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1.1 – Waste heat as an unexploited energy source 

The rapidly growing global population, coupled with the rapidity of recent 

industrial development for many non-western nations has led to a significant demand 

for energy on a global level.1 As most nations currently rely on non-renewable sources 

such as coal, oil and gas to generate this energy, a significant energy crisis is currently 

occurring.2 This current energy crisis is two-fold. Firstly, it is an energy generation 

crisis, where sustainable sources of clean energy need to be exploited in order to meet 

the growing global demand, without emitting significant quantities of greenhouse 

gases. Secondly, the energy efficiency of all processes associated with energy, from 

harvesting, conversion, transport, storage, and utilisation need to be significantly 

increased. It is currently predicted that for every joule of energy utilised by humanity, 

two joules of energy is lost as waste heat.3,4 Thus we actually need to produce triple 

the quantity of energy that we currently require. If the efficiency of these processes is 

improved, and we lose significantly less energy as waste heat we would require 

significantly less energy resources, which could be met by renewable sources. 

Therefore, exploiting alternative sources of energy that can be sustainably harvested 

without producing greenhouse gases are of paramount importance to balancing the 

growing demand for energy, while preventing both global warming and the over-

exploitation of the ecosystem. 

As mentioned, thermal energy is currently produced (and wasted) in vast 

quantities on a global scale, if waste thermal energy can be converted sustainably, 

cleanly, and cheaply to usable energy (such as electricity), it has the potential to 

become a significant energy source. If a sustainable method of thermal-to-electrical 

energy conversion can be developed, there are many potential sources of thermal 
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energy, such as industrial processes,5–9 transportation vehicles,10 geothermal,11 human 

habitation,12,13 and the human body itself,14–17 among many others. Some of these 

potential sources of thermal energy are shown in Figure 1. 

 

 

Figure 1  –  Schematic representation of various sources of unexploited waste thermal 

energy. 

 

Thermal energy is quantified in three grades, where low grade (<200 °C), 

medium grade (200 – 500 °C) and high grade (>500 °C) can be harvested via different 

methods to generate electricity.18,19 High-grade heat utilisation is currently well-

developed as the steam Rankine cycle.20 This method has an initial step where thermal 

energy vaporises water, resulting in high-pressure steam, which is subsequently used 

to turn a turbine, generating electricity. This process is used in both fossil-fuel and 

nuclear power plants and is a very efficient method of generating electricity. However, 
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with obvious disadvantages from a sustainability perspective relying on non-

renewable sources and producing greenhouse gases. 

Rankine cycles based on organic liquids, rather than water have also been 

developed. These systems utilise lower temperatures by employing volatile organic 

compounds as the fluid.21–23 Waste heat sources such as those in Figure 1 are generally 

classed as low-grade (<200 °C).19 Currently this potential source of energy is almost 

completely un-exploited. 

Thermogalvanic cells can sustainably convert temperature (in the form of a 

temperature gradient) directly into electricity.24,25 These exploit a difference in entropy 

between two redox states of a redox couple. Once a temperature gradient is applied to 

a thermocell, a continuous generation of current is produced by this 

thermodynamically driven process. The fundamental aspects of thermogalvanic cells 

using an imaginary redox couple A + e- = B is initially discussed. In the interest of 

space, the fundamental processes of thermogalvanic cells are discussed along with 

aqueous iron-based redox couples. 

 

1.2 – Introduction to thermogalvanic energy conversion 

Thermogalvanic cells (also known as thermocells) are either liquid or gelled 

state devices which convert thermal energy directly into electrical energy.24,25 

Thermogalvanic cells are a sub-class of thermoelectrochemical cells, which have 

historically been referred to as “liquid thermoelectrics”, and were initially 

characterised in the late 19th century.26–28 These devices convert thermal energy to 

electrical energy by a thermodynamically-driven redox process that is analogous to the 
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classic Seebeck effect experienced by solid-state thermoelectric devices.29 This 

process is commonly referred to as the thermogalvanic Seebeck effect.30 

The application of a temperature gradient (ΔT) between the two electrodes of 

a thermogalvanic cell results in the production of a voltage (ΔV). This is quantified as 

a temperature coefficient (known as the Seebeck coefficient, Se). This coefficient 

quantifies the ability of the system to convert heat to electricity and follows the 

equation:  

𝑆𝑒 =  
∆𝑉

∆𝑇
                                                      (1) 

A thermogalvanic cell is simply a redox-active electrolyte, either in a solution 

or gelled state, sandwiched between two electrodes which are held at dissimilar 

temperatures (this is shown schematically in Figure 2).24,25 Typically, thermogalvanic 

cells utilise a redox couple of electrolytes such as the [Fe(CN)6]
3-/4-,17,31–35 Fe2+/3+,36–40 

or [Co(bpy)3]
2+/3+.41–46 However, thermocells have also been reported using metal to 

ion transition such as the Cu0/2+ and Li0/+ redox couples.47–50 However, it has been 

demonstrated that almost any redox couple will exhibit a thermogalvanic temperature 

coefficient.51 These redox ions act as charge carriers to the electrodes, where they 

either undertake an oxidation or reduction at the electrode surface (Figure 2).  
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Figure 2  –  Schematic of a thermogalvanic cell where the reduction is occurring at the 

cold electrode and the oxidation is occurring at the hot electrode with an imaginary 

redox couple.  

 

Thermogalvanic cells have been increasingly investigated for thermal energy 

conversion due to many inherent advantageous properties. These include: 1) 

Thermogalvanic cells typically utilise earth-abundant metals such as Fe in sustainable 

solvents such as water, this also aids in cost-effectiveness;30 2) Thermogalvanic cells 

can be made of flexible materials and shaped to fit the source of waste heat, this has 

been demonstrated with heat sources such as a hot-water pipe52 or commonly the 

human body.14–17 3) As liquid devices, thermogalvanic cells also have inherently low 

thermal conductivity, which can even be improved by gelling the liquid electrolyte to 

a gelled electrolyte (discussed in section 1.5).53 Finally 4) The thermogalvanic Seebeck 

coefficient is typically one to two orders of magnitude higher than those of 

thermoelectric devices.24,25,47,54 For these reasons, thermogalvanic cells are being 
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increasingly investigated as a cheap and sustainable alternative for low grade waste 

heat harvesting devices. 

 

1.3 – The driving force of thermogalvanic cells 

In the previous section, the Seebeck effect was introduced as a way of 

quantifying the driving force for thermogalvanic cells, as in Equation 1 (expanded in 

Equation 2). This is an entropically driven process, where the difference in entropy 

between two redox active species (∆𝑆𝑟𝑐)51,55,56 is the actual driving force for 

thermogalvanic cells, once a difference in temperature is applied. 

𝑆𝑒 =  
∆𝑉

∆𝑇
=  

∆𝑆𝑟𝑐

𝑛𝐹
                                                (2) 

where n is the number of electrons transferred, and F is Faraday’s constant. With 

respect to the entropy, several distinct entropic components combine to the overall 

ΔSrc.
31,51,57–59: 

∆𝑆𝑟𝑐 = (𝑆𝐵 +  �̂�𝐵) − (𝑆𝐴 +  �̂�𝐴) − 𝑛𝑆�̿�                            (3) 

where 𝑆, �̂� and 𝑆̿ are the partial molar entropy of redox species, the Eastman entropy 

of transport of ions in solution and the entropy of transport of electrons through the 

external circuit, respectively.31 The entropy of transport of electrons though copper 

connections is typically negligible, (ca. 2 µV K-1) and can be discounted.31 The 

Eastman entropy refers to the interaction of the solvated ion and the bulk solvent as 

the solvated ion is travelling through the solvent. (i.e. minor perturbation in bulk 

solvent as a polarised solvation shell is driven from one electrode to the other by the 
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thermodynamic driving force in a thermogalvanic cell), which can also be considered 

negligible compared to the partial molar entropy.24  

To demonstrate this, previous investigations have been undertaken to measure 

the Seebeck coefficient while allowing sufficient time to reach Soret equilibrium        

(Se(∞)).
31,60 The Soret effect is a combination of the accumulation of ions at one 

electrode upon the application of a temperature gradient (a kinetic factor) and the 

difference in Eastman entropy of transport, driving a potential (a thermodynamic 

factor).58,59,61–64 These factors combine to result in an accumulation of species at each 

electrode, generating a high potential difference.65,66 However, the Soret effect 

typically only has a minor impact on ∆𝑆𝑟𝑐, compared to the Seebeck effect when a 

redox-active couple are present, and can also be discounted in redox-active electrolyte 

thermogalvanic cells.25,31 Therefore, a simplified but relatively accurate approximation 

of Equation 3 can be: 

∆𝑆𝑟𝑐 = 𝑆𝐵 − 𝑆𝐴                                               (4) 

In thermogalvanic cells, the ∆𝑆𝑟𝑐 is based on the solvent polarisation around 

each ionic species, and can therefore be either positive or negative, depending on 

whether the oxidation or reduction in the redox process results in a net gain of entropy. 

For example, upon reduction of Fe3+ to Fe2+, a less charge dense ion is formed, whereas 

upon reduction of [Fe(CN)6]
3- to [Fe(CN)6]

4- a more charge dense ion is formed. Thus, 

the same process (a reduction) results in the opposite change in entropy. Upon 

formation of a less charge dense ion, formerly polarised solvent is lost to the bulk. This 

gives a positive entropy change and thus, a positive Se.
36 The effect on polarised 

aqueous solvent is shown in Figure 3.35,67 Despite the ability to either gain or lose 
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entropy upon reduction, the laws of thermodynamics constitute that there must always 

be a net gain of entropy to the system.68 To achieve this, the reduction in a thermocell 

can occur at either the hot electrode (n-type) or the cold electrode (p-type) in order to 

always gain entropy. Please note that Figure 3 is just meant to be a visual 

representation of the gain and loss of ‘fixed’ solvating water molecules in the inner 

solvation shell, this is not meant to be an accurate approximation of the number of 

solvated molecules; for simplicity, it excludes the outer solvation shell and the bulk 

solvent. 

 

 



Chapter 1: Introduction 

 

Page | 23 

 

 

Figure 3  –  Visual representation of the change in inner solvation sphere with reduction 

/ oxidation of the Fe 2 +/ 3+ and [Fe(CN)6]3- / 4- redox couples. Where the solvation increases 

with increasing charge density of the ions.  

 

1.4 – The fundamental thermodynamics of thermogalvanic cells 

As the ∆𝑆𝑟𝑐 of a redox couple determines the Seebeck coefficient of the redox 

couple, the ∆𝑆𝑟𝑐 is also directly related to the voltage output possible by a thermocell, 

at any given temperature difference (as in Equation 1). As discussed in the next section 

this is also hugely important towards the power output of a thermogalvanic cell. To 

this end, predicting the ∆𝑆𝑟𝑐 for any given redox couple, in any given solvent is highly 

desirable for the advancement of thermogalvanic cells. 

Fundamental studies have been undertaken on a wide variety of redox couples 

at low concentrations in a range of aqueous and organic solvents. This research has 

been conducted in an attempt to determine an equation that can be used to predict the 

∆𝑆𝑟𝑐 of a particular redox couple based on ionic radius, ionic charge and the 
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solvent.69-73 Two equations have typically been used for this purpose, one is the Born 

model:74,75 

(∆𝑆𝑟𝑐) =
𝑒2𝑁𝐴

2𝜀𝑟𝑇
(

𝑑𝑙𝑛𝜀

𝑑𝑇
) (𝑍𝑂𝑥

2 − 𝑍𝑅𝑒𝑑
2 )                                 (5) 

Where 𝑒 is the electronic charge, 𝑁𝐴 is Avogadro’s constant, 𝜀 is the dielectric 

constant, 𝑟 the ionic radii, 𝑇 the temperature and 𝑍𝑂𝑥 and 𝑍𝑅𝑒𝑑 the ionic charge of the 

oxidised and reduced species, respectively. This model has been compared to 

experimental values for ∆𝑆𝑟𝑐 of a range of redox couples, with varying degrees of 

success.70 Further and more comprehensive studies determined the relationship: 

∆𝑆𝑟𝑐 =  𝐾1 +  𝐾2(𝐴𝑁) + 𝐾3
(𝑍𝑂𝑥

2 − 𝑍𝑅𝑒𝑑
2 )

𝑟
                              (6) 

Where K1-3 are all constants depending on the solvent and AN is the acceptor number 

of the solvent,76 which reflects a combination of the electrophilicity and polarity of the 

solvent.77 This relationship has been shown to correlate well with ∆𝑆𝑟𝑐 using a variety 

of redox couples, in a variety of solvents.76 These equations can easily be simplified 

into a predictive relationship: 

∆𝑆𝑟𝑐  ∝
(𝑍𝑂𝑥

2 − 𝑍𝑅𝑒𝑑
2 )

𝑟
                                               (7) 

which has been used to model speciation of redox couples in thermogalvanic 

cells.30,78,79 This therefore can be used as a useful tool in predicting redox couple Se, 

based only on the ionic radius and charge. This also allows a significant insight into 

potential improvements of the Seebeck coefficient of redox couples in thermocells, in 

the absence of additives into the thermocell. This is clearly observed as, small, highly 

charged and highly charge dense redox couples are ideal candidates for high Seebeck 

coefficients. 
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1.5 – Enhancing voltage in thermogalvanic cells 

The application of a temperature gradient to a thermogalvanic cell generates a 

voltage, which is equivalent to: 

∆𝑉 =  
∆𝑆𝑟𝑐∆𝑇

𝑛𝐹
                                                   (8) 

Typical Seebeck coefficients in thermogalvanic cells are in the range of 0.1 – 

2 mV K-1.24 To put this into context, under modest applied temperature differences, 

(of ca. 20 K between body heat and the typical ambient environmental temperature) 

and a Se of 1 mV K-1, this correlates to an ‘overpotential’ (0.5VOCP) across the 

thermocell of ca. 20 mV. This overpotential is the electrochemical driving force behind 

the redox processes in the thermogalvanic cell, but is very low for typical 

electrochemical processes.80 It should also be noted in Equation 8 that moving from a 

1 electron process to a 2 electron process halves the driving force (as n is a denominator 

in Equation 8). There are a number of methods employed in order to increase observed 

Se in thermocells, such as addition of organic co-solvents,81,82 solvent structure 

breaking electrolytes83 or host-guest complexation additives like cyclodextrins.84–87 As 

these are not relevant to this thesis these methods will not be discussed. 

These methods can also be either expensive, complicated, or detrimental to the 

current generation ability of the thermocell. Therefore, another, simpler method of 

obtaining high voltage in thermogalvanic cells is routinely employed. This is achieved 

by creating a device which comprises of both positive Se (commonly known as n-type 

thermogalvanic cells) and negative Se (commonly known as p-type thermogalvanic 

cells) thermocells wired electrically in-series, as in Figure 4.14,15 This arrangement 

avoids a thermal short circuit by maintaining these thermocells thermally in-parallel.88 



Chapter 1: Introduction 

 

Page | 26 

 

This is possible as the direction of electron transport is the opposite direction in n-type 

thermocells to their p-type counterpart (as demonstrated in Figure 4 for the n-type 

Fe2+/3+ and p-type [Fe(CN)6]
3-/4- systems). This method has been employed to produce 

thermocell devices which generate voltages in the order of 100s of mV to several V’s, 

along with output currents in the mA and output power in the μW ranges.14–17,89 These 

factors all combine to determine the output voltage of the thermogalvanic cell. 

However, for the thermocell to generate power, the thermocell needs to generate both 

voltage and current. The power generation ability of a thermocell is further discussed 

in the next section. 

 

Figure 4  –  Figure showing a schematic of the n -type Fe2 +/ 3+ thermocell and the p-type 

[Fe(CN)6]3- / 4- thermocell connected electrically in series, to enhance output voltage of 

the device.  

 



Chapter 1: Introduction 

 

Page | 27 

 

1.6 – The fundamental kinetics of thermogalvanic cells 

Thermodynamics are the driving force for the thermocell overpotential,35,90 

stemming from the Seebeck effect observed in the presence of a temperature difference 

between the two electrodes. However, this does not yield any insight into the kinetics 

of a thermogalvanic cell, namely the nature of electron transfer at the electrode surface. 

To generate power density, both voltage and current are required.  

Because the electrolyte in thermogalvanic cells undergo a redox process, 

current can be drawn from the thermogalvanic cell when a voltage lower than the open 

circuit voltage (i.e. voltage when no current is allowed to pass) is applied.3 The ability 

of an electrochemical system to generate current is often called the kinetics of the 

electrochemical cell.80 As power is a combination of current and voltage (as discussed 

in section 1.7), the kinetics of current generation in thermogalvanic cells is hugely 

important.  

In electrochemical systems that have an inherent overpotential (such as an 

ohmic overpotential) the Butler-Volmer equation is typically used to predict current 

generation in the system, such as in Equations 9 and 10:  

𝑗 =  𝑗0 (𝑒𝑥𝑝 [
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
] –  𝑒𝑥𝑝 [–

𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
])                                 (9) 

where 𝑗0 = 𝐹𝑘0(𝐶𝑂𝑥
𝛼𝐶𝑅𝑒𝑑

𝛼)                                      (10) 

and j is the current density, j0 the exchange current density, 𝛼𝑎 and 𝛼𝑐 the anodic and 

cathodic charge transfer coefficients, respectively, n the number of electrons 

transferred, F the Faraday’s constant, 𝜂 the activation over-potential, R the universal 
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gas constant, T is the temperature, k0 the electron transfer constant, 𝐶𝑂𝑥 and 𝐶𝑅𝑒𝑑 the 

oxidised and reduced concentration, respectively.  

As thermocells are electrochemical cells that have inherent overpotential 

resistances, the Butler-Volmer equation has often been used to describe the electrode 

kinetics of thermocells.35,90–92 Another important factor from this equation is the 

importance of concentration of electrolyte (both redox states in a redox couple). In 

thermogalvanic cells, there have been many investigations into concentration of 

electrolyte,35,67,93–95 these will be discussed further in Chapter 3 – where concentration 

is the main focus of investigation.  

At high concentrations of electrolyte, improving the kinetics (and therefore 

current output) of thermocells has typically been achieved in two ways, by either 

improving heterogeneous or homogeneous electrocatalysis. Heterogeneous 

electrocatalysis has often been achieved by modifying the electrode surface, by either 

employing noble-metal electrodes,32,33,67 or surface modification of the electrode with 

nanomaterials.40,96 Homogeneous electrocatalysis has been achieved through catalytic 

pathways due to the presence of additional species (such as H+)38,39 in the thermocell 

solution. 

Understanding the fundamental aspects of both the thermodynamics and 

kinetics of thermogalvanic cells is hugely important towards improving thermocell 

efficiency. How power can be generated and measured in a thermogalvanic cell, and 

how thermocell efficiency is measured is discussed in the next section. 
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1.7 – Power generation in a thermogalvanic cell 

To measure power in a thermogalvanic cell, a variety of methods can be 

utilised.3 The two most common are to measure the open-circuit voltage, and apply 

fixed resistances to the thermogalvanic cell. The drop in voltage ΔV would then be 

measured, and the current calculated from Ohm’s law: 

𝑉 =  𝐼𝑅                                                    (11) 

where V is voltage, I is current, and R is resistance.3  

The other common method commonly employed to measure power of a 

thermocell is through measuring an IV curve through a combination of 

chronoamperometry and chronopotentiometry.3 IV curves are highly dependent on 

inherent resistances observed in an electrochemical cell.  

Thermogalvanic cells are limited by several inherent resistances.91,97 There are 

three main internal resistances: 1) the ohmic resistance (RO), 2) the electron transfer 

resistance (RET) and 3) the mass transport resistance (RMT). These three resistances 

describe the ohmic (or iR) drop through the electrochemical system, resistance in 

transferring an electron from the electrode to the redox ion, and the resistance of the 

ion transport between the electrodes, respectively.24,32 Due to these inherent 

resistances, a thermocell essentially acts as a perfect resistor when measuring an IV 

curve, therefore a linear IV curve is almost exclusively observed (such as in Figure 

5(a)), following Ohm’s law. From a linear IV curve, a classic parabolic power curve 

(Figure 5(b)) can be calculated following Watt’s power law: 

P = IV                                                          (12) 
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𝑃𝑚𝑎𝑥 = 0.5𝑉𝑂𝐶𝑃. 0.5𝑗𝑆𝐶                                              (13) 

where P is power. From this, the maximum power output Pmax, is observed at exactly 

0.5VOCP and 0.5jSC (Equation 13). From Equation 12, it is also clear that a linear IV 

curve would expect to observe a parabolic power curve, as shown in Figure 5(b). 

In thermogalvanic cells, voltage is generated from the Seebeck effect and 

reaches a maximum (known as the open circuit voltage or VOCP) dependent on the 

Seebeck coefficient of the redox couple, and the applied temperature in the 

thermocell.3 Under an applied load, such as an applied voltage lower than the VOCP or 

an applied resistance to the thermocell while measuring the open circuit voltage, a 

current can be drawn (or calculated).3,24,47 Maximum current is reached when V = 0 

(known as the short-circuit current, ISC or when divided by the electrode area, short-

circuit current density jSC).3,92 
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Figure 5  –  Simulated data displaying the performance of a thermocell which is 

dominated by a single, fixed inherent resistance, R (which acts as a resistor following 

the V= IR relationship), where (a) a linear V= IR response results; the highest potential 
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difference and current are the V O CP and ISC, respectively, and (b) the resulting power 

curve, shown as power vs potential, with Pm ax achieved at 0.5VO CP  and 0.5ISC. This 

figure has been reused with permission from: Buckingham, Journal of Electroanalytical 

Chemistry , 2020, 872, 114280. 3 

 

It is noteworthy here that a thermocell is a galvanostatic, rather than a 

potentiostatic system. This is observed by the ‘opposite’ direction of the IV curve than 

expected, a potentiostatic measurement with a limiting resistance would increase 

proportionately away from V = 0 and I = 0 and an increase in V from 0 would be the 

observed overpotential. In a galvanostatic measurement, a linear IV curve is observed 

(such as in Figure 5(a)) from V = OCP (which is not 0) where I = 0 and the 

overpotential is observed in the galvanostatic system away from V = OCP. 

This section has discussed how both voltage and current output of a 

thermogalvanic cell relate to the output power of the same thermocell. However, one 

of the most important aspects of a thermogalvanic cell is related to the accuracy of 

measuring the thermocell performance. This is discussed further below. 

 

1.8 – Accurate thermogalvanic measurements:  

1.8.1 – The importance of equipment 

One of the main current limitations in thermogalvanic cells is the low Se (in the 

mV K-1). Due to this, and the low applied ΔT (also commonly investigated), low 

thermogalvanic overpotentials are observed. These low overpotentials lead to low 

currents drawn from these individual cells. Therefore, the method, instrument and time 

used to measure the voltage and current (and therefore power) of these thermocells 
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must have sufficiently high impedance to be able to accurately measure these 

fundamental parameters of the thermocell. 

