline (mixture of ethylene glycol and choline chloride 

considered as a deep eutectic solvent) and reach respectively 27.7 and 39 kJ·mol−1 26. For this 

deep eutectic solvent with a viscosity around 15 times higher than the PC, the higher activation 

energy seems logical for the diffusion. According to Parson’s handbook, ions (like Cs+, Na+…) 

have an activation energy for the diffusion in aqueous solution around 16-18 kJ·mol−1 82. This 

indicates that the range that is found for the Cu+ diffusion activation energy in ACN is 

reasonable. The presence of ACN lowers the activation energy for k0. 

 

Table 2.6. Activation energies for the diffusion of the electroactive molecule and its electron transfer at 

the WE surface.   

 

 

 

 

 

 

[ACN] in PC  

vol% 

Ea / kJ·mol–1 

from DCu(I) from k0 

100 12.5 ± 0.4 18.3 ± 1.0 

70 13.2 ± 0.9 21.2 ± 1.8  

50 13.8 ± 2.3 25.1 ± 2.0  

30 18.4 ± 1.4 27.7 ± 3.4 

10 19.1 ± 1.6 29.8 ± 1.5  
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6. Conclusion 

With the Randles-Sevcik and Nicholson methods, cyclic voltammetry and rotating 

disk electrode allow the calculation of Cu+ and Cu2+ diffusion coefficient D and the 

heterogeneous rate constant k0 in several ACN-PC mixtures and at different temperatures. Both 

D and k0
 of the Cu(II)/Cu(I) couple increase with a higher acetonitrile content, and at higher 

temperatures. The energy activation for the diffusion and the kinetics increase with PC content.  

The viscosity of the PC-ACN mixtures and the complexation of Cu ions with ACN are 

the major factors that guide, respectively, the difference in the diffusion coefficient for the Cu 

cations and the modification in the kinetics of the electron transfer. The presence of the ACN 

in the Cu(II)/Cu(I) quasi-reversible one electron system is essential to keep a stable potential 

window for the +1 oxidation state of the Cu ion. The reversibility of the Cu(II)/Cu(I) 

electrochemical reaction is dependent of the ACN ligand and the absence of this molecule leads 

to an irreversible electron transfer with no formation of the Cu(I) after its oxidation.  

A battery based on the Cu+ electrochemistry in ACN and PC is expected to reach a 

voltage of 1.24 in standard condition with a solvent with pure ACN and 1.0 V when the solvent 

concentration has 90%(V/V) PC. From CVs recorded at different temperatures, the standard 

entropy and enthalpy during the Cu + Cu2+ comproportionation were evaluated with ΔS0 and 

ΔH0 at respectively, 78.6 ± 6.9 J·mol−1·K−1 and −95.6 ± 2.9 kJ·mol–1. These results confirm the 

spontaneous and exothermic behavior of the cell discharge to recycle Cu+ from Cu and Cu2+. 
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8. Annexes 

8.1. RDE experiments in ACN solution, Cu(CH3CN)4]BF4  (10 mM) and TEABF4 (0.1 M). 

LSVs for the Cu+ oxidation at 50 mV s−1 and various rotation rates (500, 832, 1248, 

1748, 2332, 3000 rpm) with the corresponding Koutecký-Levich plot for potential with 

limiting current for the diffusion coefficient calculation. 
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8.2. Viscosity of ACN-PC mixtures and comparison with values in literature. 83 

 

 

8.3. Diffusion coefficients for the Cu(II) oxidation state and the ratios of DCu(I):DCu(II) for the 

different solvent compositions of the ACN-PC system (Cu(CH3CN)4]BF4  (10 mM) and 

TEABF4 (0.1 M)). Detailed CVs at different scan rates for the determination of the 

Cu(II) diffusion coefficient starting between 1.4-1.5 V vs. Cu+/Cu (10 mM) in the 

reduction scanning direction to lower potential. The corresponding plots of the current 

peak ip versus the square root of the scan rate is added with the linear regression. 
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8.4. Diffusion coefficients for the Cu(I) oxidation state at various temperatures and in 

different solvent compositions of the ACN-PC system (Cu(CH3CN)4]BF4  (10 mM) and 

TEABF4 (0.1 M)). Detailed CVs at different scan rates for the determination of the Cu(I) 

diffusion coefficient starting between 0.5-0.7 V vs. Cu+/Cu (10 mM) in the oxidation 

scanning direction to higher potentials. The corresponding plots of the current peak ip 

versus the square root of the scan rate is added with the linear regression. 

8.4.1. CVs for ACN 100 vol% 

 

30°C 

40°C 
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8.4.2. CVs for ACN 70 vol% 
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8.4.3. CVs for ACN 50 vol% 
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8.4.4. CVs for ACN 30 vol% 
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8.4.5. CVs for ACN 10 vol% 

 

 

 

 

 

30°C 

40°C 

50°C 



Chapter II: Cu2+/Cu+ electrochemistry in acetonitrile and propylene carbonate mixtures 

 

 81 
 

 

 

 

 

 

60°C 

70°C 



Chapter III: Cu deposition in acetonitrile on Cu electrode 

 

82 

 

Chapter III  

Cu deposition on Cu electrode from Cu+ 

reduction in acetonitrile 

 

 

Based on the published paper, 1 

Semi-analytical modelling of linear scan voltammetric responses for soluble-insoluble system: 

The case of metal deposition. 

J. Electroanal. Chem. 818, 35–43 (2018). 

I. Atek, S. Maye, H. H. Girault, A. M. Affoune & P. Peljo. 

 

 

This chapter is a short summary of the more important results from the mentioned 

paper, which studies the voltammetric response for soluble-insoluble systems. The case of 

interest is here Cu deposition from Cu+ salt.  

 

  

                                                           
1 According to the Algerian rules, only the first author is allowed to include the paper in the 

thesis. Therefore, only a short summary of the paper is given here instead of the full paper. 
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1. Working curves for linear sweep voltammetric responses for 

soluble-insoluble system 

The general theory for voltammetry of soluble-soluble system is well established, and 

quantitative kinetic information is routinely extracted from the analysis of the experimental 

results, as described in Chapter 2. But until recently, the general theoretical models describing 

linear sweep voltammetry (LSV) response for soluble-insoluble systems such as one-step 

electrodeposition reactions under quasi-reversible condition were absent. We have 

demonstrated a generalized model for one–step electrodeposition process, for a case where 

instantaneous nucleation takes place, such as metal deposition on same metal. Consequently, 

the working curves developed in this work are not suitable when progressive nucleation or 

supplementary overpotentials are needed during the deposition, for example, when a 

progressive 3D nucleation occurs,1,2 as this can drastically change the shape of the LSV 

response.1 

Simulated voltammograms were obtained over a wide range of both the dimensionless 

rate constants and charge transfer coefficients were used to generate working curves to allow 

easier analysis of the voltammetric data. A summary of the differences between the soluble-

soluble and soluble-insoluble systems is given in this section. For soluble-insoluble system the 

Nernst equation (Eq. 3.1), when the redox reaction is at equilibrium is:  

*

0 0'

eq 0

M

ln ln
a CRT RT

E E E
nF a nF C

  
        

   

n+ n+M M

      
(3.1) 

 

where M 1a   for pure metal and 

*

0

C
a

C


n+

n+ n+
M

M M
 are respectively the activity of the metal and 

the corresponding cation. Unlike for soluble-soluble systems, the change of potential induces a 

modification of only the concentration of the metal ion in solution (C n+M
), while the activity of 

the pure metal is 1 as long as there is any metal left at the electrode. Equation 3.5 describes the 

current of a reversible system according to the dimensionless current χ(σt). This equation is 

calculated from the partial differential equation (Eq. 3.2), which is the Fick’s second law of 

diffusion for the metal ion in solution:  

𝜕𝐶M𝑛+(𝑥, 𝑡)

𝜕𝑡
= 𝐷𝑜

𝜕2𝐶M𝑛+(𝑥, 𝑡)

𝜕𝑥2
                                                                                                      (3.2) 
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The initial and boundary conditions are the following: 

𝑡 = 0,              𝐶M𝑛+(𝑥, 0) = 𝐶M𝑛+
∗                                                                                                     (3.3)  

𝑥 → ∞,              𝐶M𝑛+(∞, 0) = 𝐶M𝑛+
∗                                                                                                  (3.4) 

𝑖 = 𝑛𝐹𝐴𝐶M𝑛+
∗  √𝜋𝐷𝑟𝜎 ∙ 𝜒(𝜎𝑡)                          𝜎 =

𝑛𝐹𝜈

𝑅𝑇
                                                                (3.5) 

This approach is valid in the presence of sufficient amount of supporting electrolyte, 

so that almost no mass transport of the oxidized and reduced species takes place by migration. 

The dimensionless current for reversible system, χ(σt) depends on the time and indicates the 

link between the current and potential. The π0.5χ(σt) values were calculated numerically by Atek 

et al. and by others. Equation 3.6 is called the Randles-Sevcik equation for soluble-insoluble 

system, which gives the current of the LSV or CV peak and corresponds to Equation 3.8 for the 

maximum value of π0.5χ(σt) at 0.61053,4. Note that the coefficient is different from what is 

presented in Chapter 2. As for soluble-soluble system, the peak current Ip is proportional to the 

square root of the rate scan.  

1/2

* 1/2

p 0.6105 ( )n+ n+

nFv
I nFAC D

RT

 
  

 
M M

         (3.6) 

Like for soluble-soluble systems, the kinetics parameters (k0, ka, kc, α) influence the 

current response during the potential scan for the quasi-reversible redox reactions. The current 

at a WE can be described by the Butler-Volmer type equation (3.7), but with some differences 

for the soluble-soluble system. as the concentration of the metal Mc in the Buttler-Volmer type 

equations can be expressed as 0

M

0

Ma C CC    assuming that the activity coefficient of the 

metal is 1. 

 

𝑥 = 0,            
𝐼(𝑡)

𝑛𝐹𝐴
= −𝐷r [

𝜕𝐶M𝑛+(𝑥, 𝑡)

𝜕𝑥
]

𝑥=0

= 𝑘a
0C − 𝑘c𝐶M𝑛+(0, 𝑡)                                    (3.7) 

𝑘c = 𝑘0exp (−𝛼𝑛𝑓(𝐸 − 𝐸0′
))                                                                                                         (3.8) 

𝑘a = 𝑘0 exp ((1 − 𝛼)𝑛𝑓(𝐸 − 𝐸0′
))                                                                                              (3.9) 
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Atek et al. have constructed three kinetic curves for single electron transfer process, 

showing quantitatively the coupling effects of the dimensionless kinetic rate (ω) and the 

electron transfer coefficient α on LSV responses. The dimensionless heterogeneous rate 

constant was defined as described by Krulic et al. 5: 

0

1/2

k

nF
D v

RT





 


 
 
 

                    (3.10) 

where D is the diffusion coefficient of the metal ion, v  is the scan rate and  is expressed as: 

0 * 0

iexp( ) n+

nF
E E C C

RT
      M

                  (3.11) 

where 
*

n+C
M

is the concentration of the metal ion Mn+ in the bulk and Ei is the initial potential.  

The values of ω in the working curves were varied from 106 to 10–6 while the values 

of α was varied from 0.2 to 0.8. Fig. 3.1, 3.2 and 3.3 show the peak current ratio 
p p rev/ ( )   

and the half peak width, p p/2

F
( )

R

n
E E

T
  p/2  and the cathodic peak postion 

p , 

p

F
( )

R
p eq

n
E E

T
    as a function of log( )  for different values of α.  

 

Fig. 3.1. Variation of the peak current ratio, 
p p rev/ ( )  , as the function of the dimensionless rate 

constant for several values of α. Solid lines are best fits to the sigmoidal Boltzmann functions with a 

correlation coefficient of 0.99. Zones A, B, C denote the reversible, quasi-reversible and totally 

irreversible zones, respectively.6 
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Fig. 3.2. Dependence of the half peak width of linear sweep voltammograms (  p/2 ) on the logarithm 

of the kinetic parameter ω for various α values. Solid lines are best fits to the sigmoidal Boltzmann 

functions with a correlation coefficient of 0.98.6 

 

 

Fig. 3.3. Plots of the reduction peak position
 
(

p ) against log(ω) for various α values.6 

 

The curves in Fig. 3.1 and 3.2 can be fitted with the following sigmoidal Boltzmann functions:  
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(3.13) 

where: log( )X  . From Fig. 3.3 it can be also established that the magnitude of 
p depends 

linearly on the logarithm of the kinetic parameter ω. Therefore, by using linear regression 

approximations, the dependency of 
p  on ω and α could be expressed as follows:  

 p 2 303 0 115log( ) 0 78. X . .   
                 

(3.14) 

This equation coincides with that established by Krulic for α =0.5 5, and is valid in the region 

when log ω ≤ –1. Each of these fit models enables voltammetric quantification of the electrode 

kinetics from simple peak current and peak potential measurements of the experimental linear 

sweep voltammograms for either reversible, quasi reversible or totally irreversible electron 

transfer process, provided that the value of  is known or can be estimated accurately.  

Based on the work of Atek et al, three categories of reactivity can be determined, 

defined by the dimensionless heterogeneous rate constant: 

Reversible:    log ω ≥ 3 

Quasi-reversible:  –3 ≤ log ω ≤ 3 

Irreversible:    log ω ≤ –3 

 

2. Evaluation of the kinetics for Cu(I)/Cu couple in acetonitrile 

For understanding the limitations of the all-copper battery, it is crucial to evaluate the 

kinetics of the Cu(I)/Cu couple. This interest arises if the plating of copper on the negative side 

of the Cu RFB is used when the battery is charged electrochemically. In the case of the 

electrodeposition of Cu from a non-aqueous solution with ACN, only a one electron transfer 

step is expected. Indeed, by comparison with aqueous baths for electrochemical plating of Cu, 

the Cu cation present in solution is already Cu(I) and not Cu(II). Therefore, the first step for the 

reduction of Cu(II) to Cu(I) that is usually admitted to be the rate determining step in Cu plating 

with aqueous solution7–10 is avoided in the studied ACN electrolyte. 
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Furthermore, the deposition process analysed here involves the utilization of an 

electrode of Cu. As the plating of the metal is done on the same material, an instantaneous 

nucleation process is considered where the metallic copper is formed at the start of the current 

pulse during a chronoamperometric measurement.11,12   

In this work, LSV and CV measurements were performed by using one-compartment 

three-electrode cell where the reference electrode and auxiliary electrode were coils of 1 mm 

diameter copper wire and with a copper disk serving as a working electrode. The working 

electrode was prepared by heat-sealing 1 mm diameter copper wire in 2 mm diameter glass 

tube, followed by polishing with consecutively finer abrasive papers followed by different sizes 

of alumina, down to 0.05μm particles, on polishing cloths. The electrolyte consisted of a 

mixture of given concentrations of [Cu(CH3CN)4]BF4, 100 mM TEABF4 as a supporting 

electrolyte, and acetonitrile as a solvent. All potentials are expressed vs. the Cu wire in the 

solution of the given concentration of [Cu(CH3CN)4]BF4. Hence, the potential of the Cu 

reference in equilibrium with 10 mM Cu+ solution in acetonitrile on the “non-aqueous standard 

copper electrode” scale (SCuE), i.e. vs. Cu+ solution with the activity of 1 in equilibrium with 

Cu in acetonitrile is assumed to follow the Nernst equation considering the 
Cu
   = 1, i.e. the 

potential of the reference is –0.118 V vs. SCuE in acetonitrile. To establish the relation with the 

ferrocene (Fc) scale recommended by IUPAC, the potential of the Fc+/Fc couple vs. Cu/10 mM 

Cu+ in ACN was measured as 0.69 ± 0.01 V, i.e. the potential of our reference electrode is –

0.69 V vs. Fc+/Fc. LSV data for the reduction of copper (I) in acetonitrile were recorded with 

an Autolab model PGSTAT302N potentiostat equipped with the SCAN250 analog scan 

generator module. We point out that, all experimental steps (solution preparation, LSV 

measurement) were performed at ambient temperature (25 °C) under anaerobic conditions using 

a nitrogen filled glove box. The results are shown in Fig. 3.4. 



Chapter III: Cu deposition in acetonitrile on Cu electrode 

 

89 

 

 

Figure 3.4. a) LSV curves for the deposition of Cu on a Cu electrode from a solution of 10 mM of 

tetrakis(acetonitrile)copper(I) tetrafluoroborate in acetonitrile. Scan rates from 25 fo 200 mV·s−1. b) 

Semi-integrative CV in blue from the CV in black with scan rate at 100 mV·s−1. c) Tafel plot for the 

reduction of Cu(I) to Cu from the kinetically limited part of the CV with scan rate at 100 mV·s−1. 

 

Firstly, the semi-integrative voltammetry was used for the calculation of Cu(I) 

diffusion coefficient and a direct Tafel analysis was used for the evaluation of the transfer 

coefficient . Fig. 3.4b shows a sigmoidal curve (black) obtained from semi-integration of 

typical voltammetric current recorded at 100 mV·s−1. The DCu(I) is determined experimentally 

by the semi-integrative voltammetry with the method of Saila.13 As shown in Fig. 3.4b and as 

per principle of semi-integration technique, the semi-integration of the voltammetric current 

responses with respect to time yields to the sigmoidal-type curve with a plateau. This plateau 

level represents the limiting semi-integral current, of height m* : 

n n

1 2

M M
m nFAC D* * /

 
                    

(3.15) 

and the diffusion coefficient of Cu(I) in acetonitrile at 25°C was calculated utilizing 

this equation (as shown in Table 3.1) by considering the following experimental values: n 1 , 

b) c) 

a)

b) 
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Cu
C 10 25mM* .  . Fig. 3.4c depicts the representation of the Tafel plot obtained from 

experimental CV data, at a scan rate of 100 mV/s. Using the slope calculated from Fig. 3.4c 

and the Tafel equation, the value of α was calculated and the result is reported in Table 3.1.  

In the next step, a more detailed examination of the voltammetric peaks allowed us to 

quantify the standard rate constant (k0 in cm2/s) for the Cu(I)/Cu(0) redox couple according to 

the models presented in this section 1. The results are listed in Table 3.1. With these values, 

Eqs. 3.12, 3.13 and 3.14 were used to obtain the final value for the k0. In the work of Atek et 

al, the parameters Cu(I)D ,  and 0k were also obtained by comparison of theoretical and the 

experimental linear scan voltammograms by using the LSV model algorithm with a series of 

adjustments in the input values, and are reported in the Table 3.1. 

 

Table 3.1. Kinetic-mass transport parameters for Cu(I)/Cu(0) redox couple. 

DCu(I) [109m2·s−1]  α  k0 [105 cm·s−1] 

SI Fit  Tafel Fit  Working curves Fit 

Eq. 3.12 Eq. 3.13 Eq. 3.14  

1.75 1.70 
 

0.82 0.80 
 

3.84 4.99 7.73 5.12 

 

In the Table 3.1, the results for the diffusion coefficient, charge transfer coefficient 

and standard rate constant are given in the case of the Cu(I) deposition on Cu support from a 

electrolyte composed of ACN as solvent and TEABF4 as supporting electrolyte. The diffusion 

parameter is comparable with the Cu(I) diffusion coefficient found in Chapter 2 (1.56·10−5 

cm2·s−1). The charge transfer coefficient is here given for a reduction reaction (α = 0.8) and in 

the previous chapter α was applied for the oxidation reaction of Cu(I) to Cu(II). So, to compare 

correctly the transfer coefficients, the effect of α on redox reactions has to be explained and 

described. The α parameter is defined as a measure of the symmetry of the energy barrier14 and 

Fig. 3.5 illustrates schematically the three main cases for α = 0.5, α < 0.5 and α > 0.5. In chapter 

3, αCu+/Cu equals 0.8 for the reduction of Cu(I) and, in Chapter 2, αCu2+/Cu+ equals 0.7 for the 

oxidation of Cu(I). It is difficult to get straightforward conclusions about the transition state 

with α, however, it is possible to suggest a geometry for it with the symmetry of the energy 

barrier. In the case of α = 0.5, the energy barrier is symmetric between the oxidized and reduced 

species and the reaction coordinates of transition state indicates that its geometry is an 
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intermediate between the both oxidation states. For the Cu deposition in ACN with α > 0.5, the 

symmetry is lost and the transition state reaction coordinate suggests a geometry closer to the 

Cu(I) oxidation state during the electron transfer (Fig. 3.5). This observation reinforces the 

assumption that the solvation modification of the Cu centre does not need significant energy 

for the rearrangement of the solvation shell previously to the nucleation. This supports the 

assumption not to take into account the change of the environment around the metal centre for 

the reduction of Cu(I). The high value for α also indicates that the reaction happens in the inner 

part of the double layer.15,16 Considering the Cu(I) oxidation in ACN, the symmetry of the 

energy barrier is similar (α > 0.5) and the transition state reaction coordinates are again closer 

to the oxidized species containing more coordinating ACN ligands (Cu(II) for the oxidation of 

Cu(I) and Cu(I) during the deposition process).  

 

 

Figure 3.5. Schematic representation of the effect of the transfer coefficient on the symmetry of the 

transition state for the electron transfer of Cu(I)/Cu (in red) and Cu(II)/Cu(I) (in blue). Inspired by the 

textbook of A. Bard.14 

 

Regarding the standard rate constant in Table 3.1, the kinetic parameter is calculated 

with the three working functions (Eq.3.12-3.14) and by fitting. The obtained results for k0 shows 

a quasi-reversible process for the Cu deposition in ACN solution and is smaller than for the 

nucleation of Cu on mercury, which means than it is more difficult to plate Cu on itself than on 

mercury.15,16 The k0 calculated by the working curve for the reduction peak potential (ηp) (Eq. 

