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Résumé

Une importante partie de la production d’¢lectricité provient de la conversion de chaleur. En
effet, les centrales électriques brilent généralement des carburants comme le gaz naturel, le charbon
ou emploie la fission nucléaire pour produire de 1’énergie thermique qui peut se transformer en
¢lectricité grace a un cycle thermodynamique et au travail mécanique d’une turbine. Cependant, avec
ces méthodes, de hauts rendements ne sont atteints qu’avec des températures ¢levées selon la théorie
prédite par Carnot. De grandes quantités de chaleur de récupération & 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 a basses températures (en dessous de 200°C) sont disponibles en grandes
quantités par I’intermédiaire des pertes de chaleur industrielles, mais aussi par le biais des énergies
renouvelables comme 1’énergie solaire thermique et I’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 particulierement intéressant de pouvoir les stocker afin de
pouvoir les distribuer et consommer de maniéres plus efficaces. Néanmoins, la production
d’électricité a partir de ces chaleurs a basses températures est un défi conséquent pour les technologies
existantes. Les piles rechargeables thermiquement permettent la conversion et le stockage de I’énergie
thermique en électricité, mais elles ne peuvent atteindre que de faibles voltages et de basses

puissances de sortie.

Pour ce travail de thése, nous présentons une batterie a flux rechargeable thermiquement qui
utilise la complexation du cuivre avec 1’acétonitrile dans un électrolyte non-aqueux et qui est capable
de fournir un voltage de plus de 1V. Par distillation de 1’acétonitrile, le complexe de Cu(l) et
acetonitrile devient instable et réactif, ce qui permet la formation de cuivre métallique et de Cu(ll)
dans une solution de propylene carbonate, chargeant ainsi la batterie. Avec ce procéde, 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 1’¢électricité a partir de pertes de chaleurs a basses températures.

Keywords: conversion de I’énergie thermique a basses températures en électricite, batterie

a flux rechargeable thermiquement, cuivre, acétonitrile, cycle thermodynamique, electrochimie.



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 °C) 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(l) complex can be
destabilized by removal of acetonitrile by distillation, leading to production of solid copper and Cu(ll)
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-m2, 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

Chapter |  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.



Chapter I: Introduction

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.? 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.?
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*

Conversion losses

from thermal
production
Total 31 249

i34 primary o
Oi 66 energy Own use of Transmission &

input for i sl distribution
Gas elee:tricity P 1 ngg losses 1 596
10572 production /
49 555
Nuclear
8385 Gross Net

electricity electricity
Hydro 2 919 production | production

Bioenergies 895 [N 18 307 17 219
Other renewables 593 NN

Figure 1.1. Energy flows (TWh) in the global electricity system.!
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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 (Tn).
Then, the system cools from Th to T¢ 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 Tn. 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:®

w T,

=—=1--= 11
Ncarnot Qin Th
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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.®

Qin

\ critical point

| Boiler A
= T
2
Qin
i /
Turbine W b, o
—»
Pump \ W pump, in
4
L 7 Sat. liq. boundary Q ou Sat. gas boundary
1
Condenser » >
S
\ q T-S diagram

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

All transformations in a Rankine cycle can be analysed and compared with the Carnot
cycle (Fig. 1.2):

e 1-2: Isentropic compression of the liquid fluid (usually water?) 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 (pi) to high pressure (pn).

e 2-3: Inside the boiler, heat exchange allows the heating of the liquid and its evaporation.
In Figure 1.2Db, 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 (pn)
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.

e 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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e 4-1: At constant pressure (pi), 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:®

_ Wout=Wpump

NRankine = Q— 12
mn

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.® 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.° 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.'® 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.?

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%.* 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.®

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

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.*>1" 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.!8° 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.?>?* 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.??-2*

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.
separator § ‘—K turbine
£ in 5 8
& T 7
° )
® 9 o 14 S
1<} =4 &
% >
> o o
o recuperator = 8
- L5
out 3 2 ol 1 =
=
o

Figure 1.3. Process flow diagram of a simple Kalina cycle.?®
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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.?
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.2?