With respect to voltage, this has been measured qualitatively with a Source 

Measure Unit (SMU), potentiostat, and various voltmeters to measure the voltage 

output on the same thermocell.3 This report suggested that voltage could be easily 

measured with both the SMU and potentiostat, but a high quality 4-digit multimeter 

was the minimum required to accurately measure the voltage.3 The reason this is 

important is because a voltmeter, combined with a variable resistor box is arguably the 

most commonly employed method of measuring power density in thermocells.3 This 

should also be the same for current, but has not been tested beyond comparing an SMU 

and potentiostat, which both measured an equivalent current from the same 

thermogalvanic cell.3 As both voltage and current combine to demonstrate the output 

power of a thermogalvanic cell. Accurate measurement of both of these parameters is 

vital. However, even with high impedance equipment for accurate potential and 

current measurements, the time taken in measuring these properties may also lead to 

inaccurate measurements. 

 

1.8.2 – The importance of measurement technique and time 

There are several methods of measuring a thermogalvanic cell based on the 

three parameters in Ohm’s law (V = IR). The thermocell can be measured by 

application of either constant voltage, current or resistance, whilst measuring the 

current (constant voltage) or voltage (constant current or resistance), respectively. 

Power density can then be calculated from the P = IV = V2/R = I2/R relationships.3 
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A fundamental and thorough investigation into thermocell measurement 

methods has been reported.3 This investigation compared many different methods of 

measuring thermogalvanic power density, utilising several different methods. It was 

found that by using previously reported techniques such as applying a fixed R and 

measuring V,31,41 a fixed V and measuring I,36,98 or fixed I and measuring V67,99 that 

equivalent power densities of the thermocell can be observed, if given sufficient time 

to reach ‘steady-state’.3 The variation in time taken for these techniques to reach 

steady-state was also observed using the first derivative of the raw data (shown in 

Figure 6). This demonstrates that using different techniques required different times to 

reach steady-state and the ‘true’ thermogalvanic power density, where all steady-state 

measurements observed equivalent power (Figure 6(g)). 
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Figure 6  –  Figure showing (a) the sequence of constant resistances method (with applied 

resistances between 1 Ω and 1000 Ω), (b) th e sequence of constant potentials method 

(with applied potentials between VO CP and 0 V), and (c) the sequence of constant 

currents method (with applied currents between jS C and 0 A). The arrows indicate the 

order of the sequence of measurements, from first  to last.  Also shown below are the 

first order derivatives of the raw data, for constant resistance, voltage and current in 

(d), (e) and (f), respectively. The vertical dashed lines indicate the equilibration times 

(i.e.  point at which there was no signifi cant change vs time). Also shown in (g) is the 

corresponding power curves obtained by these three measurement methods (as averages 

of the steady state values) for the sequences of constant resistances (green squares),  

constant voltages (blue triangles) and  constant currents (purple circles); the near -

perfect overlay of these three power curves demonstrates these measurement methods 

yield equivalent values. These figures have been reused from: Buckingham, Journal of 

Electroanalytical Chemistry , 2020, 872, 114280.3  
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1.9 – Measuring and calculating the efficiency of a thermogalvanic cell 

The maximum power density of a thermocell (Pmax) is achieved at 0.5VOCP and 

0.5jSC. One method of measuring thermocell efficiency has been proposed using this 

parameter, as in Equation 14.52,100  

𝜂 =  
0.25(𝑉𝑂𝐶𝑃𝑗𝑠𝑐)

𝐴𝜅(
∆𝑇

𝑑
)

                                             (14) 

where η is the efficiency of the thermocell, 𝑉𝑂𝐶𝑃 is the open circuit voltage, 𝑗𝑠𝑐 is the 

short-circuit current density, A is the electrode surface area, κ is the thermal 

conductivity, ΔT is the temperature difference between the two electrodes and d is the 

inter-electrode separation. In this equation, 0.25(VOCPjSC) is the maximum output 

power (Pmax) and Aκ(∆𝑇
𝑑⁄ ) is the input thermal flux between the hot and cold 

electrodes.25  

As mentioned previously, 2 of every 3 joules of energy produced by humanity, 

are lost as waste heat. In 1824 a theoretical engine was devised by Nicolas Léonard 

Said Carnot, and was proposed as the maximum efficiency device between two 

temperature reservoirs.101 This engine is known as a Carnot engine and has been used 

as a comparative measure of efficiency in both thermoelectric and 

thermoelectrochemical systems as in Equation 1525: 

𝜂𝑐𝑎𝑟𝑛𝑜𝑡 =  
𝑃𝑜𝑤𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑒𝑣𝑖𝑐𝑒 (𝜂)

𝑃𝑜𝑤𝑒𝑟 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐶𝑎𝑟𝑛𝑜𝑡 𝑒𝑛𝑔𝑖𝑛𝑒 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑎𝑚𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒𝑠
        (15) 

where the Carnot efficiency (ηCarnot) is calculated from the proportion of the efficiency 

of a device (η) relative to the efficiency of the Carnot engine (i.e. 100%).33 It has been 

proposed that a thermogalvanic cell with a modest Carnot efficiency of between 2 and 

5% is high enough to be commercially viable.25  
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 The efficiency of thermogalvanic cells relative to the Carnot engine are 

determined from Equation 16.  

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 =  
𝜂

(𝑇ℎ−𝑇𝑐)

𝑇ℎ

                                             (16) 

where 𝑇ℎ and 𝑇𝑐 are the hot and cold electrode temperatures, respectively. And 𝜂𝐶𝑎𝑟𝑛𝑜𝑡 

is the efficiency of a device relative to the Carnot engine. 

 This method of measuring thermocell efficiency has been extensively used, 

particularly when novel electrode materials have been investigated in 

thermocells.16,40,52,93,96,100,102–110 These investigations have reported a wide range of 

efficiencies from 0.001%,93 up to a recently reported 11%.34 Some of the highest 

efficiencies relative to Carnot have been reported utilising high surface area carbon 

nanotube-reduced graphene oxide nanocomposite,96 carbon nanotube-graphene hybrid 

aerogel,104 or Pt-nanoparticle-decorated orientated carbon nanotube aerogel100 

electrodes, or through utilising thermocrystilisation of [Fe(CN)6]
4-.34 

 As the fundamental aspects of thermogalvanic cells, the governing 

fundamental driving forces behind these aspects and the importance in measurement 

method time and technique of these thermocells has been discussed and evaluated. 

More practical aspects of thermogalvanic cells relevant to this thesis will next be 

discussed, namely the iron-based redox couples which have currently been reported 

and the current applications which have been either demonstrated or proposed. 
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1.10 – Iron redox couples in thermogalvanic cells 

The three main factors regarding thermocell performance are the redox 

couple,25,47 electrode54 and solvent.24,111 In this thesis, neither electrode materials or 

solvent are significantly investigated and in the interest of space neither will be 

discussed here. However, fundamental electrochemical behaviour is heavily 

investigated, alongside development of novel iron redox couples based on the 

principles of green chemistry. Iron-based redox couples are exclusively investigated 

or developed in this thesis; therefore, it is prudent to discuss all currently reported iron 

redox couples in thermocells, and the effect solvent has on these redox couples.  

Iron is a highly appealing metal to use due to its significant earth-abundance, 

low cost, and easy recyclability. Because of this, a wide range of Fe-based redox 

couples have been investigated in thermocells. Redox couples such as the Fe2+/3+, 

[Fe(CN)6]
3-/4- and [Fe(cp)2]

0/+ have been explored in aqueous, ionic liquid and organic 

solvents, generating a wide range of both n-type (positive Se) and p-type (negative Se) 

systems. These are all discussed further below. 

 

1.10.1 - Fe2+/3+ 

The Fe2+/3+ redox couple is an n-type thermocell, with a redox couple which 

exhibits a Se between +0.3 and +1.76 mV K-1.36,38,39 This redox couple is generated 

through the solvation of iron salts, almost exclusively as either an aqueous or gelled 

electrolyte. Several iron salts have been investigated for this purpose, namely; 

FeCl2/3,
14,15,67,112 Fe(SO4)1/1.5,

30,36,39,88 and Fe(ClO4)2/3.
38,39 The Fe2+/3+ redox couple is 
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dominated by anion co-ordination, therefore the iron salt, supporting electrolyte and 

pH of the thermocell is vitally important to both the Se and power output.36,39,112  

The ideal redox couple generated from these iron salts is [Fe(H2O)6]
2+/3+, which 

is predicted to observe a redox couple entropy (ΔSrc) equivalent to +1.8 mV K-1, under 

very dilute conditions.71 The reason for the significant deviation in observed (Se) 

compared to the predicted value is due to discrepancies of the species present in 

solution. This is due to significant differences in cation-anion coordination strength, 

where the [SO4]
2-, [HSO4]

- and [Cl]- anions are all found to strongly associate to the 

Fe ion.113 This is also demonstrated by the lower observed Seebeck coefficients.30,36,39  

The ionic charge of the redox couple has a significant effect on the observed 

redox couple entropy.76 Therefore, strongly co-ordinating anions such an [SO4]
2- and 

[Cl]- will undertake an equilibrium such as (17) below, which will decrease not only 

the observed charge density of the redox couple, but also the redox couple entropy 

(and observed Se). 

[Fe(H2O)6]
2+/3+ + [A]x-  [Fe(H2O)5(A)]2+/3+-x                      (17) 

This equilibrium has been demonstrated with [A]x- being either [SO4]
2-,30,36,39 or 

[Cl]-,39 resulting in the [Fe(SO4)(H2O)5]
0/+ or [Fe(Cl)(H2O)5]

+/2+ redox couples, 

respectively. This is not the case for less strongly coordinating anions such as [ClO4]
-, 

which fully-dissociates to the [Fe(H2O)6]
2+/3+ species, particularly at low pH.36,39 

 Anionic iron redox couples have also been reported in ionic liquid78,114,115 

solvents, observing p-type Se. The ionic liquid solvent facilitates the addition of [Cl]- 

or [Br]- anions, resulting in the [Fe(Cl)4]
-/2- or [Fe(Br)4]

-/2- redox couples. These have 

been found to observe negative Seebeck coefficients (due to the negatively charged 
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nature of these redox couples) of -0.48 and -0.42 mV K-1 respectively.114 This is an 

interesting contrast to aqueous FeCl2/3, which demonstrates a positive Seebeck 

(discussed above).  

 Iron salts are not the only iron redox couples investigated in thermocells, iron-

ligand complexes have also been reported. The most common of these is the 

hexacyanoferrate ([Fe(CN)6]
3-/4-), which is further discussed below. 

 

1.10.2 - [Fe(CN)6]3-/4- 

 The hexacyanoferrate complex, commonly known as ferricyanide 

([Fe(CN)6]
3-) and ferrocyanide ([Fe(CN)6]

4-) is the most extensively explored redox 

couple in thermogalvanic cells, due to the high Seebeck coefficient of -1.4 mV K-1 and 

fast, reversible redox kinetics.25,31–33,67 The [Fe(CN)6]
3-/4- redox couple has become the 

benchmark in thermoelectrochemistry, this is typified by being the typical comparison 

when novel redox couples are reported, such as the [Co(bpy)3]
2+/3+,116 and 

Fe(ClO4)2/3.
38,39 The [Fe(CN)6]

3-/4- redox couple has also been the subject of both 

fundamental and theoretical investigations, such as both equimolar35,67 and non-

equimolar35,95,117 concentration studies, thermocell orientation,33 inter-electrode 

separation,32 temperature effect,3 and different techniques for measuring the power 

density of the thermocell3 (some of these are discussed in chapters 2 and 3). 

[Fe(CN)6]
3-/4- is also almost exclusively used as the redox couple of choice in novel 

electrode reports.40,52,93,96,100,102,104,106  

 The [Fe(CN)6]
3-/4- redox couple is typically obtained from the potassium 

salts.25,35,67 The 0.4 M K3[Fe(CN)6] & K4[Fe(CN)6] (or K3/4[Fe(CN)6]) redox couple 
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yields a Seebeck coefficient of ca. -1.4 mV K-1,67 demonstrating a redox couple 

entropy of ca. -135 J K-1 mol-1. However, the K3/4[Fe(CN)6] redox couple has a 

solubility limit <<1 M,35,118 limited by the K4[Fe(CN)6].
35 It has been demonstrated 

that simply increasing the concentration of a redox couple in a thermocell directly 

increases the power density of the thermocell.35,67 Therefore, it is desirable to increase 

the solubility of [Fe(CN)6]
3-/4-, this has been demonstrated by substituting the 

K4[Fe(CN)6] with (NH4)4[Fe(CN)6],
39,40 This substitution has significantly increased 

the power density with increasing electrolyte concentration.39,40 However, one 

significant shortcoming of utilising (NH4)4[Fe(CN)6] is the instability of [Fe(CN)6] to 

acids,30 resulting in the formation of highly toxic HCN(g).
30,119 Therefore this 

combination should be avoided and a more benign method of increasing redox couple 

concentration should be developed. 

 The [Fe(CN)6]
3-/4- redox couple was also the redox couple of choice for several 

seminal reports in thermogalvanic cells.17,34,100,120 One of these has exploited the 

significantly reduced solubility of the [Fe(CN)6]
4- ion with high concentration of 

guanidinum salts.120 This report has demonstrated ‘thermosensitive crystallisation’ of 

the [Fe(CN)6]
4- to increase the Se of the [Fe(CN)6]

3-/4- redox couple to -3.73 mV K-1.34 

Thermosensitive crystallisation has also significantly enhanced the efficiency of the 

thermocell.34 This highly efficient and highly powerful thermocell has been 

demonstrated as a 20-unit cell, which has been capable of powering small electronic 

devices such as an electric fan, an array of LEDs and even charging a mobile phone, 

all over short timescales.34  

The other seminal work using the [Fe(CN)6]
3-/4- redox couple exploits the Soret 

effect to significantly increase the Se. This combination of Seebeck and Soret effect 
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has increased the Se from the usual ca. -1.4 mV K-1, up to -17 mV K-1.17 This has been 

achieved by utilising a high concentration of KCl, along with the typical [Fe(CN)6]
3-/4- 

electrolyte, but hosted in a gelatin environment. The use of gelatin, rather than a simple 

aqueous environment facilitates the ability to exploit the Soret (or ‘thermodiffusion’) 

effect to significantly increase the Seebeck coefficient.17 This thermocell has been 

demonstrated as a 25-cell (all p-type) wearable device which is capable of generating 

2.2 V from body heat.17 

 

1.10.3 – Other Fe(ligand) complexes 

 There are also other Fe(ligand) complexes that have been investigated in 

thermogalvanic cells, the most common of these is the ferrocene / ferrocenium [Fc]0/+ 

redox couple.78,114,121–125 This redox couple has been the subject of several fundamental 

investigations such as enhanced Se by either covalently tethering charged moieties,121 

through synergistic combined redox couples,122 or host guest complexation with 

cyclodextrines.125 These investigations are undertaken in ionic liquid solvent due to 

the instability of the ferrocenium ion in aqueous solvent.122 

 Other Fe(ligand) complexes have also been investigated, two of these are 

substitutions of the [Fe(CN)6]
3-/4- redox couple, namely the [Fe(phen)(CN)4]

-/2- and 

[Fe(bpy)(CN)4]
-/2- complexes, which observe p-type Se of 1.05 mV K-1,31 and between 

-0.24 and -1.21 mV K-1, respectively.70 Other n-type redox couples have also been 

investigated, the [Fe(bpy)3]
2+/3+ and Fe(salcyclamide) have been reported to have Se of 

between +0.33 and +0.51 mV K-1 and +1.25 mV K-1, respectively.78,114,115 However, 

all these investigations have mainly focussed on the thermodynamics alone and have 
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not assessed the kinetics. When both thermodynamics and kinetics were assessed, such 

as for the [Fe(phen)(CN)4]
-/2- redox couple, the power efficiency was found to be two 

orders of magnitude less than the standard [Fe(CN)6]
3-/4-. 

Having discussed the fundamental parameters governing thermogalvanic cells 

and the Fe-based redox couples used in them. It is important to discuss both the 

proposed and utilised thermal energy sources and current applications for thermocell 

devices. This is discussed further below. 

 

1.11 – Current applications of thermogalvanic cells 

There has been significant advancement in understanding the fundamental 

aspects and driving forces in thermoelectrochemical cells. Ultimately, the real drive 

for research in this field should be concerned with the application of cheap, large-scale 

low-grade thermal energy harvesting. In this, heat can be either thermogalvanically 

converted directly to electricity,24,25 or stored as either a pseudo-capacitor126 or 

thermogalvanic charging of an electronic capacitor.14,16,40,127 

Thermoelectrochemistry has already been either proposed or demonstrated to 

utilise thermal energy in several ‘real-world’ applications. Flexible thermocells16,52,128 

are required to harvest waste heat from sources such as hot pipes,52,129 automobiles,130 

data centres,131 mobile phone batteries,127 photovoltaics132 and human body heat.14–17 

Another important trait that thermocells require in order to be implemented on large 

scale is durability, the ability to continuously operate for months, or even years. 

Bromine-based thermocells have been measured over an almost 2-year timeframe,133 
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and have been found to even increase performance over 180 days.134 The potential 

applications that have been proposed or investigated are discussed in this section. 

One current limitation in thermocells is the low output voltage from limited Se 

and low-grade heat sources. Arrays of n-type and p-type thermocells have therefore 

routinely been employed in series in order to generate higher voltages.14,15,30,38–40,88,89 

Higher voltage thermocells have also been reported from increased Seebeck 

coefficients. These thermocells employ synergistic relationships with 

thermocrystallisation,34 thermodiffusion17 or evaporation-condensation98 reactions, 

driving significant entropic advantages. These systems have shown huge potential by 

demonstrating applications such as lighting LEDs, powering small electronic devices 

and charging a mobile phone, but only over very short timescales (up to 10s of 

seconds).34 

 

1.11.1 – Wearable thermocells 

 One of the areas of research currently driving thermogalvanic cells is the ability 

to develop small, wearable devices that utilise the human body as a heat source. These 

are typically arrays of both n-type and p-type thermocells,14,15,40,88,89 but have also been 

demonstrated as an all p-type array.16,17 This type of system was first demonstrated 

using a novel electrode material and an all p-type [Fe(CN)6]
3-/4- redox couple, as a 

modest array generating ca. 120 mV.16  

Further development in this area yielded significantly higher output voltage by 

using the combination of gelled Fe2+/3+ and [Fe(CN)6]
3-/4- in-series. This thermocell 

utilised 59 pairs of n-p- thermocells to generate 0.85 V, with an output power of ca. 2 



Chapter 1: Introduction 

 

Page | 44 

 

μW from body heat. This report also demonstrated commercial capacitor charging; 

where both 10 μF and 100 μF capacitors were charged to 0.7 and 0.55 V, 

respectively.14 More recent developments in this area have demonstrated illumination 

of a commercial LED using body heat alone. This was achieved using a watch-strap 

design where 30 n-p- pairs were connected in series to a 470 mF supercapacitor, which 

was charged by the thermogalvanic cells harvesting body heat. Upon removal of the 

charged capacitor a green LED was illuminated using a voltage booster.15  

The highest output voltage generated from a wearable device has been 

achieved as a gelled thermocell, using a synergistic combination of the Seebeck and 

Soret effects. In this device 25 individual p-type thermocells were utilised in-series to 

generate 2.2 V from body heat.17 Due to the increased Se of this system, this device 

was also smaller than those previously reported. The significant output voltage and 

power of this thermocell device has been proposed as a power source for small 

‘internet-of-things’ devices.17 Some of the reported wearable thermocell devices are 

shown in Figure 7. 

 

Figure 7  –  Figure showing wearable thermocells, both reused with permi ssion from (a) 

Yang et. al. ,  Angewandte Chemie International Edition , 2016, 55, 12050. 14 and (b) Liu 

et. al. ,  Advanced Energy Materials ,  2020, 10, 2002539. 15  
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1.11.2 - Solar Energy Harvesting 

Another important future real-world application for thermogalvanic cells is 

through synergy with other energy devices. This has been demonstrated previously 

using solar as an energy source. One such synergistic technique is through the 

combined thermogalvanic energy harvesting, generating electricity as an ‘open-

interfacial’ thermocell.135 This method uses solar energy to drive a temperature 

gradient from the open-top of the thermocell, where the closed-bottom of the 

thermocell is colder, driving the thermogalvanic cell. This thermocell uses the 

cyclodextrin-complexed I-/I3
- redox couple. The synergy of this process comes from 

the evaporation of the saline aqueous solvent, which is distilled as pure water 

elsewhere. This therefore acts as a hybrid desalination-thermogalvanic thermocell for 

smart-energy conservation. 

 

Figure 8  –  Schematic representation of the combined thermogalvanic, desalination cell.  

Reused with permission from Shen et. al. ,  Journal of Materials Chemistry A , 2019, 7, 

6514.135  
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1.11.3 - Other Applications of thermogalvanic cells 

Thermogalvanic cells have also shown their versatility outside of directly 

generating electricity. This has been achieved by exploiting the thermogalvanic effect 

to act as surface temperature136 and force137 sensors. Thermogalvanic cells have also 

been proposed for cooling applications,131,138 with the added bonus of harvesting 

electricity. 

It should also be mentioned here that this is far from an exhaustive list of all 

the fundamental parameters governing thermogalvanic power generation. The effect 

of altering solvent as both liquid and gelled electrolytes, and the significant role 

electrode materials, in particular nanomaterials can have has not been discussed in this 

brief introduction to thermogalvanic cells. For a more complete (but by no means 

comprehensive) outlook of thermogalvanic cells, the reader is directed towards the 

good reviews in this field.24,25,54,139,140 
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Measuring thermoelectrochemical power density: 

Thermogalvanic characterisation measurements were all undertaken using a Keysight 

B2901A Source Measure Unit (SMU, Keysight, UK). Temperature control was 

maintained by copper heat exchangers that were regulated by RS-TX150 thermostatic 

circulator baths (Grant Instruments Ltd, UK). The thermocell was setup as per the 

schematic shown in Figure E1.  

In our setup, the thermocell was connected as a two-electrode cell to an SMU, the 

working and sense electrodes were combined and connected to the hot electrode via 

copper tape, and the counter and reference electrodes were combined and connected 

to the cold electrode via copper tape. This was consistent throughout the entire thesis 

for thermogalvanic characterisation. 