3.14) has a value that deviates more than the other working function. This difference comes 

from the limitation of the linear regression in Eq. 3.4 that can be applied for ω < 0.1. As the 

dimensionless heterogeneous rate constant is determined at 0.15 in the electrochemical reaction 

of the Cu plating, the kinetics does not fulfil the good criteria to be determined by the Eq. 3.4.  
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3. Conclusion  

 

The simulations and fittings of the LSV during Cu deposition from an ACN solution 

on a Cu electrode are in good agreement with the experimental LSV curves when the algorithm 

develop by Atek et al. is applied. The mass transport and kinetic parameters are accurately 

calculated with the Eqs. 3.12-3.13. The algorithm and working functions can be applied to 

deposition with instantaneous and one electron transfer process.  

The standard heterogeneous rate constant is 200 times slower for the deposition of 

Cu(I) than for the Cu(I) oxidation (6.22 cm·s−1). This implies that the discharge of the Cu RFB 

will be kinetically limited by the negative side of the cell during the electrochemical charge of 

the cell. 
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Chapter IV  

Thermodynamics of Cu+, acetonitrile and 

propylene carbonate  

 

 

 

 

1. Introduction 

 

In this Chapter IV, the thermodynamics of the Cu-ACN-PC system is studied to have 

a better characterization of the different properties of the heat to power Cu-RFB. During the 

charge-discharge cycling process of the Cu-RFB, the heat can induce the disproportionation of 

the Cu+ to Cu and Cu2+ and replace electric power during the charging step of the battery. 

Consequently, the different phenomena induced by heat for the Cu-ACN-PC system should be 

analysed for an appropriate description of the thermal charge.  

Many thermal analysis techniques are available to study the influence of temperature 

on materials properties1: thermogravimetry (TG)2, derivative thermogravimetry (DTG)3, 

differential thermal analysis (DTA)4, differential scanning calorimetry (DSC)5, 

thermomechanical analysis (dilatometry)6, dynamic mechanical analysis (DMA)7 and evolved 

gas detection (EGD)8. In this work, the chosen thermoanalytical method is DSC. 
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The differential scanning calorimetry is a well-known analysis that is close to DTA 

and is linked to the development of the thermocouples, which allows the measurement of a 

large range of temperatures. Since the beginning of the 20th century, DTA/DSC type of 

characterization was applied to material science. Roberts-Austen developed what seems to be 

the first differential temperature technique for alloy analysis in metallurgy application in 1899.9 

Saladin improved the data recording by photography in 1904 10 and since then, the DTA was 

extend to mineralogy, geology, inorganic and organic chemistry. The denomination, differential 

scanning calorimetry (DSC), comes from a Perkin-Elmer team of researchers that modified 

DTA to have the output data as a direct calorimetric information and not simply as a temperature 

difference between the sample and reference.11–13 After the sixties, the DSC continues to expand 

in the field of analytical chemistry, especially for the thermodynamic characterization of 

polymers (melting point, glass transition, degradation, polymerization, oxidation reaction).1 

Nowadays, DSC is used in many different domains of chemistry (biological samples, 

explosives, pharmaceuticals. metals, lubricants, polymers, organic compounds).14 

The DSC samples are most generally in the solid state (metals, alloys, purified and 

dried chemicals, polymers …). As the physical state of the ACN-PC electrolyte is a liquid 

containing solubilized Cu+ salts, the interest of this work is to observe the thermal properties of 

the samples at higher temperatures. This implies that the liquid/gas equilibrium should not be a 

restriction for the utilization of DSC equipment. Fortunately, it is also possible to study liquids 

and their heat of vaporization. The availability of the DSC machine and the possibility to target 

liquid/gas transitions 15–19 are the main reasons for the selection of the DSC technique. 

However, three main factors have to be considered when gas are produced during the DSC 

measurements:  

 If the sample is vaporized, the gas needs to be evacuated from the crucible (or pan) 

to avoid overpressure and to keep a constant pressure in the sample. Consequently, 

either the lid of the sample holder is pierced (pin hole)15, or the lid is already 

perforated with a defined hole size.19   

 As the vapours are removed from the crucible and from the furnace chamber by a 

flow of purging gas, the loss of the volatile compound is irreversible and the 

scanning back to lower temperatures doesn’t allow to get the exothermic peak for 

the condensation of the gas. Then, no multiple cyclic scans can be measured on 

volatile samples. 
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 Dealing with volatile compounds implies unknown loss of the liquid by evaporation 

during the weighting of the sample and its introduction in the DSC machine. The 

cleaning step with the stream of purging gas can also increase this effect. 

Considering the presence of ACN with a relatively low boiling point in the samples, 

their preparation is particularly important.    

The DSC is used to quantify thermodynamic constants such as the heat capacity and 

the enthalpy for some state transitions or reactions. For the Cu-ACN-PC system, the thermal 

energy, which is needed for the different changes of state during the heat treatment for the 

charge of the heat to power Cu-RFB, is investigated; the enthalpy for the vaporization of ACN 

and PC is determined and the enthalpy for the Cu+ disproportionation is evaluated. The heat 

capacity is also analysed with DSC for different solutions regarding their concentrations of PC 

and [Cu(CH3CN)4]BF4. With these different data, a calculation of the final theoretical Cu-RFB 

cycling efficiency with heat charge is given and analysed with the Carnot cycle. 

 

2. Materials and methods 

2.1. Chemicals 

All solvents and chemicals were used as received without further purification and were 

stored in a glove box under nitrogen. The solvents were acetonitrile (ACN, CH3CN, extra dry 

over molecular sieves, 99.9%, from Acros) and propylene carbonate (PC, C4H6O3, anhydrous, 

99.7%, from Sigma-Aldrich). The thermally active species tetrakis(acetonitrile)copper(I) 

tetrafluoroborate was either commercial, ([Cu(CH3CN)4]BF4, > 98%, from TCi), or prepared 

by comproportionation reactions.20,21 For the synthesis of [Cu(CH3CN)4]BF4, copper(II) 

tetrafluoroborate hydrate (Cu(BF4)2·xH2O, from Sigma-Aldrich), acetonitrile (ACN, CH3CN, 

from Merck) and copper wire (dia. 1 mm, ≥ 99.99%, from GoodFellow) were of analytical 

grade and were used as received. The comproportionation reaction was performed in a Schlenk 

line filled with nitrogen. The Cu+ complex with ACN is dried overnight under vacuum and 

stored in a nitrogen-filled glove box. 
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2.2. Differential scanning calorimetry  

Thermal analysis data were recorded by differential scanning calorimetry with a 

Mettler Toledo DSC 821e. Calculation and data treatment were handled with the STARe 

thermal analysis software from Mettler Toledo. When air sensitive compounds were targeted, 

samples were prepared under inert atmosphere inside a glove box. DSC crucibles avoid 

contamination of the DSC oven by the sample and have a pin for contact with the thermocouple 

wires (standard aluminum crucible with pin and 40 μL volume, model n° 00027331). As liquid 

samples are investigated, the lids of the pan need to be pierced for the evacuation of the gas 

after evaporation (aluminum lid pierced with 50 μm hole, model n° 51140832). Solid or liquid 

samples usually have a mass between 10 and 35 mg for a volume of 25 μL.  

The heat flow of the sample is determined versus an empty Al reference crucible with 

a heating rate (v) of 5, 10 or 20°C·min−1. The DSC machine is composed of an outer chamber 

into which a flow of air is applied at 80 mL/min around the furnace to keep a constant 

environment and an inner chamber into which N2 is introduced at 200 mL/min to protect the 

furnace from accumulation of oxygen and moisture, which may damage the cell. N2 is also 

applied because it provides homogenous heat and heat transfer to the crucibles. Before 

measurements (especially for heat capacity), the sample chamber is cleaned at a temperature of 

500°C for 5 min with a stream of purging gas in order to remove dust and other contaminants. 

 

Figure 4.1. Illustration of the DSC oven with the different parts of the calorimetric chamber. 
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3. Theory : DSC and thermodynamics 

The differential scanning calorimetry is a method, which allows the measurement of 

the heat flow exchanged by a sample to reach selected temperatures. As the sample is confined 

in a metallic crucible, usually aluminium, the heat flow is recorded against a reference, which 

is commonly an empty crucible of the same composition. Another way to picture the 

thermoanalytic process is to describe the heat flow of the sample as the required heat to obtain 

the same temperature as the reference. The sample and reference are heated inside an isolated 

oven with a controlled temperature program. The scanning rate of temperature is defined in Eq. 

4.1 and describes the temperature of the furnace in function of time, T(t) (Eq. 4.2). 4   

 

𝑣 =
d𝑇

d𝑡
                                                                                                                                                   (4.1) 

𝑇(𝑡) = 𝑇0 + 𝑣𝑡                                                                                                                                     (4.2) 

 

When the heat flow rate at the sample, 𝑄�̇�, changes, it means that the temperature T of 

the source (furnace, oven) is evolving with time (Eq. 4.2) and induces a variation of Ts (the 

sample temperature). However, the relationship between Ts and 𝑄�̇� is not perfectly linear and is 

illustrated in Eq. 4.3. From this equation, two factors are responsible for the non-linearity. The 

first one is the signal thermal resistance between the sample holder and the environment of the 

oven chamber R. At the sample holder interface, some irreversible loss happens with the transfer 

of energy to the surrounding volume through convection, radiation and conduction (Fig. 4.2). 

Another source of deviation from the linear evolution of Ts vs 𝑄�̇� is C, the heat capacity of the 

sample holder itself. As the temperatures are controlled and measured by a voltage with 

thermocouples, equivalent electrical circuit can be built to describe schematically the heat 

transfer processes (for more details see ref. 11).  Eq. 4.3 defines the response of the sample 

temperature linked with a modification of the heat flow in the sample:    

 

∆𝑇𝑠(𝑡) = ∆𝑄�̇� ∗ 𝑅 [1 − 𝑒  
−𝑡
𝑅𝐶]                                                                                                            (4.3) 

 

The function 4.3 has the characteristics of a low-pass filter, but is not convenient to 

use, because the temperature Ts can differ significantly from the applied T , which is more 
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practical to use as it is the main parameter under control during the experiment. To bypass this, 

Ts is compared with T, the temperature of the furnace. Then, the variation of the signal between 

the two temperatures can be amplified and allows a smooth control of 𝑄�̇�, the input heat flow 

to the sample from the source created by temperature control in Eq. 4.2.  This relation 4.3 can 

be simplified by using a transfer function k, which is a parameter of the signal amplifier for �̇�. 

  

d𝑇𝑠

d𝑄�̇�

=
𝑅

1 + 𝑘𝑅
                                                                                                                                      (4.4) 

 

In Eq. 4.4, the case of steady-state response is considered, and then the evolution of Ts 

with 𝑄�̇� is linear (t tends to 0). Additionally Eq. 4.4 can be modified by replacing dTs by d�̇� 

which depends on T(t). The advantage of Eq. 4.5 is that the T can be used instead of Ts to show 

the results of the DSC measurement. The parameter K in Eq. 4.5 is called the calibration factor 

and it should be determined before a set of DSC data with a known sample (like metallic indium, 

In).  

 

d�̇�

d𝑄�̇�

=
𝑘𝑅

1 + 𝑘𝑅
= 𝐾                                                                                                                              (4.5) 

 

 

 

Figure 4.2. Scheme of the DSC temperature controlled thermoanalysis representing the heat flows 

with the main thermal resistances influencing the recorded signal. 
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In the next section, the focus will be the physics and thermodynamic parameters that 

can be obtained with the DSC thermoanalysis. The typical DSC curves are plotted with the heat 

flow, which is corresponding to a power (P or �̇�, defined in Equation 4.1) versus the 

temperature of the furnace evolving with time (Eq. 4.2). This heat flow or power is usually 

given in the range of the μW or mW. A general description of the heat flow is given here:  

 

𝑃(𝑇, 𝑡) = �̇�(𝑇, 𝑡) = 𝑄0̇(𝑇) + 𝑄𝐶𝑝
̇ (𝑇) + 𝑄𝑟𝑥𝑛

̇ (𝑇)                                                                       (4.6) 

 

The measured heat is composed of three terms: 𝑄0̇(𝑇) for the influence of the internal 

thermal resistance asymmetry and losses in the system, 𝑄𝐶𝑝
̇ (𝑇) for the heating of the sample 

that has a different heat capacity than the reference and 𝑄𝑟𝑥𝑛
̇ (𝑇) for the heat, which is needed 

in any transformation that can occur during the temperature scan (glass transition, state 

transition and diverse reactions).   

As it was already mentioned, this �̇� represents the difference of heat, which is required 

for the sample to keep the same temperature as the reference. In Eq. 4.7, the measured signal 

�̇� is described as the difference between the heat flow given by the furnace to the 

sample 𝑄𝑠 ̇ (Eq. 4.8) and that from the furnace to the reference  𝑄r
̇  (Eq.  4.9). In the DSC 

instrument, the �̇� is measured by the deviation of the sample temperature Ts from the reference 

Tr. (Eq. 4.10). The temperature difference ΔT is recorded with thermocouples as an electric 

voltage (e.m.f.) corresponding to �̇� between the sample and reference. To link the temperature 

difference directly with the temperature, the thermal resistance between the sample (or 

reference) and the sample holder R0 is defined in Eq. 4.10 and is specific for each DSC machine.  

 

�̇� =
d𝑄

d𝑡
= 𝑄�̇� − 𝑄r

̇                                                                                                                               (4.7) 

𝑄�̇� =
𝑇𝑠 − 𝑇

𝑅0
                                                                                                                                          (4.8) 

𝑄�̇� =
𝑇𝑟 − 𝑇

𝑅0
                                        𝑇 = 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑜𝑓 𝑓𝑢𝑟𝑛𝑎𝑐𝑒                                       (4.9) 

�̇� =
(𝑇𝑠 − 𝑇𝑟)

𝑅0
=

∆𝑇

𝑅0
                                                                                                                        (4.10) 
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For a change of the sample physical state (melting/crystallization, evaporation, glass 

transition, decomposition (oxidation)), the heat flow curve is modified because more or less 

heat is provided to the sample for the physical/chemical transition. The transformation inside 

the sample is easily detected with a change of the heat slope (glass transition) or with a sharp 

peak (physical state transition). From the integration of the exo- or endothermic peak induced 

by the phase modification, the enthalpy of the process can be calculated if the mass (m) of the 

sample is known (Eq. 4.11-4.13). The mass obviously plays a major role for the enthalpy 

determination, as this thermodynamic property is extensive. 

 

�̇� =
d𝐻

d𝑇
∗

d𝑇

d𝑡
=

d𝐻

d𝑡
                                                                                                                          (4.11) 

Δ𝐻 =
𝑊 ∗ ∆𝑇

𝑚
= ∫

�̇�

𝑚
 d𝑡 − ∫ 𝐶pd𝑇                                                                                             (4.12) 

Δ𝐻 = ∫
�̇�

𝑚
 d𝑡                                                                                                                                     (4.13) 

 

Here, Eq. 4.13 is slightly simplified and does not take into account the part of the heat 

coming from the heat capacity of the sample. For the enthalpy calculation with DSC data, this 

assumption is not critical as the integration of the peak can be done in different ways to remove 

the contribution of the sample thermal capacity by using an appropriate baseline (tangential, 

horizontal, spline baseline functions). 

Another intensive thermodynamics property that can be calculated with DSC, is the 

thermal capacity. The easiest way to determine the heat capacity is at constant pressure and it 

is the reason why Cp is shown in Eq. 4.14-4.17, instead of Cv. With Eq. 4.14 and 4.11, Eq. 4.15 

explains that Cp will change with time and with temperature. With the evolution of the DSC 

curve at a known temperature scan rate, it should be straightforward to obtain values for Cp 

according to Eq. 4.15. However, in this work, Cp is not directly obtained from Eq. 4.15. The 

reason is purely experimental as the slope of the baseline Q vs. T can fluctuate considerably 

between different sets of data.   

 

𝐶p = (
∂𝐻

𝜕𝑇
)

𝑝
= 𝑇 (

𝜕𝑆

𝜕𝑇
)

𝑝
                                                                                                                (4.14) 
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�̇�𝐶𝑝 = 𝐶𝑝 ∗
d𝑇

d𝑡
                                                                                                                                 (4.15) 

 

  

To determine the heat capacity of the sample, the so-called direct method is applied.22 

The sequence starts with an isothermal step (at 25°C in Fig. 4.3a) and is followed by a dynamic 

temperature period with a heating rate of 5°C·min−1. The difference of heat flow between the 

two steps (∆𝑄s
̇ ) depends on the Cp of the sample. In Eq. 4.16, the specific heat capacity is 

described and correspond to the amount of heat required to increase the temperature one degree 

higher for one gram of the compound. The advantage of this method is the use of a blank to 

define the proper baseline of the measurement. The signal of the blank is removed from ∆𝑄s
̇  to 

obtain an accurate value of the thermal capacity (Eq. 4.16). Before each measurement, several 

blank curves have to be recorded with an empty crucible against another to subtract more 

precisely the signal of the Al pan (∆𝑄𝑏
̇ ). In Fig. 4.3a, a typical measurement with the direct 

method is presented with the various parameters of Eq. 4.16 that are needed for the 

determination of the specific heat capacity. This figure also highlights the importance of the 

blank; indeed ∆𝑄𝑏
̇  is not negligible on the final calculation of the specific heat capacity. In Fig. 

4.3.b, the temperature profile is explained for the direct method with an initial isothermal step 

at 25°C followed by the linear T evolution controlled by T scan rate (5 °C/min). 

 

 

𝐶p =
�̇�

𝑚
∗

1

d𝑇
d𝑡⁄

=  
∆𝑄s

̇ − ∆𝑄𝑏
̇

𝑚 ∙ 𝜈
=

∆�̇�

𝑚 ∙ 𝜈
                                                                                    (4.16) 
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Figure 4.3. a) DSC measurement with the direct method sequence at 5 °C/min with the ideal flat 

baseline, the signal of the blank and of the sample. b) The temperature profile with time of the direct 

method with an initial isothermal step followed by the linear T evolution controlled by T scan rate.  

 

 

With the Cp values of a mixture, containing n chemical species, and the Cp
* value for 

the pure compounds, the excess heat capacity Cp
E can be calculated with Eq. 4.17. In the case 

of interest, a binary mixture with two solvents (ACN and PC) is studied and the final Eq. 4.17 

is shown below with xi for the molar fraction of the chemical i:  

 

 

𝐶𝑝
𝐸 = 𝐶𝑝 − ∑ 𝑥𝑖𝐶𝑝𝑖

∗

𝑛

𝑖=1

= 𝐶𝑝 − (𝑥𝐴𝐶𝑁𝐶𝑝(𝐴𝐶𝑁)
∗ + 𝑥𝑃𝐶𝐶𝑝(𝑃𝐶)

∗ )                                                       (4.17) 

 

 

 

 

 

 

 

 

a) b) 
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4. Results and discussion  

4.1. Enthalpy of vaporization and disproportionation 

The first set of data that are presented are linked with a change due to a chemical 

reaction or to a physical transition of the samples. In the DSC measurements, these 

transformations lead to a peak (Eq. 4.13) and they are easily detected from the heat flow 

diagram versus the temperature. In Fig. 4.4a, the three expected transformations for the Cu-

ACN-PC system are observed. The first peak at 81°C appears with the vaporization of ACN. 

In all figures of this work, the endothermic peak are represented with a peak going down the y-

axis of the heat flow. From the integration of the endothermic phase transition, the enthalpy of 

vaporization is calculated at 32.4 kJ·mol−1 from several measurements similar than the one from 

Fig. 4.4a. The second peak at 161°C comes from the chemical reaction of the Cu(I) complex 

containing ACN (Cu(CH3CN)4BF4) and is assigned to the disproportion reaction of Cu(I) to Cu 

and Cu(II) at higher temperatures than the ACN liquefaction temperature. The enthalpy of 

reaction of the thermal reaction is determined at 106.8 kJ·mol−1. An image of the sample after 

the disproportionation reaction induced by heat is shown in Fig. 4.4b. and the particular color 

in the crucible can be assigned to final combination of metallic Cu and Cu(II) cation. In the 

same picture, a small hole piercing the lid of the crucible is visible. As mentioned in the 

experimental part, this hole allows the gas to leave the sample and to avoid interference for the 

remaining transitions at high temperatures. The last endothermic property at 242°C corresponds 

to the liquid to gas evolution of the PC with ΔHvap = 54 kJ·mol−1. After the measurement of the 

pure liquid ACN and PC, a plateau with no signal is detected in Fig. 4.4a. The appearance of 

this flat part of DSC curve is representing the measurement of the Al crucible versus another 

one and consequently does not show any deviation. It can happen that some noise is detected 

even after the transition if some impurities/dusts are present in the sample. 
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Figure 4.4. a) DSC of acetonitrile at 5 K·min-1, propylene carbonate and solid [Cu(CH3CN)4]BF4 at 20 

K·min-1. b) Image of the crucible initially loaded with Cu(I) powder after the DSC measurement until 

300°C. 
 

Table 4.1. Enthalpies and temperatures of vaporization/decomposition for acetonitrile, propylene 

carbonate and [Cu(CH3CN)4]BF4 from DSC data peak integration. 