Project name/location Heat source Electrical output Start up
Segr):ga park (Demo), fulr?) i°nCé exhaust gas of gas turbine, later solar centaur gas 3 MW, later 6.5 MW iggé—
Fukuoka city, Japan Waste heat from incineration plant 5 MW 1999
:)(:nshima steel works, Ja- 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

Another type of system using low-temperature heat is the salinity gradient power
(SGP) engine, which works with the osmotic energy.?® This energy comes from the mixing
between solutions with different concentrations of a salt. For example, the work, that can be
extracted when 1 m® of river water is crossing a semi-permeable membrane to dilute a seawater
draw solution, reaches approximately 0.75 kWh.?® 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 ¢ the molar concen-

tration):
T = 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
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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.

Waste
heat

Cold
sink

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.

S

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.®
Membrane distillation (MD) is also a technique for the solvent extraction.3 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).COz3), which are forming a gas with low-
temperature heat and replace the distillation of the solvent.>3** However, the thermal efficiency

of membrane distillation is much better even if it remains quite low at 10%.%
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Hydrophobic
membrane

Hot seawater

Figure 1.5. Schematic representation of membrane distillation.*

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)*, solar-powered Stirling en-

gine®’, combined cycles (e.g Brayton cycle with Rankine cycle)®®, carbon carrier cycles.

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).*° 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.** 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.*? 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.*® An interesting material, called semi-metallic polymers, is able to
have a high Seebeck value and a low thermal conductivity.* This type of material is a good

candidate for an enhancement of the low efficiency in thermoelectric systems (around 1-5%).4
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Heat Dissipated
(Cold Side)

P-Type
Semicond
Pellets

N-Type
Semiconductor Heat Applied

Pellets (Hot Side)

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.

11
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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.*¢*® 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.*"4*-! 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 (M* = M*™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

12
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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.

Power source- Power source-
Load Load

N+ / NY N+ / NY

Q Charge @ Discharge Q

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 (M*, 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:>?

e 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

13
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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.

e 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.

e 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.

e 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.

e 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.>?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.>3-%

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 —=SOs™ function forms channels in the Nafion structure that can be hydrated and
where proton hoping can occur.®”*® As many RFBs are based on an aqueous and acidic electro-
Iyte, 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 (Si02)*°5! or by imitating the

Nafion with another sulfonated polymer.®2

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.®® The crossover throught the pores are relatively consequent and the Daramic
is usually modified by pore-filling with ion exchange resins and crosslinkers.>2%+%® Modified
nanofiltration membranes with SiO> are also proposed as porous separator and show promising

performance to lower the price of the membrane.®:%’

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:58

e 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.

e 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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e 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-
Iyte 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.

e 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.%® 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.”®-"> 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.” "

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 (H2S0s, HCI). The most commerciliased RFB is the all-vanadium RFB (V3*/
V2 VO2*/VO?).677 With the vanadium battery, different mediators for the positive side have

been investigated like iron (V3*/V?*, Fe3*/ Fe?*)8.7° cerium (V¥ V?*, Ce*"/ Ce3)® manganese
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(V¥ Vv, Mn®/ Mn?")8 and polyhalides (V3*/ V#*, BrCl,/ Br)**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 RFB®).

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 cycling® and to target new redox mediators, which
are not accessible in aqueous phases (mainly metal ligand complexes).>*8+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 (EMIPFg) as charge carri-
ers.>2 Ru, 8 V.8 Cr & and Mn ® are complexed with acetylacetonate (acac) and Ru®®, Ni, Fe
with tris(2,2’-bipyridine) ligand (bpy)°>>®4. 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.®!

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 viologen®>®, anthraquinone®-%,
aloxazine®” and N-methylphthalimide (on (-)-side).®® On the (+)-side, 2,2,6,6,-teramethyl-1-
piperidinylxy (TEMPO) is the most commun organic compound for RFB.%%% Some organic