The thermogalvanic cell: 

The thermogalvanic cell used was a tailor made poly(methyl methacrylate) (PMMA) 

cell, made in-house by Jason T. Sengel of King’s College London chemistry 

department. CAD drawings of the cell was made using SolidWorks 2006 SP4.1 and 

prepared on a Roland MDX-40 CNC (computer numerical control) vertical milling 

machine using 1–3 mm square end mills. The method of forming one-chamber goes 

as follows: first, a rectangular cell of predetermined size was machined from cast 

PMMA. Subsequently, a cylinder was formed (through the 8.4 mm deep section); a 10 

mm diameter lip (0.5 mm deep) was then machined at each opening. Finally, two 

smaller holes were drilled to allow direct injection of the electrolyte into the 

transparent PMMA cell. 
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There were two types of thermogalvanic cell used in this thesis, either a 2-chamber 

cell, or a 6-chamber cell. The dimensions of the two-chamber cell block are 30 mm 

(width) x 20 mm (height) x 8.4 mm (depth). The dimensions of the six-cylinder cell 

block are (30 mm (width) × 44 mm (height) × 8.4 mm (depth)). Each chamber was a 

6.7 mm diameter cylinder giving a geometric electrode surface area of 35 mm2, this 

area was consistently used to calculate both current and power densities. The inter-

electrode separation was also fixed at 7.4 mm. A schematic cross-section of the 

thermogalvanic cell with electrodes in the heating and cooling system is shown in 

Figure E1. 

Solid gold and solid platinum disc electrodes with a diameter of 10 mm were purchased 

from Surepure Chemetals, USA. 

 

 

Figure E1  –  Schematic representation of the thermocell (with Pt electrodes as an 

example) employed in this report (approximately to scale), where the cell is PMMA-

based. Pt, Au, and graphite electrodes have all been used in this thesis and the 

dimensions of these electrodes were equivalent to fit in the designed electrode slot 

within the thermocell, either side of the solution. Thes e were temperature-controlled by 

copper (Cu) heat-exchangers in direct contact with thermostatically controlled water 

(H2O) via  the indicated inlets and outlets.  
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Measuring the thermogalvanic characteristics of a thermocell: 

There are four main characteristics of a thermogalvanic cell which need to be fully 

characterised, the Seebeck coefficient (Se), the open-circuit voltage (VOCP), the short-

circuit current density (jSC) and the maximum power density (Pmax). 

The VOCP and Seebeck coefficient: The open-circuit voltage of the thermocells was 

measured by using choropotentiometry over a set timeframe. Typically, either 300 s 

or 600 s was used. In aqueous thermogalvanic cells (which are exclusively investigated 

in this thesis) this was always sufficient time to reach steady state, as shown in Figure 

E2 for a typical (a) [Fe(CN)6]
3-/4- and (b) Fe2+/3+ (generated from Fe(CF3SO3)2/3). 
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Figure E2  –  Figure showing raw data for open circuit voltage obtained for (a) the 0.4 

M K3/K4[Fe(CN)6] thermocell on Pt electrodes, and (b) the 0.4 M Fe(CF 3SO3)2 /3  

thermocell at Au electrodes. Both at a ΔT of 20 K, obtained from a T hot  of 40°C and a 

Tcold  of 20°C. 
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If a thermocell has a perfect thermal interface, an ‘applied ΔT’ will be equivalent to 

an ‘observed ΔT’. In this instance, the open circuit voltage (ΔV) measured from the 

thermogalvanic cell is directly equivalent to the Se, as in Equation 1: 

𝑆𝑒 =  
∆𝑇

∆𝑉
                                                       (1) 

In our thermogalvanic cell, we measured the classic 0.4 M K3/K4[Fe(CN)6] solution, 

and observed a VOCP for an applied ΔT of 20 K (where Thot was 40°C and Tcold was 

20°C) of -25.6 mV. The Seebeck coefficient of this solution is known to be -1.4 mV 

K-1,67,93 therefore our ‘observed’ temperature was lower than the ‘applied’ temperature 

(at 91% of expected, relating to an ‘observed’ ΔT of ca. 18 K at this difference in 

temperature). This is further explored in chapter 2. In this thesis, the Se calculated from 

each thermocell system has been calculated by using the corrected ΔT (note this 

discrepancy in temperature was not always known to us, so our publications may report 

where the ‘applied’ ΔT was used). 

The jSC: The jSC of each thermocell solution was measured using chronoamperometry. 

Again this was measured over either 300 or 600 s, both of which allow sufficient time 

to reach steady-state, shown in Figure E3 again for (a) [Fe(CN)6]
3-/4- and (b) Fe2+/3+. 
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Figure E3  –  Figure showing raw data for short -circuit current obtained for (a) the 0.4 

M K3/K4[Fe(CN)6] thermocell on Pt electrodes, and (b) the 0.4 M Fe(CF 3SO3)2 /3  

thermocell at Au electrodes. Both at a ΔT of 20 K, obtained from a T hot  of 40°C and a 

Tcold  of 20°C. 

 

Thermogalvanic power density: Having measured the VOCP and jSC, the maximum 

power of the thermogalvanic cell can be calculated from the equation: 

𝑃𝑚𝑎𝑥 =  0.5𝑉𝑂𝐶𝑃 𝑥 0.5𝑗𝑆𝐶                                         (13) 

this is known as a ‘2-point’ measurement of a thermocell and has been used to 

successfully measure all four of the fundamental thermogalvanic characteristics of the 

investigated systems in this thesis.  

Power curves of thermogalvanic cells have also been measured throughout this thesis, 

these were measured in succession where: The VOCP was initially measured using 

chronopotentiometry (applying 0 A) as above. Next, 0.75, 0.5, 0.25 of the VOCP was 

applied to the thermocell through chronoamperometry, measuring the current. Finally, 

0 V was applied to the thermocell and the short-circuit current measured. Then the 

power of each point was calculated from the equation:  

𝑃𝑜𝑤𝑒𝑟 =  𝑉𝑜𝑙𝑡𝑎𝑔𝑒 𝑥 𝐶𝑢𝑟𝑟𝑒𝑛𝑡                                  (12) 
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This resulted in a power curve as shown below for the 0.4 M K3/K4[Fe(CN)6] system 

at platinum electrodes under a ΔT of 20 K (where Thot was 40°C and Tcold was 20°C). 
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Figure E4  –  Figure showing (a) the various voltages (both measured and applied), (b) 

the various currents (both measured and applied) to a 0.4 M K 3 /K4[Fe(CN)6] thermocell 

on Pt electrodes. These measurements combined result in (c) a linear IV curve ( circles) 

and a polynomial power curve (squares).  

 

A note on electrolyte concentration 

Throughout this thesis, electrolyte concentration was accurately prepared in molality 

(mol kg-1), rather than molarity (mol dm-3). It was assumed that this value was not 



Experimental Chapter 

 

Page | 54 

 

significantly different to the actual molarity value. In chapter 3, concentrations (in 

molarity) of electrolytes were needed to be accurately calculated for the specific 

analysis conducted. Accurate determination of molarity was achieved through 

measuring the density of the solutions and from this calculating the molarity. It was 

also found during this analysis that low concentration (ca. 400 mM) electrolytes were 

roughly equivalent in both molarity and molality, therefore our assumption that low 

concentration electrolytes (in both m and M) are roughly interchangeable was 

confirmed. This is why molarity is almost always used throughout this thesis rather 

than molality, unless it is important to distinguish between the two (such as in Chapter 

3 when such high concentrations are used). 

 

Chemicals: 

All chemicals were purchased from UK suppliers and were used as received; these 

were:  

Chapter 2: Potassium hexacyanoferrate tri-hydrate, (ferrocyanide, K4[Fe(CN)6], 

≥99.5%, Sigma Aldrich), potassium hexacyanoferrate (ferricyanide, K3[Fe(CN)6], 

≥99.0%, Sigma Aldrich), lithium chloride (LiCl, Fluorochem), lithium sulphate 

(Li2SO4, 99%+, Acros Organics), sodium chloride (NaCl, ≥99.5%, Sigma Aldrich), 

sodium sulphate (Na2SO4, ≥99.0%, Sigma Aldrich), potassium chloride (KCl, ≥99.0%, 

Sigma Aldrich), potassium sulphate (K2SO4, ≥99.0%, Sigma Aldrich), rubidium 

chloride (RbCl, Fluorochem), rubidium sulphate (Rb2SO4, 99.8%, Sigma Aldrich), 

caesium chloride (CsCl, Fluorochem) and caesium sulphate (Cs2SO4, 99%, Alfa 

Aesar). All water used was ultra-purified, with a resistivity of 18.2 MΩ cm. 
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Chapter 3: Potassium ferrocyanide trihydrate, (K4[Fe(CN)6], ≥99.5%, Sigma 

Aldrich), potassium ferricyanide (K3[Fe(CN)6], ≥99.0%, Sigma Aldrich), sodium 

ferrocyanide decahydrate, (Na4[Fe(CN)6], ≥99.5%, Sigma Aldrich), rubidium chloride 

(RbCl, Fluorochem) and caesium chloride (CsCl, Fluorochem), potassium chloride 

(KCl, ≥99.0%, Sigma Aldrich), potassium sulphate (K2SO4, ≥99.0%, Sigma Aldrich), 

potassium fluoride (KF, Alfa Aesar, 98%), citric acid (≥99.5%, Sigma), and sodium 

hydroxide (NaOH, pellets, ChemCruz). 

Chapter 4: Ammonium iron(ii) sulphate hexahydrate (([NH4])2Fe(SO4)2, ≥98%, 

Sigma Aldrich), ammonium iron(iii) sulphate dodecahydrate ([NH4]Fe(SO4)2, ≥99%, 

Sigma Aldrich), iron(iii) nitrate nonahydrate (Fe(NO3)3, ≥99.95%, Sigma Aldrich), 

iron(ii) sulphate heptahydrate (FeSO4.7H2O, 99%, Acros Organics), iron(iii) sulphate 

pentahydrate (Fe(SO4)1.5.5H2O 97%, Acros Organics), iron(ii) 

trifluoromethanesulfonate, (Fe(CF3SO3)2, ≥85%, Sigma Aldrich), iron(iii) 

trifluoromethanesulfonate (Fe(CF3SO3)3, 90%, Sigma Aldrich), nitric Acid (HNO3, 

70%, Fisher Scientific), sulfuric acid (H2SO4, 1 M volumetric standard, Honeywell), 

trifluoromethanesulfonic acid (CF3SO3H, 98+%, Alfa Aesar). 

Chapter 5: Iron(ii) sulphate heptahydrate (FeSO4.7H2O, 99%, Acros Organics), 

iron(iii) sulphate pentahydrate (Fe(SO4)1.5.5H2O 97%, Acros Organics), sodium 

sulphate (Na2SO4, 98%, Sigma Aldrich), potassium carbonate (K2CO3, Santa Cruz 

Biotechnology) and sodium hydrogen sulphate (NaHSO4, Sigma Aldrich). 

Chapter 6: Iron(ii) chloride tetrahydrate (FeCl2.4H2O, sigma, ≥99.0%), iron(iii) 

chloride hexahydrate (FeCl3.6H2O, Honeywell, 97%), iron(ii) sulphate heptahydrate 

(FeSO4.7H2O, 99%, Acros Organics), iron(iii) sulphate pentahydrate 
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(Fe(SO4)1.5.5H2O 97%, Acros Organics), Acetic acid (Alfa, 99+%), sodium acetate 

(sigma, ≥99%), malonic acid (Sigma, 99%), sodium malonate dibasic monohydrate 

(sigma), citric acid (sigma, ≥99.5%), sodium citrate tribasic dehydrate (sigma, 

≥99.0%), 2-[(carboxymethyl)amino]acetic acid (IDAH2, Fluorochem), 2,2’,2”-

nitriloacetic acid (NTAH3, Fluorochem), ethylenediaminetetraacetic acid disodium 

salt dehydrate (EDTANa2H2, Sigma, 99.0-101.0%), ethylene glycol-bis(β-

aminoethylether)-N,N,N’,N’-tetraacetic acid tetrasodium salt (EGTANa4, sigma, 

≥97%), diethylenetriaminepentaacetic acid (DEPTAH5, Acros, 98+%), sodium 

hydroxide (pellets, chemcruz), potassium carbonate, (chemcruz), sodium sulfate 

(sigma, ≥99.0%) and hydrochloric acid (~37%, fischer). 

 

Synthesis: 

Chapter 2, 3 and 5: These chapters were all conducted entirely with commercially 

available materials. 

Chapter 4: This chapter with completed with commercially available materials with 

the exception of Fe(NO3)2, which could not be purchased. Since iron(ii) dinitrate was 

not commercially available, it was synthesised in situ by preparing an aqueous solution 

containing 0.2 M iron(ii) chloride tetrahydrate (≥98%, Honeywell) and 0.4 M silver 

nitrate (99.5%, Acros Organics). This was stirred overnight until metathesis was 

complete. The solution was then filtered using a Sartorius biotech Minisart® syringe 

filter to remove the silver chloride precipitate. Yielding an aqueous solution of 0.2 M 

iron(ii) nitrate; cyclic voltammetry was used to confirm the absence of residual silver. 

Subsequently, solid iron(iii) nitrate was dissolved to form a mixture of 0.2 M iron(ii) 
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nitrate and 0.2 M iron(iii) nitrate, which was used directly. Since iron(ii) nitrate is 

known to slowly decompose, these solutions were prepared immediately before use. 

Chapter 6: Preparation of the Fe(ligand) solutions was achieved using one of the three 

methods below, all using ultrapure water:  

Method 1 (Ac, Mal and Cit): The solutions were prepared from stock solutions of 

Fe(ii)Cl2 (0.5 M) and Fe(iii)Cl3 (0.5 M), whereas the carboxylic acid and alkali metal 

carboxylate salts were used as solids; the exception was acetate where the acid was 

handled as the neat liquid.   

Firstly, Fe(ii) (1 mL of 0.5 M stock, 1 equivalent) and Fe(iii) (1 mL of 0.5 M stock, 1 

equivalent) were diluted with ultrapure water (8 mL) to form a 10 mL aqueous 

solution. Initially, the desired carboxylic acid ligand was added as the solid (to make 

it a 200 mM solution, 2 equivalents per Fe) and stirred until dissolved. Then the 

corresponding carboxylate ligand was added as a solid (to make it a 200 mM solution, 

2 equivalents per Fe).  As the ratio of carboxylic acid : carboxylate was varied, the 

corresponding equivalents were altered by changing the mass of solid(s) added. 

Method 2 (IDA only): The solutions were prepared from stock solutions of Fe(ii)Cl2 

(0.5 M) and Fe(iii)Cl3 (0.5 M), whereas the IDA carboxylic acid was handled as the 

solid.   

Firstly, Fe(ii) (1 mL of 0.5 M stock, 1 equivalent) and Fe(iii) (1 mL of 0.5 M stock, 1 

equivalent) were diluted with ultrapure water. Then, the IDA carboxylic acid ligand 

was added as a solid (to make it a 400 mM solution, 4 equivalents) and stirred until 

dissolved, the pre-neutralised IDA-dicarboxylate was then added from a stock solution 

(1 M). As the ratio of carboxylic acid : carboxylate was varied the various amounts of 
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added water and neutralised IDA stock were varied to always end up with a 10 mL 

solution. 

Method 3 (NTA, EDTA, EGTA, DEPTA): The solutions were prepared from stock 

solutions of Fe(ii)Cl2 (0.5 M), Fe(iii)Cl3 (0.5 M) and the sodium salt of the carboxylate 

ligands (1.0 M). This latter solution had to be prepared by stirring the nearly insoluble 

carboxylic acids in water, and solid NaOH was slowly added; enough NaOH was 

added to achieve near complete deprotonation (ca. 0.95 – 0.99 equivalents of NaOH 

per RCOOH group), by which point all solid had dissolved to yield a ca. 1.0 M 

solution.  Complete neutralisation was avoided due to the sensitivity of the Fe(ii/iii) 

species to [OH]-. 

Firstly, Fe(iii) (1 mL of 0.5 M stock, 1 equivalent) was diluted with ultrapure water. 

Next, the desired carboxylate ligand was added (2 mL of the 1.0 M stock, 4 

equivalents) and stirred, to give an orange solution. Finally, Fe(ii) (1 mL of 0.5 M 

stock, 1 equivalents) was added with stirring, resulting in a red solution. As the ratio 

of carboxylate was varied, the relative volume of the 1.0 M stock solution and ultrapure 

water was varied to adjust the equivalents of carboxylate added to finish with a 10 mL 

solution.  

For the pH optimisation study on Fe(NTA), Fe(EDTA) and Fe(DEPTA), solid K2CO3 

was added to this solution to achieve the desired pH.  
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Electrochemical measurements 

All electrochemical measurements in all chapters were conducted using a 

PGSTAT204 potentiostat and NOVA 2.0 software (Metrohm Autolab, the 

Netherlands).  

Quiescent (static) electrochemistry: Quiescent electrochemical experiments were 

carried out using either a 1.6 mm Au or Pt disc electrode as a working electrode, a 1.6 

mm Pt disc as a counter electrode and a 3 M NaCl Ag/AgCl electrode as a reference 

electrode. All electrodes were purchased from BASi, USA. The various scan rate and 

solution compositions for each individual experiment are reported in the respective 

figure legends. 

Rotating disc electrochemistry (Chapter 3): Rotating disc electrochemistry was also 

performed as per the static cyclic voltammetry setup. However, the working electrode 

was a 3 mm diameter Pt electrode as part of the Autolab RDE module. All displayed 

measurements were obtained using a rotation speed of 1600 rpm. 

Electrochemical impedance spectroscopy: 

Electrochemical impedance spectroscopy (ESI) was performed as: 

Chapter 4: Electrochemical impedance was performed on solutions of 0.2 M of both 

Fe(ii) and Fe(iii) in the presence and absence of 1 M conjugate acid in the same setup 

as thermoelectrochemical measurements in the absence of supporting electrolyte. The 

impedance measurements were performed by a Solartron 1286/1250 system with 

Zplot/Zview software (Solartron, UK). The impedance spectra were obtained at the 
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equilibrium potential with a frequency range from 50,000 Hz to 1 Hz and with an 

amplitude of 20 mV. 

Chapter 5: Electrochemical impedance spectroscopy measurements were carried out 

using a PGSTAT204 potentiostat with NOVA software (Metrohm, UK). These were 

performed in situ inside the thermocell at non-isothermal temperatures, where ΔT = 20 

K (Th = 40 °C; Tc = 20 °C). EIS was performed on both gold and graphite electrodes. 

Typically, the hot electrode was employed as the working electrode and the cold 

electrode employed as the counter electrode, unless otherwise specified (see discussion 

in the appendix). Impedance spectra was recorded from 20,000 to 0.1 Hz with an 

amplitude of 10 mV. 

Chapter 6: Electrochemical impedance spectroscopy measurements were carried out 

using a PGSTAT204 potentiostat with NOVA software (Metrohm, UK). These were 

performed ex-situ at ambient temperature (ca. 22 °C) using a 1.6 mm Pt disc working 

electrode, a 1.6 mm diameter Pt disc counter electrode, and an Ag/AgCl (3 M NaCl) 

reference electrode (all BASi, USA). Impedance spectra was recorded from 20,000 to 

0.1 Hz with an amplitude of 10 mV. 

All of these measurements were fitted using the same fitting model (shown below in 

Figure E5). All Nyquist plots and resultant fitting data can also be found in the 

appendix. 
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Figure E5  –  Model used to fit the Nyquist plots in this thesis, where RS,  RE T and C all  

correspond to the solution resistance (RS), electron transfer resistance (RET) and 

electrode capacitance (C)  (fitted as a constant phase element (CPE) ). W here refers to 

a Warburg element.  

 

UV-Vis: 

All UV-Vis spectroscopy measurements were performed using a Cary 100 UV-Vis 

and WinUV software (Agilent, UK) between 200–800 nm, with a crossover 

wavelength of 400 nm. The specific details are thus: 

Chapter 4: A Quartz cuvette with a path length of 100 μm were used (FireflySci, 

USA). Temperature was either left at ambient (ca. 25 °C) or controlled using an 

integrated Peltier temperature control block. All spectrums were obtained using 

solutions containing 20 mM of the Fe(iii) salt only, in the presence and absence of 100 

mM of the conjugate acid (i.e. a 10-fold dilution of the thermogalvanic solutions). 

Chapter 5: A Quartz cuvette with a path length of 100 μm were used (FireflySci, 

USA). Temperature was left at ambient (ca. 20 °C). All spectra were obtained on 

solutions containing 30 mM of the Fe(iii) sulphate only, in the presence or absence of 

75 mM Na2SO4, or NaHSO4. (i.e. a 10-fold dilution on the thermogalvanic solutions).  
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Chapter 6: A Quartz cuvette with a path length of 1 mm were used (FireflySci, USA). 

The temperature was fixed to 20 °C, which is representative of the cold electrode in 

the thermogalvanic cell. All spectra were obtained using solutions containing either 

2.5 mM of the Fe(ii)L, 2.5 mM of the Fe(iii)L or 1.25 mM Fe(ii)L and 1.25 mM 

Fe(iii)L, where L represents the various ligands investigated in this chapter (i.e. a 20-

fold dilution of the thermogalvanic solutions). 

 

Conductivity: 

The conductivity of each solution was measured using a platinum conductivity 

electrode (CON-1, cell constant = 10 cm-1, Sciquip UK Ltd, UK). All measurements 

were performed at ambient temperatures of 22°C.  

Density and Viscosity: 

Density and Viscosity measurements were performed using a DMA 4100M Density 

meter and Lovis 2000 M/ME Microviscometer (Anton Paar, UK). All measurements 

were performed at a temperature of 20°C, as this is the cold electrode (and therefore 

assumed limiting) temperature in the thermogalvanic cell. 

pH: 

All pH measurements were taken using a digital pH meter (SciQuip Benchtop 9 Series 

pH and conductivity meter, SciQuip, UK). These were measured at ambient 

temperature. 
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Chapter 2: 

Fundamental insights into the [Fe(CN)6]
3-/4- 

thermogalvanic cell 

 

 

A fundamental study of the thermoelectrochemistry of 

ferricyanide/ferrocyanide: temperature, cation, 

concentration, ratio, and homogeneous 

electrocatalysis effects in thermogalvanic cells 
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2.1 – Aims and Objectives 

 In this chapter, there were several main aims and objectives:  

• We initially set out to fundamentally investigate a ‘model’ thermogalvanic cell 

(the K3/K4[Fe(CN)6] with Pt electrodes) with respect to changing the 

temperature difference, changing the absolute temperature but maintaining the 

temperature difference, and altering both the equimolar and non-equimolar 

(ratio of oxidised : reduced species) concentrations. 

• Once this was achieved, we set out to understand the fundamental equations 

governing thermogalvanic cells; this was undertaken by modelling the 

outcomes of these investigations for both the thermodynamic (voltage) and 

kinetic (current) outputs and comparing this modelled data to our experimental 

results. 