 

In Table 4.1, the enthalpies and the temperatures of the different phenomena 

characterized before are summarised and compared with the literature. All of the results are in 

good agreement with the previous reported values and are not showing too much deviation from 

the averaged quantities. Here, the only data that is not found in other works is the enthalpy of 

reaction for the disproportionation of Cu(I) (ΔHrxn = 106.8 kJ·mol−1). For this sample, the 

crucible is filled with a solid, the white powder of Cu(I). This crucible is sealed and compressed 

to remove nitrogen/air from the sample and to have a better contact between the solid and the 

Al pan. The enthalpy for the Cu(I) powder is in the same range as the exothermic enthalpy for 

the cell reaction in Chap. 2 describing the Cu-Cu(II) electrochemical comproportionation to 

Cu(I) (ΔHrxn = − 97.2 kJ·mol−1). 

 

Molecule 

This work  Literature 

ΔH / kJ·mol–1 T / °C ΔH / kJ·mol–1 T / °C 

acetonitrile 32.4 ± 1.6 81 ± 1 29.8-34.8 a 81-82 b 

propylene 

carbonate 
54.0 ± 1.8 242 ± 2 50.9-56.3 c 241-242 d 

Cu(CH3CN)4BF4 106.8 ± 4.4 161 ± 1 - 159-161 e 

a23,24     b23,25      c26,27      d23,28      e29 

a) b) 
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Figure 4.5. a) DSCs of acetonitrile-propylene carbonate mixture with 10 to 90 vol% acetonitrile, b) 

temperatures of vaporization of acetonitrile and propylene carbonate in the acetonitrile-propylene 

carbonate mixtures. c) Estimated vapour-liquid equilibrium curves for ACN+PC system. 

 

The influence of the solvent composition on the temperature of vaporization is visible 

with DSC curves in Fig. 4.5a. The boiling point of ACN is evolving to higher temperature, Tb, 

when more PC is present in solution. Until 50 mol% of PC in the solvent content, the ACN-Tb 

is still under 100°C before to increase rapidly to higher T and reaches 154-155°C for the solution 

containing 90 vol% of PC (85 mol%). The modification of the PC-Tb is less important with 

changes in the ACN ratios and the PC-Tb is still at 228-230°C for a sample with only 30 mol% 

of PC. In Fig. 4.5a, the mixture content can also be identified by the decreasing peak area of 

the chemical compound, which is proportional to the molar concentration of the compound. 

The shape of the peak is also changing; it becomes broader and even starts to merge with the 

peak of the other molecule. The ACN peak in the 90 vol% PC solution looks more like a glass 

transition curve with the shape of a shoulder resulting from the overlapping of the PC and ACN 

c) 

a) b) 
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signal. From the general trend of these DSC curves, the stabilization effect of the PC on the 

vaporization of ACN is observed.     

In Fig. 4.5b, the Tb are plotted as a function of the PC concentration in ACN to have a 

more detailed picture of the Tb trends for ACN and PC. It can be noticed that the temperatures, 

which are plotted in the graph, are not corresponding to the temperature of the peak itself. The 

onset T at the beginning of the endothermic peak is chosen because it is more representative for 

Tb than the peak T.18 An example of the onset T calculation is presented in the Annexes. The 

onset T is determined by the intercept of the baseline before the peak with the tangent line from 

the following slope of the peak.    

With the different temperatures of vaporization, a type of phase diagram for the 

vapour-liquid states of ACN and PC is estimated in Fig. 4.5c. The following equations 4.18-

4.20 are applied to fit the boiling temperature curve of PC and ACN according to the PC content. 

Equations 4.18 and 4.19 for ACN or PC describe the molar fraction in the gas phase (𝑥ACN
𝐺 , 𝑥PC

G ) 

in function of the molar fraction in the liquid state (𝑥ACN
L , 𝑥PC

L ) and with the temperature and 

enthalpy of vaporization (𝛥𝐻𝑣𝑎𝑝
ACN, 𝛥𝐻𝑣𝑎𝑝

PC ). The additional fraction in the exponential is used to 

quantify the deviation from the ideal behaviour with 𝛺, the interaction parameter between ACN 

and PC. Microscopically, 𝛺 is proportional to the exchange energy, that represents, the energy 

cost of exchanging one molecule of ACN from the bulk liquid of pure ACN into the bulk liquid 

of pure PC and one molecule of PC from the bulk liquid of pure PC into the bulk liquid of pure 

ACN.  

𝑥ACN
𝐺 = 𝑥ACN

L exp [
𝛥𝐻𝑣𝑎𝑝

ACN

𝑅
(

1

𝑇𝑣𝑎𝑝
ACN −

1

𝑇
) +

𝛺 (𝑥PC
𝐿 )2

𝑅𝑇
]                                                                  (4.18) 

  𝑥PC
G = 𝑥PC

L exp [
𝛥𝐻𝑣𝑎𝑝

PC

𝑅
(

1

𝑇𝑣𝑎𝑝
PC −

1

𝑇
) +

𝛺 (𝑥ACN
𝐿 )2

𝑅𝑇
]                                                                    (4.19) 

 1 = (1 − 𝑥PC
L ) exp [

𝛥𝐻𝑣𝑎𝑝
ACN

𝑅
(

1

𝑇𝑣𝑎𝑝
ACN −

1

𝑇
) +

𝛺(𝑥PC
𝐿 )2

𝑅𝑇
]                                                                             

                   + 𝑥PC
L exp [

𝛥𝐻𝑣𝑎𝑝
PC

𝑅
(

1

𝑇𝑣𝑎𝑝
PC −

1

𝑇
) +

𝛺 (1 −  𝑥PC
𝐿 )2

𝑅𝑇
]                                                     (4.20) 
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The Equation 4.20 is finally obtained due to the relation: 𝑥ACN
L + 𝑥PC

L = 1 =  𝑥ACN
G +

𝑥PC
𝐺 . This equation can be used to fit the vapour-liquid equilibria of ACN-PC binary system.  

As the pressure is constant at the atmospheric one, the gas escape from the sample 

when they are produced. The white area over the bubbling curve in Fig. 4.5c corresponds to the 

conditions where the ACN is in gaseous state and PC in the liquid form. It is in this window of 

T and PC concentrations that the PC can play the role of the working liquid when the ACN is 

evaporated to induce the chemical disproportionation of Cu(I). Consequently, higher T will lead 

to a totally dry electrolyte that is not useful anymore for a redox flow battery. The limit for the 

highest temperatures that can be reached for a redox flow battery application is defined by the 

dew curve in Fig. 4.5c.  

In the following Fig. 4.6, the Cu(I) compound is added in the ACN-PC mixtures to 

characterize the behaviour the complex in the targeted media for the thermal reaction producing 

Cu and Cu(II). The 70 vol% ACN solution (solid line) clearly shows three nice peaks for each 

of the chemical species present in the sample: ACN vaporization (near 90°C), Cu(I) reaction 

(near 160°C) and the PC signal (near 230°C). In the same Fig. 4.6a, a dashed line shows the 

DSC curves for the 30 vol% ACN. The signals for ACN and Cu(I) are very close and are 

difficult to distinguish clearly. However, the first sharp peak is assigned to the ACN state 

transition and the following noisy one to the Cu(I). From this type of DSC, it is difficult to be 

quantitative as peaks and baselines are complicated to define. However, with the good choice 

of parameters for the baseline of the integration, some data have been used to confirmed the 

values reported in Table 4.1 (for example of different types of baselines for the integration see 

Annexes). During recording of the Cu(I) signal, it is not rare to have some noise. Some 

impurities in the synthesised complex is maybe a possible reason. Also, it could indicate that 

sometimes more than one step is induced by heat during the reaction and that the ACN removing 

from the Cu(I) complex is the first step before redox reaction induced by heat. Another 

explanation could be the bad sealing of the crucible and consequently the presence of oxygen 

could introduced Cu oxide species with heat.        
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Figure 4.6. a) DSC for acetonitrile-propylene carbonate mixture of saturated [Cu(CH3CN)4]BF4 at 20 

K min-1 with 90 vol% acetonitrile (solid line) and the dashed line for Cu(I) in 30 vol% ACN. b) DSC 

curves for 10 mM Cu(I) in ACN (black line) and 10 vol% ACN (red line). 

 

Smaller Cu(I) concentration are also tested to have a less noisy signal (Fig. 4.6b). In 

the pure ACN solution, the two peaks are straightforward to determine according to the 

temperature and peak area. For the red curve with only 10 vol% ACN, the signal for ACN and 

Cu(I) are totally combined together in a small peak just before the PC transition to gas. 

 

 

4.2. Heat capacity 

The heat capacities are determined by the direct method explained in the theory and 

the different curves showing the isothermal and scanning steps are included in the Annexes. 

The values for the Cp according to the PC and Cu(I) content are summarized in Fig. 4.7a. The 

Cp without Cu(I) evolves monotonically from 92.7 J·mol −1·K−1 for the pure ACN to 173.5 

J·mol −1·K−1 for the PC. From this set of data, the excess thermal capacity, Cp
E (Eq. 4.17) is 

plotted in Fig. 4.7b. The negative Cp
E explains that less heat is needed to heat the mixtures of 

ACN and PC than a standard solution expected from the pure solvent combinations. This 

negative deviation from additivity is an indication of an interaction between ACN and PC that 

allows a better thermal effect on the mixtures. In the case of Cp
E ≥ 0, the absence of interactions 

isolate thermally the molecules from each other and they need more heat to rise their 

temperature.  

a) b) 
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The obtained results are relatively similar to those reported in literature for ACN 30–34 

and PC 33,35–38. A detailed data set with more ratios of ACN regarding PC is given for the heat 

capacity of ACN-PC mixtures by Piekarski et al.33 Their results are relatively similar to those 

obtained here. They also calculated a negative Cp
E and the Cp increase from 92.36 to 166.98 

J·mol −1·K−1. However, the intensity of Cp
E has less negative values in their case and the 

absolute intensity is one order lower than the results obtained in this work with DSC method. 

In this Chapter, stronger interactions are predicted from the obtained Cp
E value . The major 

factor, which is influencing the difference in the Cp
E is the Cp of the pure PC which is slightly 

higher in this work compared to Piekarski et al.  

 

   

Figure 4.7. a) Cp evolution of acetonitrile-propylene carbonate mixtures containing [Cu(CH3CN)4]BF4 

according to the propylene carbonate content. b) Cp
E, excess heat capacity, for the binary mixture of 

ACN-PC. c) Cp,Cu, apparent heat capacity of Cu(I) at 0.15 and 0.3 M in the ACN-PC systems.     

 

The same monotonic evolution of the Cp is noticed with the addition of the Cu(I) in 

solution. The effect of the Cu(I) salt on the Cp is to increase the thermal capacity for all the 

a) 

b) 

c) 
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different ratios of ACN-PC mixtures. The apparent Cp of the solubilized [Cu(CH3CN)4]BF4 is 

approximated by Eq. 4.21. In this calculation, the excess heat capacity determined before is not 

taken into account and the assumption of the additivity is directly applied to quantify the Cu(I) 

Cp. For the 0.15 M Cu(I) solution, the average value for Cp,Cu from the measurements in the 

different PC concentrations is 323 J·mol−1·K−1 and 767 J·mol−1·K−1 for the 0.3 M solutions. As 

the specific molar heat capacity is used in this work, it is surprising to detect a factor of 2.4 for 

this quantity between the two Cp,Cu. It means that the specific heat capacity for the Cu(I) 

complex depends also on the concentration of the salt. Consequently, the thermal behaviour 

with more concentrated Cu(I) solution consumes more energy to be heated and the Cp,Cu evolves 

like a colligative property.  

 

𝑛Cu𝐶p,Cu = 𝑛tot𝐶p,tot − (𝑛ACN𝐶p,ACN + 𝑛PC𝐶p,PC)                                                                  (4.21) 

 

By comparison, the Cp of the Cu(I) solid powder is determined with the direct method 

at 382.6 J·mol−1·K−1 and is close to the value for 0.15 M Cu(I) in solution. Also, the heat 

capacity of different salts in ACN and PC has been reported by G. Perron et al. and they noticed 

that the solvent influences the apparent Cp of the salt. 39 Here, in Fig. 4.7c, the same effect is 

observed with the 0.15 M Cu(I) solution with lower apparent Cp,Cu with a higher ACN content. 

As ACN is the ligand and solvent, the interactions between the Cu centre of the organic 

molecules are more responsive with thermal energy to increase temperature of the solution.    
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4.3. Thermodynamic efficiencies 

The efficiency of the heat-to-power conversion can be estimated based on the 

thermodynamic data obtained by the DSC analysis, as shown in equation 4.22-4.23. The factor 

2 in the denominator is required because the electrolytes from both sides of the battery need to 

be regenerated (cf Cu-RFB scheme in Chapter 2). Here, only evaporation of acetonitrile is 

considered, although some extra energy will be required to also evaporate some PC, as shown 

by the vapour-liquid equilibrium curves in Fig. 4.5c.  

 

𝜂 =
𝑊𝑒𝑙𝑒𝑐

2𝑄𝑡𝑜𝑡
=

𝑛𝐹𝐸𝑐𝑒𝑙𝑙𝑐[Cu(I)(ACN)4]+

2(𝑄𝑠𝑜𝑙 + 𝑄𝑣𝑎𝑝 + 𝑄𝑟𝑥𝑛)
                                                                                                          (4.22) 

𝜂 =
𝑛𝐹𝐸𝑐𝑒𝑙𝑙𝑐[Cu(I)(ACN)4]+

2(𝛥𝑇 ∗ 𝐶𝑝 ∗ 𝑐tot + 𝛥𝐻𝑣𝑎𝑝
ACN ∗ 𝑐ACN + 𝛥𝐻𝑟𝑥𝑛

𝐶𝑢(𝐼)
∗ 𝑐[Cu(I)(ACN)4]+)

                                                  (4.23) 

 

 

The table 4.2 shows the contribution of each term considering 0.3 M 

[Cu(CH3CN)4]BF4 solution in different solvents, considering a temperature difference from 70 

to 160 °C.  

Table 4.2. Estimation of the heat to power conversion according to Eq. 4.23 for a solution of 

[Cu(CH3CN)4]BF4 (0.3 M). 

 acetonitrile 

10%(V/V) 

acetonitrile 

30%(V/V) 

acetonitrile 

50%(V/V) 

acetonitrile 

70%(V/V) 

acetonitrile 

100%(V/V) 

Ecell / V 1.05 1.15 1.25 1.30 1.36 

Wclec / kJ L−1 30.4 33.3 36.2 37.6 39.4 

Qrxn(Cu(I)) / kJ L−1 32.0 32.0 32.0 32.0 32.0 

Qvap(CH3CN) / kJ 

L−1 
62.1 186.3 310.6 434.8 621.1 

Qsol / kJ L−1 201 202 198 194 191 

ηther. regen. / % 5.1 4.0 3.3 2.8 2.3 

 

 

The electrical output that can be extracted for the heat-regenerated electrolyte is higher 

for solution with higher acetonitrile content because of the higher electrochemical window of 

Cu+ (see Chapter 2). Regarding the energy input, which is needed to drive the thermal 

disproportionation of the Cu+, the heat of vaporization for acetonitrile, as well as the heat 

required to heat the solution to 160°C are the two most important factors. The heat required for 
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the vaporization of acetonitrile increases significantly for solutions containing higher 

acetonitrile concentration. Consequently, the energy conversion efficiency is better for 

solutions with low acetonitrile content even if the final cell voltage is smaller. 5.1% theoretical 

efficiency could be improved for example by increasing the concentration of copper electrolyte 

to 1.5 M, as shown in the calculations in Table 4.3. The apparent molar heat capacity of the 

electrolyte estimated from the data shown in Fig. 4.7a using Cp,Cu of 767 J·mol−1 K−1  is used to 

estimate Qsol. More accurate estimations would require measurements of the heat capacity of 

1.5 M copper solutions. This system would be able to obtain a theoretical efficiency of 13 %. 

The efficiencies for different temperature ranges (from low temperature until 80 °C as starting 

temperatures) are shown in Figure 4.8. 

Table 4.3. Estimation of the heat to power conversion according to Eq. 4.23 for a solution of 

[Cu(CH3CN)4]BF4 (1.5 M). 

 

 acetonitrile 

10%(V/V) 

acetonitrile 

30%(V/V) 

acetonitrile 

50%(V/V) 

acetonitrile 

70%(V/V) 

acetonitrile 

100%(V/V) 

Ecell / V 1.05 1.15 1.25 1.30 1.36 

Wclec / kJ L−1 152 166 181 188 197 

Qrxn(Cu(I)) / kJ L−1 160 160 160 160 160 

Qvap(CH3CN) / kJ 

L−1 
62.1 186 311 435 621 

Qsol / kJ L−1 349 403 454 457 514 

ηther. regen. / % 13.3 11.1 9.8 8.9 7.6 

 

The heat for the disproportionation (Qrxn(Cu+)) is approximated to be equal for all the 

solvent mixtures because the same concentration of Cu+ is considered (0.3 M or 1.5 M). 

For the heat capacities (Cp) of the different solutions, used to calculated the heat 

needed to warm the solution, the trend is to heat more for high propylene carbonate content to 

reach a given temperature (Fig. 4.7a). This can be explained by the thermal properties of 

propylene carbonate, which has to receive more thermal energy than acetonitrile to be heated. 

This behaviour explains why the energy to warm the solution is more important for the 

propylene carbonate rich solutions. However, another effect also influencing the Qsol value is 

the changing temperature of the ACN vaporization within the different mixtures with propylene 

carbonate. Acetonitrile is thermally stabilized in the liquid state by the presence of propylene 

carbonate. This trend can be observed in Fig. 4.5a-c. This effect on acetonitrile vaporization 
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leads to an increase of thermal energy for the heating of the solution before the acetonitrile 

vaporization and Cu+ disproportionation occur.   

 

 

Figure 4.8. Dependence of the efficiency versus the lower temperature for different volume ratios of 

CH3CN and PC, considering 1.5 M (a, b) and 0.3 M (c, d) Cu(I) salts. Efficiencies are shown on the left 

(a,c), while efficiencies in relation to the Carnot cycle efficiency are shown on the right (b, d). 

 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =
− 𝑊

𝑄
=   1 −

 𝑇𝑙

𝑇ℎ
                                                                                                             (4.24) 

 

With the thermodynamics properties of Cu-ACN-PC systems and the calculation of 

the efficiencies with different starting temperatures (Tl) for the thermal charge, a full description 

of the efficiencies expected from the heat-to-power Cu-RFB can be given in Figs. 4.8. 

Considering the Carnot efficiency in Eq. 4.24, the Cu-RFB efficiencies can be compared in Fig. 

4.8b-4.8d. These results confirm that the RFB final system is limited by classical 

thermodynamics according to the difference of temperatures required for the heat energy 
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transition during the charging step. However, efficiencies approaching the Carnot efficiencies 

can be obtained when using highly concentrated Cu-solutions with starting temperatures (Tl) of 

70 to 80 °C. 

Table 4.4. Estimation of the heat to power conversion according to Eq. 4.23 for a solution of 

[Cu(CH3CN)4]BF4 (0.3 or 1.5 M) and considering a possible disproportionation without ACN 

vaporization.  

 acetonitrile 

10%(V/V) 

acetonitrile 

30%(V/V) 

acetonitrile 

50%(V/V) 

acetonitrile 

70%(V/V) 

acetonitrile 

100%(V/V) 

ηther. regen. / % 

0.3 M Cu(I) 
6.5 7.1 7.9 8.3 8.8 

ηther. regen. / % 

1.5 M Cu(I) 
14.9 14.8 14.7 15.2 14.6 

 

As the ACN vaporization is one of the process, which is consuming the more energy 

during the thermal charge of the RFB, a system could be imagined to avoid the phase transition 

of ACN and consequently to reduce the heat uptake. However, if such a system is considered, 

an assumption needs to be done for the disproportionation of Cu(I): the reaction should be 

induced only by the high temperature at 160°C and not by the distillation (or removal) of ACN. 

With this hypothesis, Cu(II) and Cu could be produced in a ACN solution with Cu(I) at 160°C. 

For this decomposition reaction of Cu(I), the system has to be under high pressure to avoid the 

vaporization of ACN (Tb = 81°C at 1 atm). In Table 4.4, the final efficiencies of the pressurized 

process are given and all of them increase due to the absence of the heat for the ACN distillation. 

Obviously, the solutions containing more ACN have a better improvement of their efficiencies 

because now the ACN does not consume heat for the modification of its physical state.        
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5. Conclusion  

In this Chapter 4, the thermodynamics of the different endothermic steps during the 

thermal charge of the Cu-RFB are studied and quantified by the DSC technique. The enthalpy 

of vaporization of ACN and PC are calculated respectively as 32.4 and 54.0 kJ·mol–1. The 

enthalpy of the disproportion reaction induced by heat is determined as 106.8 kJ·mol–1. The 

evolution of the boiling temperature of ACN and PC according to their concentrations in the 

solvent composition allows representing the vapour-liquid equilibrium curves at constant 

pressure versus the temperature. For the heating of the solution without physical or chemical 

modification, the apparent specific thermal capacities of the Cu-ACN-PC mixtures are 

quantified by DSC with the direct method and this highlights the influence of the Cu+ and PC 

concentrations on the increase of the Cp. Relatively strong interactions between ACN and PC 

are characterised with a negative excess heat capacity Cp
E. 

The efficiencies of the thermal charge of the Cu-RFB followed by electrochemical 

discharge are described for different low temperatures and compared with the theoretical Carnot 

efficiency. The main limitations in the heat to power RFB are the concentration of the Cu+ 

complex, which increase the efficiencies for high values, and the amount of ACN in solution, 

which influence negatively the performance of the battery when large quantities need to be 

evaporated. The efficiency of the heat-to-power conversion could also be improved by utilizing 

a co-solvent with lower heat capacity than PC. 
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7. Annexes 

7.1. Onset temperature determination on ACN peak with DSC. 

  

 

7.2. Baseline, horizontal and tangential from left side on PC peak with DSC. 
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7.3. Baseline for integration on PC peak with DSC (line, spline, horizontal and tangential).  