polymer mediator are also tested in aqueous electrolytes for safety reason.®2

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,® acetonitrile-water mixtures,'® hydrochloric acid solutions,'*
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copper-containing ionic liquid®?1% and deep eutectic solvents.** One of the first Cu secondary
battery was built by Kratochvil and Betty with two redox couples Cu/CuClO4 and Cu-
ClO4/Cu(ClOg4)2 in a pure acetonitrile (ACN) solution. This battery developed a potential of
1.35 V and shows a good stabilization of Cu(l) in ACN.*°® 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(ll) acetonitrile-water solution, followed by ther-
mal disproportionation of Cu(l) from this solution to recover metallic Cu and the Cu(ll) con-
taining leaching solution.% It means that Cu(l) can be heated to give back metallic Cu, but also
Cu(ll), as Cu(l) is disproportionated. If Cu and Cu(Il) are considered as electroactive species,
Cu oxidation at the anode and Cu(Il) reduction at the cathode can produce electric current and
regenerate Cu(l). Then, the Cu(l) 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(l) disproportionation and
to store Cu(Il) and Cu in a electrochemical cell was previously proposed in an aqueous acetoni-

trile solvent by P. Peljo et al.1®

In this RFB, Cu(l) needs to remain stable in solution after the discharge for the cycling
of the battery. However, Cu(l) ions are not really stable in aqueous media. %1% They can dis-
proportionate to Cu(ll) ions and Cu particles. From the Pourbaix diagram of copper in aqueous
solution (Fig. 1.8a), the area of Cu(l) stability is almost non present at 25°C.1%° It was also
reported that the potential of the Cu RFB was decreasing with larger concentrations of water

inside the solvent.1%

One solution to have a stable Cu(l) in aqueous solution seems to heat it. From the
Pourbaix diagram of copper (Fig. 1.8b), the potential window of Cu(l) stability is not negligible
at high temperatures and in acidic conditions.'®® However, working at such high temperatures
is not practical with agueous solutions. By considering the Hard Soft Acid Base rule, Cu(l) is
soft with a good w-donor character (comparing to Cu(ll)) and acetonitrile is a solvent with =-
acceptor characteristics. With a boiling point close to 82°C,*® ACN seems to be an ideal com-
plexing agent for the solubilisation of Cu(l) and for the disproportion of Cu(l) 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.%®

For the synthesis of the electroactive species, which is targeted for the Cu redox flow
battery, a Cu(l) complex needs to be produced. The reducing ability of metallic Cu on Cu (Il)
in acetonitrile is known since 1923, when Morgan used this method for the preparation of cu-

prous chloride or bromide-mono(acetonitrile) complexes.*!

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(l) 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(l) 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.
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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:

\ \ Thermal regeneration {charge}
< AN AN

@ Membrane

Pump Redox Flow Battery (discharge)

SCHEME OF THE HEAT REGENERATION SYSTEM

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(1)/Cu(0)
and Cu(11)/Cu(l) redox couples in acetonitrile and propylene carbonate, (ii) the thermodynamic
of the Cu(l) 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-
Iyte 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(I1)/Cu(l) 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(l), 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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Chapter |l

Cu**/Cu” electrochemistry in acetonitrile and
propylene carbonate mixtures

Based on the submitted paper,
Electrochemistry of Cu(I1)/Cu(l) in acetonitrile and propylene carbonate,

S. Maye, H. H. Girault & P. Peljo,

Abstract

In this Chapter 11, the objective is to understand the electrochemistry of the positive
side of the all-Cu redox flow battery. Therefore, the redox mechanism of the Cu?*/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(l)-ACN
solution. Furthermore, the influence of the temperature on the Cu(l)-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

Cu?*/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 (k%) and charge transfer coefficients (). 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 Koutecky-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 Cu?*/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.! 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.? In their work, Parker et al. demonstrated a process, where segregated copper from
roasted concentrates and ores were leached with a Cu?* containing acetonitrile-water solution
to form Cu™ complex stabilized by ACN. This method relies on the comproportionation of Cu
with Cu?* to 2Cu* in ACN and is followed by the thermal disproportionation of Cu* from this
solution to recover pure metallic Cu particles and the Cu?* containing leaching solution.® It
means that Cu® solutions can be heated to remove the complexing ACN to destabilize the Cu*
and give back metallic Cu, but also Cu?*, as Cu* is disproportionated during the distillation of
the ACN.*® If Cu and Cu?* are considered as electroactive species, Cu oxidation at the anode
and Cu?* 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 Cu?* with the Cu* ion.