• Once the fundamental investigations were complete and the fundamental 

equations understood, the effect of altering counter-cation on the [Fe(CN)6]
3-/4- 

redox couple was investigated, with respect to both the electrochemical and 

thermoelectrochemical effects.  

• Finally, we set out to undertake a cost-analysis on selected investigations of 

these systems, to observe if any benefit in cost can be obtained by altering the 

parameters. 
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2.2 – Introduction 

 A plethora of redox couples, thermocell designs, measuring techniques, 

solvents and temperatures have all been investigated in thermoelectrochemical 

cells.24,54,139 All of which have a significant impact on measured 

thermoelectrochemical properties, namely the Seebeck coefficient (Se), short-circuit 

current density (jSC) and maximum power density (Pmax).  

 By far the most widely reported redox couple employed in thermo-

electrochemical cells is ferricyanide/ferrocyanide ([Fe(CN)6]
3-/4-), which is often 

obtained from the potassium salts.35 This redox couple is routinely reported as either 

an aqueous,31,67 or gelled14,53 electrolyte. Early reports using this redox couple 

investigated both the thermodynamics,141 and kinetics31,67 in thermogalvanic cells, 

stating a Se of -1.4 mV K-1.67 This redox couple has also been extensively utilised when 

novel electrode materials have been investigated.40,93,96,100  

 Despite the heavy utilisation of the [Fe(CN)6]
3-/4- redox couple, it is still at the 

forefront of thermogalvanic cells currently being explored.17,34,35,95 Recently, two 

seminal works have been reported using [Fe(CN)6]
3-/4-. Firstly, [Fe(CN)6]

3-/4- has been 

employed as gelled electrolyte in an agar-agar environment, a high concentration of 

supporting potassium chloride was also present in this thermocell. This has led to a 

synergistic combination of both Seebeck and Soret effects, culminating in a record 

high Se of ca. -17 mV K-1.17  

The other seminal work reported additive electrolytes such as guanidinium in 

the aqueous [Fe(CN)6]
3-/4- redox couple to induce ‘thermocrystallisation’. This 
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addition has been reported to yield a more modest increase in Se up to ca. -4 mV K-1. 

This system has been demonstrated as an in-series array (as 20 combined units) to 

generate 3.1 V, 120 mA and 96 mW at an applied ΔT of 50 K. This high-power output 

has been shown to power small devices such as an LED array, electric fan, and a 

thermohydrometer.34  

 There are also numerous other investigations utilising [Fe(CN)6]
3-/4- in 

thermogalvanic cells, these have mainly been concerned with improving the 

thermodynamics of the system. This has been proposed to be achieved by addition of 

organic co-solvent such as methanol or acetone, reporting Se up to -2.9 mV K-1.81 

However, later, and more thorough investigations have disputed this, demonstrating a 

much less significant increase and even a significant decrease in observed Se.
82,94 

Addition of supporting electrolyte such as Cs+ and Rb+ cations have also been 

demonstrated to have a synergistic effect on the thermodynamics of the [Fe(CN)6]
3-/4- 

redox couple, however this report focussed solely on the thermodynamics and did not 

investigate any kinetic factors.83 

 The [Fe(CN)6]
3-/4- thermocell has also been reported as an example for 

interesting applications, such as a thermogalvanic force sensor,137 fast and sensitive 

surface temperature sensor,136 and in wearable devices.14–16 As a result of the extensive 

research into [Fe(CN)6]
3-/4- thermocells, coupled with the significant discrepancies 

between different thermocell designs, temperatures and measuring techniques, we 

therefore set out to conduct a comprehensive electrochemical and thermo-

electrochemical investigation of the [Fe(CN)6]
3-/4- redox couple using our thermocell 

setup. Investigating equimolar and non-equimolar concentration, both absolute 
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temperature and temperature difference, homogeneous electrocatalysis and both 

simulating and modelling these experimental outcomes as to definitively determine the 

fundamental phenomena describing these various fundamental parameters. 

 

2.3 – Results and Discussion 

2.3.1 – Temperature effect on 0.4 m K3/K4[Fe(CN)6] 

 There are a wide variety of differences in applied temperature in thermocell 

reports, both with respect to the temperature difference (ΔT) and the applied 

temperatures at equivalent ΔT. Previous reports using [Fe(CN)6]
3-/4- thermocells have 

used temperatures between -40 and >100 °C.103,118 There has also been reports of 

‘temperature insensitive power densities’, normalised by the square of the temperature 

difference, reported in W m-2 K-2 or mW m-2 K-2.17,40,52,93,142 

Initially, the effect of altering temperature difference was measured on the 0.4 

M [Fe(CN)6]
3-/4- thermocell. This was achieved by maintaining the cold electrode 

temperature at 20 °C and increasing the hot electrode from 30 °C to 55 °C in 5 °C 

increments, increasing the ΔT from 10 to 35 K. The effect of increasing ΔT on the 

thermogalvanic properties was measured and is shown in Figure 9. From the resultant 

power curves, the open circuit voltage, short circuit current and power density are all 

found to increase, as expected. From measuring the change in VOCP (ΔV) with 

changing temperature (ΔT), the Se can be determined, as in Equation 1. The observed 

Se in our thermogalvanic cell, at this applied temperature was found to be -1.28 mV 

K-1. Which is lower than the expected and consistently reported -1.4 mV K-1.35,40,67,93 
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Therefore, it was pertinent to investigate the effect of altering applied absolute 

temperature, whilst maintaining a constant ΔT. 
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Figure 9  –  Figure showing (a) power curves, (b) open circuit potential (VOCP) , (c) short-

circuit current density ( jSC) and (d) maximum power density (Pmax) of the 0.4 M 

[Fe(CN)6]3- / 4- thermocell.  When the temperature difference ( ΔT) between the electrodes 

was increased from 10 K (from a T col d of 20 °C and a Thot of 30 °C) to 35 K (from a 

Tcold  of 20 °C and a Tho t of 55 °C). 

 

Applied absolute temperature, whilst maintaining a constant ΔT was achieved 

by altering the applied temperature of Tcold (from 20 – 40 °C) and Thot (from 30 – 50 

°C) in parallel (i.e. maintaining a constant ΔT of 10 K). Figure 10 shows the effect of 
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altering applied temperature on the VOCP, jSC and Pmax. At a Thot and Tcold of 20 °C and 

30 °C, the observed Se is -1.23 mV K-1 (ca. 88% of the expected -1.4 mV K-1). 

However, upon increasing the applied temperature of Tcold and Thot to 40 °C and 50 

°C, respectively, the observed Se increased to -1.33 mV K-1 (ca. 96% of the expected 

-1.4 mV K-1). This therefore simply demonstrates that the lower observed Se in our 

thermocell is due to temperature loss through our thermocell setup. Interestingly, the 

current and power densities also significantly increased upon an increase of applied 

temperature. At a Tcold and Thot of 20 °C and 30 °C, the current and power densities 

were observed as -8.51 A m-2 and 26.16 mW m-2, respectively. However, at a Tcold and 

Thot of 40 °C and 50 °C, the current and power densities were observed as -13.12 A 

m-2 and 42.54 mW m-2, respectively, which equates to an increase of 154% and 166%.  
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Figure 10  –  Plots showing the effect of increasing temperature at a constant ΔT of 10 

K on the (a) VOC P , (b) jS C and (c) Pma x. Temperature was increased from a T co ld of 20 to 

40 °C and a Th ot  of 30 to 50 °C. 
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 This increase in current and power, whilst maintaining a constant ΔT is 

problematic for the routinely reported temperature-normalised power density (mW m-2 

K-2). This normalisation is based on the assumption that both the VOCP and jSC increase 

linearly with ΔT. As demonstrated by Figure 9(b), VOCP clearly increases linearly with 

ΔT. However, we observe here that the current density increases by a factor of 1.3 in 

Figure 9(c) and is clearly highly dependent on applied temperature, as demonstrated 

in Figure 10(b). Therefore, we expanded the investigation (Figure 11) for more 

temperatures and attempted to normalise the resulting data with respect to temperature. 

In Figure 11(a & b), the effect of increasing Thot was measured while 

maintaining Tcold at ⚫, 20 °C, ◼, 25 °C and ◆, 30 °C. When the normalisation factor 

of ΔT2 was applied, it was not found to accurately normalise the power density, as 

shown in Figure 11(a). As the current density was found to increase by a factor of 1.3, 

a new normalisation factor of ΔT2.3 was applied, which was found to accurately 

normalise the power density (Figure 11(b)). In order to test this theory further, the 

effect of reducing Tcold to increase ΔT was also investigated, where Thot was 

maintained at ⚫, 55 °C and ◼, 60 °C. Interestingly, the typical normalisation factor of 

ΔT2 was found to accurately normalise the power density (Figure 11(c)). This decrease 

in required normalisation is likely due to the decrease in kinetics at the cold electrode 

with reducing temperature, which is assumed to be limiting.35 This additional decrease 

in limiting electrode is not observed in Figure 11(a & b) due to the cold electrode (and 

thus the limitation) being constant. 
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Figure 11  –  Figure showing (a & b) data from Figure 9(d) normalised to (a) ΔT2 and 

(b) ΔT2.3.  Where T c old  values were set to ⚫,  20 °C, ◼, 25 °C and ◆, 30 °C and Tho t was 

increased to increase ΔT. Also shown is (c) Pma x / ΔT2 where Th ot was fixed at ⚫,  55 °C 

and ◼, 60 °C, and Tco ld decreased to increase ΔT. 

 

This investigation clearly demonstrates that a ‘normalisation’ factor of ΔT2 is 

not universally valid, but is valid only under certain conditions. The effect of altering 

temperature clearly has a substantial impact on power generation ability of the 

thermocell. However, other factors such as thermocell orientation,33,143 inter-electrode 

separation,32 and numerous other factors (both internal and external of the thermocell) 
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will also have a significant impact on performance. With the effect of temperature 

critically assessed, the effect of concentration of electrolyte was next investigated. 

 

2.3.2 – Equimolar concentration of K3/K4[Fe(CN)6] 

 Measuring the effect of altering concentration of equimolar [Fe(CN)6]
3-/4- is not 

a novel investigation and has been reported several times previously.31,35,67 However, 

differing measurement times, techniques, and temperatures of the same 

thermogalvanic cell yield significantly different observed power densities.3 Therefore, 

this simple study (increasing [Fe(CN)6]
3-/4- concentration in an equimolar ratio) was 

investigated here using our thermocell setup.  

 Initially, the concentration of [Fe(CN)6]
3-/4- was incrementally increased in an 

equimolar ratio of K3/K4[Fe(CN)6] (in 0.1 M increments) from a total [Fe(CN)6] 

concentration of 0.1 to 0.5 M. Figure 12 shows the effect this has on the (a) observed 

Se, (b) jSC and (c) Pmax (tabulated values are shown in Table 1). The benchmark 0.4 M 

K3/K4[Fe(CN)6] system has been reported to have a Seebeck coefficient of -1.4 mV 

K-1.93,102,106,107 We have demonstrated that increasing the applied temperature, at 

equivalent temperature differences has increased the ‘observed Se’ of our 0.4 M 

[Fe(CN)6]
3-/4- thermocell.3 This was found to occur by increasing the ‘observed 

temperature difference’, and that our thermocell observes a ΔT of 18 K, as opposed to 

the applied 20 K.3 All Seebeck coefficients measured have therefore been given a 

compensation factor of 1.11 to account for this discrepancy in our thermocell design.  

Figure 12(a) also shows that as the concentration decreases, the observed Se increases, 

which is also consistent with previous reports.35,93,144 
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Figure 12  –  Figure showing the effect of increasing equimolar K 3/K4[Fe(CN)6] in 

increments of 0.1 m from 0.1 m to 0.5 m total [Fe(CN) 6] concentration has on (a) the 

Se, (b) the jSC, (c) the Pma x and (d) the power curves of each respective system.  

 

Table 1  –  Table of data for Figure 12(a-c).  

Concentration / M Se / mV K-1 jSC / A m-2 Pmax / mW m-2 

0.1 -1.50 ± 0.01 -6.21 ± 0.45 41.3 ± 0.3 

0.2 -1.45 ± 0.01 -11.5 ± 0.3 73.3 ± 0.2 

0.3 -1.40 ± 0.01 -16.0 ± 0.6 99.1 ± 0.5 

0.4 -1.40 ± 0.01 -20.0 ± 0.2 125 ± 2 

0.5 -1.38 ± 0.01 -23.7 ± 0.7 144 ± 1 
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Both current and power densities increased almost linearly with concentration 

(Figure 12(b & c)), as expected, and previously reported.67 The power curves of these 

five systems was calculated using Equation 12 and are shown in Figure 12(d).  

𝑃𝑜𝑤𝑒𝑟 = 𝑉. 𝐼                                                     (12) 

Having (re)evaluated the effect of equimolar concentration of the 

K3/K4[Fe(CN)6] redox couple, whilst obtaining equivalent trends to previously 

reported studies, we can therefore be confident in the robust nature of our thermocell 

setup and measuring technique (technique of measuring critically assessed and 

reported previously3). This allowed us to conduct a far less common investigation, 

altering the concentration ratio of K3[Fe(CN)6]:K4[Fe(CN)6]. 

 

2.3.3 – Non-equimolar concentration of K3/K4[Fe(CN)6] 

 Equimolar concentration studies of redox couples are common in 

thermogalvanic reports, not only for the [Fe(CN)6]
3-/4- redox couple, but also for other 

redox couples such as the Fe2+/3+,15,38,39 and I-/I3
-.145 To date, there has only been a finite 

number of studies into concentration ratio of a redox couple in thermogalvanic cells, 

which were all conducted on [Fe(CN)6]
3-/4-.35,95,117,146 These older investigations 

demonstrate a parabolic curve in both conductivity117 and power density146 with altered 

ratio of redox couple, along with an increased Seebeck coefficient associated with 

higher K4[Fe(CN)6] concentrations.117 Therefore, this intriguing study was also 

conducted on our thermocell setup. 
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 The non-equimolar concentration ratio study was conducted using a total 

concentration of 0.4 M [Fe(CN)6], which was obtained by altering the ratio of 

K3[Fe(CN)6] : K4[Fe(CN)6]. The respective concentrations were incrementally 

increased or decreased by 50 mM, to maintain 0.4 M [Fe(CN)6]. Figure 13(a) shows 

that at higher concentrations of K4[Fe(CN)6], we also observe a higher Se, contrary to 

the Debye-Hückel relationship which states that increasing ionic strength decreases 

the Seebeck coefficient (discussed in the next section). It is observed that a general 

linear decrease in Se occurs with increasing K3[Fe(CN)6] in the ratio.  
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Figure 13  –  Figure showing the effect of altering concentration ratio of K 3[Fe(CN)6]  :  

K4[Fe(CN)6] has on (a) the Se, (b) the jSC and (c) the Pmax, whilst containing a total 

[Fe(CN)6]  concentration of 0.4 m 

 

With respect to the current and power densities of these systems, they both 

display parabolic curves, consistent with those previously reported.146 The current 

density is generally equivalent to a perfect parabola, where the peak current density is 

roughly equivalent at ratios of K3 : K4 between 0.15 : 0.25 to 0.25 : 0.15 (Figure 13(b)). 

The power density parabola is more complicated. As power is calculated from both 

voltage and current, and the voltage increases at higher concentration ratios of 

K4[Fe(CN)6], the peak in power density is centred on a concentration ratio of K3 : K4 

at 0.15 : 0.25 (Figure 13(c)), not the expected and consistently reported 0.2 : 0.2 M. 

This is potentially significant as the cost of K3[Fe(CN)6] and K4[Fe(CN)6] are not 

equivalent, and could result in a cost-benefit (discussed in section 2.3.7). Tabulated 

data of Figure 13 is shown in Table 2. 
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Table 2  –  Tabulated data from Figure 13. 

K3[Fe(CN)6] : 

K4[Fe(CN)6]   

ratio / M 

Se / mV K-1 jSC / A m-2 Pmax / mW m-2 

0.05 : 0.35 -1.57 ± 0.01 -12.8 ± 0.1 90.7 ± 0.6 

0.10 : 0.30 -1.49 ± 0.01 -17.9 ± 0.1 120.6 ± 1.2 

0.15 : 0.25 -1.46 ± 0.02 -20.8 ± 0.3 137 ± 3 

0.20 : 0.20 -1.42 ± 0.01 -20.6 ± 0.3 132 ± 3 

0.25 : 0.15 -1.41 ± 0.01 -19.8 ± 0.3 126 ± 2 

0.30 : 0.10 -1.36 ± 0.01 -17.3 ± 0.1 106 ± 1 

0.35 : 0.05 -1.31 ± 0.02 -11.3 ± 0.2 66.8 ± 2.0 

 

Both these studies yielded interesting results, where the increase in ionic 

strength of solution can either decrease (equimolar concentration) or increase (non-

equimolar concentration) the observed Se. In order to further understand the governing 

equations behind both these studies, both the thermodynamics (Seebeck) and kinetics 

(current) have been modelled and are discussed in turn in the next sections. 

 

2.3.4 – Thermodynamic modelling of the Se 

The equimolar concentration study observed a decrease in Seebeck coefficient 

with increasing concentration. This is commonly observed in electrochemical systems 

as a Debye-Hückel relationship,93,141,144 where a lowering in activity coefficient (𝛾) is 
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observed with an increase in ionic strength (𝐼), quantified by Equation 18 (simplified 

for thermoelectrochemical systems in Equation 19). 

ln(𝛾) =  −𝐴𝑧𝑖
2𝐼0.5                                              (18) 

ln|𝑆𝑒| ∝  −𝐼0.5                                                 (19) 

Where 𝐴 is a constant that depends on temperature and 𝑧 is ionic charge. Figure 

14 shows both the equimolar ⚫ and non-equimolar ◼ studies shown modelled by 

Equation 19. It can clearly be seen that the equimolar concentration ratio demonstrates 

that ln|𝑆𝑒| is proportional to −𝐼0.5, consistent with the Debye-Hückel relationship. It 

is also clear that the ratio study follows the opposite trend, where ln|𝑆𝑒| actually 

increases with increasing 𝐼. This curious result, which clearly does not fit the same 

trend, required a different model.  
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Figure 14  –  Figure showing the Se as a function of ionic strength for the equimolar ⚫  

and non-equimolar ◼ concentration studies from Figure 12(a) and Figure 13(a), 

respectively. Also shown is the non-equimolar concentration data with a ‘Nernstian -
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correction’ to account for the non -equimolar nature of the electrolyte (hollow 

hexagons).  

 

Non-equimolar electrochemical systems are generally described by the Nernst 

equation (Equation 20), which can account for different concentrations of oxidised and 

reduced species in the system. This model was therefore adapted to 

thermoelectrochemical, rather than electrochemical systems (where 𝐸𝑐𝑒𝑙𝑙 was 

substituted to 𝑆𝑒 by dividing 𝐸𝑐𝑒𝑙𝑙 (as Δ𝐸𝑐𝑒𝑙𝑙) by 𝑇 (as Δ𝑇)).   

𝐸𝑐𝑒𝑙𝑙 =  𝐸𝑐𝑒𝑙𝑙
0 −

𝑅𝑇

𝑛𝐹
ln (

𝐶𝑅𝑒𝑑

𝐶𝑂𝑥
)                                     (20) 

𝑆𝑒 =  𝑆𝑒
0 −

𝑅

𝑛𝐹
ln (

𝐶𝑅𝑒𝑑

𝐶𝑂𝑥
)                                         (21) 

Where 𝐸𝑐𝑒𝑙𝑙 is the cell potential, 𝐸𝑐𝑒𝑙𝑙
0  is the standard cell potential, 𝑆𝑒 the Seebeck 

coefficient at any given concentration ratio, 𝑆𝑒
0 the standard Seebeck coefficient (taken 

as the extensively reported -1.4 mV K-1), 𝑅 the gas constant, 𝑇 the temperature, 𝑛 the 

number of electrons transferred, 𝐹 the Faraday constant and 𝐶𝑅𝑒𝑑 and 𝐶𝑂𝑥 the 

concentration of reduced and oxidised species, respectively. 

 As demonstrated in Figure 14, once the Nernstian correction was applied from 

this model to the ratio study (shown as hollow hexagons), it too followed the expected 

Debye-Hückel trend of ln|𝑆𝑒| being proportional to −𝐼0.5. With the success of 

ascertaining the fundamental parameters guiding the thermodynamic aspects for both 

the equimolar and non-equimolar concentration studies, the kinetics was then 

investigated. 
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2.3.5 – Kinetic modelling of jSC 

 In an attempt to determine the fundamental phenomena governing the observed 

kinetics (generating current) of the system, a new model was required. The kinetics of 

previously reported thermocells has been attributed to the Butler-Volmer model.91 

Therefore, this model was investigated here. The Butler-Volmer equation predicts the 

current, as a function of exchange current density, based on the overpotential in the 

system and the reversibility of the redox couple,80 as in Equation 22. 

𝑗 =  𝑗0 (𝑒𝑥𝑝 [
𝛼𝑎𝑛𝐹𝜂

𝑅𝑇
] –  𝑒𝑥𝑝 [–

𝛼𝑐𝑛𝐹𝜂

𝑅𝑇
])                               (22) 

𝑗0 = 𝐹𝑘0(𝐶𝑂𝑥
𝛼𝐶𝑅𝑒𝑑

𝛼)                                           (23) 

Where j is the current density, j0 the exchange current density, 𝛼𝑎 and 𝛼𝑐 the 

anodic and cathodic charge transfer coefficients, respectively, n the number of 

electrons transferred, F the Faraday’s constant, 𝜂 the activation over-potential, R the 

universal gas constant, T is the temperature, k0 the electron transfer constant, and 𝐶𝑂𝑥 

and 𝐶𝑅𝑒𝑑 the oxidised and reduced concentration, respectively. This can be adapted to 

model the short-circuit current density of the thermocell (jSC) as: 

𝑗𝑆𝐶 =  𝑘𝑎𝑔𝑔𝐹(𝐶𝑂𝑥
𝛼𝐶𝑅𝑒𝑑

𝛼) (𝑒𝑥𝑝
0.5𝑉𝑂𝐶𝑃𝛼𝑎𝑛𝐹

𝑅𝑇𝑐𝑜𝑙𝑑
) – exp (– (

0.5𝑉𝑂𝐶𝑃𝛼𝑐𝑛𝐹

𝑅𝑇𝑐𝑜𝑙𝑑
))     (24) 

 Here, the overpotential (𝜂) is expressed as 0.5VOCP, T was set to the cold 

electrode temperature, Tcold, which is assumed to be kinetically limiting,35 and the 

charge transfer constant (𝛼) of the [Fe(CN)6]
3-/4- redox couple, where 𝛼𝑎 = 𝛼𝑐 was set 

to 0.5.147 One important factor to highlight is that the electron transfer coefficient has 
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been reattributed as an aggregated rate constant kagg, this is to account for all three 

forms of mass transport (diffusion, migration and convection), along with the fact that 

steady-state (operando) measuring would lead to a non-uniform concentration gradient 

across the whole system (i.e. the electrode surface would have a depleted or enhanced 

concentration to the bulk of one redox state at one electrode, with the opposite 

concentration gradient at the opposite electrode). As the kagg is the only unknown in 

the equation, a value for this aggregated rate constant would need to be determined. 