 

 

straight line 

spline line 
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7.4. The direct method sequence with an isothermal step (at 25°C) followed by a 

dynamic temperature period with a heating rate of 5 °C·min−1. 

 

ACN 100 vol% 

horizontal line 

tangential line 
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ACN 100 vol%, Cu(I) 0.15 M 

ACN 50 vol% 

ACN 50 vol%, Cu(I) 0.15 M 
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ACN 50 vol%, Cu(I) 0.3 M 

ACN 30 vol% 

ACN 30 vol%, Cu(I) 0.15 M 
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ACN 30 vol%, Cu(I) 0.3 M 

ACN 10 vol% 

ACN 10 vol%, Cu(I) 0.15 M 
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ACN 10 vol%, Cu(I) 0.3 M 

PC 100 vol% 

PC 100 vol%, Cu(I) 0.3 M 
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Chapter V  

Development of the redox flow battery system 

 

 

 

 

1. Introduction 

 

In this Chapter V, the optimization of the redox flow battery system with Cu(I) 

electrolyte is presented. The transition from a simple H-cell to a flow cell configuration is 

described and a comparison between both battery designs is provided. The original flow cell is 

significantly modified to develop a lab-scale testing system specifically for the redox flow 

batteries with electrolyte composed of organic solvents. The different components of the 

electrochemical cells are examined to be able to resist to the chemical, physical and mechanical 

conditions encountered in the Cu-RFB at elevated operating temperatures.  

A specific attention is given to the choice of the membranes, which is one of the most 

important part inside the RFB; several types of membrane are tested to obtain the best idea of 

what criteria should be fulfilled by the separator for the Cu electrolyte. The importance of the 

negative electrode is also highlighted as the deposition/stripping process is one of the limiting 

factors of the battery. Cu plating and Cu slurry electrodes are investigated for the Cu(I)/Cu side 

for economical purposes or for the improvement of the efficiency, power output and thermal 

conversion.  
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2. Battery efficiency calculations 

The Coulombic efficiency is defined as the ratio of the charge, which is given by the battery 

during the discharge (Qdischarge), over the charge, which is accumulated during the previous charging 

process (Qcharge): 

𝜂𝑄 =
𝑄𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑄𝑐ℎ𝑎𝑟𝑔𝑒
                                                                                                                                                  (5.1) 

The energy efficiency is given by Equation 5.2 as the ratio between the charge (Icharge) and 

discharge (Idischarge) current. As the cell induced an Ohmic resistance, it is more useful to calculate the 

theoretical efficiency of a system with a minimal Ohmic drop. This allows a more accurate comparison 

of different systems. To be able to obtain this efficiency, the charge/discharge curves need to be 

corrected with Ohmic compensation. For that purpose, the resistance inside the cell is evaluated after 

each charging and discharging steps by chronopotentiometry. From these corrected potentials, the 

energy efficiency can be calculated with: 

𝜂𝐸 =
|𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 ∫ 𝐸 𝑑𝑡

𝑡𝑓

𝑡𝑠
|

|𝐼𝑐ℎ𝑎𝑟𝑔𝑒 ∫ 𝐸 𝑑𝑡
𝑡𝑠

𝑡0
|

                                                                                                                                (5.2) 

 

 

3. Materials and methods 

 

3.1. Chemicals 

 

All solvents and chemicals were used as received without further purification and were 

stored in a glove box under nitrogen. The solvents were acetonitrile (CH3CN, extra dry over 

molecular sieves, 99.9%, Acros) and propylene carbonate (C4H6O3, anhydrous, 99.7%, Sigma-

Aldrich). The supporting electrolytes were tetraethylammonuim tetrafluoroborate (TEABF4, 

99%, ABCR) or lithium hexafluorophosphate (LiPF6, Battery Grade, Fluorochem). 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate ([Cu(CH3CN)4]PF6, 98%, ABCR) was 

used as received as a redox active molecule in the RFB. The electroactive species 

tetrakis(acetonitrile)copper(I) tetrafluoroborate was either commercial, ([Cu(CH3CN)4]BF4, > 
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98%, TCi), or prepared by comproportionation reactions. The reducing ability of metallic Cu 

on Cu2+ has been known since 1923, when Morgan used this method for the preparation of 

cuprous chloride or bromide-mono(acetonitrile) complexes1. Therefore the synthesis of Cu+ can 

be easily made in acetonitrile by comproportionation 2–4. For this synthesis of 

[Cu(CH3CN)4]BF4, copper(II) tetrafluoroborate hydrate (Cu(BF4)2·xH2O, Sigma-Aldrich), 

acetonitrile (Merck) and copper wire (dia. 1 mm, ≥ 99.99%, GoodFellow) were of analytical 

grade and were used as received. The comproportionation reaction occurs in a Schlenk line with 

nitrogen. The Cu+ complex with acetonitrile is dried overnight under vacuum and stored in a 

nitrogen-filled glove box.  

Regarding the Cu particles synthesis by the cathodic corrosion method, the Cu wires 

(dia. 0.2mm and 1 mm, purity 99.9%, Advent) were placed in the aqueous bath (MilliQ water, 

18.2 MΩ cm) of PVP (polyvinylpyrrolidone, MW ≈ 10’000, Sigma-Aldrich) and sulphuric acid 

(H2SO4, 95-97% for analysis, Merk).  

 

3.2. RFB components 

 

Two different set-ups are assembled to test the charge-discharge cycling of the battery. 

Both cells were filled with a acetonitrile-propylene carbonate solution containing 0.15-0.3 M 

TEABF4 and 0.15-0.3 M [Cu(CH3CN)4]BF4. Here, TEABF4 was utilized to improve the 

conductivity of the electrolytes. The anion-exchange membrane (FAB-PK-130, Fumatech) is 

either directly included under its dry state or soaked in acetonitrile with 0.15 M TEABF4 during 

24 hours before utilization. All gaskets, seals and tubing need to be chemically resistant to 

acetonitrile. H-cell type redox flow battery is constructed utilizing two jacketed half-cells of 

3.4 mL (PermeGear Horizontal Cell from SES GmgH). The cell is filled up inside the glovebox 

to avoid the presence of oxygen and water. For the negative side, a copper wire is used as an 

electrode and a platinum wire was used for the positive side. The area available for the ionic 

transport is 1.13 cm2 with an opening diameter of 12 mm. For the other flow cell, the usual 

stack is constructed with the membrane, current collectors and carbon-felt electrodes 

((compressible with thickness 3.2 or 6.5 mm, C content ≥ 95 %, FuelCellStore) or Cu foam 

(thickness 6.35 mm, 99.9%, GoodFellow) electrodes (8 or 10 cm2) from a hardware cell from 

Fuel Cell Technologies, Inc. The calculations of the Coulombic and energy efficiencies are 
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illustrated in the section 2. Electrochemical impedance spectroscopy was utilized to evaluate 

the ohmic resistance of the cell. The anions exchange membranes are either directly included 

under its dry state or soaked in acetonitrile with 0.15 M TEABF4 during 24 hours before 

utilisation. All gaskets (24SH-ePTFE gasket sheets, 1mm, from TEADIT), seals and tubing 

(Masterflex Solve-Flex, from Cole-Parmer) need to be chemically resistant to acetonitrile. 

 

3.3. XPS, XRD and SEM 

 

X-ray diffraction (XRD) data were collected in Bragg Brentano geometry on a D8 

Bruker Discover diffractometer equipped with a non-monochromated Cu-source and a 

LynxEye XE detector. Rietveld refinement was done with Topas.5 The instrumental resolution 

was collected on the SRM1976b standard, the data of which were profile-fitted to obtain the 

empirical resolution function, which was then used to obtain domain sizes from integral 

breadths on sample data.  

The images are recorded with a scanning electron microscope (SEM). The SEM is a 

Teneo SEM (FEI, USA) equipped with a Schottky field emission gun. Secondary electron 

detection was achieved with an Everhart-Thornley detector and an in-lens detector. For 

composition characterisation, X-rays are detected by energy-dispersive X-ray spectroscopy 

(EDX) (XFlash Silicon drift detector) inside the SEM.  

The XPS measurements are carried out on a VersaProbe II (Physical Electronics 

Inc) using the monochromated K X-ray line of an aluminium anode. The pass energy is set to 

46.95 eV with a step size of 0.2 eV. The samples are electrically isolated from the sample holder 

and charges are compensated. The spectra are referenced at 284.8 eV using the C-C bound 

component of the C1s transition. 
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4. Hardware and current collectors 

 

At the beginning of the Cu battery project, the first cyclings were applied with a 

potentiostat during the charge and the electrical output was recorded during the discharge. At 

that time, no consideration was given to try an electrical discharge from the thermally 

regenerated Cu-Cu(II) solution. The primary goal was to confirm that the electrolyte based on 

Cu(I) in ACN and PC can be utilised as a simple redox system for energy storage. For that 

purpose, a rather basic H-cell set-up was built with an anionic membrane between two half-

cells. The glassware set-up can be observed in Fig. 5.1.   

 

 

Figure 5.1. a) Picture of the Cu cell with glassware for the two half cells. On the left, RVC electrode 

for the Cu(II)/Cu(I) couple and, on the right, Cu wire electrode for the Cu deposition and stripping. 

Both sides are separated by an anionic membrane, FAB-PK-130. b) The positive side colour transition 

with water diffusion. c) Cu particles at the bottom of the positive side after several cycles of copper 

deposition and stripping on the Cu wire . 

 

 

a) 

b) c) 
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In Fig. 5.1, the miniaturized cell is used to record the voltage between the anode and 

cathode with time and according to the applied current. A set of data are shown here in Fig. 5.2 

and confirms the ability to build potential with Cu(I) electrolyte by applying a current between 

both electrodes. From the potential curves in Fig. 5.2a, a large difference of voltage is observed 

between the charge and the discharge. This effect is mainly assigned to the long distance 

between both electrodes in this cell configuration, resulting in a cell resistance of around 40-48 

Ω. In Fig. 5.2a, the iR compensation is not applied to highlight the increasing difference of the 

voltage between the charge and discharge curves with increasing currents. With decreasing 

charge-discharge current density, the gap of potential is reduced as expected from the Ohm’s 

law. According to Fig. 5.2, the H-cell configuration is limited to low current densities. However, 

the efficiencies obtained with the iR-corrected potential curves allows predicting a better 

behaviour if the set-up is improved to minimize the internal resistance. Regarding the energy 

efficiency between 40 and 60%, the current density plays an important role, even if the iR-

compensation is applied, and with lower current, a lower voltage difference is observed between 

the charging and discharging plateau. Likewise, low current densities allow reaching higher 

capacities of the cell both during the charging and discharging steps.  

 

          

Figure 5.2. H-cell experiment with non-corrected charge/discharge curves at 1.5, 1.0 and 0.5 mA·cm−2. 

The electrolyte is made with [Cu(CH3CN)4]BF4 (0.15 mM) and 0.15 M (TEABF4) in acetonitrile-

propylene carbonate solvent (90 vol% of propylene carbonate). a) This graph shows the recorded voltage 

during the 10 cycles for the different current densities applied. b) The Coulombic and energy efficiencies 

for each cycles, the energy efficiency is calculated with iR corrected curves. In blue, the normalized 

capacity of the charges and discharges are indicated.  

 

 

b) a) 
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The Coulombic efficiency is more or less stable at the beginning for 1.5 and 1.0 

mA·cm−2 and stays in the interval 80-90%. Although the charges and discharges reach higher 

capacities at 0.5 mA·cm−2, smaller ratios of the charged capacities can be recovered back and 

lower Coulombic efficiencies are obtained for the last cycles. Two key observations could 

explain this lowering of the discharge capacity during the last cycles. In Fig. 5.1a, a solution 

colour transition from green to blue is detected by eye in the positive half-cell and is assigned 

to the slow diffusion of water and oxygen from the surrounding atmosphere into the electrolyte. 

This water intake makes the oxidation of Cu+ to Cu2+ more irreversible and stabilizes some Cu 

ion in the 2+ oxidation state. However, the ACN content is large enough to ensure a certain 

reversibility of the Cu(II)/Cu(I) couple. Furthermore, if the water concentration is significantly 

influencing the electrochemistry of the cell, a shift to lower voltage should be detected for the 

cell voltage and no such effect is clearly observed. In parallel to the water diffusion, oxygen 

can also pass through the gaskets and sealing to induce the formation of Cu oxides. 

Furthermore, significant changes in the shape of the Cu electrode occur during the cycling. 

With this cell design, the Cu nucleation on the Cu wire is growing in a preferential orientation 

to the direction of the membrane in a way to minimize the distance/resistance between the two 

electrodes. This non-homogenous plating on the Cu wire surface is expected, but has the 

disadvantage that some of the Cu nodules can break off during discharge, leading to irreversible 

losses of metallic Cu. In Fig. 5.1c, Cu particles detached from the electrode are visible in the 

bottom of the cell after cycling of the battery, with no possibility to be oxidized back to Cu(I).       

To improve the cycling performance of the battery, a redox flow architecture is adapted 

for the single cell. Compared to the previous system, this set-up allows the control of the 

distance between the electrodes and to reduce significantly the cell resistance to few ohms (1-

3 Ω). Consequently, higher current densities can be utilized and higher normalized capacities 

are obtained with the flow of electrolyte induced by the pumps through the porous electrodes. 

The high active surface area of the C-felt and Cu foam electrodes coupled with the flow of the 

solutions allows cycling the battery to reach any targeted state of charge (SOC). Furthermore, 

the usual advantages of the RFB are accessible (decoupling power production and capacity), 

and especially the flexibility of this system design that can be applied to build a cell capable to 

use the Cu electrochemistry in organic solvents. 

Starting from the commercial fuel cell from Fuel Cell Technologies, several 

modifications have to be done to allow testing of the Cu chemistry in non-aqueous solvents. 

The schematic representation optimized system is shown in Fig. 5.3 with the different parts of 
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the set-up. A particular focus is on the current collector, which is the most deeply modified 

component among the hardware.   

 

  

Figure 5.3. Illustration of the flow cell hardware with 1) the external parts for compression of the 

different pieces 2) gaskets for sealing, 3) current collectors 4) gaskets for sealing and separation of the 

positive and negative side, 5) ion selective or porous membrane as a separator. On the right, a scheme 

of the current collector design.  

 

The end plates used to compress and maintain the structure of the RFB are made of 

stainless steel to distribute the mechanical force applied when screwing the cell. As stainless 

steel can conduct electricity, these pieces of the cell are isolated from the current collectors and 

electrodes with a gasket made of PTFE (polytetrafluoroethylene). The current collectors are 

made of titanium to be chemically resistant to the electrolytes, with a chamber for the insertion 

of the porous electrode. The original material of the current collector was based on carbon 

material; however, degradation of the carbon support was noticed with the ACN and PC 

solvents. It is known that PC is reactive with graphite inside Li battery and the degradation of 

PC and graphite can occur.6–9 Consequently, titanium is chosen for the current collector for its 

chemical resistivity, but also to facilitate the mechanical cleaning of a more robust current 

collector (for example with sandblasting). The design of the current collector is made to have 

the flow of electrolyte coming directly through it without crossing any other components of the 

cell. The initial flow of the liquid inside the cell was constructed with tubing going through 

both external parts and current collectors. In a way to avoid possible leakages, the tubing are 

directly connected to the current collector to wet the electrode in the defined chamber. The 

separation and electrical isolation between the current collectors is ensured by the ionic 

membrane and expanded PTFE gasket (24SH-ePTFE gasket sheets, 1 mm, from TEADIT).  

b) a) 
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In Fig. 5.4b and 5.5, the full RFB is represented with the connections between the 

electrolyte tanks and cell, and pumping by the peristaltic pumps. The tubing (Masterflex Solve-

Flex, from Cole-Parmer), gaskets and connectors for the tubing that are in contact with the 

electrolyte need to be chemically resistant to the solution, particularly to the ACN. From 

different chemical resistance tables for ACN, fluoropolymers and olefin polymers are the most 

suitable choice for the material of the plastic parts of the battery.10–12 Three main types of 

polymers are used in the final set-up: PTFE, PE (polyethylene) and EPDM (ethylene propylene 

diene monomer). Conversely, PS (polystyrene), PSF (polysulfone), PC (polycarbonate) and 

silicone need to be avoided for the Cu-ACN-PC system. 

In Fig. 5.5a, The Ti current collectors are presented with their respective electrode: Cu 

foam for the side of the copper deposition and C-felt for the Cu(I) oxidation during the charge 

(Fig. 5.4a). The single cell is shown when compressed by the endplates in Fig. 5.5b. 

Additionally, the temperature of the cell can be managed with cartridge heaters, which are 

implemented in each side of the end plate and controlled by a PID controller that records the 

temperature in the endplates with a thermocouple.   

 

 

  

 

Figure 5.4. a) Scheme of the Cu-RFB during the electrical charging process, b) the real Cu-RFB system 

in the controlled inert atmosphere of a glovebox: two peristaltic pumps, cell and electrolyte tanks.  

 

 

b) a) 
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Figure 5.5. a) The Ti negative current collector with metallic Cu foam electrode and the Ti positive 

current collector with the C-felt electrode have been designed especially for the testing of the Cu-RFB. 

b) The compressed electrochemical cell is used for the flow experiment with an anionic membrane 

between the two electrodes. c) The complete set-up includes peristaltic pumps for the flowing of the 

electrolyte, typical flow rate are between 40-45 mL·min−1. Tubing, O-ring and gaskets are made from 

polymers that can resist chemically to the organic solvent of the electrolyte like EPDM or expanded 

PTFE (Masterflex Solve-Flex from Cole-Parmer and 24SH-ePTFE gasket sheets from TEADIT). d) 

Connection between the (−) and (+) tank with a bridge of electrolyte.  

 

 

a) b) 

a) d) c) 
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5. Membranes 

 

The membranes are one of the most important layer in the assembly of the flow cell 

and are categorised here by their thickness, porosity, ion selectivity and composition. An 

effective membrane should satisfy two major criteria. First, it should play the role of a separator 

between the (–) and (+) side to avoid any short circuit. If both electrodes are connected by direct 

contact, no charge can be store in the system and no accumulation of Cu and Cu(II) is possible. 

Furtermore, any short circuit would create hot points and represent a safety hazard. Thus, the 

membrane should isolate both sides of the battery. However in the same time, it should also act 

as a salt bridge and should allow equilibrating the charges between the – and + side during the 

charge/discharge steps. Secondly, it should minimize the cross-over of Cu2+ into the negative 

side, as this reaction leads to self-discharge of the battery. In consequence, the membranes 

separate physically the electrodes and are permeable to ions to compensate the electron 

migration from one side of the cell to the other (Fig. 5.4a).13  

 

5.1. Porous membranes 

The tested membranes are listed in Tables 5.1 and 5.2 with their main characteristics 

and suitability for the Cu-ACN-PC system. In the optimized single flow cell, the main 

contribution to the cell resistance is assigned to the membrane between the positive and negative 

side. Among all the porous membranes listed in Table 5.1, almost none of them are satisfactory 

for the Cu RFB, if they are simply used as received. The nice advantage with these types of 

membranes could have been to reduce the price of the separator comparing to the ion selective 

ones14,15 and to decrease the resistance of the cell for this non-aqueous RFB. However, the 

porosity and pore sizes in these membranes is too high, allowing uncontrolled and undesired 

crossover of Cu ions and fast self-dicharge.  

An attempt to modify the porosity of the separator is done by deposition of PVC 

polymer on the PTFE filter membrane (Omnipore membrane filter from Millipore, Merck). 

With this technique, a layer of PVC is doctor bladed from a solution of 50 mg/mL in THF 

(tetrahydrofuran) on the PTFE support. The membrane is dried overnight at ambient 
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temperature and inserted in the RFB without pre-treatment. In Fig. 5.6a, two charge/discharge 

steps are shown for the Cu-RFB with this PVC-PTFE membrane. iR-corrected data is shown 

because the resistance between the cycles decreases significantly from 6.6 to 3.0 Ω. After these 

two cycles, no charge storage is possible and the resistance is even lower, corresponding to 

those of the bare PTFE filter (Table 5.1). The reason of the resistance diminution is assigned to 

the dissolution of the PVC layer by ACN and consequently, by the recovery of the initial pore 

size of the PTFE filter, leading to the crossover of Cu ion through the membrane and preventing 

the efficient changing of the cell. This effect is also visible between both charge/discharge 

operations with the decrease of the capacity that is recovered during the discharge (Fig.5.6a). 

The Coulombic efficiency is significantly lowered with the higher cross-over of Cu ions. 

However, the energy efficiency with no iR-compensation is better for the second cycle with 

weak capacity because the resistance of the modified separator has a better ionic conductivity. 

Even if the chosen treatment is not chemically stable and does not allow long-term battery 

cycling, it gives an indication that it should be possible to produce a membrane for organic RFB 

with a rather simple procedure. To improve the performance of the porous membrane, the 

deposition technique and the pore-filling polymer have to be developed further. Better control 

of the pore size, thickness of the additional layer and resistance of the final membrane could be 

obtained with an ink-jet printing method if an ink can be formulated.16,17 For the chemicals, 

PVA (poly(vinyl alcohol)), PE, PP (polypropylene) or fluoropolymers should be targeted for 

more stability with ACN. Another possibility could be to transform the PTFE support into an 

ion selective membrane by filling the pores with ion exchange resins and a crosslinkers.18–20 
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Figure 5.6. Cu-RFB with [Cu(CH3CN)4]BF4 (0.15 mM) and 0.3 M (TEABF4) in acetonitrile-propylene 

carbonate solvent (50 vol% of propylene carbonate). a) iR-corrected potential curves for i = 10 mA·cm−2 

with modified Omnipore filter, b) potential curves without iR-correction at i = 20 and 10 mA·cm−2 with 

Zirfon membrane. c) Efficiencies and normalized capacities for the RFB with Zirfon membrane. 