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

acetonitrile-water mixtures *, hydrochloric acid solutions ’, copper-containing ionic liquids 8
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and deep eutectic solvents °. One of the first Cu secondary battery was built by Kratochvil and
Betty with two redox couples Cu/CuClO4 and CuClO4/Cu(ClOs)2 in a pure acetonitrile (ACN)
solution ®. This battery developed a potential of 1.35 V and shows the strong stabilization of
Cu* in ACN °. 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.

Thermal regeneration

Redox Flow Battery
(discharge)

¥

[

=
T
1

e - Cu* +e"— Cu*
z t'u‘ -.:-E—:_:-:_:-:_:-:-

T ot WCu — Cut+e
SRSt —-
+e .,

(2

Scheme 2.1. Full representation of the all-Cu redox flow battery coupled with thermal treatment of the
Cu(l) 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 %2, as they readily
disproportionate to Cu?* ions and metallic Cu. From the Pourbaix diagram of copper in aqueous
solution, the area of Cu* stability is almost absent at 25°C 3. Consequently, ACN is chosen to
stabilize Cu*, because it is known to complex well with Cu* 415 and because the boiling point
of ACN is relatively low (82°C).*® As ACN is evaporated during the regeneration of Cu and
Cu?*, 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 *. 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.!’°

32



Chapter Il: Cu?*/Cu* electrochemistry in acetonitrile and propylene carbonate mixtures

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. 2° and will be described in the following chapter. The main focus of this
chapter is dedicated to the electron transfer in the Cu?*/Cu* redox couple. Already few papers
have described the electrochemistry of Cu* in pure ACN,? in water 2224 in ACN-water
mixtures® and in ionic liquids.?®® 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 (Es). For potential sweep methods (LSV
and CV), the speed of the measurement is determined by the scan rate (v 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) =E; +vt 2.1
E(t) = Ef— vt 2.2
At a WE, the potential of the electrode is given by the Nernst equation (Eqg. 2.3), when

the redox reaction is at equilibrium:
RT a RT Co
Eoq = E® + —1 (—°)= EY +—1 (—") 23
cd nF " a, nF " C;
with Eeq as the equilibrium potential at the working electrode in V, E° the standard
potential and E° 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 (Cy) 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 y(o7). 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:

dCy(x,t) 0%C,(x,t)

——=D,——— 2.4

ot °  9x2
dC.(x,t) 0%C.(x, t)
T D, “oxZ 2.5
The initial and boundary conditions are the following:
t=0, Co(x,0) = Cl o+ Co(x,0) = Clav =0 2.6
X > o, Cr(o0,t) = Cly+ Co(o0,t) =0 2.7
nFv
i =nFAC}\/nD,o - y(ot) 0 =7 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, y(ot) depends on the time and indicates the
link between the current and potential. The z%°y(or) values were calculated by different methods
(numerical?’, series solution?®2°, partially analytical®®*! and others®23%). 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 z°%y(st) at 0.44632%%, According to the Randles-
Sevcik equation for reversible systems, the peak current I, 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.

nFvD
RT

I, = 0.4463 nFAC 2.9

In the case of quasi-reversible redox reactions, the kinetics parameters (k°, Ka, ke, )

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. *°

0 1@ D 06 (x, 1) k,C.(0,t) — k.C,(0,t 2.10
- ———— _— = -

) nFA r ax o a I'( ) ) c“¥o ) ) .
k. = k%exp(—af(E — E)) 2.11
ko =k exp ((1— a)f (E - EO’)) 212

Sometimes these rate constants can be defined differently, by substituting « =1— 5 363

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

Ep, Ep/Z):3O'35

kO
A= £ 05 2.13
1-a (xn_ '
(mD3~*Df grv)
Reversible: A>15
Quasi-reversible: 15> A > 10721+
Irreversible: A <1020+

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 v,
which is similar to the reversibility factor of Matsuda & Ayabe (Eg. 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 y and k° indicating a more irreversible charge transfer. For the determination of the
heterogeneous rate constant k% 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 y (Table 2.1). The working function, which describes the relation between
AEp and w, was numerically calculated by Nicholson . From the following equation, the
heterogeneous rate constant k° can be found with its corresponding y 273

a
2

(5)
1D fv

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

Y = An05 = 2.14

higher v, a smaller y 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 k°. 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 k° 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
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