To attain a value for kagg, this model was initially applied to the equimolar 0.2 

M [Fe(CN)6]
3- and 0.2 M [Fe(CN)6]

4- system only, to obtain a kagg value that could 

accurately model this commonly utilised system. The value obtained was 2.06 x10-4 

cm2 s-1 on the Pt electrodes and was subsequently exclusively employed in this chapter. 

This value is significantly lower than the literature values reported for k0 of this redox 

couple (ca. 0.20 to 0.02 cm2 s-1).147,148 But is consistent with simulated kinetic rate 

constants for a cyclic voltammetric study of [Fe(CN)6]
3-/4-,94 and slightly higher than 

the same model applied on a gasket graphite electrode material.35 It should also be 

noted that k0 is the kinetic rate constant under ideal conditions i.e. low concentrations 

of redox electrolyte with high concentrations of supporting electrolyte, whereas in this 

report high concentrations of redox electrolyte are used, in the absence of any 

supporting electrolyte. 

 With a value obtained for kagg at equimolar 0.4 M [Fe(CN)6]
3-/4-, the rest of the 

concentration study was modelled and as can be seen in Figure 15(a), an excellent fit 

with the experimental data is obtained. This model can be extended to the 

experimentally obtained power data, by calculating the power from the measured VOCP 
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and the modelled jSC values, which is also found to be an excellent fit (Figure 15(b)). 

To test the validity of the kagg value, and more widely the model as a whole, the 

equimolar concentration study was used as an example with the same values used in 

the ratio model. Figure 15(c) demonstrates that the experimental data obtained in the 

equimolar concentration study can also be successfully modelled. Confirming the 

validity of the predicted kagg value. 
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Figure 15  –  Figure showing the experimental data (◼) of (a) the jSC  and (b) Pmax from 

the non-equimolar ratio study taken from Figure 13(b) and (c), respectively. The 

modelled Butler-Volmer values are overlayed (white diamonds). Also shown in (c) is 

the experimental (⚫) and modelled (white diamonds) data for the equimolar 

concentration study (experimental data taken from Figure 12(b)).  

 

2.3.6 – Homogeneous electrocatalysis through alkali metal salts 

2.3.6.1 – Electrochemistry  

 Having investigated and modelled the fundamental driving forces for both the 

thermodynamics and kinetics of the K3/K4[Fe(CN)6] thermocell at altered 

concentrations of both equimolar and non-equimolar systems, attempts were then 

made to improve both of these aspects through homogeneous electrocatalysis.  

 The [Fe(CN)6]
3-/4- redox couple is known to ion-pair in the presence of high 

concentrations to alkali metal cations such as K+.149 This ion-pairing has previously 

explained the increasing equilibrium potential (Eeq) in fundamental cyclic voltametric 

investigations.149 Recently, an investigation into altering the alkali-metal cation in the 

[Fe(CN)6]
3-/4- redox couple has been reported. This work demonstrated that by 
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changing the alkali-metal cations down group 1, the ∆𝑆𝑟𝑐 of these systems increased. 

However, this was purely a thermodynamic investigation and offered no insight into 

the kinetics. We therefore set out to test both the thermodynamic and kinetic effects of 

altering the alkali-metal cation using all 5 of the group 1 metals (Li, Na, K, Rb & Cs) 

in a thermogalvanic context. 

 This was initially investigated in an electrochemical context, cyclic 

voltammograms of 10 mM concentration of K3/K4[Fe(CN)6] were measured in the 

presence of a large excess of alkali-metal salts (namely 0.4 M X2SO4). This can 

therefore be essentially viewed as the Li, Na, K, Rb and Cs equivalents of 

[Fe(CN)6]
3-/4-.  

Firstly, the Eeq was measured, and found to significantly increase whilst 

decreasing down group 1 (from Li to Cs, Figure 16(b)). This is strongly suggesting an 

increase in ion-pairing in the presence of larger, less charge dense Cs+ cations than in 

the presence of smaller, highly charge dense Li+ cations. Secondly, the ΔE was taken 

from the CVs, and was found to generally decrease down the group (Figure 16(c)), 

which is indicative of faster redox kinetics at the electrode surface.  
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Figure 16  –  Figure showing (a & b) CVs of 10 mM K 3 /K4[Fe(CN)6] in the presence of 

0.4 M X2SO4 (yellow, dashed line), where in (a) Li (red), Na (yellow) and KCl (blue) 

are shown and in (b) K (blue), Rb (purple) and CsCl (pink) are all shown. Also shown 

are (c) the measured Ee q and (d) the measured ΔE  of each alkali metal salt system taken 

from the CVs. 

 

 With very encouraging indications of electrocatalytic ion pairing down group 

1, these systems were measured for their thermoelectrochemical properties, which are 

discussed further below. 
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2.3.6.2 – Thermoelectrochemistry 

 It has previously been reported that altering the alkali metal cation has a 

beneficial effect on the redox entropy of the [Fe(CN)6]
3-/4- redox couple, down group 

1.83 Having already observed the electrocatalytic effect of this trend in the 

electrochemistry (vide supra) the thermoelectrochemical properties of these systems 

were measured. This was initially measured purely in a thermodynamic context. The 

Seebeck coefficient was measured by measuring the open circuit voltage whilst 

altering the difference in temperature between the two electrodes, starting with a ΔT 

of 20 K, reducing this to 0 K in 5 K increments, and re-increasing the ΔT back to 20 

K. 

 For this study, the pseudo-alkali metal cation [Fe(CN)6]
3-/4- was again achieved 

by having a large excess of alkali metal salt combined with lower concentrations of 

K3/K4[Fe(CN)6].
* Figure 17(a) shows the observed Se for each alkali-metal cation in 

the presence of the alkali metal chloride (blue, left) and sulphate (purple, right) 

respectively. The trend experimentally observed here does not correlate perfectly with 

those observed previously,83 as the Na+ observes a higher Se than the K+. However, it 

must be noted that this system contains a combination of K+ and Na+, and this 

combination is known to have a beneficial effect to the redox entropy of this redox 

couple.94 Tabulated values of the Se and corresponding ∆𝑆𝑟𝑐 are shown in Table 3. 

 
* This excess was achieved through having 10 mM K3/K4[Fe(CN)6] and either 0.4 M or 1 M of the 

chloride or sulphate salt of the alkali metal cation, respectively. Yielding a ratio of 23:1 and 29:1 for 

alkali metal cation : inherent potassium for the chloride and sulphate salts, respectively. 
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As mentioned, the previous investigation into the redox couple with different 

alkali metal cations only interrogated the redox couple entropy.83 Therefore, we set out 

to perform a novel investigation into these systems by investigating the 

thermogalvanic power density. As both the kinetics (as observed by the 

electrochemistry Figure 16) and the thermodynamics (as observed by the Se, Figure 

17(a)) both improved by altering the alkali-metal cation down group 1, the power was 

also expected to increase.  
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Figure 17  –  Figure of (a) the measured Se of the K3 /K4[Fe(CN)6] with a large excess of 

XCl (blue, left) or X 2SO4 (purple, right) for each alkali -metal cation. (b) the Pmax of the 

Li, K and Cs [Fe(CN) 6]3- /4 - systems generated from a large excess of alkali -metal cations 

from addition of either  Li, K or Cs chloride, and (c) representative power curves for (b) 

where the Li system (diamond) K system (circle) and Cs (square) are all shown. The 

coloured shapes represent the power density, and the hollow shapes represent the 

current density, respectively.  

 

Table 3  –  Tabulated of data from Figure 17(a).  

Alkali Metal 
Se (XCl Salt) / 

mV K-1 

ΔSrc 

/ J K-1 mol-1 

Se (X2SO4 Salt) 

/ mV K-1 

ΔSrc 

/ J K-1 mol-1 

Li -1.30 ± 0.02 -129 ± 2 -1.24 ± 0.01 -123 ± 1 

Na -1.42 ± 0.01 -141 ± 1 -1.35 ± 0.03 -134 ± 2 

K -1.32 ± 0.02 -131 ± 1 -1.31 ± 0.02 -130 ± 1 

Rb -1.44 ± 0.02 -142 ± 2 -1.41 ± 0.02 -140 ± 2 

Cs -1.58 ± 0.01 -156 ± 1 -1.50 ± 0.01 -149 ± 1 
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 This different investigation was undertaken with a larger concentration of 

K3/K4[Fe(CN)6] (50 mM) in the presence of 1.5 M LiCl, KCl or CsCl. Figure 17(b) 

demonstrates that the expected increase in power density down group 1 is indeed 

observed, as shown by the pseudo-Li, K and Cs [Fe(CN)6]
3-/4- systems. The power 

curves also show this trend (Figure 17(c)), but as the output voltage is proportional to 

the Se, the power curve of the Cs system has both a higher output voltage and power 

density, demonstrating both enhanced thermodynamic and kinetic effects from the 

presence of Cs+ cations. 

 Having fundamentally investigated the [Fe(CN)6]
3-/4- redox couple for 

concentration and homogeneous electrocatalysis effects, a provisional cost-

comparison of the equimolar, non-equimolar and electrocatalysis effects have been 

investigated and are discussed further below.  

 

2.3.7 – Cost-comparison of relative [Fe(CN)6]3-/4- systems 

 The primary motivation behind the ratio study was to understand if the almost 

exclusively employed equimolar 0.2 M K3[Fe(CN)6] : 0.2 M K4[Fe(CN)6] generated 

the highest power density. This assumption was not actually observed, due to the 

higher Se with increasing K4[Fe(CN)6], producing a higher overpotential driving 

slightly higher power density in the K4[Fe(CN)6]-rich systems. This non-ideality in 

polynomial power density could potentially have other important implications, such as 

a more cost-effective ratio of obtaining power density than the equimolar universally 

employed 0.2 : 0.2 M. 
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 This was investigated using the observed absolute power (in mW) of the ratio 

study from Figure 13. Using the cost per weight of K3[Fe(CN)6] and 

K4[Fe(CN)6].2H2O from Sigma Aldrich.† Figure 18 shows the cost analysis in £ / mW 

for each ratio using two different grade reagents, each one of which favours the 

opposite redox state as the cheaper one (orange hexagon for ACS grade and blue 

diamond for ReagentPlus grade, respectively). Both of these therefore show a cost-

benefit favouring either a higher K3[Fe(CN)6] or K4[Fe(CN)6] system, respectively.  

Using the best cost of the two different grades analysed allowed further cost-

effectiveness to be obtained in the ratio analysis. This analysis also shown in Figure 

18 displays the same trend as the observed power ratio study, where a small ratio in 

favour of the K4[Fe(CN)6] was found to be the most cost-effective system.  
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Figure 18  –  Figure showing the cost-effectiveness of the power densities of the ratio 

study shown in Figure 13, showing the cost of each ratio using the ACS (orange 

 
† This was done using both the ACS reagent and the ReagentPlus grades, as these had significantly 

different £ / g of the K3[Fe(CN)6] (0.136 and 0.222 respectively) and the K4[Fe(CN)6].2H2O (0.222 and 

0.134, respectively). 
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hexagons) and ReagentPlus (blue diamonds) grades from Sigma Aldrich as of 26 th 

December 2020. Also shown is the most cost -effective of these two reagent grades for 

the K3[Fe(CN)6] and K4[Fe(CN)6].3H2O (purple circles).  

 

 One final cost-analysis was undertaken with these systems, it was clearly 

demonstrated that addition of Cs salts increased both the thermodynamics and kinetics 

of the K3/K4[Fe(CN)6] thermocell. So a cost-analysis of the K3/K4[Fe(CN)6] system 

was undertaken in the presence of 0.7 M CsCl. As expected, the power density 

increased from 124 ± 2 mW m-2 to 153 ± 1 mW m-2 upon addition of the Cs salt. 

However, CsCl is expensive, and the cost per mW increased from ca. 2 £ mW-1 to ca. 

16 £ mW-1. This final analysis clearly demonstrates that increases in power are not 

necessarily cost-competitive and should be approached with caution when attempting 

to scale-up this type of system.  
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2.4 – Conclusions 

 To conclude, herein a fundamental study of potassium ferri/ferrocyanide 

(K3/K4[Fe(CN)6]) was conducted. This was undertaken with respect to both equimolar 

and non-equimolar concentration studies, and the effect of introducing alkali-metal 

salts into the system for their homogeneous electrocatalytic ability. In these systems, 

the Seebeck coefficient can be modelled by the Debye-Hückel relationship once a 

Nernstian correction has been applied to the non-equimolar study. The current 

generating ability of these systems can be modelled using the Butler-Volmer equation, 

where an aggregated rate constant (kagg) for the operando thermocell was found to be 

2.06 x10-4 cm2 s-1 at Pt electrodes, which is consistent with previous investigations at 

gasket graphite electrodes, and the k0 of simulated cyclic voltammograms (CVs). 

 The observed Se, current density and power density of the system can be 

significantly improved upon addition of electrocatalytic alkali-metal cations such as 

Rb+ or Cs+. This increase was also observed in the Eeq of the CVs which increased in 

the same order as group 1, namely Li < Na < K < Rb < Cs. Finally, a provisional cost-

comparison was drawn between the ratio study, using a variety of price and grade 

materials. The most cost-effective system was found to be simply the most powerful, 

namely 0.15 M K3[Fe(CN)6] : 0.25 M K4[Fe(CN)6]. A further cost-analysis 

demonstrated that despite the higher power density of the Cs+-enhanced system, the 

high price of Cs salts was significantly detrimental to cost-effective power density. 
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3.1 – Aims and Objectives 

 In the previous chapter, a concentration study of both equimolar and non-

equimolar ratios of the K3/K4[Fe(CN)6] redox couple was investigated. With respect 

to increasing equimolar concentration, both current and power density was found to 

linearly increase with concentration (Figure 12), while the observed Se was found to 

decrease proportionately to the square root of the ionic strength. The K3/K4[Fe(CN)6] 

system is the most widely employed redox couple in thermocells and is routinely 

employed when novel electrode materials are the focussed area of research.40,52,93,96,100 

This is due to the [Fe(CN)6]
3-/4- redox couple still being state-of-the-art, despite being 

first investigated in the 1960s and 1970s.60,67 

 Therefore, in this chapter we set out to achieve: 

• The highest concentration of [Fe(CN)6]
3-/4- in a thermogalvanic cell.  

• To investigate the fundamental physiochemical, electrochemical and 

thermoelectrochemical properties of these highly concentrated ‘salt-in-water’ 

and beyond the ‘water-in-salt’ transition.  

• To understand why there was an observed plateau in power density, quiescent 

and rotating disc cyclic voltametric current density and conductivity. This 

inherent limitation observed by several significantly different methods was 

further investigated for diffusion coefficients of the redox species.  

• Attempts to overcome this inherent limitation by several methods i) 

introducing electrocatalytic alkali-metal cations, ii), introducing less viscous 

organic co-solvent or iii) inducing mass convection within the thermocell were 

all ultimately unsuccessful.  
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3.2 – Introduction 

The previous chapter described a fundamental investigation of the 

K3[Fe(CN)6]/K4[Fe(CN)6] redox couple, which has been extensively discussed in the 

introduction of the previous chapter and will not be repeated here. This salt 

combination has been extensively employed as 0.4 M [Fe(CN)6], due to the solubility 

limit of the K4[Fe(CN)6] salt.35 Concentrations of [Fe(CN)6] have been increased to 

0.9 M by utilising a combination of the K3[Fe(CN)6] and [NH4]4[Fe(CN)6].
39,40 

Although in most of the reported [Fe(CN)6]
3-/4- thermocells, it is unclear from the 

sample preparations whether this is genuine molarity or molality. 

We have previously reported the potentially hazardous nature of the acidic n-

type Fe2+/3+ system utilised in series with the p-type [Fe(CN)6]
3-/4-, due to the 

possibility of these solutions mixing and the instability of [Fe(CN)6] to acidic 

conditions.30 Which could result in significant quantities of severely toxic HCN(g)
30 

(discussed further in Chapter 5). Due to this inherent acidic instability, the utilisation 

of [NH4]4[Fe(CN)6] yields an inherently hazardous, rather than potentially hazardous 

system.30 A combination of K+ and Na+ salts offer a benign alternative. The 

combination of K+ and Na+ cations have previously demonstrated a significant increase 

in solubility for the [Fe(CN)6]
4- anion, for energy storage applications.150 Another 

[Fe(CN)6]
3-/4- thermocell has been reported for ‘beyond-saturated’ concentrations in 

the presence of salts such as guanidinium, which results in selective 

‘thermocrystalisation’ of the [Fe(CN)6]
4- ion, which re-dissolves at the higher 

temperature in a thermocell as the [Fe(CN)6]
3-, yielding high Se and power densities.34  
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Concentration effects of redox couples in thermocells are routinely 

investigated, where high concentrations of commonly employed redox couples have 

been reported up to 1.5 M using Fe(ClO4)2/3
38,39 and 2 M for Fe(Cl)2/3.

15 However, as 

these ions have an ionic charge > 1, the ionic strengths of these systems are 

significantly higher. The ionic strength of a 1.5 M Fe(ClO4)2/3 and 2 M Fe(Cl)2/3 are 

6.75 M and 9 M respectively. Other fundamental properties of the high-concentration 

Fe2+/3+ thermocells have also been investigated, such as the ionic and thermal 

conductivities.38 

This high ionic strength is comparable to recently reported ‘water-in-salt’ 

solutions, which have been proposed for energy storage applications, namely, aqueous 

lithium-ion batteries.151–153 Reported ‘water-in-salt’ systems have used alkali metal 

salts such as Li+,151,152 and Na+.152 Recently, a ‘water-in-salt’ system has been reported 

using the redox active K3[Fe(CN)6] as an electrochemical probe for a high 

concentration of KF (up to 17 M).154 This investigation reports that at the ‘salt-in-

water’ to ‘water-in-salt’ transition, the diffusion coefficient of the redox-active 

[Fe(CN)6]
3- species is severely decreased, due to a significant increase in viscosity.154  

Despite many investigations into ‘water-in-salt’ systems using low charge 

metal salts, and several investigations into high charge salts at high concentrations. 

There is still a missing link between ‘water-in-salt’ solutions obtained from high 

charge redox active electrolytes. We therefore set out to undertake a fundamental 

investigation of high-concentration, high charge, redox active electrolyte, namely the 

[Fe(CN)6]
3-/4-. 
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3.3 – Results and Discussion 

3.3.1 – Effect of increasing concentration on the thermoelectrochemical 

properties  

  We set out to undertake further fundamental investigations of a 

thermogalvanic cell, this time at the super-concentrated electrolyte region (within the 

total saturation limit). This was undertaken by using the combination of K3[Fe(CN)6] 

and Na4[Fe(CN)6] to dissolve high-concentration solutions. Ultimately this was 

successful, where a total concentration of 1.6 m‡ [Fe(CN)6] was achievable using 

mechanical stirring. The thermoelectrochemical properties of increasing concentration 

of equimolar K3/Na4[Fe(CN)6] was investigated, increasing incrementally in 0.2 m 

intervals from 0.2 m to 1.6 m total [Fe(CN)6] concentration.  

As the previous equimolar investigation demonstrated that both current and 

power density increased proportionately to concentration,35 this was also expected to 

occur here. Therefore, increasing the concentration from 0.5 m (from the 

K3/K4[Fe(CN)6] in the previous chapter) to 1.6 m (maximum concentration achieved 

with the K3/Na4[Fe(CN)6]) would be assumed to increase the power density by >3 

times. However, this was not the case. 

With respect to the Se, the general decrease with increasing concentration was 

again observed (Figure 19(a)). However, the Se of the K3/Na4 combination was found 

to be consistently higher than the equivalent K3/K4 combination, consistent with our 

previous results.35 With respect to the current density, at lower concentrations the 

 
‡ Molality (g kg-1) has been used as a measure of concentration here due to the ease of sample 

preparation, more accurate concentrations in molarity (mol dm-3) has been calculated from the density 

and are discussed in turn. 
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expected proportional increase was observed. Although, at higher concentrations this 

proportionality was reduced, reaching a plateau ca. 1.4 m (Figure 19(b)).  

Figure 19(c) shows the power density of these solutions mirroring the plateau 

of the current density, observing a plateau ca. 1.2 – 1.6 m concentration of [Fe(CN)6]. 

Also shown in Figure 19(c) is the increase in power density expected if the 

proportional increase with respect to K3/K4 equimolar concentration was observed 

(shown as a dotted line). This increase in power density would result in an expected 

495 mW m-2 at 1.6 m. The actual power observed was 203 mW m-2, only 41% of the 

expected value. The power curves obtained from 0.4 m K3/K4 and 1.6 m K3/Na4 are 

also shown in Figure 19(d). Tabulated values of the Se, jSC and Pmax of all concentration 

solutions of K3/Na4[Fe(CN)6] are shown in Table 4. 

This significant reduction in power density between the expected increase and 

the actual observed value is intriguing, this plateau in power density has also been 

observed previously in Fe2+/3+ systems.15,38 However, the Fe2+/3+ redox couple is 

known to be significantly affected by pH and presence of anions in the solution.36 The 

Fe3+ ion is also known to be highly reactive to the solvating H2O molecules, 

hydrolysing the inner solvation sphere36,39 (these aspects are all discussed further in 

chapters 4, 5 and 6). The [Fe(CN)6]
3-/4- redox couple is known to be far more inert with 

respect to these factors, therefore it is interesting that this redox couple also observes 

this behaviour, and requires further investigation into the fundamental physical and 

electrochemical properties. 