 

Another type of porous membranes has a potential applicability for the Cu-RFB: the 

Zirfon Perl membrane (from Agfa) that is composed of a PSU type (polysulfone) organic mesh 

with an inorganic coating of zinc oxide and ZrO2. These membranes are typically applied as 

separators for the alkaline water electrolysis.21–23 With this membrane, few cycles are possible 

and are presented in Fig. 5.6b with no iR-correction to show the nice behaviour of the membrane 

regarding the resistance of the system (1.3-1.8 Ω). Two different current densities are used to 

perform the cycling; a clear difference is observable with a faster charge and a larger potential 

gap between charge and discharge curve for the high current density. Following the Ohm’s law, 

the loss of potential during high current discharge implies losses for the energy efficiencies and 

should result in lower energy efficiencies. However, the energy efficiencies are quite 

comparable at 10 and 20 mA·cm−2 because the loss of capacity of the RFB is more significant 

when lower current is applied (Fig. 5.6c). The low Coulombic efficiency observed at 10 

b) 

a) 

c) 
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mA·cm−2 is attributed to the crossover of Cu ions, which have more time to diffuse through the 

membrane during the longer cycling process with a smaller electric current. These losses also 

affect the capacity. 

Even if the cycling of the Cu-RFB is acceptable with the Zirfon membrane, the 

stability of the membrane is again an issue and does not allow long-term cycling of the Cu 

system. The last noisy charging step in Fig. 5.6b is showing the difficulty to accumulate Cu and 

Cu(II) on each side of the cell. After this process, the RFB was not able to charge the electrolyte 

anymore. To prevent the diffusion of Cu species, a Cu-RFB with two layers of Zirfon was 

tested. The disadvantage of adding more layers is the increased resistance of the whole cell. 

Indeed, it will be more difficult to cross the physical barrier also for the supporting electrolyte. 

By impedance spectroscopy and chrono-potentiometry, the resistance of the cell was 

approximated around 1.0-1.7 Ω for one layer of the Zirfon membrane. For the doubled one, this 

resistance is around 2.0-4.0 Ω. The typical resistances during the cycling are 3.5 to 3.9 Ω, 

resulting in ca. 0.3 V of iR losses for 10 mA·cm−2, which is already larger than what was 

obtained with anionic membranes (see below). Nevertheless, this time, the cycling of the RFB 

can be done for a long time with a porous membrane (Fig. 5.7). 

From the different cycling tests, the set-up with two membranes looks quiet promising 

because around 50 cycles are characterized with two different current densities (5 and 10 

mA·cm−2). With 20 mA·cm−2, the voltage difference between the charge and discharge was too 

large to be considered as a good cycling. In Fig. 5.7a, the 10 first cycles at 5 mA·cm−2 (Fig. 

5.7b) exhibit high Coulombic and energy efficiencies when the iR drop is corrected (CE = 94-

96 % and EE = 81-84 %). The solvent crossover can already be observed and is relatively 

important already after the ninth cycle with a normalized discharge capacity decreasing from 

90% to 65%. By balancing the volume of the tanks, the capacity of the RFB can be recovered 

easily as it is shown in the 10th cycle in Fig. 5.7a-b. This possibility to access again to a high 

state of charge (SOC) after the rebalancing is a good sign regarding the Cu migration through 

the membrane, because if the SOC close to 100% can be reached, no relevant loss of Cu is 

present. In the case of the doubled Zirfon membrane, the crossover is different than for the other 

porous membrane that are not able to store chemical energy (permeable to Cu ions) and arises 

for the slower diffusion of the ACN with multiple cycles. The volume imbalance is happening 

in the opposite way as with anionic membrane and the volume of the (–) tank is larger after 

charging than the positive one.  
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With higher current (10 mA·cm−2), the energy efficiency is lower than before (EE = 

70-75) which is expected with a larger gap of voltage for the charge/discharges curves (Fig. 

5.7c). However, the iR compensation keeps the EE in a good range for the Cu RFB. The SOC 

is a bit lower than expected probably due to an imprecise balancing of the volume of the tanks 

after the previous measurements. In Fig. 5.7c, the capacity decreased down to 45% of the 

maximal capacity of the cell after the 38th cycle. 

For the last 13 cycles, a bridge between the two tanks is implemented to decrease the 

solvent crossover through the membrane and to have a better equilibrium of the osmotic 

pressure (image of the set-up with connection between in Fig. 5.5d). A specific attention needs 

to be taken when the bridge is filled with the electrolyte and gas bubbles that will insulate the 

system have to be avoided. In Fig. 5.7d, the bridge between the two sides of cell tanks works. 

The capacity is more stable than before and less charge is lost because of the crossover with 

time. Here the real capacity is higher than before, because the volume of electrolyte had to be 

increased to make a good bridge. Several observations indicates that the connection worked: 

 Capacity stability, 

 Resistance of the cell is lowered due to the contact between the two sides 

(R = 3.2-3.5 Ω with the tank connection), 

 Charging steps are noisy probably because a gradient of concentration 

needs to be built through the junction, 

 Coulombic efficiency is smaller than before because some Cu ions can 

flow through the bridge between the tanks.  
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Figure 5.7. Cu RFB with 0.15 M [Cu(ACN)4]BF4 and 0.3 M supporting electrolyte (TEABF4). 

Membrane is composed of two Zirfon Perl layers (Agfa). a) Efficiencies and normalized capacities for 

the RFB. b) First 10 cycles (iR corrected curves) with manual balance of the tanks volume for the last 

charge, at constant current, i = ±40 mA (5 mA·cm−2). c) 20 cycles (16th-48th) (iR corrected curves) at 

constant current, i = ±80 mA (10 mA·cm−2). d) Last 13 cycles (iR corrected curves) at constant current, 

i = ±40 mA (5 mA·cm−2), with connection between + and – tank to decrease the losses of capacity.  

 

 

 

 

i = 5 mA cm−2 

i = 10 mA cm−2 i = 5 mA cm−2 

Bridge for rebalancing 

Manual rebalancing 

Capacity loss  

Capacity loss  

a) b) 

c) d) 
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Table 5.1. Porous membranes tested for Cu-RFB. Information for the porosity, material and thickness are taken from the supplier product description.  

 

Table 5.2. Ion selective membranes tested for Cu-RFB. Information for the type, material and thickness are taken from the supplier product description.  

Name Material 
Pore diam./ 

nm 

Porosity /  

% 

Thickness/ 

μm 

Cell R/ 

Ω 

Suitable for  

Cu-RFB 
Remarks 

Celgard 2400 PP monolayer 43 41 25 0.4-0.8 NO porosity too high 

Celgard 2500 PP monolayer 64 55 25 0.4-0.8 NO porosity  too  high 

Celgard 3401 PP + surfactant coated 43 41 25 0.4-0.8 NO porosity  too  high 

Celgard 3501 PP + surfactant coated 64 55 25 0.4-0.8 NO porosity too  high 

Zirfon Perl (Agfa) PSU + coating (ZrO2 +polymers) 150 23 55 500 1.0-1.8 YES up to 130°C, only few cycles possible 

Zirfon Perl 2 layers PSU + coating (ZrO2 +polymers) - 55 1000 3.0-4.0 YES up to 130°C 

Omnipore 

membrane filter 
PTFE (Merck Millipore) 100 - 30-85 0.2-0.8 NO up to 130°C 

modified Omnipore 

filter 
PTFE + PVC  <100 - <500 1.2-35 

More tests 

needed 
deposition technique with more control 

Membrane Type Material 
Thickness/ 

μm 

Cell R/ 

Ω 

Suitable for 

Cu-RFB 
Remarks 

FAB-PK-130 (Fumatech) anionic polymer + PEEK reinforced 110-130 2.0-3.0 YES not produced any more by supplier 

FAA-PK-130 (Fumatech) anionic polymer + PEEK reinforced 110-130 2.0-3.0 YES seems more sensitive to elevated temperatures 

FAPQ-3100-PF (Fumatech) anionic polymer + PTFE reinforced 90-110 2.0-3.0 YES  

FAP-330-PE (Fumatech) anionic polymer + PE reinforced 24-32 1.0-1.7 YES  

VANADion 20 (Ion Power) cationic Nafion 225-275 0.5-1.0 NO permeable to Cu ions 
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5.2. Ion-selective membranes 

In Table 5.2, all the tested anionic membranes are shown to be suitable for the Cu-

RFB in organic solvents. Theses separators need to be reinforced with a polymer, which can 

resist chemically to ACN. For the long-term cycling procedure (Fig. 5.8), the Cu RFB is built 

with the FAP-330-PE anionic membrane reinforced with PE, due to its availability, resistance 

to temperature and slightly lower cell resistance with its thinner thickness. The cationic 

perfluorosulfonic Nafion type membranes are not appropriate for the Cu electrolyte containing 

no proton in solution. If an aqueous and acidic environment is wetting the cationic membrane, 

the proton hopping is driving the diffusion from one sulfonated group to the other.24–30 

However, in the organic environment of the ACN-PC system, the separator is not specific 

enough to the cation of the supporting electrolyte and Cu cations can freely diffuse in both tanks 

of the RFB. 

 

 
 

Figure 5.8. Cu RFB with 0.15 M [Cu(ACN)4]BF4 and 0.3 M supporting electrolyte (TEABF4) with 

FAP-330-PE anionic membrane and connection between tank, i = ±80 mA (10 mA·cm−2). a) Efficiencies 

and normalized capacities for the RFB. b) Charge/discharge cycles (iR corrected curves) with targeted 

SOC of 80-85%. c) Charge/discharge cycles (iR corrected curves) with targeted SOC of 90-95%. 

c) b) 

a) 

i = 10 mA cm−2 
i = 10 mA cm−2 
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The test for long-term cycling process of the Cu RFB is done with the optimized set-

up and the FAP-330-PE anionic membrane. The charging process is applied electrochemically 

at a constant current (10 mA·cm−2) with two different SOC of 80-85% for the first 80 cycles 

(Fig. 5.8b) and 90-95% for the last ones (Fig. 5.8c). In Fig. 5.8a, the stability of the cell 

efficiencies and capacities is reached by the addition of the connection between both tanks. The 

energy efficiency is stable during the 200 iR-corrected cycles with an averaged value of 68%. 

No specific modification of the resistance is noticed during the long-term test of the cell within 

the interval of 1.2-1.7 Ω. After the 26th discharge, the coulombic efficiency is slightly improved 

because the bridge for the equilibration of the ACN migration is purged due to the presence of 

interfering bubbles in the tubing. Regarding the SOC, the capacity of the cell is increased by 

targeting a higher cut-off voltage before the switch from the charge to the discharge step. This 

effect is visible in Fig. 5.8a after 80 cycles when the SOC is around 90% with an increase of 

the cut-off potential of 0.1 V. 

After the 200 cycles, the C-felt electrode and Ti current collector at the positive side 

of the cell seems to not have suffered any damages. Oppositely, a strong modification of the 

shape and morphology of the Cu foam electrode is observed. The Cu negative electrode lost 

19% of its initial weight after more than 200 cycles (Fig. 5.9). The part of the electrode which 

is the most damaged is in the middle of the side next to the membrane where the distance 

between the two electrodes is the smallest (Fig. 5.9a-b). The repetition of the deposition and 

stripping on the negative side during the charge and discharge, promotes the degradation of Cu 

structure and the irreversible detachment of Cu particles (Fig. 5.9a-b). Comparing to the initial 

treated Cu area (Fig. 5.9d), the surface is either relatively homogenous with the 

stripping/deposition on the whole surface (Fig. 5.9e), or the nucleation takes place on a specific 

place of the electrode surface (Fig. 5.9f). Consequently, as the Cu is growing on a defined area, 

Cu crystallites are formed on the surface of the copper in a specific direction (Fig. 5.9f). With 

the flow of electrolyte and the stripping to recover the Cu(I), the crystallites can break and an 

irreversible loss of material appears with some detached Cu particles in the negative tank. 

Another side effect of the orientated Cu crystal growth is the possibility to connect the negative 

side with the positive side, leading to a short circuit where no charge can be accumulated and 

only a current is flowing is the system. 
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Figure 5.9. Images of the negative Cu foam electrode after 200 cycles. a) Directly after the disassembly 

of the cell in the Ti current collector. b) Degradation particularly in the middle of the electrode. c) Laser 

microscopy image of the raw Cu foam surface. d) Laser microscopy image of the pre-treated Cu foam 

surface with sandblasting technique to remove the oxide layer. e) Laser microscopy image of the Cu 

foam surface after 200 cycles in the centre of the electrode and f) on the side of the electrode with 

preferential nucleation direction. 

 

 

a) b) 

c) d) 

e) f) 
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6. Negative side  

 

From the different Cu RFB tests, the key element of the cell is the Cu(I)/Cu side. The 

deposition/stripping reaction is the electrochemical process, which limits kinetically the 

charging process with the standard heterogeneous rate constant of 0.05·10−5 cm·s−1 vs. 6.4·10−5 

cm·s−1 for the Cu(I) oxidation. Furthermore, the constant degradation of the porous Cu 

electrode is an issue for the cost and stability of the battery cycling. The ideal component for 

the negative electrode of the battery seems obviously to be metallic Cu for a fast and 

instantaneous deposition from the Cu(I) solution as developed in Chapter III. Here, two 

alternatives for mitigation of the corrosion of the negative electrode are proposed: a porous 

reticulated vitreous carbon (RVC) electrode with a Cu plated layer and a Cu slurry electrode.  

 

6.1. Cu plated RVC electrode 

 

The electrochemical deposition of Cu on a conductive surface by the reduction of a Cu 

salt is commonly done in acidic aqueous solution. The bath, which is used for the plating of the 

RVC network, is composed of sulphuric acid (H2SO4, 2.2 mol·dm−3), copper sulphate (CuSO4, 

0.3 mol·dm−3), sodium chloride (NaCl, 1.4 mmol·dm−3), polyethylene glycol (PEG, 1.0 g·dm−3) 

and a sulfonated thio-compound (NaSCH2CH2CH2SO3H, 3.8·10−6 mol·dm−3). This bath 

formulation was previously described by E. Thompson and M. Goodenough et al.31–35 CuSO4 

is the source of Cu(II) cations that will be reduced to metallic Cu on the C support; the acidic 

conditions with H2SO4 should prevent the presence of too much Cu oxides on the deposited 

surface and plays the role of the conductive supporting electrolyte.  

In Fig. 5.10a-b, the deposition/stripping of Cu(II)/Cu is characterized 

electrochemically by a three electrode set-up with the RVC support as WE and a self-made RE 

(Cu wire, CuSO4 (0.3 mol·dm−3) NaCl (1.4 mmol·dm−3) and H2SO4 (2.2 mol·dm−3)). During 

the deposition process, if a homogenous deposition of the Cu on the WE is needed, the CE 

electrode has to surround the WE to avoid a preferential direction and a specific area of the Cu 

growth. The CE is made of a bended Cu plate in cylindrical shape (height = 3 cm and diameter 

= 4 cm) and is immersed in the bath around the WE and RE. The hysteresis of the deposition 
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current curve starting at 0.01 V (vs. Cu(II)/Cu) is a characteristic of the Cu(II) reduction with 

Cl− in the electrolyte (Fig. 5.10a). Cl− can also form Cu(I) complexes and, when Cl− is added 

alone to the acidic Cu(II) bath, the deposition of Cu is promoted.36 However, Cl− and PEG 

together in solution are two additives that are known to inhibit the Cu deposition on a 

conductive surface with the formation of an adsorbed layer on the electrode.31,35,37,38 The 

advantage to add both PEG and chloride is to obtain a uniform deposition of the Cu layer, 

avoiding dendrites or other 3D structures formation. 

 

Figure 5.10. a) CV for the deposition/stripping on the RVC WE with the bath without and with the thio 

sulfonated additives. b) Chronopotentiometry for the Cu deposition during 3 hours with the same baths.  

 

In the complete electroplating bath, the 3-mercaptopropylsulphoinc acid reacts with 

Cu(II) and oxygen in solution to form, respectively a Cu(I) complex with the thiolate compound 

(Cu(I) SCH2CH2CH2SO3H) and (SCH2CH2CH2SO3H)2.
32 The thiolate molecule is considered 

as a brightener because the stabilization of the Cu(I) thiolate complex is important intermediate 

for the good aspect of the plating.33 In Fig. 5.10b, three steps can be observed during the 

deposition of copper at constant current. The deposition of the first layer of Cu occurs almost 

directly when the current is applied.39,40 Thus, after few seconds, the overpotential decreases 

rapidly because the plating of Cu on itself is facilitated compared on RVC. For the full bath 

with the thiolate brightener, a constant plateau for the overpotential is reached during the 

continuous plating of Cu. Regarding the bath without this additive, the plateau for the deposition 

at constant overpotential happens later (Fig. 5.10b). After the deposition of the first layer, 

additional negative overvoltage is required to maintain the Cu plating at the same current. This 

probably highlights the difficulty to nucleate some specific areas of the WE, which need higher 

a) b) 
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potential to be plated. Even if specific functions and chemistry are given for the different 

additives, it is strongly believed that they interact all together in a way to optimise the levelling 

effect for a homogenous initial Cu plating of the RVC followed by constant growth of the layer. 

Different SEM images are recorded for the plating of Cu on RVC with various bath 

formulations and secondary electron detection is applied for the visualization of the topography 

of the deposition (Fig. 5.11). The Fig. 5.11a-b with only CuSO4 and sulfuric acid as a bath show 

a non-uniform plating with preferential nucleation sites and orientation. In Fig 5.11b, small 

nucleation sites are visible with a size around 100-300 nm. Addition of PEG alone still produces 

some dendrites on some edge of the electrode (Fig. 5.11c); however, the plating in the centre 

of the RVC WE is slightly smoother (Fig. 5.11d). When PEG and NaCl are included in the 

electroplating bath, crystallites with a preferential orientation are detected instead of dendrites 

and the Cu layer is more homogenous (Fig. 5.11e-f). The levelling effect with the film formation 

of the PEG + NaCl can be observed in these two images. The final deposition with all additives 

is shown in Fig. 5.11g-h and shows no preferential nucleation orientation even on the edge of 

the RVC structure (Fig. 5.11g). Furthermore, no nucleation sites are detected in Fig. 5.11h 

compared to the simple acidic Cu(II) bath. 

The RVC structure with an electrodeposition treatment for the addition of a Cu layer 

is used as the negative electrode in the Cu RFB (Fig. 5.12b). The efficiencies and stability of 

the RFB with these types of electrode have lower performance than the optimized cell design 

with the Cu foam electrode. In Fig 5.12a, the decay of the Coulombic and energy efficiency is 

attributed to the degradation of the Cu layer with time. As it is shown previously with the long-

term cycling, the pure Cu electrode already suffers a lot of degradation after more than 200 

cycles. The Cu on the RVC network is more affected to the repetition of the deposition/stripping 

steps and as less Cu is contained in the RVC than in a pure Cu electrode, the deterioration of 

the cycling is faster. However, the cycling of the cell is possible with this set-up and allows 

considering the C support with plated Cu as an alternative for the negative electrode. If the 

electrode is further developed and becomes more stable, it could be economically advantageous 

to use Cu plated C-based electrode in the RFB. 
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Figure 5.11. SEM images of the RVC electrode after Cu plating on the surface, SE detection at 0.8 nA 

and 8kV, with acidic Cu(II) bath (a-b) without additives, (c-d) with PEG, (e-f) with PEG and NaCl, (g-

h) with all additives. For image g, the upper part is bare RVC and Cu layer in the lower part of the 

picture.  

 

a) 

c) 

e) 

g) 

b) 

h) 

d) 

f) 
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Figure 5.12. Cu RFB with 0.15 M [Cu(ACN)4]PF6 and 0.5 M supporting electrolyte (LiPF6) with FAB-

PK-130 anionic membrane, i = ±100 mA (10 mA·cm−2). a) Efficiencies for the RFB. b) Image of the 

Cu-RVC electrode made by electrodeposition. 

 

 

6.2. Slurry electrode 

 

Another option for the modification of the negative electrode of the RFB is to use a 

slurry electrode. Slurry electrodes are defined as particle suspensions in the electrolyte, which 

are electronically conductive and able to form an electrically conductive network in the solution 

if a high enough volume percentage of particles is reached.41 In the Cu RFB, the slurry flows 

on the negative side and will be in electrical contact with the current collector. The size and 

concentration of the particles in the electrolyte are important to control its viscosity and 

conductivity. The interest for the Cu cell is obviously to deal with the Cu plating. With the Cu 

slurry, the metallic Cu can be deposited electrochemically on the Cu surface of the particles 

from the reduction of Cu(I). This type of electrode allows decoupling of the storage capacity 

from the power, as they can be stored in the negative tank.42 Previously with solid electrode, 

the Cu was kept deposited on the electrode, which could be a disadvantage if massive quantity 

of Cu is produced during the charging of the cell.       