  



Chapter 3: Inherent limitations with concentration 

 

Page | 101 

 

0.0 0.4 0.8 1.2 1.6

-1.55

-1.50

-1.45

-1.40

-1.35

[Fe(CN)6] / m

S
e
 /
 m

V
 K

-1

(a)

0.0 0.4 0.8 1.2 1.6

-40

-30

-20

-10

0

[Fe(CN)6] / m

j s
c
 /
 A

 m
-2

(b)

 

0.0 0.5 1.0 1.5

0

100

200

300

400

500

[Fe(CN)6] / m

P
m

a
x
 /

 m
W

 m
-2

(c)

-30 -20 -10 0

-40

-30

-20

-10

0 0

50

100

150

200

250

Potential / mV

C
u

rr
e

n
t 

D
e

n
s

it
y

 /
 A

 m
-2

P
m

a
x  / m

W
 m

-2

(d)

 

 

Figure 19  –  Figure showing (a) the observed Se , (b) the jS C and (c) the Pmax of the 

K3[Fe(CN)6]/Na4[Fe(CN)6] redox couple increasing incrementally ( in 0.2 m increments) 

from 0.2 to 1,6 m total [Fe(CN) 6] concentration, alongside the K 3 /K4[Fe(CN)6] data 

from the previous chapter. Also shown in (d) is representative power curves of the 0.4 

m K3/K4[Fe(CN)6] (⚫) and the 1.6 m K3/Na4[Fe(CN)6] (◆) where power is filled and 

current is hollow and (e) an image of the various concentration K 3 /Na4[Fe(CN)6]  

solutions.  
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Table 4  –  Tabulated values of Figure 19(a-c) 

Concentration / m Se / mV K-1 jSC / A m-2 Pmax / mW m-2 

0.2 -1.48 ± 0.01 -10.4 ± 0.1 69.5 ± 0.4 

0.4 -1.44 ± 0.01 -17.7 ± 0.1 113 ± 1 

0.6 -1.42 ± 0.01  -23.1 ± 0.3 145 ± 3 

0.8 -1.41 ± 0.01 -27.2 ± 0.3 169 ± 2 

1.0 -1.40 ± 0.01 -30.3 ± 0.3 187 ± 3 

1.2 -1.38 ± 0.01 -32.4 ± 0.5 198 ± 4 

1.4 -1.38 ± 0.01 -33.7 ± 0.3 206 ± 2 

1.6 -1.36 ± 0.01 -33.7 ± 0.3 203 ± 3 

 

3.3.2 – Static electrochemistry  

 In order to gain further insight into these various concentration [Fe(CN)6]
3-/4- 

systems, we investigated their electrochemical properties. Cyclic voltammograms 

(CVs) were recorded for the 0.01, 0.1, 0.2, and 0.4 m K3/K4[Fe(CN)6] and 0.01, 0.2, 

0.4, 1 and 1.6 m K3/Na4[Fe(CN)6] systems. Figure 20(a & c) demonstrate the expected 

increase in current density with increasing concentration in both the K3/K4 and K3/Na4 

systems. However, when these CVs are concentration normalised§ (as shown in Figure 

20(b & d)) they observe a decrease with increasing concentration. This is due to a 

significant increase in peak-to-peak separation (ΔE, Figure 20(f)), which is a 

manifestation of slower electron transfer at the electrode surface.  

 
§ Here the concentration is reported in true molarity (mol dm-3), this was accurately calculated as the 

density of each solution was measured. Yielding a true and accurate concentration in molarity. 
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Interestingly, the Eeq of the CVs also increase with increasing concentration of 

the redox couple, this has previously been attributed to increased ion-pairing of the K+ 

ion to the [Fe(CN)6]
3-/4- anion.149,154,155 The experimentally observed results are 

indicative of increased ion-pairing and slower electron transfer at the electrode surface, 

to obtain further insight and quantitative information from these CVs, they were 

simulated using DigiElch software. This enables the extraction of more quantitative 

information of fundamental parameters such as kinetic rate constants and diffusion 

coefficients. 
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Figure 20  –  Figure showing the CVs of 0.01, 0.1, 0.2 and 0.4 m K 3 /K4[Fe(CN)6] as (a) 

current density and (b) concentration normalised current. Also shown is 0.01, 0.2, 0.4, 

1 and 1.6 m of the K 3/Na4[Fe(CN)6] system as (c) current density and (d) concentration 

normalised current. The (e) Eeq and (f) ΔE  of these CVs are also shown, respectively.  

 

The various concentration systems were therefore simulated, and the lowest 

(0.01 m) and highest (0.4 m for K3/K4 and 1.6 m for the K3/Na4) concentration 

simulated voltammograms are shown in Figure 21(a-d). Simulating the CVs allowed 

the determination of the simulated diffusion coefficients (shown in Figure 21(e)) and 

kinetic rate constants (shown in Figure 21(f)). As expected, the diffusion coefficients 

and kinetic rate constants both clearly decrease with increasing concentration. These 

two factors combine to explain the lower concentration normalised current for the CVs 

shown in Figure 21(b & d).  
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Figure 21  –  Figure showing (a-d) cyclic voltammograms of experimental (solid line) 

and simulated (circled datapoints) of (a) 0.01 m K 3/K4[Fe(CN)6],  (b) 0.4 m 

K3/K4[Fe(CN)6],  (c) 0.01 K3/Na4[Fe(CN)6] and (d) 1.6 m K 3/Na4[Fe(CN)6]. Also shown 

is (e) the simulated rate constants (ks i m) of the [Fe(CN)6]3-  (orange) and [Fe(CN) 6]4-  

(blue) for the K3/Na4[Fe(CN)6] at all investigated concentrations. And (f) the simulated 
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rate constant for the K 3/K4[Fe(CN)6] (green circles) and K3/Na4[Fe(CN)6] purple 

diamonds.  

 

One thing to note from the simulated kinetic rate constants obtained at higher 

concentrations (anything above 10 mM) is that the simulated k0 (or ksim) is of the same 

order of magnitude as the kagg proposed from the Butler-Volmer model in the previous 

chapter.35 Again reinforcing the validity of the previously utilised model. These static 

electrochemical investigations allow a fascinating insight into the [Fe(CN)6]
3-/4- 

systems interrogated in this chapter. But they offer no insight into the limitation 

inherently observed, and no explanation for the reduced diffusion coefficient and 

kinetic rate constant. Therefore, CVs were also recorded at a rotating disc electrode. 

Table 5  –  Table of data for DigiElch simulations of K 3/K4[Fe(CN)6] and 

K3/Na4[Fe(CN)6] CVs of various concentrations.  

[Fe(CN)6] 

concentration      

/ m 

Eeq
                                  

/ V vs     

Ag/AgCl 

ΔE                   

/ mV 

ksim
                          

/ x10-4      

cm s-1 

Dox                                

/ x10-6
                          

cm2 s-1
 

Dred                          

/ x10-6                       
cm2 s-1

 

K3/K4[Fe(CN)6] 

0.01 0.217 115 34.0 9.76 8.79 

0.10 0.241 222 9.61 8.62 7.76 

0.20 0.253 239 7.95 7.99 7.19 

0.40 0.264 256 6.26 6.87 6.18 

K3/Na4[Fe(CN)6] 

0.01 0.218 100 42.2 8.08 7.27 

0.20 0.244 237 7.54 6.83 6.15 

0.40 0.260 259 5.56 5.54 4.99 

1.00 0.282 298 3.15 3.32 2.99 

1.60 0.302 295 2.39 1.93 1.74 
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3.3.3 – Rotating disc electrochemistry 

 Electrochemistry undertaken at a rotating disc electrode (RDE), rather than a 

static electrode allows electrochemistry to be studied in the absence of the typical 

mass-transport limitation (i.e. more kinetic independent analysis). Figure 22(a & b) 

show the difference between a static and rotating disc electrode for both the current 

density and concentration normalised current. RDE CVs were measured for all the 

K3/Na4 solutions investigated. Generally, the same trend was observed as the CVs in 

the previous section, where the current density increases with concentration, but the 

concentration normalised current decreases (Figure 22(b & c)).  

Further insight can be obtained when the peak current density at the static CV 

(jp) and limiting current density at the rotating disc (jlim) are both plotted as a function 

of concentration. Interestingly, the same trend was observed in both jp and jlim as the 

jSC of the thermoelectrochemistry measured in section 3.3.1. This is visually 

demonstrated in Figure 22(f) where the jlim and jSC are overlayed. To further 

demonstrate the perfect overlay, they have also been plotted against each other, which 

shows an excellent linear relationship (Figure 22(f, inset)). 
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Figure 22  –  Figure showing the static CV vs rotating-disc CV for the 0.2 M and 1.18 

M [Fe(CN)6]3- / 4 - systems as (a) current density and (b) concentration normalised 

current. Also shown is the rotating -disc CVs for every [Fe(CN) 6]3- /4 - concentration 

investigated in Figure 21 shown as (c) current density and (d) concentration normalised 

current. (e) the jp from static CV (orange circles) and j l im from the rotating disc CV 

(blue squares) shown as a function of increasing concentration of [Fe(CN) 6]3 - /4-  and (f)  
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an overlay of the RDE j l i m and thermogalvanic jSC  vs concentration of [Fe(CN) 6]3- /4-,  

inset: jSC vs j l i m .  

 

It is interesting that the jlim should follow the same trend as the jSC and jp. For 

these are three significantly different measurement techniques under significantly 

different conditions. It does however demonstrate that the limitation causing the 

plateau in jSC is not alleviated by removing the mass transport limitation in the solution, 

but is caused by some other fundamental property. As both static and dynamic 

electrochemical investigations offered significant insight into the properties of the 

solution, but also followed the same trend as the thermogalvanic current density, 

deeper insight into the solution properties were investigated, starting with the 

conductivity. 

 

3.3.4 – Experimental and predicted conductivity 

 With the same inherent limitation observed in jSC, jp and jlim, the conductivity 

of these various concentration K3/Na4[Fe(CN)6] solutions was measured in an attempt 

to gain further insight into the fundamental physiochemical properties of these high 

salt concentration environments. The experimentally determined conductivity (κ) with 

increasing concentration are displayed in Figure 23(a, ()) which was found to also 

observe a plateau at the same concentration as the jSC (also shown in Figure 23(a)). 

Conductivity of strong electrolyte solutions such as [Fe(CN)6]
3-/4- are expected to 

observe a linear decrease in molar conductivity (Λm) with respect to increasing the 

square root of concentration (c0.5) in line with Kohlrausch’s law94,156: 
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Λ𝑚 = Λ𝑚
𝑜 − 𝐾√𝑐                                                 (25) 

Where Λ𝑚
𝑜  is the limiting molar conductivity (i.e. at infinite dilution) and K is an 

empirical constant. This relationship has been previously applied to moderately 

concentrated solutions of K3[Fe(CN)6] and K4[Fe(CN)6].
156  
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Figure 23  –  Figure showing (a) the experimentally measured conductivity between 0.2 

and 1.6 m [Fe(CN) 6] (κ,  ), overlaying the jS C data from Figure 19(b) (◆), also shown 

is the Kohlrausch’s law predicted conductivity values between concentrations of 1.8 

and 2.4 m [Fe(CN)6] () . (b) shows the Kohlrausch’s law molar conductivity (Λ m) vs  

the square root of concentration for both experimental () and extrapolated () values.  

 

As demonstrated in Figure 23(b) the experimentally determined conductivity 

() is found to be a good fit to Kohlrausch’s law, and have therefore been extrapolated 

to higher concentrations (), up to 2.4 m. Upon reverting these extrapolated values 

back to conductivity vs concentration, it can be observed that conductivity beyond 1.6 

m is predicted to decrease (Figure 23(a, )). This predicted decrease would be 

severely detrimental to thermocells, and would result in a reduction of both current 

and power densities with concentrations of [Fe(CN)6] beyond 1.6 m. 
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The molar conductivity (Λm) and viscosity (η) of a system can be used to 

determine a further fundamental property of a system. These two parameters share an 

approximate inverse correlation such that Λmη ≈ constant. This relationship is 

frequently referred to as the Walden product.94 The Walden product as a function of 

K3/Na4[Fe(CN)6] concentration is shown in Figure 24. The Walden product increased 

from 0.48 S cm2 Pa mol-1 s-1 at 0.4 m to 0.57 S cm2 Pa mol-1 s-1 at 1.6 m; this increase 

is likely indicative of increasing ion pairing with increasing concentration. This 

partially mirrors the minor decreases in the Seebeck coefficient with increasing 

concentration (cf. Figure 19(a)), with Seebeck coefficients typically being highly 

sensitive to ion pairing.36 
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Figure 24  –  Plot of the Walden product as a function of the combined concentration of 

K3/Na4[Fe(CN)6]   
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3.3.5 – Attempting to overcome the inherent limit in thermogalvanic power 

density 

3.3.5.1 – Homogeneous electrocatalysis 

 Having determined that the inherent limit in thermogalvanic current and power 

density is also present in the inherent electrochemistry (as shown by the jp and jlim) and 

conductivity (as discussed above) of the solution. We next attempted to overcome this 

limit several methods: i) homogeneous electrocatalysis, ii) adding organic co-solvent, 

and iii) induced convection in the thermocell. 

 Firstly, homogeneous electrocatalysis was employed to try and overcome the 

inherent limitation in thermogalvanic current (and therefore power) density. In the 

previous chapter, it was demonstrated that addition of large, alkali metal cations (such 

as Rb+ and Cs+) observed a benefit to both the thermodynamics and kinetics of the 

[Fe(CN)6]
3-/4- redox couple. Therefore, this was again employed on both the 

K3/K4[Fe(CN)6], and the K3/Na4[Fe(CN)6] systems. Figure 25(a) shows the expected 

increase in current density of the 0.4 m K3/K4[Fe(CN)6] with addition of 0.7 m CsCl. 

CsCl was also added to the 0.4 m K3/Na4[Fe(CN)6], however, this system suffered 

severe solubility issues and resulted in a precipitate which could not be measured.  

Swapping the 0.7 m CsCl to 0.7 m RbCl was found to retain the solubility of 

the K3/Na4[Fe(CN)6], whilst maintaining the electrocatalytic ability on the 

thermogalvanic performance, as shown in Figure 25(b). Subsequently, 0.7 m RbCl was 

added to the 1 m K3/Na4[Fe(CN)6] system. However, this did not improve the observed 

current density, demonstrating that the limit is not caused by a kinetic effect and the 

significant decrease in kinetic rate constant observed in section 3.3.2 is caused by the 
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as yet unknown limitation inherent within the super concentrated electrolyte solution. 

Representative power curves of these systems are also shown in Figure 25. 
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Figure 25  –  Figure showing (a) the observed current density of the 0.4 m 

K3/K4[Fe(CN)6], K3/Na4[Fe(CN)6] and 1 m K3 /Na4[Fe(CN)6] in the absence of presence 

of 0.7 M CsCl in the K 3/K4 system and 0.7 M RbCl for the K 3 /Na4 systems. Also shown 

is power curves for (b) the 0.4 m K 3/K4[Fe(CN)6] (green) and K3/Na4[Fe(CN)6] (purple) 

systems (c) the 0.4 m K 3/K4[Fe(CN6] in the absence (green) and presence (orange) of 

0.7 M CsCl. (d) the 0.4 m K 3/Na4[Fe(CN)6] in the absence (purple) and presence (brown) 

of 0.7 M RbCl and (e) the 1 m K 3/Na4[Fe(CN)6] in the absence (purple) and presence 

(brown) of 0.7 M RbCl.  

 

3.3.5.2 – Investigating the addition of organic co-solvent 

 Next, the effect of adding organic co-solvent to the higher concentrated 

systems was investigated. This was undertaken using methanol, ethanol, and acetone 

at a ratio of 10 % v/v of organic to aqueous solvent. This investigation was undertaken 

as addition of organic co-solvent has been previously reported to increase the Se of the 

[Fe(CN)6]
3-/4- redox couple.81 The other added benefit is that the organic co-solvent 

was assumed to decrease the viscosity of the solution, enabling faster mass transport 

of the electrolyte through the solution. 

 Addition of organic co-solvent was achieved by diluting the 1.4 m 

K3/Na4[Fe(CN)6] system with methanol, and the 1.2 m K3/Na4[Fe(CN)6] system with 

either ethanol or acetone. These concentrations were found to be the highest capable 
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of being diluted with the respective organic co-solvent, without forming precipitates 

of [Fe(CN)6]. Diluting the 1.4 m to 1.2 m and 1.2 m to 1.0 m systems, respectively. 

Figure 26 shows the effect of adding organic co-solvent to the [Fe(CN)6] for 

the observed (a) Se, (b) jSC and (c) Pmax. As can clearly be observed, addition of organic 

co-solvent had little to no effect on the observed Se, (Figure 26(a)), but had a significant 

but detrimental effect on the current and power densities (Figure 26(b & c)). This was 

a curious result as the literature has reported a significant benefit to the Se using 

methanol. Where addition of 10 % methanol increased the Se from -1.4 to -2.7 mV 

K-1.81 However, another investigation using organic co-solvents has reported 

significantly more minor effects on observed Se with alcohols.82 Our results here 

clearly support the latter, where no effect observed from the former could be observed. 
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Figure 26  –  Figure showing the effect of adding organic co -solvent (methanol, (MeOH, 

red), ethanol (EtOH, orange) and acetone (AcO, blue)) on the 1 m (for ethanol and 

acetone) and 1.2 m (for methanol) for the observed (a) Se, (b) the jS C  and (c) the Pma x.   

 

3.3.5.3 – Inducing mass transfer within the thermocell 

 Finally, the effect of ‘inducing’ mass transport within the thermocell was 

explored, this was achieved by introducing a spherical magnetic bead into our 

thermocell, which was subsequently stirred using an external magnetic field as the 

thermocell performance was being measured. The effect of increasing rotation speed 
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was assessed from 0 rpm to 2000 rpm on the thermogalvanic properties of both the 0.4 

m K3/K4[Fe(CN)6] and 1.6 m K3/Na4[Fe(CN)6] thermocells. 

 In short, and can clearly be observed in Figure 27, inducing mass transport 

within the thermocell has no effect on any thermogalvanic property on either solution. 

Since we apparently could not overcome the unknown inherent limitation in the 

thermocell by any of the attempted methods, further fundamental physiochemical 

investigations were required. Therefore, the viscosity of the solutions were assessed 

with increasing concentration, the diffusion coefficients of the redox ions was also re-

evaluated and is discussed further below. 
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Figure 27  –  Figure showing the effect of rotation of a magnetic bead within the 

thermogalvanic cell stirred by an externally applied magnetic field. This shows the 
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effect on (a) VOC P , (b) jSC and (c) Pma x for (green circles) the 0.4 m K 3 /K4[Fe(CN)6] and 

(purple diamonds) the 1.6 m K 3/Na4[Fe(CN)6].  

 

3.3.6 – Viscosity and modelling the diffusion coefficient beyond 1.6 m 

[Fe(CN)6]3-/4- 

As discussed previously, the cyclic voltammograms of the K3/4[Fe(CN)6] and 

K3/Na4[Fe(CN)6] systems at various concentrations were modelled using DigiElch 

software (Figure 21). This analysis determined that the simulated kinetic rate constant 

of the redox reaction decreased with increasing concentration, concurrent with a 

decrease in the diffusion coefficients of both the oxidised and reduced species, but at 

different rates of decrease. Therefore the viscosity of each solution of K4/Na4[Fe(CN)6] 

was measured, this is plotted along with the simulated diffusion coefficients in Figure 

28. Viscosity clearly demonstrates a linear increase with increasing concentration of 

electrolyte (in molality).  

‘Water-in-salt’ electrolytes have recently received significant attention due to 

their great promise for aqueous battery applications.151–154,157,158 However, there are 

discrepancies in the literature about the exact definition at which an electrolyte reaches 

‘water-in-salt’ conditions. The original definition reports that at 5 m (ca. 5 M) lithium 

salts have become ‘water-in-salt’.151 More recently, 10 m has become the benchmark 

value.152,154 As these previous reports describe alkali-metal salt electrolytes, the 

concentration is equivalent to the ionic strength, so even though our highly-charged 

redox-active system has a much lower overall concentration (1.6 m), it has equivalent 

ionic strength to reported ‘water-in-salt’ systems (13 m). 
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In an attempt to gain a better understanding of these systems at concentrations 

beyond the 1.6 m limit, the viscosity and diffusion coefficients were both modelled 

and extrapolated, up to 2.4 m. Equivalent to the conductivity model using 

Kohlrausch’s law (Figure 23(a)). Figure 28(a) shows the excellent fit of the model 

using an exponential decrease in both diffusion coefficients and linear increase in 

viscosity beyond 1.6 m. Previously, the reduction in the diffusion coefficient of 5 mM 

K3[Fe(CN)6] has been directly attributed to the increase in viscosity once ‘water-in-

salt’ level electrolytes have been achieved.154 This trend was broadly observed here, 

despite the disproportional nature of the decrease in D (exponential decrease) and the 

increase in viscosity (linear increase). 
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Figure 28  –  Figure showing (a) the relationship of both diffusion coefficient, with the 

oxidised (⚫)  and reduced (◼)  species are shown independently and viscosity with 

increasing concentration of [Fe(CN) 6] (in molality). Both of these parameters have their 

experimentally measured (viscosity) or simulated based on experimental (diffusion 

coefficient) values (solid fill) and the extrapolated values (hollow). Also shown in (b) 

the change in diffusion coefficient with increasing concentration (in molarity) of 

[Fe(CN)6] , shown in this figure is the predicted trend based on the Stokes -Einstein 

equation for the ‘sticking’ and ‘sliding’ models (both labelled).  

 

To better understand the mass transport of the ions with respect to the solvent, 

the Stokes-Einstein model was used. The Stokes-Einstein equation (Equation 26) is 

used to characterise the mass transport of particles in liquids.154,159,160 This model can 

be applied to ions in solution that have a fixed solvation sphere, to determine if these 

are ‘sliding’ or ‘sticking’ with respect to the associated bulk solvent.154  

𝐷 =  
𝑘𝐵𝑇

(𝑋𝜋)𝜂𝑟
                                                   (26) 

Where 𝐷 is the diffusion coefficient, 𝑘𝐵 the Boltzmann constant, 𝑇 the 

temperature, 𝑋𝜋 is either 4𝜋 or 6𝜋 depending on the sliding or sticking model 

respectively, 𝜂 is the viscosity and 𝑟 is the radius of the spherical particle (taken as 
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4.22 nm).154 In the sticking model, with 6𝜋 as the denominator, the solvated ion 

experiences a pressure force from the front of the particle (equivalent to 4𝜋) and a 

frictional force parallel to the particle surface (equivalent to 2𝜋). This particle is 

experiencing the “frictional coefficient” (6𝜋𝜂𝑟). In the sliding model, the particle does 

not experience the frictional force, and the particle (in this case a solvated ion) 

experiences the “Sutherland coefficient” (4𝜋𝜂𝑟). With less force hindering mass 

transport, the ion thus move faster in solution.159,160 

This model has previously been demonstrated to show that, at low 

concentrations of redox-inactive supporting electrolyte, K3[Fe(CN)6] was found to fit 

the ‘sliding’ model, and at higher concentrations the diffusion coefficient is much 

lower than expected from the ‘sticking’ model.154 Figure 28(b) shows the 

experimentally simulated diffusion coefficients of both the oxidised and reduced 

species, along with the predicted trends based on the ‘sliding’ and ‘sticking’ models, 

using the experimentally determined viscosity from Figure 28(a).  

At low concentrations of K3/Na4[Fe(CN)6], the ‘sliding’ characteristic is 

clearly observed. As the concentration increases, the [Fe(CN)6]
3- and [Fe(CN)6]

4- ions 

are found to transition from the ‘sliding’ model to observe ‘sticking’ characteristics. 

Moreover, when the diffusion coefficients and viscosity are extrapolated to 2.4 m (ca. 

1.5 M, ionic strength of 12.1 M, or 19.3 m), the model clearly demonstrates the 

‘sticking’ characteristic of both the oxidised and reduced species. Another interesting 

outcome of this model was the prediction of ‘zero diffusion coefficient’ for the redox 

ions, which is proposed to be ca. 1.6 M. Due to the significant ionic strength of these 

experimental and predicted solutions, and the severely hindered diffusion of the redox 
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ions in solution, the system investigated here can be classed as a true ‘water-in-salt’ 

system. This analysis also demonstrates that the limitation inherent within our 

thermogalvanic cell is due to severely restricted mass transport with increasing 

concentration of electrolyte. This inherent limitation is also likely to be present for all 

aqueous electrochemical systems where high concentrations of electrolyte are 

desirable. 

 

3.3.8 – Mimicking the concentration with redox-inactive electrolytes 

 Having ascertained the inherent limitation of the high concentration [Fe(CN)6] 

thermocell, we next set out to investigate whether these properties were unique to high 

concentration redox-active electrolytes or whether they were universal to all high 

concentration electrolytes. To achieve this, the electrochemical parameters of 

K3/K4[Fe(CN)6] and K3/Na4[Fe(CN)6] were investigated as either the only electrolyte 

(with a low 0.1 M KCl supporting electrolyte, discussed further below) or a low 

concentration of 10 mM [Fe(CN)6] was investigated with high concentration of 

supporting electrolytes. The effect of charge on the supporting electrolyte was also 

investigated using a range of charged potassium salts with various charged anions 

(KCl, K2SO4 and K3Citrate). 

 Cyclic voltammograms of various concentration K3/K4[Fe(CN)6] and 

K3/Na4[Fe(CN)6] have already been recorded and are discussed in section 3.3.2. The 

ionic strength of these solutions was calculated (in molality) and attempts to replicate 

this ionic strength using additional supporting electrolytes (KCl, K2SO4 and K3Citrate) 

was made.  
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 As previously discussed, with increasing concentration of [Fe(CN)6]
3-/4-, the 

peak-to-peak separation (ΔE) increases, consistent with a significant reduction in 

kinetic rate constant (as shown in Figure 21). To determine if this is a uniquely redox-

active electrolyte or simply just an electrolyte effect, equivalent ionic strength CVs of 

low concentration [Fe(CN)6]
3-/4- were recorded. The concentration normalised CVs of 

K3/K4[Fe(CN)6] and K3/Na4[Fe(CN)6] are again shown in Figure 29(a & b), also 

shown are the concentration normalised CVs for K3/K4[Fe(CN)6] with various 

concentrations of KCl (Figure 29(c)) and K3Citrate (Figure 29(d)) for the 

K3/Na4[Fe(CN)6] system with various concentrations of KF (Figure 29(d)) and 

K3Citrate (Figure 29(e)). 

Interestingly, the ΔE of the CVs with ionic strength mimic were found to 

decrease with increasing concentration, consistent with an increase in kinetic rate 

constant. This is likely due to a reduction in ohmic resistance due to the extremely high 

concentration of supporting electrolyte.80 However, this is contrary to the high ionic 

strength [Fe(CN)6] systems, which demonstrate a reduction in the kinetic rate constant. 
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Figure 29  –  Figure showing cyclic voltammograms of (a) the K 3 /K4[Fe(CN)6] (at 0.01, 

0.1, 0.2 and 0.4 m), (b) K 3/Na4[Fe(CN)6] (at 0.01, 0.2, 0.4, 1, 1.6 m). (c, d) 0.01 m 

K3/K4[Fe(CN)6]  with concentrations of (c) KCl (0.10, 0.82, 1.62 and 3.22 m) and (d) 

K3Citrate (0.10, 0.15, 0.23 and 0.30). (e,  f) 0.01 m K3/Na4[Fe(CN)6] with concentrations 

of (e) KF (0.1, 1.62, 3.22 and 8.00 m) and (f) K 3Citrate (0.1, 0.3, 0.5 and 1.5).  

 

 

Another interesting effect of this investigation is on the observed equilibrium 

potential (Eeq). Figure 30 shows the Eeq of the CVs with increasing ionic strength, 

which demonstrates an increase in Eeq with ionic strength for all systems, but to 

varying degrees. It is apparent that the rate of increase of Eeq occurs in the order: KCl 

~ KF > K2SO4 > K3Citrate ~ [Fe(CN)6], which is equivalent to the increase in charge 

of the anions: -1 > -2 > -3 ~ -3.5 (the average between [Fe(CN)6]
3- and [Fe(CN)6]

4-). 
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The increase in Eeq has previously been attributed to increases in ion pairing between 

the K+ and [Fe(CN)6]
3-/4- ions.149,154,155 This ion-pairing appears to be hindered using 

higher charge anion salts such as [citrate]3-, which is potentially competing with the 

[Fe(CN)6]
3-/4- for the K+ ions. This result indicates that the formation of ion-paired 

species such as [KFe(CN)6]
2-/3- occurs more readily with electrolytes such as KCl and 

KF, which should thus be avoided in thermocells as this appears to decrease the 

observed Se. 
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Figure 30  –  Figure showing the ΔE  for these CVs in Figure 20 for the (a) 

K3/K4[Fe(CN)6] (b) K3/Na4[Fe(CN)6] and the E eq for the (c) K3/K4[Fe(CN)6] and (d) 

K3/Na4[Fe(CN)6] where KCl (blue triangle), KF (pink inverted triangle), K 2SO4 (purple 

diamond) K3Cit (red hexagon) and [Fe(CN) 6] (green circle) are all shown.  Also shown 

are the peak current observed from the cyclic voltammetry data shown in Fig ure 20. 

This is shown for (e) oxidation current and (f)  reduction current for the K 3 /K4[Fe(CN)6]  

and (g) oxidation current and (h) reduction current for K 3/Na4[Fe(CN)6]. Where KCl 

(blue triangle), KF (pink inverted triangle), K 2SO4 (purple diamond) K3Cit (red 

hexagon) and [Fe(CN) 6] (green circle) are all shown.  

 

 Further information can be obtained from the cyclic voltammetry data, where 

the normalised peak current (normalised to concentration of [Fe(CN)6] in molality) has 

been determined and is shown in Figure 30. It can clearly be seen that the normalised 
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peak current in both K3/K4- and K3/Na4-only systems decrease faster than the 

supporting electrolyte mimicked systems. This is due to the synergistic detrimental 

combination of a reduction in both kinetic rate constant and diffusion coefficients. 

Whereas in the ionic strength mimic the detrimental effect is from a purely mass 

transport aspect. Further work will need to be undertaken in the future to determine 

this more clearly using both higher concentration [Fe(CN)6] in the ionic strength 

mimic, and other (possibly less inert) redox couples such as Fe2+/3+ or redox couples 

that utilise the grotthuss hopping mechanism such as I-/I3
-. 

 

3.3.9 – Beyond 1.6 m [Fe(CN)6]3-/4- through ultrasonication-mediated dissolution 

of solute 

Upon attempting to solubilise concentrations of [Fe(CN)6] above 1.6 m, it was 

observed that ultrasonication was a method capable of achieving higher concentration 

solutions of K3/Na4[Fe(CN)6]. Therefore, 1.2, 1.6, 2 and 2.4 m solutions were all 

prepared via this method and the thermoelectrochemical properties measured. These 

solutions were compared to the mechanically solvated equivalent at 0.4, 0.8, 1.2 and 

1.6 m. Figure 31 shows that the power density drops after a plateau observed at 1.6 m. 

This peak in power density, followed by a subsequent decrease was already predicted 

by the Kohlrausch’s law conductivity (Figure 23). 
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Figure 31  –  Figure showing the observed power density of the K 3/Na4[Fe(CN)6] from 

the mechanically solubilised systems (purple diamond) and the ultrasonication mediat ed 

solubilised systems (blue squares).  

 

These 2 and 2.4 m solutions are predicted to have total [Fe(CN)6] 

concentrations of 1.36 and 1.50 M. The density of the 2 m solution could be measured, 

this allows the accurate determination of the molarity, which was determined at 1.37 

M. The predicted viscosity of this solution was 2.81 cP, the experimentally determined 

value was 2.86 cP, both of these results demonstrating the effectiveness of the models. 

Inherent instability with respect to precipitation didn’t allow the measurement by 

conductivity or electrochemistry of the systems >1.6 m. 

Concentrations of 2.0 and 2.4 m, corresponding to concentrations of 1.37 and 

1.50 M have ionic strengths of 16 and 19 m, (11 and 12 M). The predicted solvation 

number of K+, Na+, [Fe(CN)6]
3- and [Fe(CN)6]

4- are 7,161,162 6,161,162 11163 and 17163 
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respectively.** At these high concentrations, we calculated there are less water 

molecules present than can fully solvate the ions (as shown visually in Figure 32 for 

the 0.4, 1.6 and 2.4 m solutions). Decreasing to 90 % and 77 % of complete solvation 

for the 2 and 2.4 m solutions, (i.e. 10% and 23% less water present than to fully solvate 

the ions), respectively. This lack of complete solvation of ions is presumed to be the 

cause of the inherent instability of these solutions to precipitation. These systems can 

be classified as true ‘water-in-salt’ systems, but as clearly observed, using high 

concentration of redox-active electrolytes such as [Fe(CN)6]
3-/4- to achieve this are 

significantly different from the typical water in salt electrolytes investigated from 

high-concentration alkali metal electrolytes. The table of data for this calculation is 

shown in Table 6. 

 

 

 
** It should be noted here that the water molecules predicted to be solvating the [Fe(CN)6]3- and 

[Fe(CN)6]4- are taken from the solvation number within 5 Å, it is assumed that the full number solvating 

will be even larger than this. 
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Figure 32  –  Visualisation of three concentration [Fe(CN) 6]3- /4- solutions at (top) 0.4 m, 

(middle) 1.6 m and (bottom) 2.4 m. The ions of [Fe(CN) 6]3- (light green), [Fe(CN) 6]4-  

(dark green), Na + (orange) and K+  (grey) have all been shown.  
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Table 6  - Table of data for water of solvation calculation.  

Ionic 

Species 

Number of water molecules in the inner 

hydration sphere (based upon literature values) 

Total H2O 

molecules 
(per one 

K3[Fe(CN)6] 

and 

Na4[Fe(CN)6] 

molecules) 

‘Free’ 

H2O 
[Fe(CN)6]

3- [Fe(CN)6]
4- K+ Na+ Total 

0.4 m 11 17 21 24 73 288 215 

1.6 m 11 17 21 24 73 79 6 

2.4 m 11 17 21 24 73 56 -17 

 

 

3.4 – Conclusions 

 In this chapter we have investigated the fundamental electrochemical, 

thermoelectrochemical, and inherent physiochemical properties of highly concentrated 

[Fe(CN)6] solutions. The solubility of [Fe(CN)6] has been significantly increased by 

utilising a benign combination of K3[Fe(CN)6] and Na4[Fe(CN)6], where 1.6 molal 

total [Fe(CN)6] was achieved using mechanical stirring. The thermogalvanic 

properties demonstrated a plateau in observed current and power densities. This 

plateau was also observed in the electrochemical properties, namely the peak current 

jp at static CV and jlim under rotating disc electrode, and the conductivity of the 

solution. Attempts to improve the current and power of these systems were undertaken 

using several methods: i) homogeneous electrocatalysis, ii) addition of organic co-

solvent, and iii) inducing convection through the introduction of a spinning magnetic 

stirrer, which were all ultimately unsuccessful. 
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 Using Kohlraush’s law and other models the experimentally measured 

conductivity, viscosity, and experimentally simulated diffusion coefficients were 

extrapolated beyond the 1.6 m mechanically stirred limit. Using the Stokes-Einstein 

equation the low concentration systems were found to fit the “sliding” model, but the 

higher concentration systems were found to fit the “sticking” model, with significantly 

reduced diffusion coefficients. Solutions with concentration beyond 1.6 m were found 

to be achievable using ultrasonication-mediated dissolution. 2.4 m [Fe(CN)6] was 

achieved, which was found to reduce in power density beyond the 1.6 m previously 

observed. This limitation appears to be inherent in redox-active super concentrated 

electrolytes, but further work on other redox couples will need to be undertaken in 

order to ascertain if this is a universal limitation.
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4.1 – Aims and Objectives 

In the previous two chapters, a model redox couple (the [Fe(CN)6]
3-/4-) was 

fundamentally investigated for a wide range of electrochemical, physiochemical and 

thermoelectrochemical properties. High concentrations of electrolyte were also 

achieved up to water-in-salt levels, but showed no significant benefit, and even 

detrimental effects in thermocells. These comprehensive and detailed studies were 

highly informative towards the inherent driving forces and limitations in this 

thermocell. However, [Fe(CN)6]
3-/4- is a p-type (negative Se) redox couple, to be able 

to generate devices with high voltage output, an n-type redox couple (positive Se) will 

also need to be developed, ideally with equivalent Se and power density to the p-type  

redox couple. 

Therefore, in this chapter we set out to: 

• Fundamentally investigate the Fe2+/3+ redox couple, generated from a range of 

salts namely: FeSO4, [NH4]FeSO4, FeNO3 and FeCF3SO3. 

• Investigate the effect of acid to these systems in the thermocell, with respect to 

both electrochemical and thermoelectrochemical properties. 

• Investigate the speciation of the Fe2+/3+ using thermoelectrochemical, 

electrochemical and spectroscopic analysis. 

• Undertake an analysis of the green chemistry and sustainability aspects of the 

various salts, acids, and species present in each thermocell solution. 

• To undertake a cost-analysis of these unacidified and acidified systems to 

determine the most cost-effective thermocell system. 
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4.2 – Introduction 

 The Fe2+/3+ redox couple is routinely employed as an aqueous n-type (positive 

Seebeck) thermogalvanic redox couple.
15,36,39,67,88,112 Several iron salts have been 

investigated for this purpose, in either acidified or un-acidified thermocells. Iron salts 

such as the iron sulphate,40,88 iron chloride,14,15,37,164 and iron perchlorate38,39 have all 

been reported. Different iron salts are observed to yield significantly different Seebeck 

coefficients, ranging from +0.3 mV K-1 for the un-acidified FeSO4 redox couple30,88 to 

+1.76 mV K-1 for the acidified FeClO4 redox couple.39  

 The reason for this substantial difference in Seebeck coefficient is due to the 

significant differences in co-ordination ability of the anion in the iron salt to the metal 

centre, significantly altering the charge density of the overall redox couple.30,36 The 

co-ordinating ability of a range of anions has previously been compared in lanthanide 

salts,165 where anions such as [Cl]- and [SO4]
2- were found to be strongly coordinating, 

and anions such as [ClO4]
- and [CF3SO3]

- were found to not be strongly 

coordinating.165  

In iron complexes, this difference in coordination ability of anions can result 

in different species. Non-coordinating anions such as [ClO4]
-, [NO3]

- and [CF3SO3]
- 

would likely yield the fully-dissociated iron hexaaqua complex ([Fe(H2O)6]
2+/3+).36,39 

Fundamental thermodynamic investigations has determined the [Fe(H2O)6]
2+/3+ redox 

couple has an entropy difference between the redox couple (∆𝑆𝑟𝑐) equivalent to a Se of 

ca. +1.87 mV K-1, at both low ionic strength and under acidic conditions.69 However, 

another investigations have reported a ∆𝑆𝑟𝑐 equivalent to +1.12 mV K-1, calculated 

under standard conditions in the absence of anions.166 More strongly coordinating 
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anions such as [SO4]
2- and [Cl]- have been proposed to yield semi-coordinated species 

in solution, such as the [Fe(SO4)(H2O)5]
0/+,30,36,39,113 and [Fe(Cl)(H2O)5]

+/2+.39  

 The iron chloride redox couple has been extensively investigated in 

aqueous,99,118,167 gelled,14,15,164 and ionic liquid solvents.114 With respect to the aqueous 

systems, high concentration FeCl has been found to display a Seebeck coefficient of 

between +0.6 mV K-1,99,118 to +0.96 mV K-1,31 and high power densities (of several W 

m-2) at high ΔT of 150°C.118 With respect to the gelled electrolyte, the FeCl redox 

couple has been employed in a PVDF polymer with 10 wt% HCl, yielding a Se of +1.02 

mV K-1, which has been utilised in a thermocell array with the p-type [Fe(CN)6]
3-/4- 

thermocell.14 In ionic liquid solvent both FeCl and FeBr actually observe a negative Se 

of ca. -0.4 mV K-1, proposed to be the [FeCl4]
-/2- and [FeBr4]

-/2- redox couples.114  

The iron sulphate thermocell has also been demonstrated as a viable n-type 

candidate to be utilised in-series with the p-type [Fe(CN)6]
3-/4- thermocell.40,88 

However, both the Seebeck coefficient and the power density are considerably lower 

than the [Fe(CN)6]
3-/4- thermocell, with an observed Se between +0.3 and +0.54 mV 

K-1 for the un-acidified and acidified iron sulphate systems, respectively.88 The in-

series [Fe(CN)6]
3-/4- and acidified [Fe(SO4)]

0/+ thermocells have been utilised to charge 

various-sized capacitors.40  

 Iron perchlorate is a much more recently explored redox couple, being first 

reported in 2019.38,168,169 The Seebeck of the iron perchlorate thermocell is reported to 

be between +1.65 – +1.76 mV K-1.38 Almost reaching the theoretical maximum Se of 

+1.87 mV K-1.69 Due to the slightly higher Seebeck coefficient and greater solubility 
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of the FeClO4 vs the K3/4[Fe(CN)6] thermocell, the iron perchlorate is found to display 

higher power density.38  

 Herein investigated are four different iron salts, two with strongly coordinating 

anions: ammonium iron sulphate and iron sulphate, and two much less strongly 

coordinating anions: iron triflate and iron nitrate. An investigation into the Seebeck 

coefficient and power density of the four redox couples in presented, along with 

discussion related to both temperature and pH related speciation of the redox couples 

in the thermocell. The electrochemistry and electrochemical impedance spectroscopy 

of the thermocells have also been explored, determining the comparative resistances 

of the thermocells. Additionally presented is a provisional techno-economic evaluation 

of the systems, and the relative sustainability of the redox couples assessed.  

 

4.3 – Results and Discussion 

4.3.1 – A note on nomenclature used in this chapter 

 In this chapter, two iron salts are dissolved in water solvent to form solutions 

of the combined 0.2 M Fe(ii) and 0.2 M Fe(iii) salts (i.e. a 0.4 M Fe solution in total 

with a 50:50 ratio of Fe(ii) and Fe(iii)). The four iron salts investigated are: ammonium 

iron sulphate, iron sulphate, iron triflate and iron nitrate. For simplicity to both the 

reader and in writing, these 0.4 M solutions of either ammonium iron sulphate, iron 

sulphate, iron triflate or iron nitrate have been abbreviated to [NH4]FeSO4, FeSO4, 

FeCF3SO3 and FeNO3, respectively. These abbreviations represent the solutions of Fe 

generated from the salt dissolved in aqueous solvent and will be used throughout the 

rest of the chapter. 
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4.3.2 – Seebeck and entropy of the iron redox couples 

 The thermodynamics of four iron salt redox couples: [NH4]FeSO4, FeSO4, 

FeCF3SO3 and FeNO3 either in the presence or absence of 1 M of the anions’ 

conjugate acid (H2SO4, CF3SO3H and HNO3 respectively) were all investigated. The 

observed Seebeck coefficient (Se) and the calculated redox couple entropy (∆𝑆𝑟𝑐) are 

both displayed in Figure 33 and are also tabulated in Table 7. Here it is worth noting 

that these values have been corrected for our ‘observed’ ΔT of 18 K, rather than the 

‘applied’ ΔT of 20 K. 
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Figure 33  - Bar chart showing the Seebeck coefficient ( Se) and redox couple entropy 

(∆𝑆𝑟𝑐) for various Fe(ii)/Fe(iii) systems, in the presence (red) and absence (blue) of 1 

M of the anions conjugate acid. The counter -ion is specified for clarity. All are reported 

at ΔT = 20°C (Th ot = 35°C and T c old = 15°C) and error bars are 1 SD of triplicate 

measurements. All Fe(ii)/Fe( iii)  redox couples were present in a 50 : 50 ratio, and the 

solutions prepared to contain 0.2 M of the Fe(ii) salt and 0.2 M of the Fe(iii) salt (total 

redox active concentration 0.4 M).  
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Table 7  -  Table of data showing the apparent  Seebeck Coefficients, Se, and 

corresponding difference in entropy between the redox couple ( ∆𝑆𝑟𝑐). Values are 

reported in the absence and presence of 1 M of the anions’ conjugate acid. All only 

apply for 0.2 M of the Fe( ii) salt and 0.2 M of the Fe( iii) and when measured at ∆T = 

20°C (Tho t = 35°C; T col d = 15°C) given the significant temperature and concentration 

sensitivities of these systems. Error values are the standard deviation of triplicate 

measurements. 

Fe system 
Seebeck coefficient / mV K-1 ∆𝑆𝑟𝑐 / J K-1 mol-1 

Un-acidified Acidified Un-acidified Acidified 

[NH4]FeSO4 0.22 ± 0.01 0.93 ± 0.01 20.9 ± 0.3 89.6 ± 1.4 

FeSO4 0.36 ± 0.01 1.00 ± 0.01 35.0 ± 1.0 96.1 ± 0.9 

FeCF3SO3 1.59 ± 0.01 1.60 ± 0.01 153 ± 1 154 ± 0.7 

FeNO3 1.51 ± 0.01 1.51 ± 0.04 146 ± 1 146 ± 3 

 

In the absence of acid, the observed Se of the two sulphate-based redox couples 

([NH4]FeSO4 and FeSO4) were found to observe the expected and previously reported 

Se of ca. +0.3 mV K-1.88 However, both these systems observed significantly lower Se 

than that of the triflate or nitrate-based redox couples (FeCF3SO3 and FeNO3 

respectively, Figure 33). With the highest observed Se for the FeCF3SO3 system 

reaching ca. +1.6 mV K-1, and the Se of the FeNO3 system observed a Se of ca. +1.5 

mV K-1. 

The Seebeck coefficient of redox couples is known to be highly dependent on 

ionic strength.35,94 Therefore it is important to note that the four investigated systems 

([NH4]FeSO4, FeSO4, FeCF3SO3 and FeNO3) consist of a total concentration of 0.4 

M, made up of 0.2 M of the Fe(ii) and 0.2 M of the Fe(iii) salt in solution. This 

represents a high ionic strength, which is also significantly increased by addition of 1 
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M of the conjugate acids. It should also be noted that the Fe(ii)(NO3) could not be 

purchased, and had to be synthesised in-situ from FeCl2 and AgNO3.  