 

 

 

a) b) 
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6.2.1. Synthesis of the Cu particles 

 

For Cu particles synthesis, a large choice of techniques can be applied depending of 

the targeted size, morphology and oxidation state of the particles.43 In this work, the Cu powder 

is produced by the so-called cathodic corrosion method, which is described by M. Koper and 

al.44,45 This process is classified under the wet chemistry method for nanoparticles production, 

because the metal synthesis occurs in solution. During the corrosion technique, a high voltage 

(± 10 V) is applied between two Cu wires, which are immersed in a conductive bath, and the 

polarization of the DC current at each electrode is switched from (+) to (−) at high frequency 

(100 Hz). The violent electrical conditions at the Cu wire induces its corrosion and the 

formation Cu NPs in solution.  

The destruction of the wires to NPs is relatively fast but requires a constant manual 

insertion of both wires in solution to continuously produce Cu suspension. As the slurry 

electrode needs high content of Cu particles, the focus of this work is to have a system, which 

is able to synthesise the metallic particles at constant rate. In Fig. 5.13a-b, the automatised metal 

corrosion set-up is represented with a motor that induces the smooth and steady immersion of 

a thin Cu wire in the electrolyte. The speed of insertion of the thin Cu wire can be tuned in the 

range of 2-8 mm·min−1. In the motorised corrosion machine, only one wire is treated to give 

NPs, the second electrode is a larger Cu electrode that is simply present to act as a CE. The thin 

Cu wire is connected to the electrical circuit by one of the rollers, which is linked to the power 

supply and, in the same time, is pushing down the wire in the bath for corrosion. During the 

synthesis, a stream of nitrogen is provided to avoid the oxide formation and the bath is cooled 

with water due the heat generation during the wire corrosion. Furthermore, addition of PVP 

(polyvinylpyrrolidone) and constant stirring of the solution are required to mitigate the Cu 

particles agglomeration. Several failures happened during the optimization of the set-up: bad 

electrical contact of the conductive roller produces formation of electric arcs, or the Cu wire 

goes out of the expected path and damages some plastic parts of the machine. However, the 

installation was modified to give a stable Cu corrosion and, in Fig. 5.13c, the Cu NPs suspension 

is shown with the brown colour of the solid Cu in the bath. In the same picture, bubbles of O2 

and H2 are visible on the Cu due to high potential difference between both wires.  

Various baths were tested for the Cu NPs production in aqueous and organic solvents. 

As the Cu battery is working with an electrolyte based on an organic solvent composition, water 
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should be avoided in the system for the stability of Cu(I) ions. Therefore, baths with TEABF4 

0.5M in ACN and TEABF4 0.2M in methanol can produce Cu particles that have a low water 

content. However, the corrosion was very slow and the Cu NPs amount that can be collected 

was not sufficient for the formulation of a slurry electrode. The final bath composition is made 

of 1M H2SO4 and 1 wt% PVP in water. Consequently, before to implement the Cu particles in 

the RFB, they need to be cleaned to remove water. For this purpose, the final Cu suspension is 

centrifuged and washed with ACN several times before to be dried under vacuum. 

 

Figure 5.13. a) Scheme of the motorized set-up for Cu NPs synthesis by corrosion method. b) Image of 

the same system. c) Image of the Cu NPs suspension in the bath for Cu corrosion (1M H2SO4 in water).  

 

Figure 5.14. a) Image of the 4 relays for the switch of polarization between the corroded wire and the 

counter electrode. b) Schematic representation of the 4 relays.  

 

a) b) 

a) b) 

c) 
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The electronic circuit is the key part of the set-up and is briefly explained in this 

paragraph. The electronic system is composed of one power supply, one function generator for 

the tuning of the DC current and 4 relays (Fig. 5.14). The function generator module gives the 

frequency of the polarization modification at the Cu wire and the square wave shape for the DC 

current. The circuit presented in the Fig. 5.15 imitates an AC current with the utilization of a 

DC source. When the function generator activates the relay A and D (red path in Fig. 5.15a), 

the current from the power supply can cross these relays and the left output connection is 

negatively polarized and the right is positively polarized (red sign in Fig. 5.15b). In the opposite 

way, the activation of the relay C and B (black path in Fig. 5.15a) induces the other polarization 

at the Cu wires. This system produces the modification of the polarization at both Cu wire and 

with the high frequency for the Cu corrosion in the electrolyte. 

 

Figure 5.15. a) Electrical scheme for the opening of the gates in the relays A and D. b) Electrical scheme 

for the output of the DC current with a square wave function. 

 

 

 

 

 

a) b) 
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6.2.2. Characterization of the Cu particles 

 

The solid Cu powder was imaged with SEM and a range of NPs going from 15-250 

nm is detected in Fig. 5.16a-b. The smallest size of the NPs analysed by SEM corresponds to 

the predicated size domain of the crystallites with a single phase determined by XRD. 

Comparing to M. Koper and al., the size of the NPs is larger than their average value of 5.2 

nm.44,45 The difference arises from the different choice of corrosion bath for the Cu NPs 

synthesis. Here the bath used is acidified with H2SO4 to protect the Cu particles from oxidation. 

In Fig. 5.16c, the remaining PVP stabilizer is not totally washed and some impurities of the 

polymer appears as a dark film in the upper part on the right side of the SEM image in Fig. 

5.16c. Another important aspect of the NPs is highlighted with the SEM imaging; the 

agglomeration of the NPs is important during the cleaning process of the particles with particles 

sizes reaching 4-10 μm. The centrifugation of the NPs to remove water is obviously influencing 

the formation of larger particles with their accumulation at the bottom of the vial.         

 

Figure 5.16. SEM images of the Cu particles produced by the wire corrosion method. SE detection at 

6.3 pA and 1.0 kV. Corrosion bath: 1M H2SO4 and 1 wt% PVP in water. a) Aggregation of Cu NPs 

(15-40 nm) in the final Cu particle. b) Cu NPs (50-250 nm). c) Image of the remaining PVP film on the 

Cu particles. 

a) b) 

c) PVP traces 
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In Table 5.3, the surface and bulk composition of the particle surface and bulk is given 

respectively by the XPS and XRD analysis for the three tested corrosion baths. The Cu 

oxidation is present on the particles as the cleaning of the particles is done at ambient 

atmosphere and it seems non-avoidable to have totally pure Cu particles without further 

treatment to remove the oxide or by doing the complete synthesis in an oxygen free 

environment. However, with the corrosion set-up, the washing process applied and the need to 

have a relatively large production for the slurry electrode, it was not possible to work during 

the all procedure under protected conditions. In addition, the chemical treatment in acidic 

condition for the oxide removal used mainly acid in aqueous solution, which is not ideal, as 

water will be introduced again. A plasma treatment with H2 or O2 seems to be a good option if 

better control of the oxide content is targeted.46  

 

Table 5.3. XPS and XRD characterization of the final Cu particles synthesis. 

Corrosion bath 

XPS  

composition 

(surface) 

XPS 

mol% 

 

XRD 

composition 

(bulk) 

XRD 

wt% 

XRD 

size domain 

(nm) 

 

NaOH, 1 M 

 

Cu 

Cu2O 

CuO 

 

 

trace 

~ 30 

~ 70 

 

Cu 

 Cu2O 

CuO 

 

 

20 

37 

43 

29 

27 

25 

H2SO4, 1 M Cu 

 Cu2O 

CuO 

trace 

~ 45 

~ 55 

 

Cu 

 Cu2O 

 

65 

35 

 

64 

7 

 

PVP, 1 %(w/w) 

+ H2SO4, 1 M 

Cu 

Cu2O 

 

~ 10 

~ 90 

 

Cu 

 Cu2O 

 

65 

35 

30 

18 

 

The basic conditions for the corrosion bath are not ideal for the Cu production with a 

low content of Cu(0) in the core of the particles. Inversely, the acidic conditions are more 

favourable to stabilize metallic Cu and are more appropriate for the slurry synthesis. Addition 

of PVP has two positive effects: it protects the surface from oxidation (10% Cu on the surface) 

and allows conserving a smaller size domain of the crystallite during the detachment of the Cu 

particles from the wire (Table 5.3). 
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Figure 5.17. XPS spectra of the Cu particles produced by the wire corrosion method in three different 

baths (1M H2SO4, 1M NaOH, and 1M H2SO4 + 1 wt% PVP in water). a) Cu 2p spectra, b) Cu 

LMM Auger peaks, c) O 1s spectra for the Cu powder after cleaning for water removal. 

 

The determination of the surface composition by XPS is not particularly 

straightforward. Indeed, the signal for the binding energies of photo-emitted electron are very 

similar for the Cu(0) and CuO oxide, especially if the electron configuration 2p is considered. 

The main peaks for Cu, Cu2O and CuO are respectively at 932.6, 932.2 and 933.8 eV according 

to literature.47–49 The presence of Cu(II) oxide is clear for the Cu particles from the corrosion 

bath with NaOH and H2SO4, because the strong satellite peaks of CuO are present in the range 

of 940-945 eV (Fig. 5.17a). The main peak of these two solid powders have the contributions 

of the Cu(II) oxide at 932.6 eV and Cu(I) or Cu at 933.8 eV. For the XPS signal of the Cu from 

the PVP + H2SO4 bath, the peak appears at 932.6 eV and seems closer to Cu(0). However, as 

the difference of binding energy with the Cu(I) oxide peak is so small, it is recommended to 

a) b) 

c) 
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check the Auger spectral lines-shapes of the Cu sample to determine more precisely the 

oxidation state.47,48  Cu, Cu2O and CuO Auger peaks for the Cu LMM spectrum are respectively 

at 918.6, 916.8 and 917.7 eV.50 In Fig 5.17b, the Auger LMM peak are at 917.2, 916.8 and 

916.4 eV for the basic, acidic and PVP corrosion bath. In the three cases, the peak, which was 

previously assigned to Cu(0) is more probably arising from the Cu(I) oxide or a mix of Cu(I) 

and metallic Cu. A clear confirmation of the Cu(I) oxide presence is shown in Fig. 5.17c with 

the peak at 530.4 eV, which is assigned to the photo-emitted electron binding energy of an 

oxygen metal bond. The second peak (931.4 eV) in the O 1s spectrum line comes from C-O 

bond contained in contaminants and most probably PVP.  

 

 

6.2.3. Cu slurry in the RFB 

 

Utilization of the copper slurry is considered as promising way to facilitate the 

coupling of the heat charge with electrical discharge as discussed in Chapter 6. The conductive 

particles suspensions act as an anode and can flow through the cell with the electrolyte. 

Consecutively to the implementation of slurries, several technical modifications are applied to 

the cell. Indeed, a large pressure drop was noticed inside the system between the anodic cavity 

and the compressed C-felt of the cathodic side. The pressure difference across the membrane 

could lead to the rupture of the membrane (Fig. 5.18a-b). Consequently, different types of 

membrane supports were inserted inside the cavity of the negative current collector to 

compensate the pressure difference through the separator. Among the additional support for the 

membrane, the more appropriate choices are the porous and conductive structures (RVC, 

porous metal structure like INOX). The main advantage of these membrane supports is the 

ability to induce a turbulent flow of the slurry and to conduct the current from the particles to 

the current collector. RVC is chosen because of the nice porosity and cheaper prize.  

In Chapter 6, the polarization curves and power outputs of the Cu slurry are compared 

with the Cu foam electrode (Fig.5.5c) and can reach equivalent performance than the ideal 

porous electrode if the concentration of 15 wt% Cu NPs is reached inside the negative 

electrolyte. Few cycling of the RFB with the slurry electrode is presented in Fig. 5.18c-d. The 

Coulombic efficiencies are slightly lower than with the solid negative electrodes (95%) with an 

averaged value of 85%. This decrease of performance is attributed to a lack of reversibility 
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during the stripping of the deposited Cu on the slurry electrode, consequently the Cu from the 

electrical charge is not fully converted to Cu(I) during the discharge. The cut-off voltage during 

charge is targeted to reach 90% of the maximal capacity and the relatively fast decay of the 

normalized capacity indicates that probably shorter times for the charge should be set to observe 

less effects on the capacity fade. However, these experiments were done without a connecting 

tube between the two tanks to balance the osmotic pressure, so some of the capacity fade could 

be attributed to the solvent cross-over. 

 

 

Figure 5.18. Cu-RFB battery with slurry Cu electrode, RVC membrane support in the current collector, 

0.15 M [Cu(ACN)4]BF4 and 0.3 M supporting electrolyte (TEABF4) with FAB-PK-130 anionic 

membrane, i = ±80 mA (10 mA·cm−2). a-b) Images of the broken membrane without support in the 

current collector cavity. c) Efficiencies and normalized capacities of the Cu RFB with slurry electrode. 

d) iR-corrected curves of the charge discharge cycles.   

 

The energy efficiencies in Fig. 5.18c are calculated from the iR-corrected curves of 

voltage with time plotted in Fig. 5.18d and have an averaged value of 74%. If this efficiency is 

determined without compensation of the voltage losses by the resistance of the cell, the energy 

efficiency has a mean value of 47%. With the optimized Cu-RFB showing 200 cycles, these 

a) 

 

b) 

c) d) 
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parameters are 69% and 56%. The resistance with the slurry electrode is slightly increasing in 

the cell with R = 2.6 Ω versus R = 1.5 Ω when the Cu foam electrode is inserted in the battery. 

The slurry Cu negative electrode is showing performances that are inferior, but still acceptable 

and promising. Even with the different challenges linked with the synthesis and the 

implementations in the RFB, the slurry system have better results for the energy storage than 

the Cu plated RVC electrode.  

 

 

7. Conclusion 

 

In this chapter, an optimized flow cell is developed for the energy storage in the non-

aqueous Cu battery. This Cu-RFB shows good stability over time with more than 200 

charge/discharge cycles. A particular attention is given to two key elements of the set-up, which 

are the membrane and the negative electrode. Regarding the membrane choice for the organic 

Cu system, the anion selective separators are the most suitable for a suitable management of 

the Cu ions crossover. The Zirfon membrane is also interesting for the system, as it is the only 

commercial porous separator that is able to maintain a slow diffusion of the Cu ions between 

both sides of the battery. Membrane production from polymers, which are chemically resistant 

to ACN (PTFE, PE), should lead to a porous layer that can be appropriate for the application of 

the Cu RFB with organic solvents. In this chapter, the deposition of PVC on PTFE filter can be 

considered as a potential alternative for a porous membrane, if PVC is changed for another 

polymer (like PVA, PE) and if the deposition process is better controlled. The cationic type of 

separators are not appropriate for the Cu-RFB, because the membrane is not selective enough 

to the cations from the supporting electrolyte and allows the crossover of the positively charged 

electroactive species. Furthermore, low cross-over of Cu across the membrane is not sufficient 

to complete a long term cycling procedure; the migration of the solvent (ACN) through the 

membrane induces non-negligible losses of capacity with time. Therefore, the salt bridge type 

connection is added to the single cell set-up to equilibrate the volume and osmotic pressure 

between the tanks.    

Two modifications for the negative electrode are investigated and show new 

possibilities for battery constructions to store energy in Cu-RFB. The carbon-based structures 
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plated with Cu have lower performance than Cu-based electrodes, but are still able to act as a 

conductive electrode. Cu slurry electrode is the most promising alternative with a comparable 

power output as the Cu foam electrode. To improve the performance of the slurry, the synthesis 

of NPs should be modified to preserve a high content of metallic Cu and mitigate the formation 

of oxides. The separation and washing steps of the NPs could be followed by other treatments 

to lower the particles agglomeration and decrease the oxide content: a more violent sonication 

between centrifugation during the washing steps, a plasma treatment of the particles and a 

protective environment are possible options for an improved NPs synthesis. In addition, a 

corrosion bath based on non-aqueous solvents might be interesting to use if the corrosion is fast 

enough to have a significant production of particles.   

With the single cell Cu-RFB set-up based on the ACN-PC solvent composition, the 

limitation comes from the negative side mainly because the electrochemical reaction implies 

the change of state from the solubilized Cu(I) to the solid Cu with a relatively slow kinetics.  
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Thermally regenerative nanoslurry based copper redox-flow battery for heat-to-power 

conversion with low-grade thermal energy  

S. Maye, H. H. Girault & P. Peljo,  

 

 

Abstract 

In this Chapter VI, the thermal charge of the non-aqueous Cu battery is demonstrated 

in an optimized flow cell. The electrochemistry studies of Chapter 2 and 3 is coupled with the 

thermodynamics that was exposed in Chapter 4 about the heat conversion to chemical energy 

for energy storage application.   

Low-grade heat (below 200 ℃) is available in vast quantities from industry, or from 

standard roof-top solar thermal collectors. However, production of electric power from these 

heat sources is challenging with existing technologies. Thermally regenerative batteries allow 

both the conversion and the storage of thermal energy into electric power, but they suffer from 

low operation voltages and low output power. Here, we propose a thermally regenerative flow 

battery based on copper complexation with acetonitrile in non-aqueous solutions operating at 
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voltages above 1 V. Cu(I) complex can be destabilized by removal of acetonitrile by distillation, 

leading to production of solid copper and Cu(II) in solution, thereby charging the battery. We 

demonstrate the electricity production at power densities up to 200 W·m−2, and estimate the 

theoretical efficiency of the full system between 5-13%. The results demonstrate a proof-of-

concept for producing and storing electricity from low-quality heat.  

 

1. Introduction  

 

Low-grade thermal energy (< 200 °C) generated by industry, but also increasingly 

available from geothermal energy sources and rooftop solar thermal collectors, is an enormous 

underutilized resource. For example, as much as 20 to 50 % of the energy consumed in the 

industrial manufacturing processes is lost as waste heat. Although waste heat recovery offers 

significant energy savings and improved energy efficiency, it is still not industrially exploited. 

This shows that the technical challenges for utilizing this energy are higher than for converting 

wind or solar energy into electricity. In this work, we have doubled the cell voltage of a 

thermally regenerative flow battery to 1.2 V. Although thermo-electrochemical systems have 

been demonstrated earlier, achieving a cell voltage larger than 1V opens the way to practical 

electrochemical heat recovery systems. As this work describes a major leap forward in terms 

of theoretical thermal conversion efficiency, cell voltage, and energy storage density, these 

improvements could make this technology industrially relevant. 

Environmental concerns about the use of natural resources drive us to improve the 

energy efficiency of existing processes. In this context, the large availability of low-grade heat 

(temperatures < 200 ℃) mainly from industry, but also from geothermal sources and solar 

thermal collectors, has drawn increasing attention for heat-to-power generation.1–5 

Thermoelectric devices (solid-state semiconductor-based systems) have been extensively 

investigated for these purposes, but remain expensive and require an additional battery to realize 

energy storage.6–8 While conventional approaches to heat-to-power conversion, such as steam 

turbines, are limited to cold temperatures above 100 ℃ to avoid condensation of water, the 

organic Rankine cycle or the Kalina cycle circumvent this problem by replacing water with 

lower boiling point organic solvents or ammonia, but such systems require large scale 

installations and cannot store energy.9–13 
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Thermoelectrochemical systems for heat-to-power conversion have been reviewed 

recently.5,14,15  Liquid-based thermoelectric systems, where a cell voltage is produced by a 

temperature gradient between the two electrodes16,17, and salinity gradient energy systems, 

utilizing different salt concentrations obtained by evaporation to generate cell voltages18, are 

only able to produce modest cell voltages (< 300 mV) and output powers. On the other hand, 

higher cell voltages can be achieved with thermally regenerative batteries, where thermal 

reactions induce a chemical reaction to charge the battery. Most thermally regenerative batteries 

are based on copper19–21 or silver22 complexation with ammonia or acetonitrile23,24 in aqueous 

solutions. The removal or addition of the complexing agent is used to change or even inverse 

the cell voltage,19–21 or to induce disproportionation of a Cu(I) complex to produce Cu and 

Cu(II) as described vide infra.23,24 Cu and Cu(II) can then be discharged in a battery to produce 

electricity. The advantage of these systems is that in addition to heat-to-power conversion, they 

are also able to store energy.23 However, almost all the concepts proposed in literature show 

cell voltages below ca. 0.65 V, resulting in low output power. One exception is a Zn and Cu 

based system using ammonia to change the voltage of the positive Cu-electrode, enabling 

operation at high power densities but low thermal efficiencies of < 1 %.25 The comparison of 

the ammonia system and the present concept is illustrated in Scheme 6.1.  

These recent reports show that exploitation of low-temperature heat sources by means 

of unconventional technologies is attracting significant interest from the scientific community. 

The main difficulty has been to reach a reasonable efficiency, of the order of 10%. Currently, 

only one technique reaches this goal26 while the others are limited to 1% or less5. 

One approach to increase the cell voltage is to remove water. Indeed, an all-copper 

battery in water-free acetonitrile has a cell voltage of 1.3 V27 in comparison to an aqueous 

system cell voltage of 0.62 V.23 It is important to note that the all-copper battery in non-aqueous 

acetonitrile cannot be charged with heat, as removal of all the solvent would result in a mixture 

of solid copper powder and Cu(II) salt precipitate. Additionally, as acetonitrile forms an 

azeotrope with water meaning that distillation results in removal of both water and 

acetonitrile24, replacement of water with another high boiling point co-solvent allows reducing 

the energy demand for the thermal regeneration step. While thermally regenerative copper 

battery employing 30 % aqueous acetonitrile solution has a maximum theoretical efficiency of 

ca. 6 % mainly due to the low cell voltage and the energy demand to evaporate water, non-

aqueous systems described here show much higher theoretical efficiencies of up to 13 %. 



Chapter VI: Cu RFB for heat to power conversion and energy storage 

170 
 

In this work, we demonstrate unpreceded cell voltage and high output power for a 

thermo-electrochemical battery, by utilizing a copper-acetonitrile system with propylene 

carbonate as a co-solvent due to its high boiling point (242 ℃) and stability. The co-solvent is 

essential to solubilize the Cu(II) salt, allowing separation of solid copper from the Cu(II) 

electrolyte. We characterize all the thermodynamic parameters of the system to evaluate the 

theoretical full cycle efficiency, and demonstrate the heat-to-power production and storage with 

this system. 

Here, we demonstrate that the theoretical efficiency can reach up to 13%, with a 

volumetric energy density of 26 Wh·L–1. These values are considerably higher than reported 

previously (0.5 % and 0.65 Wh·L–1)19 whilst keeping a similar power density. This significant 

enhancement in comparison with previous works on thermally regenerable systems is obtained 

because of increased cell voltage, from 0.5 V19 up to 1.2 V in the present work. 

The remaining challenge of this type of systems has been the question of how to re-

introduce the heat-charged electrolytes into the electrochemical cell. Here, we solve this issue 

by utilizing nanoslurry based copper electrolyte. Slurry-based flow batteries have been 

demonstrated before, but they require careful control of the particle size.28–30 In this work, 

nanosized copper slurry is used to promote nucleation of the copper recovered by the thermal 

regeneration. This allows separation of copper from the thermally regenerated solution by, for 

example, centrifugation. Addition of acetonitrile into the copper nanoparticles allow 

recirculation of the copper through the electrochemical cell as a slurry without compromising 

the power density or energy storage capacity, as demonstrated below. 
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2. Material and methods 

 

2.1. Chemicals 

 

All solvents and chemicals were used as received without further purification and were 

stored in a glove box under nitrogen. The solvents were acetonitrile (CH3CN, extra dry over 

molecular sieves, 99.9%, Acros) and propylene carbonate (C4H6O3, anhydrous, 99.7%, Sigma-

Aldrich). The supporting electrolytes were tetraethylammonuim tetrafluoroborate (TEABF4, 

99%, ABCR) or lithium hexafluorophosphate (LiPF6, Battery Grade, Fluorochem). 

Tetrakis(acetonitrile)copper(I) hexafluorophosphate ([Cu(CH3CN)4]PF6, 98%, ABCR) was 

used as received as a redox active molecule in the RFB. The electroactive species 

tetrakis(acetonitrile)copper(I) tetrafluoroborate was either commercial, ([Cu(CH3CN)4]BF4, > 

98%, TCi), or prepared by comproportionation reactions. The reducing ability of metallic Cu 

on Cu2+ has been known since 1923, when Morgan used this method for the preparation of 

cuprous chloride or bromide-mono(acetonitrile) complexes31. Therefore the synthesis of Cu+ 

can be easily made in acetonitrile by comproportionation (cf ESI)32–34. For the synthesis of 

[Cu(CH3CN)4]BF4, copper(II) tetrafluoroborate hydrate (Cu(BF4)2·xH2O, Sigma-Aldrich), 

acetonitrile (Merck) and copper wire (dia. 1 mm, ≥ 99.99%, GoodFellow) were of analytical 

grade and were used as received. The comproportionation reaction occurs in a Schlenk line with 

nitrogen. The Cu+ complex with acetonitrile is dried overnight under vacuum and stored in a 

nitrogen-filled glove box. Regarding the Cu particles synthesis by the cathodic corrosion 

method, the Cu wires (dia. 0.2mm and 1 mm, purity 99.9%, Advent) were placed in the aqueous 

bath (MiliQ water, 18.2 MΩ cm) of PVP (polyvinylpyrrolidone, MW ≈ 10’000, Sigma-Aldrich) 

and sulphuric acid (H2SO4, 95-97% for analysis, Merk). 
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2.2. Electrochemical analysis 

 

Electrochemical analyses were obtained with a Metrohm Autolab potentiostat. Cyclic 

voltammetry (CV) and chronopotentiometry (CP) were performed inside a three-electrode set-

up with a Pt wire as counter electrode (CE) and a Pt disk working electrode (WE, dia. 2mm). 

The RE was made with a Cu wire (dia. 1mm, ≥ 99.99%, GoodFellow) inside the solution 

containing 0.1 M TEABF4 as a supporting electrolyte and 0.01 M [Cu(CH3CN)4]BF4 in 

acetonitrile-propylene carbonate mixtures.  

All experiments were performed under an anaerobic atmosphere with a flow of 

nitrogen or argon.   

Two different set-ups are assembled to test the charge-discharge cycling of the battery. 

Both cells were filled with a acetonitrile-propylene carbonate solution containing 0.15-0.3 M 

TEABF4 and 0.15-0.3 M [Cu(CH3CN)4]BF4. Here, TEABF4 was utilized to improve the 

conductivity of the electrolytes. The anion-exchange membrane (FAB-PK-130, Fumatech) is 

either directly included under its dry state or soaked in acetonitrile with 0.15 M TEABF4 during 

24 hours before utilization. All gaskets, seals and tubing need to be chemically resistant to 

acetonitrile. H-cell type redox flow battery is constructed utilizing two jacketed half-cells of 

3.4 mL (PermeGear Horizontal Cell from SES GmgH). The cell is filled up inside the glovebox 

to avoid the presence of oxygen and water. For the negative side, a copper wire is used as an 

electrode and a platinum wire was used for the positive side. The area available for the ionic 

transport is 1.13 cm2 with an opening diameter of 12 mm. For the other flow cell, the usual 

stack is constructed with the anionic membrane, current collectors and carbon-felt electrodes 

(10 cm2) from a cell hardware from Fuel Cell Technologies, INC. The calculations of the 

Coulombic and energy efficiencies are illustrated in the section 2 of Chapter 5. Electrochemical 

impedance spectroscopy was utilized to evaluate the Ohmic resistance of the cell. 

 

 

 

 



Chapter VI: Cu RFB for heat to power conversion and energy storage 

173 
 

2.3. Cu particles synthesis 

 

The production of the Cu particles for the slurry electrode is done via the cathodic 

corrosion method, which is inspired from Koper et al.35,36 An automatized set-up for Cu 

corrosion is developed for a continuous production. The motorized equipment drives a thin Cu 

wire (dia. 0.2mm, purity 99.9%, Advent) in an aqueous acidic bath (1M H2SO4) with a 

stabilizing agent (1 wt% PVP). The speed of the descending wire can be tuned between 2 and 

8 mm·min−1. The corrosion of the Cu wire is generated when the electrified wire is introduced 

in the conductive bath solution, in which a second Cu wire is used as a counter electrode. The 

electrical circuit generates a square-wave signal with a frequency of 100 Hz (programmable 

function generator, HM8 150, Rohde & Schwarz Hameg) and with a polarization from a DC 

current switching between ± 10 V (DC power supply, RND 320-K3005D, RND Lab). The fast 

change of polarization is the driving force for the electrical corrosion of the thin wire when it 

is immerged in the bath. To remove water from the Cu particles, the bath for corrosion is 

centrifuged and particles washed several times with ACN, before to be finally dried under 

vacuum. 

 

2.4. Analytical techniques 

 

UV-vis spectroscopy was carried out with a ChemStation for UV-visible spectroscopy 

(Agilent Technologies, USA). Cu2+ samples from the thermal regeneration are filtered and 

centrifuged to remove the metallic Cu which is produced during the same reaction.  

The images are recorded with a scanning electron microscope (SEM) and a 

transmission electron microscope (TEM). The SEM is a Teneo SEM (FEI, USA) equipped with 

a Schottky field emission gun. Secondary electron detection was achieved with an Everhart-

Thornley detector and an in-lens detector. The TEM is a Tecnai G2 Spirit Twin (FEI, USA) 

equipped with a LaB6 electron gun. For composition characterisation, X-rays are detected by 

energy-dispersive X-ray spectroscopy (EDX) (XFlash Silicon drift detector) inside the SEM. 
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2.5. Thermal regeneration 

 

Two consecutive charge processes with a thermal treatment are done to characterize 

the voltage, power and discharge that can be obtained during the discharge of the electrolyte in 

a RFB. During the first charge, the electrolyte (50%(vol/vol) ACN and PC, 0.3 M TEABF4, 

0.15 M [Cu(CH3CH)4]BF4) containing a Cu slurry (15%(w/w)) is heated overnight between 

120 and 140°C to distillate the ACN from the solution and to disproportionate the Cu(I) to Cu 

and Cu(II). After this process, the resulting Cu-Cu(II)-PC solution is centrifuged to separate the 

solid Cu slurry from the Cu(II) solution. The ACN is introduced back in the Cu(II) solution to 

have at least 10 vol% ACN in the positive tank and the main fraction of ACN is kept to fluidize 

the Cu slurry and to allow the future oxidation of Cu to the Cu(I) complex [Cu(CH3CH)4]BF4. 

The Cu suspension and the Cu(II) solution are flown through the RFB with a RVC electrode 

and Ti current collector on the negative side and with a Ti current collector coupled with a C-

felt electrode on the positive one. The discharge current is set to 10 mA cm−2. When the 

electrolyte is discharged, both sides are mixed together in one tank and another heat treatment 

is applied. By following the same procedure than before, the electrolyte is again discharged in 

the RFB.  
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3. Results and discussion  

 

3.1. Thermally regenerative copper battery 

 

The operation of the copper battery is based on three oxidation states of copper, as 

illustrated in Scheme 5.1. Upon discharge, metallic copper is oxidized to Cu(I) on the negative 

electrode and Cu(II) is reduced to Cu(I) on the positive electrode.27,37–40 Copper complexing 

agents such as acetonitrile, ammonia, or chloride are required to stabilize the Cu(I) oxidation 

state.41–45 With acetonitrile or ammonia, this property can be used advantageously to realize a 

thermally regenerative battery, as destabilization of the Cu(I) can be achieved in a thermal 

reaction simply by removing the acetonitrile into the gas phase upon distillation. Once the 

complexing agent is removed, Cu(I) disproportionates according to the following reaction: 

2 Cu(I) → Cu + Cu(II), i.e. nucleation of Cu particles and generation of Cu(II) species dissolved 

in solution takes place. Obviously, a co-solvent such as water or propylene carbonate used in 

this work is required to avoid precipitation of Cu(II) salts. Solid Cu and the Cu(II) containing 

solution can be separated and introduced back into the battery after the addition of the recovered 

acetonitrile, finishing the thermal regeneration step. Now, the energy is stored in the battery, 

and can be converted into electricity upon demand. Additionally, the battery can be charged 

with electricity (as described vide infra) instead of the thermal charge.  

This concept is drastically different from the other typical systems, as illustrated in 

Scheme 6.1. In the ammonia based thermally regenerative battery with copper electrodes and 

copper salts there is ammonia only in the negative electrolyte. Upon discharge, Cu is deposited 

on the positive side and dissolving in the negative side, but the presence of ammonia in the 

negative side results in the cell voltage of ca. 0.5 V. During discharge the concentration of 

copper decreases on the positive side, and increases in the negative side. After the cell discharge 

at room temperature, ammonia is separated from the negative electrolyte using a conventional 

distillation process, and then added into the Cu-poor positive electrolyte of the previous step. 

Now this electrolyte becomes the negative electrolyte for the sequel discharge cycle. (Figure 

reprinted with permission from ref. 5). 
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Scheme 6.1. (Up) Scheme of the cycle process of the Cu redox flow battery for heat to power conversion. 

(Down) Schematic of an ammonia based thermally regenerative battery with copper electrodes and 

copper salts as well as ammonia only in the anolyte. Two chambers are separated by an anion exchange 

membrane. After the cell discharges at room temperature, ammonia is separated from the anolyte using 

a conventional distillation process, and then added to the other electrolyte for the sequel discharge cycle. 

(Figure reprinted with permission from ref. 5) 
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3.2. All copper redox flow battery 

To understand how efficiently the chemical energy produced in the thermal step can 

be converted into electricity, experiments with the all-copper battery are required. The charge 

and discharge reactions of such a battery are shown below. 

 

Negative electrode (Cu):  

 

Positive electrode (carbon felt):  

 

 

 

The electrochemical kinetics of the negative and positive electrode reactions have been 

investigated earlier (in Chapters 2 and 3).46 In short, both reactions have reasonably facile 

kinetics, with much higher reaction rates than obtained in the state-of-the-art vanadium flow 

batteries. Figures 6.1a and 6.1b show 44 charge-discharge cycles measured with an H-cell as 

shown in Chapter 5. At the beginning of the experiment, the device is fully discharged and both 

positive and negative electrolytes consist of 0.15 M [Cu(CH3CN)4]BF4 (copper acetonitrile 

tetrafluoroborate) and 0.15 M TEABF4 (tetraethylammonium tetrafluoroborate) as the 

supporting electrolyte. The first 40 charge/discharge periods were performed with a current 

density of 10 mA∙cm–2 and the last four steps were done with a current density of 1 mA∙cm–2. 

As mentioned above, the potentials are corrected for the ohmic resistance induced by 

the membrane and electrolyte (Figure 6.1a). For the performance of the battery in Figure 6.1b, 

the efficiencies are calculated with all 44 cycles as detailed in the Equations 5.1 and 5.2. The 

Coulombic and energy efficiencies are stable during 33 cycles after which they slightly 

decrease, and on average are around 95% and 51%. These efficiencies are comparable to other 

all Cu redox flow cells23,27,47. When lower current densities are applied, a better energy 

efficiency is obtained, as overpotential losses for the electrochemical reactions decrease. 

Indeed, an overpotential of approximately 50 mV is calculated at 10 mA∙cm–2 versus ca. 10 mV 
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at 1 mA∙cm–2. These values can be determined from the potential drop when switching the 

current on, when iR correction is taken into account.  

Charging and discharging at 10 mA∙cm–2 allow the utilization of ca. 45 % of the total 

capacity, while a lower current density of 1 mA∙cm−2 allows access to 84 % of the whole 

capacity during the cell charging. Relatively low current densities are employed to avoid high 

ohmic losses, as it is typical for systems employing non-aqueous electrolytes. By looking at the 

evolution of the Coulombic charge in Figure 6.1b, a loss of capacity is noticed. Almost 50% 

capacity loss is observed between the first and 40th charging step. Some of this capacity fade 

can be attributed to slow diffusion of oxygen and water into solution, leading to side reactions 

with oxygen. However, the major cause of the capacity fade is most likely the formation of 

dendrites on the Cu electrode upon charging, followed by detachment of the dendrites upon 

discharge. Some particles of Cu are then deposited at the bottom of the cell, and this behaviour 

could most likely be mitigated by common industrial copper plating additives.48–51 

 

 

Figure 6.1 Cu redox battery with  [Cu(CH3CN)4]BF4  (0.15 M) and TEABF4 (0.15 M) and i = 10 and 1 

mA·cm–2, respectively the black and blue curve, a) iR corrected potential cycling with time and b) 

efficiencies and normalized capacities of the battery for all cycles. 

 

 

 

 

 

 

a) b) 
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With the optimization of the cell (Chapter 5), resistances between 0.5-3.0 Ω are 

reached with a typical flow cell. Considering the iR losses, the redox flow battery (RFB) is 

much more suitable than a miniaturized H-cell with more than ten times higher the resistance 

(10-25 Ω). The critical parameters are the distance between the electrodes, and the 

conductivities of the electrolyte and the membrane. The distance is much smaller and easier to 

control inside the RFB. Another important factor is the concentration of supporting electrolyte 

in acetonitrile and it can be increased by using more soluble species, like LiPF6 (lithium 

hexafluorophosphate) or LiTFSI (lithium bis(trifluoromethanesulfonyl)imide). In Figure 6.2, 

charge-discharge cycles of the RFB with 0.5 M LiPF6 supporting electrolyte are shown, with 

improved efficiencies in comparison with the H-cell. The Coulombic efficiency is stable during 

the battery test and its averaged value is 98% (Fig. 6.2b). However, the energy efficiency 

decreases with time, starting from 81% and reducing to 44% after 50 cycles (Fig. 6.2b). A 

similar trend is also observed for the state of charge (Fig. 6.2b) and is assigned to solvent 

crossover through the anionic membrane, which is observed as a significant change of the 

volume in both tanks (at the end of the cycling test: V− < V+). However, the state of charge and 

energy efficiency can be easily recovered if the discharge solutions (mainly Cu(I) species on 

both sides) are mixed and equally separated back between the positive and negative tanks (Fig. 

6.3). This behaviour is also observed in typical vanadium redox flow batteries, and electrolyte 

rebalancing systems have been developed to deal with this problem52–55.  

The energy storage density of the described system is 2.6 Wh·L–1 (0.15 M Cu(I)-

species), but it can be increased to 26 Wh·L–1  by utilizing TFSI-anion as a counter ion.32 

Another approach is to replace the copper electrode with carbon foam and flow a slurry 

composed of copper nanoparticles on the negative side. This transforms the system to a true 

flow battery, where the capacity of the system is independent of the electrode mass and depends 

only on the volume of the electrolyte. Polarization curves with 5 w-% and 15 w-% nanoslurry 

electrolytes are shown in Fig. 6.2c, displaying even higher power densities than could be 

obtained with copper foam. 
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Figure 6.2. Cu redox flow battery with [Cu(CH3CN)4]PF6  (0.15 M) and LiPF6 (0.5 M) and i = 10 

mA·cm–2, a) iR corrected potential cycling with time and b) efficiencies and normalized capacities of 

the battery for all cycles. c) Power output with Cu foam and nanoslurry electrolytes with a composition 

of 50 vol% ACN containing 0.15 M [Cu(CH3CN)4]BF4. 
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Figure 6.3. Crossover phenomena between the positive and negative side during the cycling of the flow 

cell. The electrolyte solution is made with [Cu(CH3CN)4]PF6  (0.15 M) and LiPF6 (0.5 M). The applied 

current density is i = 10 mA·cm–2. a) Evolution of the electrical capacity during the discharge. After 30 

cycles, 20% of the maximum theoretical capacity is still discharged. After mixing of the totally discharge 

electrolyte containing mainly Cu+ cation, the volume in both tanks is equilibrated and the full capacity 

is available again. b) The iR-corrected cycles 3, 25 and 61of the RFB experiment shows again the 

recovering of the capacity by mixing the electrolyte. Furthermore, the evolution of the voltage illustrates 

a modification of the internal resistance of the cell and explains the decreasing of energy efficiency with 

time. c) The capacity in C are plotted to observe the stability of the cycling after the 11 cycles following 

the volume balance. d) The energy efficiency is not totally recovered but is back to 60% after the volume 

balance.  

 

 

 

 

 

 

 

a) b) 

c) d) 
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3.3. Thermal regeneration and heat-to-power conversion 

The reaction leading to the formation of Cu(II) and Cu from Cu(I) is a 

disproportionation. The description of this process is given when Cu(I) complexes with 

acetonitrile are destabilized by heat: 

 

Differential scanning calorimetry (DSC) measurements shown in Chapter 4 

demonstrate that the disproportionation step can be distinguished from the acetonitrile 

vaporization at 82 °C, taking place at ca. 160 °C for solid Cu(CH3CN)4BF4. This indicates that 

the disproportionation reaction cannot simply be induced by the distillation of the acetonitrile 

solvent close to 81 °C, but a surplus of heat is required to destabilize the Cu(I) complex. Further 

investigations indicate that Cu(I) disproportionation could be realized at temperatures near 

120°C for a 30% acetonitrile- 70% propylene carbonate solution. The thermodynamic 

parameters including enthalpies of vaporization and heat capacities for various ratios of Cu(I) 

containing acetonitrile-propylene carbonate mixtures have been measured with DSC, and are 

reported in Chapter 4. These results also confirm that it is necessary to consider the excess 

energy of destabilizing the complex, as it is clearly not correct to consider simple evaporation 

of the complexing agent as suggested previously20. This issue was also highlighted recently21. 

The Cu(I) solution was heated under nitrogen between 140-160°C to induce thermal 

regeneration. In order to keep a solution after the disproportionation, the solvent is partially 

composed of propylene carbonate, which remains mostly in the liquid state (b.p. = 242°C). The 

completion of the reaction and the formation of Cu particles and Cu(II) solution was confirmed 

by the colour transition from the transparent Cu(I) solution to the Cu(II) and with the 

appearance of some metallic Cu particles (Fig. 6.4d). The acetonitrile condensate removed 

during thermal regeneration is collected to be introduced back in the system for the 

electrochemical discharge.  

We analysed the resulting solution with different techniques to verify and describe the 

presence of Cu(II) and metallic Cu. The UV-vis spectra for Cu+ and Cu2+ in ACN, PC and water 

are shown in Fig. 6.4a. The conversion of Cu+ during the disproportionation is observed by UV-

vis spectroscopy of the final Cu2+ solution in propylene carbonate. The spectrum of Cu(BF4)2 

in water shows the characteristic peak of Cu2+ with a maximum of absorbance around 810 nm.56 
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In acetonitrile and propylene carbonate, this peak is shifted to smaller wavelength and appears 

around 760 and 785 nm. This confirms the presence of Cu2+  in the final thermally generated 

solution. The comparison of the UV-vis spectra of Cu+ and Cu2+ is easy and fast, because Cu+ 

electronic configuration [Ar]4s03d10 cannot absorb light in the UV-vis range. Indeed, Cu+ d 

orbital, which is completely full with 10 electrons, is not able to promote an electron with UV-

vis light. In consequence, regardless the ligand and symmetry of the complex, no peak should 

be recorded for any Cu+ solution. The bulk electrolysis to reduce all the generated Cu2+ is was 

performed at 0.9 V (vs. Cu/Cu+) to quantify the amount of Cu2+ ions (Fig. 6.4b). From the initial 

concentration of Cu+, the efficiency of the Cu+ thermal disproportionation is determined around 

98% regarding the Coulombic efficiency of the reaction. This indicates that a complete 

conversion of the Cu(I) can be achieved by heat. By eye, Cu2+ cation looks blue in water or 

green/turquoise in acetonitrile-propylene carbonate mixtures due to the absence of water. As 

expected in the case of a pure Cu+, no trace of Cu2+ appears and the solution is transparent (Fig. 

6.4c). Nice shiny Cu particles are visible in the Cu2+ electrolyte after the thermal treatment (Fig. 

6.4d).  
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Figure 6.4. Analysis of the thermal regeneration of the Cu2+. a) UV-vis spectra for Cu+ and Cu2+ in 

acetonitrile, propylene carbonate and water. b) The bulk electrolysis of the generated Cu2+ at 0.9 V (vs. 

Cu/Cu+). c) Cu2+ cation looks blue in water or green/turquoise in acetonitrile-propylene carbonate 

mixtures due to the absence of water. As expected in the case of a pure Cu+, no trace of Cu2+ appears 

and the solution is transparent. d) Cu-Cu2+ solution after thermal treatment of a [Cu(CH3CN)4]BF4 (0.15 

mM) and TEABF4 (0.3 M) in acetonitrile-propylene carbonate solvent (90%(V/V) of propylene 

carbonate.  
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Figure 6.5. SEM images of thermally regenerated Cu on carbon fibre with electron beam at a) 20 kV 

and b) 1 kV, c) EDX scans of regenerated Cu on carbon fibre. 

 

When thermal regenration step was performed in the presence of carbon fibers, copper 

nucleated preferentially on the fibers as shown in the SEM images in Figure 6.5. The secondary 

electron (SE) detection clearly shows Cu particles of more or less spherical shape on the surface 

of the carbon fibres. Also, some edge effects appear with brighter contours of some Cu clusters. 

This means that more SE can escape from the side of the particles and this confirms that Cu 

clusters are not simply recovering the carbon fibre like a flat homogenous layer. To improve 

the topographical contrast and to have a better idea of the shape of the regenerated Cu, the 

electron accelerating voltage has been decreased to 1 kV and the detection is done in-lens (Fig. 

6.5b). With a lower voltage, the volume of interaction inside the sample will be smaller and 

less backscattered electron (BSE) will reach the detector. Consequently, in Figure 6.5b, there 

b) a) 

c) 
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is less contrast between the carbon fibre and Cu, which appears brighter at high voltage with 

more BSE. However, by analysing carefully the topology, the thermal regeneration seems to 

form spherical Cu clusters made of nanoparticles and gives a shape similar to a cauliflower 

when it is nucleated on carbon fibre. In addition to the electron microscopy imaging, chemical 

characterisation is carried out in Figure 6.5c. The goal of this is to confirm the presence of the 

Cu and also to check if some other chemicals appear in the sample. With a silicon drift detector, 

energy dispersive X-ray (EDX) mapping has been recorded at 15 keV. Carbon coming from the 

support is observed in red and the particles containing Cu in light blue. Beside of that, the EDX 

analysis revealed fluorine in the sample. This can be explained by the composition of the 

solution, that is heated for the thermal regeneration, and contains BF4
− counter anion of 

[Cu(CH3CN)4]
+. Therefore it is not surprising to detect fluorine.  

Dynamic light scattering (DLS) was used to analyse the size distribution of the 

thermally regenerated Cu particles in the absence of carbon fibers, found to be between 70 and 

460 nm in diameter, as shown in Fig. 6.6a. The average value for the diameter of the synthesised 

Cu particles is 187 ± 1 nm with a peak of population around 122 nm. TEM analysis shown in 

Figure 6.6b indicates that smaller Cu particles down to 5 nm in diameter are also present. This 

implies that many different sizes of metallic Cu are produced during the thermal treatment of 

Cu(I). The complete conversion of Cu(I) to Cu and Cu(II) was confirmed by UV/Vis 

spectroscopy and bulk electrolysis, as shown in Fig. 6.4a-b. 

 

 

Figure 6.6. After thermal regeneration from [Cu(CH3CN)4]BF4, a) Cu NPs size distribution from DLS 

measurement and b) TEM images of Cu particles produced upon thermal regeneration.  
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A flow cell was assembled to demonstrate that the system can be used to realize heat-

to-power conversion. Three different methods were tested: 1) discharge of the positive side 

only, 2) discharge of the full cell, with Cu particles filtered off and added into the cell, and 3) 

discharge of the full cell with a nanoslurry electrolyte. In the first case, copper particles were 

separated from the solution by filtration, and the recovered Cu(II) electrolyte was introduced 

into the positive side of the cell. A fraction of the distilled acetonitrile was introduced back in 

the Cu(II) solution to obtain the positive electrolyte, and a copper foam was used as the negative 

electrode. In the second case, the filter with Cu particles was introduced between the carbon 

foam current collector and the anionic membrane. In the last case, copper nanoslurry particles 

were used as seeds for nucleating copper during the disproportionation reaction and separated 

from the resulting Cu2+ solution by centrifugation. Large fraction (ca. 15 mL) of the recovered 

acetonitrile was added into the slurry, resulting in ca. 90% CH3CN solution, and ca. 10 mL was 

added into the positive electrolyte (30% V/V CH3CN).  

The electrochemical discharge of the thermally charged battery at a constant current is 

shown in Figure 6.7, and polarization curves in Figure 6.8. When a heat-regenerated solution 

was used on the positive side, with Cu foam as the negative electrode, the cell voltage is around 

1.1 V and the capacity of the discharge corresponds to 85-90 % of the theoretical capacity of 

the battery. This difference might come from the loss of some Cu(II) solution during the thermal 

regeneration process, but it could be also due to an incomplete thermal treatment of the initial 

Cu(I) solution. In this case, the cell was limited by the Cu(II)/Cu(I) couple, with the excess of 

Cu present on the negative side. For the second case, much lower discharge voltages and 

capacities are obtained, because the negative electrode reaction limits also the cell performance, 

and, at some point, contact between the Cu-particles and the electrode is lost. Higher discharge 

voltage and capacity is reached when a 15 w-% Cu nanoslurry electrolyte is used. The first 

cycle allowed to utilize 80% of the nominal capacity, while this number was reduced to 70% 

for the second discharge. Further cycling is required to evaluate the long-term stability of the 

system, but the use of the nanoslurry electrode allows envisaging a full process based on this 

concept. These curves also prove that heat storage is possible inside a Cu RFB through a 

chemical energy conversion. 
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Figure 6.7. Typical iR-corrrected curves in a RFB at 10 mA cm-2. The positive electrolyte is composed 

of heat-regenerated Cu(BF4)2 (0.15 M) and TEABF4 (0.15 M) in acetonitrile-propylene carbonate 

mixture and the negative electrolyte of TEABF4 (0.15 M) in acetonitrile-propylene carbonate mixture. 

The acetonitrile is collected from the distilled fraction during the thermal disproportionation of the Cu(I). 

Additionally, on the negative side, the filter with the Cu particles is added in parallel to the membrane. 

 

The performance of the Cu-RFB is described in Figure 6.8b by the power production 

for the three different cases. Highest power density of 210 W·m−2 is achieved with Cu-foam 

electrode, but nanoslurry system is able to show power densities of ca. 150 W·m−2. These values 

compare favourably with the earlier report of 136 W·m−2 for aqueous ammonia based Cu-

system,20 and of 236 W·m−2 for the aqueous ammonia based Cu system at elevated 

temperatures.19 According to these results, the power that can be produced from a thermal 

treatment is promising and allows considering this Cu-RFB as potentially efficient tool to 

convert heat into stored electricity. Furthermore, if the resistance of the system could be 

decreased, much better performance could be obtained (see iR-corrected polarization and power 

curves in Fig. 6.10b, showing significant increase in power density). Such improvements are 

expected in the future, considering that the membranes developed for non-aqueous systems are 

inferior in comparison to the membranes used for aqueous systems.52 
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Figure. 6.8 a) Polarization curves (no iR correction) and b) corresponding power production of the Cu-

RFB in different conditions. The starting solution for the thermal treatment of Cu(I) (0.3 M) to Cu-

Cu(II) has a solvent composition of 50% acetonitrile in propylene carbonate. The polarization curves 

are done inside the cell with Cu foam electrode, named heat charge positive side (blue curve), inside a 

cell with Cu slurry electrode showing the first discharge (red curve) and second discharge (black curve) 

after two consecutive heat charge processes. 

 

 

 

Figure 6.9. a) Polarization curves (with iR correction, R = 0.9-3 Ω) and b) corresponding power 

production of the Cu-RFB after heat regeneration.  The starting solution for the thermal treatment of 

Cu(I) (0.3 M) to Cu-Cu(II) has a solvent composition of 50% acetonitrile in propylene carbonate. The 

polarization curves are done inside the cell with Cu foam electrode, named heat charge positive side 

(blue curve), inside a cell with Cu slurry electrode showing the first discharge (red curve) and second 

discharge (black curve) after two consecutive heat charge processes. With the compensation of the cell 

resistance, the expected power production increases compared to the experimental data. This indicates 

that if the conductivity of the RFB can be improved, the final power production would be more efficient. 

 

 

 

a) b) 
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3.4. Thermodynamic analysis 

 

When considering the thermal charging of the battery, disproportionation of Cu(I) 

requires higher temperatures of around 140-160°C than the simple evaporation of acetonitrile, 

depending slightly on the acetonitrile-propylene carbonate ratios. We can determine the 

theoretical efficiency of the battery based on the values of the vaporization and reaction 

enthalpies and the heat capacity, as illustrated below and in Chapter 4. The efficiency is defined 

by the ratio of the output energy (electrical work) and the input heat, which is required for the 

vaporisation of acetonitrile, destabilization of Cu(I) and heating of the solution: 

 

𝜂 =
𝑊𝑒𝑙𝑒𝑐

2𝑄𝑡𝑜𝑡
=

𝑛𝐹𝐸𝑐𝑒𝑙𝑙𝑐[Cu(I)(ACN)4]+

2(𝑄𝑠𝑜𝑙 + 𝑄𝑣𝑎𝑝 + 𝑄𝑟𝑥𝑛)

=
𝑛𝐹𝐸𝑐𝑒𝑙𝑙𝑐[Cu(I)(ACN)4]+

2(𝛥𝑇 ∗ 𝐶𝑝 ∗ 𝑐tot + 𝛥𝐻𝑣𝑎𝑝
ACN ∗ 𝑐ACN + 𝛥𝐻𝑟𝑥𝑛

𝐶𝑢(𝐼)
∗ 𝑐[Cu(I)(ACN)4]+)

                                                           (6.1) 

 

The maximum efficiency of a work production by heat conversion is that of a Carnot 

cycle. With Tcold at 343 K and Thot between 433 K, the maximum efficiency is 21 %. As 

described in the Chapter 4, two main factors influencing the heat conversion efficiency are 

acetonitrile and Cu(I) concentrations in the electrolyte. With increasing amounts of acetonitrile, 

more heat is required for the distillation process and lower efficiencies are reached (2% for a 

100% acetonitrile solution with 0.3 M [Cu(CH3CN)4]BF4 against 5% for a 10% acetonitrile 

solution). An opposite effect is predicted according to the Cu(I) concentration with 13% for a 

1.5 M solution and 5% for a 0.3 M solution both containing 10% acetonitrile. Hence, for a 

battery with an optimized thermal energy conversion, low acetonitrile ratio and high Cu(I) 

concentration are preferable. Nevertheless, it is important to highlight that the voltage potential 

and kinetics parameters will decrease with a small acetonitrile content. Additionally, significant 

amount of heat is required for heating up the solution. Therefore, a co-solvent with lower heat 

capacity would improve the efficient. 
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4. Conclusion 

  

In this chapter, we present thermally regenerative non-aqueous copper batteries as a 

means to convert low-grade thermal energy into electrical energy, stored in a battery. We have 

investigated the electrochemistry and the thermodynamic properties of the system, and show 

that heat with temperature between 140-160℃ can be converted into electricity. Replacement 

of water with a higher boiling point co-solvent, propylene carbonate, allows unprecedented cell 

voltages and a high output power for a thermo-electrochemical battery. Additionally, the 

theoretical efficiencies approaching 65% of the Carnot efficiency for heat to power conversion 

(up to 13 %) can be achieved with optimized solution compositions. Applicability of nanoslurry 

electrode for the negative side of the battery is also demonstrated, allowing multiple cycles of 

heat-to-power conversion. 

Overall, this work opens the way to thermo-electrochemical electricity generation to 

exploit industrially waste heat and thereby provide new alternative routes of renewable energy. 
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Chapter VII  

Conclusions and outlook 

 

 

 

 

In this work, a copper redox flow battery for energy storage is described. We have also 

shown that the device is not only able to store electrical power but also thermal energy at 

relatively low temperatures that are usually considered as waste heat (140-160°C). The 

electrolyte, which is chosen for the heat conversion to chemical energy in the electrochemical 

cell, is composed of three main chemicals: Cu salts, acetonitrile (ACN) and propylene carbonate 

(PC). The research of A. Parker et al. demonstrates the ability of Cu(I) complexes with ACN 

to undergo a disproportionation reaction when the water-ACN solvent is evaporated.1 This 

chemical reaction promoted by heat induces to formation of metallic Cu(0) and Cu(II). 

Therefore, the idea to apply this reaction to store heat as chemical energy based on the thermal 

treatment of the Cu-ACN complex has been proposed by P. Peljo et al.2 To facilitate the transfer 

of the Cu and Cu(II) species in the energy storage device, the solubilized state of the final 

electroactive species needs to be preserved. The originality of the present research is to 

introduce the final liquid electrolyte, which is charged by heat, in a flow cell. For that purpose, 

PC is added to the solvent composition because this chemical will not evaporate during the 

ACN distillation (Tb = 242°C) and will conserve the Cu(II) salt in solution. Another advantage 

to replace water as the co-solvent by PC is the better stabilization of the Cu(I) complex in a 

pure organic phase, significantly improving the cell voltage. At the end, the final electrolyte is 

based only on the organic solvent composition of ACN and PC containing the Cu electroactive 

species. 
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By electrochemical analysis (Chapter 2 and 3), we confirmed the nice stabilization of 

the Cu(I) species in ACN and PC mixtures, even when low concentration of ACN are present 

in solvent composition. The effect of the PC on the potential of the cell is very weak comparing 

to water, as 90 vol% PC and 10 vol% ACN solution still shows a cell voltage of 1.0 V. The 

maximum cell voltage for standard conditions with pure ACN is determined at 1.24 V for the 

Cu-ACN battery. The main effects of PC is to decrease the quasi-reversible kinetics of the 

electron transfer (for 100% ACN, k0 = 6.25·10−3 cm·s−1 and for 10% ACN, k0 = 1.12·10−4 

cm·s−1), to increase the viscosity (for 100% ACN, η = 0.38 cP and for 10% ACN, η = 1.91 cP) 

and therefore lower diffusion coefficient of the Cu(I) and Cu(II) at the electrode (for Cu(I) and 

100% ACN, D = 1.48·10−5 cm2·s−1 and for 10% ACN, D = 2.54·10−6 cm2·s−1).  The activation 

energies for the electron transfer and the diffusion at the electrode are also increased with higher 

PC contents.  

 

The thermodynamics of the Cu-ACN-PC system is analysed in Chapter 4 mainly by 

differential scanning calorimetry (DSC). The heat capacities, temperatures and enthalpies of 

vaporization and reaction that are calculated from the DSC measurements to allow estimation 

of the energy efficiency of the thermal conversion to electricity. Equation 7.1 (or 4.23) describes 

the efficiency as the ratio of the electrical output that can be recovered from the thermal energy 

needed to heat the solution and to induce the disproportionation of Cu(I):  

    

𝜂 =
𝑛𝐹𝐸𝑐𝑒𝑙𝑙𝑐[Cu(I)(ACN)4]+

2(𝛥𝑇 ∗ 𝐶𝑝 ∗ 𝑐tot + 𝛥𝐻𝑣𝑎𝑝
ACN ∗ 𝑐ACN + 𝛥𝐻𝑟𝑥𝑛

𝐶𝑢(𝐼)
∗ 𝑐[Cu(I)(ACN)4]+)

                                                     (7.1) 

 

Three main factors influencing the final efficiency of the thermal conversion are: the 

ACN concentration, the Cu(I) concentration and the starting temperature. According to 

Equation 7.1 and the data in Chapter 4, the maximum performance is reached when: 

 Low ACN contents are present in solution because less heat is needed to 

evaporate it,  

 Cu(I) is more concentrated and gives more products during the 

disproportionation reaction, 

 The starting temperature is closer to the boiling point of the ACN.  
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The best theoretical efficiencies are determined between 10% (T0 = 20°C) and 14% 

(T0 = 80°C) for a solution with 1.5 M Cu(I) and 10 vol% ACN. The energy density of the system 

with 1.5M Cu(I) salt has an energy storage density of 25.8 Wh·L−1. These performances can be 

obtained with a Cu(I) salt with Tf2N
− as counter anion, as [Cu(CH3CN)4]Tf2N is known to be 

an ionic liquid, and very soluble Cu(I) species in ACN that can reach a concentration of ~3M 

and that can be used in a redox flow battery.3,4 For an energy storage device using thermal 

energy as the input, these results are among the highest that can be reached for a thermodynamic 

process limited by Carnot. Even better efficiency can be expected from the system if the heat 

capacity of the electrolyte is modified by changing propylene carbonate by another solvent with 

high boiling point and lower Cp (e.g. ethylene carbonate). 

 

The redox flow battery had been developed to deal with the resistance of the cell, the 

transport of chemicals and solvents through the separator, the deposition/stripping process of 

Cu on the negative side and the long-term cycling of the cell (Chapter 5). To achieve more than 

200 cycles, a set-up for the long-term cycling was built with an anionic membrane reinforced 

with PE, a porous Cu negative electrode and a hydraulic shunt between the tanks to mitigate 

the ACN crossover and loss of capacity. With an electrical charge of the battery, the energy 

efficiency reaches 56 % in average at 10 mA·cm–2 (69% with iR correction) and highlights the 

need to develop and use a membrane with a low resistance. From the difference of performances 

between the thermal or electrical charges, it is obvious that the Cu-RFB is performing better in 

a purely electrical mode. However, the great opportunity here is the capacity of the battery to 

switch to a different type of energy input when heat is available. Even a third option is possible 

if energy lower than 140-160°C is present; the implementation of a thermally regenerative 

electrochemical cycle (TREC) could be done to heat the solution during the charge and to 

reduce the electrical energy input. Such system should increase the energy efficiency of around 

five additional percents.5 

 

A particular attention was given to the electrode for the Cu(I)/Cu redox couple. The 

change of physical state for the Cu ion and the slower kinetic of the deposition are the main 

factors contributing to losses of capacity and performance during long-term cycling. The Cu 

slurry electrode was proposed as an alternative for the negative side of the battery. The 

advantage of the conductive particle suspension is that it keeps the property of the classical 
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RFB to decouple the capacity of the system regarding the mass of the electrode. As the slurry 

can be stored in the positive tank as a charged electrolyte, the capacity only depends on the 

volume of the solution. The cathodic corrosion method was investigated for the Cu 

nanoparticles (NPs) synthesis6 and an automatized set up was built to have a production able to 

give enough quantity of powder for slurry integration in the RFB (Chapter 5). Even if the Cu 

NPs are oxidized partially during the synthesis, the slurry is still active enough to reach similar 

or slightly higher power and current density than the Cu foam electrode (with thermal charging 

and 0.3 M Cu(I), P = 175 W·m−2 at j = 350 A·m−2 and with electrical charging and 0.15 M 

Cu(I), P = 240 W·m−2 at j = 450 A·m−2). A more exotic type of liquid electrodes could be 

imagined if eutectic metal alloys are added in the negative side (Hg, Galinstan (Ga-In-Sn) or 

Field’s alloys (Bi-In-Sn) among others). The kinetics of deposition on these amalgams could 

be improved, as it is known that the kinetics is faster on mercury than on Cu surface.7,8 Another 

idea could be to have two different Cu(II)/Cu(I) redox couples for each side of the Cu-RFB. 

Therefore, the problem of the deposition/stripping process can be avoided. However, the 

thermal conversion will be no more possible with such a system. A potential candidate for the 

negative Cu(I) complex is the N,N,N-tris-(2-(dimethylamino)ethyl)amine) complex or 

[Cu(Me6tren)]. This Cu(II)/Cu(I) couple has a redox potential in ACN around −0.6 and −0.3V 

(vs. Ag/Ag+),9  which is lower than the deposition potential of Cu(I) in ACN (0.3V (vs. 

Ag/AgCl)). Consequently, a higher cell voltage could also be obtained (Ecell = 1.5-1.8V) with 

such Cu complex on the negative side and with the Cu-ACN complex on the positive one. 

 

If we want to apply the heat to power Cu RFB to the industry, several drawbacks have 

to be pointed out. The economic study of the battery reveals that the cost of the kWh will be 

mainly influence by the price of the electrolyte and especially the supporting electrolyte (LiPF6, 

TEABF4 and Tf2N) for the organic solvent composition. This parameter was highlighted by the 

cost studies of Li-ion battery.10 Another disadvantage of the organic solvent composition is the 

relative toxicity of the acetonitrile and the possibility to produce cyanide when it is 

decomposing at high temperatures. However, this compound is already used in the chemical 

industry and its implementation in an industrial RFB should be possible without too many 

difficulties.     
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Finally, as this work describes a major leap forward in terms of theoretical thermal 

conversion efficiency, cell voltage, and energy storage density, these improvements could make 

this technology industrially relevant. 

Overall, this work opens the way to thermo-electrochemical electricity generation to 

exploit industrially waste heat or solar thermal energy and thereby provide new alternative 

routes of renewable energy. 
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