The observed Se of the FeCF3SO3 and FeNO3 systems were found to be 

relatively independent of pH. Where systems in the presence of acid both display a Se 

ca. +1.5 - +1.6 mV K-1. Which at the time of publication was a record for aqueous 

iron-based n-type thermocell redox couples.36 This is a significant observation as the 

high Se is even higher in the n-type direction than the standard thermoelectrochemical 

redox couple, namely the p-type [Fe(CN)6]
3-/4-, which has a high Se of -1.4 mV 

K-1.35,67,94 

 The Seebeck coefficient of both the [NH4]FeSO4 and FeSO4 systems were 

found to be significantly dependent on pH. The Se of both increase to ca. +0.95 mV 

K-1 from +0.22 and +0.36 mV K-1 for the [NH4]FeSO4 and FeSO4 salts, respectively. 

Iron salts and iron complexes are known to have very strong dependence on speciation 

with regard to pH, where at a pH > ca. 2.5 iron forms insoluble Fe(OH)x 

complexes.30,113 The Fe3+ species is also found to be significantly more reactive with 

respect to the solvent water molecules. This is demonstrated by the significantly more 

acidic (> 1 pH unit lower than the Fe2+), nature of the Fe3+ solution in the absence of 

Fe2+, which is caused by the Fe3+ ion undertaking hydrolysis of water, as in equilibrium 

27. 

Due to the significant dependence on speciation in the thermocell with respect 

to both the anion and [OH]-, there are three competing equilibria present in the two 

sulphate systems. Where equilibrium (27) is also present for the FeNO3 and 

FeCF3SO3 systems, but equilibrium (28) and (29) are not.  
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[Fe(H2O)6]
3+  [Fe(OH)(H2O)5]

2+ + H+                                    (27) 

Fe2+/3+ + [SO4]
2-  [FeSO4]

0/+                                          (28) 

[Fe(SO4)]
0/+ + H+  [Fe(HSO4)]

+/2+                                       (29) 

The FeSO4 systems in the absence of acid observe low Se, due to the strong 

association of the [SO4]
2- anion to the Fe ions, resulting in the low charge [Fe(SO4)]

0/+ 

redox couple.30,39 However, in the presence of acid the observed Se increases 

dramatically, due to the protonation of [Fe(SO4)]
0/+, forming the [Fe(HSO4)]

+/2+ redox 

couple (Equilibrium 29). The [HSO4]
- anion is evidently still strongly coordinating 

compared to [CF3SO3]
-, [NO3]

- and [ClO4]
- due to the lower observed Se. In order to 

evaluate the extent of the speciation of the redox couples, the effect of both temperature 

and pH with regard to UV-Vis spectroscopy of the redox couples was investigated.  

 

4.3.3 – pH effect 

  Altering the pH of the [NH4]FeSO4 and FeSO4 systems was found to display 

a significant change in Se, increasing both systems to ca. +0.95 ± 0.05 mV K-1. This is 

caused by changes in speciation present within the thermocell, where process (28) and 

(29) are in competition. In a strongly acidic environment process (29) will be 

dominant, yielding slightly less strongly coordinating [HSO4]
- anions,165 and a higher 

charge [Fe(HSO4)]
+/2+ redox couple.30,36  

 In the absence of introduced acid, the four iron systems were found to have an 

inherent acidity that increased in the order: [NH4]FeSO4 < FeSO4 < FeCF3SO3 < 

FeNO3. As mentioned previously, this acidity is due to the hydrolysis of water in 
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process (27), and is dominated by the Fe3+ species.36 The highest concentration of H+ 

generated was ca. 40 mM, (Figure 34) equivalent to 20 % of the total Fe3+ 

concentration in the thermocell. Therefore, despite hydrolysis of water occurring in 

these systems, the majority of the species in solution for the FeCF3SO3 and FeNO3 

systems are still expected to be [Fe(H2O)6]
2+/3+. It is also predicted that the 

[Fe(H2O)6-x(OH)x]
3+-x species are thermodynamically silent in the thermocell, as the 

Se hardly changes with the addition of 1 M conjugate acid (Figure 34) in these systems. 

Clearly the [Fe(H2O)6]
2+/3+ redox couple dominates the observed Se for both the 

FeCF3SO3 and FeNO3 systems (observed by their equivalent Se). 
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Figure 34  –Plots showing (a) the pH of the four different 0.4 M Fe(II)/Fe(III) systems, 

for their inherent pH (blue) and after addition of 1 M of their conjugate acid (red). Also 

shown, (b) is the concentration of protons, [H +] , present in solution for the un -acidified 

systems; the concentration of [H +] present indicates the extent to which process (27)  

(i.e.  [Fe(OH)x]3 +- x + H+) occurs.  
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The pH-dependence on the UV-Vis spectra of all four thermocell systems was 

also measured, where the UV-Vis spectra in both the absence and presence of 1 M of 

the anions’ conjugate acid was recorded. Broadly, the [NH4]FeSO4 system displayed 

the same spectra as the FeSO4, and the FeNO3 system displayed a similar spectra to 

the FeCF3SO3, with the exception of a much greater intensity of the peak ca. 230 nm 

(Figure 35).  

Figure 35 demonstrates that both the FeSO4 and [NH4]FeSO4 observe the same 

spectra. Centred ca. 240 nm, and ca. 295 nm which can be attributed to 

[Fe(H2O)6]
3+,30,36,39,170 and [FeSO4]

+,30,36,39 respectively.  The FeCF3SO3 and FeNO3 

observe a peak centred ca. 330 nm, which can be attributed to [Fe(OH)x]
3+-x 

species.36,39,170 The FeCF3SO3 system also observes the [Fe(H2O)6]
3+ peak at around 

the same intensity as the FeSO4 and [NH4]FeSO4 systems. However, the FeNO3 

system displays a peak centred around the same wavelength of a much higher intensity. 

The high intensity of the peak ca. 230 nm can be attributed to the [NO3]
- anion36 

(Figure A1).  
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Figure 35  –  (a-d) UV-Vis spectra of (a) FeSO4,  (b) [NH4]FeSO4,  (c) FeCF3SO3  and (d) 

FeNO3 solutions for concentrations of 0.02 M of the Fe( ii) and 0.02 M Fe(iii) salts in 

the absence (blue) and presence ( red) of 1 M conjugate acid. Inset in (a) and (c) –  photos 

of these systems at the 0.4 M Fe( ii)/Fe(iii) concentration used elsewhere, in the absence 

(left in inset) and presence (right in inset) of 1 M conjugate acid. The wavelength of (a 

& b) 295 nm and (c  & d) 330 nm has been highlighted by a ticked line.  

 

Next the effect of pH on the UV-Vis spectra for these systems was measured. 

For the [NH4]FeSO4 and FeSO4 systems, the peaks centred ca. 220 nm and 290 nm 

both became sharper with the presence of acid (Figure 35(a & b)), consistent with a 

shift in a dynamic equilibrium. But neither peak was removed, or changed wavelength, 

so the species present in the absence of acid appeared to remain in the presence of acid. 

It is therefore difficult to distinguish between [Fe(SO4)]
+ and [Fe(HSO4)]

2+ through 

UV-Vis spectroscopy, as the introduction of a high concentration of acid is expected 

to increase the [Fe(HSO4)]
2+ character of the system.30 Due to this, it is also difficult 

to assess the extent of a shift in the two equilibria (28) and (29) with the introduction 

of acid.  
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 For the FeCF3SO3 system, addition of acid resulted in a sharpening of the 

[Fe(H2O)6]
3+ peak (centred at 220 nm). For the peak ca. 330 nm in both the FeCF3SO3 

and FeNO3 systems, introduction of acid resulted in the complete removal of the 

[Fe(OH)x]
3+-x peak (centred at 330 nm) (Figure 35(c & d)). Demonstrating a shift in 

process (27) completely to the left, removing all [Fe(OH)x]
3+-x species. This clearly 

has no effect on the observed thermodynamics of the thermocell, demonstrated by the 

equivalent Se from both the acidified and un-acidified FeCF3SO3 and FeNO3 systems. 

pH is not the only factor expected to have a significant impact on speciation, 

temperature is also expected to have an impact. Therefore, the temperature effect on 

both the Se and the UV-Vis spectroscopy was measured. 

 

4.3.4 – Temperature-dependent speciation 

In ideal conditions, the Seebeck coefficient is a temperature-independent 

parameter,3 therefore altering the temperature within the thermocell (whether that is 

with a constant ΔT or changing ΔT) should yield equivalent Seebeck coefficients. To 

measure this, reducing the ΔT of the thermocell by increasing the Tcold was 

investigated. Temperature-independent Se were observed for both the un-acidified and 

acidified FeCF3SO3 and FeNO3 systems, and the acidified FeSO4 and [NH4]FeSO4 

systems.  

However, for both the un-acidified [NH4]FeSO4 and FeSO4 systems, the Se 

was found to be temperature-dependent, most significantly in the [NH4]FeSO4 system 

(Figure 36(a)). At the lower Tcold temperature (high ΔT) the [NH4]FeSO4 system has 

a significantly higher Se than at higher Tcold temperature (low ΔT). The observed Se 
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was +0.20 mV K-1 for the 20 K ΔT and +0.10 mV K-1 for the 5 K ΔT. This significant 

temperature-dependence on the Se is due to the temperature-dependence of anion 

association to the iron metal centre.30,36 It can be inferred from the observed change in 

Se that the Fe-[SO4]
2- interactions are stronger at higher temperatures. Owing to a 

temperature-dependent shift in equilibrium (28) leading to a relative shift in speciation.  

UV-Vis of the FeSO4 and FeCF3SO3 systems were undertaken at various 

temperatures in order to gain a better understanding of the temperature-dependent 

speciation present. Initially, the Fe2+ and Fe3+ species were measured independently, 

but the Fe2+ system was found to display no appreciable signal,30,36 therefore all 

discussion will be of the Fe3+ systems only. 
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Figure 36  - Plots showing the variation in the apparent Seebeck coefficient ( S e), against 

ΔT (Th ot = 35°C, T co ld = 15 to 30°C), for (a) the un-acidified [NH4]FeSO4 system, and 

(b) both the un-acidified (blue) and acidified (red) [NH4]FeSO4 (circles) and FeNO3  

(squares) systems. All other conditions match those in Figure 1. The high temp erature 

sensitivity of the apparent Se  of the un-acidified [NH4]FeSO4 system against ΔT is 

immediately apparent, as is the relatively more minor variations in the other three 

systems.  
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Both the [Fe(SO4)]
+ and [Fe(OH)x]

3+-x peaks (at 295 nm and 330 nm 

respectively) were found to increase in intensity with increasing temperature (Figure 

37). This does not demonstrate any specific change in speciation, simply shifting to 

the right of both equilibria (27) and (28) respectively (i.e. increasing both [FeSO4]
+ 

and [Fe(OH)x]
3+-x character within solution). This is supported by the temperature 

dependent Se of the [NH4]FeSO4 system, where decreasing the ΔT from 20°C to 5°C 

(by increasing the temperature of the cold electrode from 15°C to 30°C) is found to 

decrease the Seebeck coefficient, which is likely caused by increasing the [Fe(SO4)]
+ 

character of the system.30,36,39 The observed increase in [Fe(OH)x]
3+-x character in the 

FeNO3 system is also consistent with the thermoelectrochemical results, where the 

[Fe(OH)x]
3+-x species appears to be thermodynamically inactive. 
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Figure 37  - UV-Vis spectra of (a) 20 mM FeSO4 and (b) FeCF3SO3 recorded at 

temperature intervals of 10°C at 5°C (blue), 15°C (yellow), 25°C (orange) and 35°C 

(red); arrows indicate if  absorption increased or decreased going from  cold to hot. 

Dotted lines are added for clarity at peaks corresponding to a) 295 nm [Fe(SO 4)]+ and 

b) 330 nm [(Fe(OH) x]3 +- x.   
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The significant difference in speciation with both pH and temperature is 

assumed to have a significant impact upon the kinetics of the thermocell, even in the 

absence of having an impact on the thermodynamics of the thermocell. To assess this, 

thermogalvanic power of all four systems in the absence and presence of acid was 

measured. 

 

4.3.5 – Power density of the iron redox couples 

 The power density of the four iron systems were investigated both in the 

presence and absence of acid. Figure 38 shows representative power curves of all the 

investigated systems, with the values tabulated in Table 8. As the voltage output of a 

thermocell is proportional to the Se (Equation 8) the expected large increase in output 

voltage (expected for the significant increase in Se) of the [NH4]FeSO4 and FeSO4 

systems was observed. Also observed in these systems was a significant increase in 

current density (and therefore power density as P = IV).24,25  

The power density of the two un-acidified [NH4]FeSO4 and FeSO4 systems 

were found to be equivalent (within error). However, upon acidification, the power 

density of FeSO4 was observed to be much higher than [NH4]FeSO4. In these systems, 

a 13-fold (from 0.48 ± 0.05 to 6.12 ± 0.90 mW m-2) and 18-fold (from 0.56 ± 0.06 to 

10.2 ± 2.0 mW m-2) increase in power density was observed upon acidification of the 

[NH4]FeSO4 and FeSO4, respectively (Figure 38(a & b)). This discrepancy is initially 

surprising, given both these systems observe equivalent Se when acidified. The higher 

power density of FeSO4 is therefore due to the significantly higher observed current 
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density. The reason for this significant difference in the two acidified systems is 

unknown and is discussed further in the next section (4.3.6).  

With respect to FeCF3SO3 and FeNO3, the observed Se does not change with 

acidification, therefore the output voltage at open circuit also does not change. For 

both systems, a significant increase in power density is observed from an increase in 

current density upon acidification (Figure 38(c & d)). This can easily be rationalised 

by the observed pH dependence on the UV-Vis (Figure 35(c & d)), where the complete 

removal of any hydroxide species is observed. From this, it is possible to postulate that 

the [Fe(H2O)6]
2+/3+ species are far more thermogalvanically active than the 

[Fe(OH)x]
3+-x species. This can be rationalised as an ca. 60 – 80 % increase in current, 

and the corresponding increase in power density of ca. 60 – 80 % is observed upon 

addition of acid. 
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Figure 38  –  Plots of both power density, and current density vs.  potential for (a) 

[NH4]FeSO4, (b) FeSO4, (c) FeCF3SO3 and (d) FeNO3. Current densities are shown as 

squares with dashed lines and power densities as circles with solid lines, in the absence 

(blue) and presence (red) of 1 M conjugate acid at ΔT = 20°C.  

 

The acidified [NH4]FeSO4 was found to observe a much lower power density 

than the acidified FeSO4 system, also the FeCF3SO3 systems (both un-acidified and 

acidified) were found to yield much lower power density than the equivalent FeNO3 

thermocells. These observations cannot be easily rationalised by any of the previous 

investigations. Therefore, the four iron systems were electrochemically probed by 

cyclic voltammetry and electrochemical impedance spectroscopy. 
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Table 8  - Table of data showing the short circuit current density and maximum power 

density values for the four Fe(ii)/Fe(iii)  systems (all for 0.2 M Fe(ii) and 0.2 M Fe(iii),  

recorded at Au electrodes with Th ot = 35°C and T cold  = 15°C. Error values are the 

standard deviation of triplicate measurements.  

Fe system 
Current Density (j) / A m-2 Power Density / mW m-2 

Un-acidified Acidified Un-acidified Acidified 

[NH4]FeSO4 0.50 ± 0.05 1.47 ± 0.23 0.48 ± 0.05 6.12 ± 0.90 

FeSO4 0.34 ± 0.03 2.28 ± 0.46 0.56 ± 0.06 10.2 ± 2.0 

FeCF3SO3 4.78 ± 0.84 8.56 ± 2.01 34.2 ± 6.0 61.6 ± 14.7 

FeNO3 8.84 ± 0.69 14.0 ± 1.3 60.0 ± 4.3 95.1 ± 7.0 

 

 

4.3.6 – Cyclic voltammetry 

Cyclic voltammograms (CVs) were recorded of the four iron systems, at equal 

concentration (400 mM total concentration) to the other measurements undertaken in 

this study. This represents extremely concentrated solutions and in the un-acidified 

systems a general absence of supporting electrolyte, but is consistent with typical 

thermoelectrochemical investigations.30,35,36 Figure 39 displays the recorded CVs, 

along with the peak-to-peak separation (ΔE) of each redox couple. Generally, ΔE in 

the CVs correlate with the thermogalvanic power of the thermocell systems observed 

in Figure 38, where a decrease in ΔE is consistent with an increase in thermogalvanic 

power. Particularly with respect to the un-acidified and acidified comparison of the 

same species. A decrease in ΔE relates to faster electrode kinetics at the electrode 

surface.80 However, from the CV data alone it isn’t possible to determine whether this 

is an electrolyte effect (in the form of 1 M H+) or whether the electrocatalysis of the 

electrode surface improves due to the removal of any [Fe(OH)x]
3+-x, and the formation 
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of [Fe(HSO4)]
+/2+. In order to further investigate this, Electrochemical impedance 

spectroscopy was employed. 
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Figure 39  –  Cyclic voltammograms recorded for (a) NH4FeSO4  (b) FeSO4,  (c) 

FeCF3SO3  and (d) FeNO3 both in the presence (red) and absence (blue) of 1 M conjugate 

acid with respect to the counter -anion. Recorded using a Au working electrode at 50 

mV s -1,  vs.  a Ag|AgCl reference electrode. e) plot of the peak -to-peak separation (ΔE)  

for all the four iron salts both in the absence (blue) and presence (red) of respective 

conjugate acid.  

 

The peak current density of the CVs follow the expected trend from the 

thermogalvanic power, where FeSO4 observes a higher ip than [NH4]FeSO4 and 

FeNO3 observes a higher ip than FeCF3SO3. This result offers insight into why the 

thermogalvanic current (and power) densities of the FeNO3 and FeSO4 systems are 
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higher of the two distinct types of systems. However, this does not explain why these 

systems out-perform their counterparts, to further investigate the cause of the lower 

thermogalvanic and cyclic voltametric current, electrochemical impedance 

spectroscopy was employed. 

 

4.3.7 – Electrochemical impedance spectroscopy 

Impedance spectroscopy was performed on the four thermocell systems. This 

was measured ex situ at isothermal temperature (ca. 25°C) in the presence and absence 

of acid. The resulting data was fitted using the simplest model possible (model shown 

in Figure E5). From this, the solution (or mass transport) (RS) and electron transfer (or 

polarisation) (RET) resistances were determined and are displayed in Figure 40(a &b).  

 With respect to the RS, the resistance is significantly lower in the presence of 

acid, due to supporting electrolyte effect of 1 M [H+] within the solution. The high RS 

of the FeSO4 system is likely a result of complex speciation, as in (28), and the ion 

association between the Fe2+/3+ and [SO4]
2-.113 This is offset somewhat in the 

[NH4]FeSO4 system, by the presence of extra [NH4]
+ ions acting as an inherent 

supporting electrolyte.36 Similar to the inherent charge of a super-absorbent polymer, 

reducing RS for FeCl2/3.
171  

 With respect to the RET, the FeCF3SO3 and FeNO3 systems have significantly 

lower RET than the [NH4]FeSO4 and FeSO4 systems (Figure 40(b)). As with the RS of 

these two systems, addition of acid was also found to decrease the RET, consistent with 

improved electron transfer kinetics. Surprisingly, for the two sulphate systems, the RET 

was found to be considerably higher when acidified. This is due to the presence of 
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large quantities of [SO4]
2- and [HSO4]

-, which is known to have strong association 

ability to gold surfaces, poisoning the electrode surface by hindering the formation of 

electrocatalytic gold oxide,172 and thus increasing the RET.173  

 As previously discussed, there is a difference in speciation of the thermocell 

solutions, where the two sulphate systems are either the [Fe(SO4)]
0/+ in the absence of 

acid or [Fe(HSO4)]
+/2+ in the presence of acid,30,36 and the other two systems are the 

[Fe(H2O)6]
2+/3+ species in solution. Due to the difference in speciation of the iron-ions, 

pH-induced surface modification of the gold electrode surface could result in 

significantly different electrocatalytic ability of the electrode surface. Where 

formation or removal of oxides on gold electrodes is known to significantly alter the 

electrocatalytic ability of gold towards the Fe2+/3+ redox couple.172,174,175  
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Figure 40  -  Plots of the (a) solution (or mass transport) resistance ( RS) ,  and (b) electron 

transfer (or polarisation) resistance (RET), measured under isothermal conditions using 

electrochemical impedance spectroscopy. Also shown is the (c) calculated internal 

resistance of the thermogalvanic cell ( Rc e l l) at ΔT = 20°C, Rc e l l, based upon Ohms law 

(V = IR) and the I–V plots shown in Figure 38, where for each system the unacidified 

(blue) and acidified (red) resistances are shown.  

 

Also displayed in Figure 40 is the calculated overall resistance of the 

thermocell (Rcell) under operando conditions, calculated from the power density I-V 

curves. As these are two significantly different conditions, this comparison is not 
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meant to be quantitative, but comparisons in observed trends can still be informative.†† 

Here, the FeCF3SO3 and FeNO3 systems follow the expected trend from the 

isothermal impedance RS and RET observations. However, in the operando thermocell, 

the acidified FeSO4 system has significantly lower Rcell than the un-acidified FeSO4 

thermocell, demonstrating that under operando conditions, the effect of added 

supporting electrolyte is overcoming the observed decrease in electrocatalysis 

demonstrated by the increase in RET, which is still dominating the [NH4]FeSO4 

thermocell. 

 

4.3.8 – Sustainability  

 The four iron-based thermocell redox couples clearly demonstrate their 

feasibility to convert thermal-to-electrical energy through thermoelectrochemistry. 

However, it is also important to evaluate the sustainability of the redox couples. Here, 

the redox couples have been evaluated both with respect to the 12 principles of green 

chemistry,176 and using a simple cost-comparison. Firstly, the cost-analysis of the four 

thermocell systems is discussed. 

It is premature to consider this a complete technoeconomic evaluation of the 

thermocell systems,36 but is an informative comparison when evaluating the best 

thermocell system on a cost-effective basis. Table 9 describes the overall cost of both 

 
†† Impedance measurements of resistance values in an isothermal setup ex situ are expected to be 

significantly different to operando conditions at non-isothermal temperature differences. Furthermore, 

the internal resistance reported for the thermocell represents a steady-state discharge system; here there 

will be significantly altered redox ratios at the electrode surfaces, and the mass transfer in the 

thermogalvanic cell often involves more than simple diffusion. Therefore, quantitative comparison 

between such impedance measurements and actual operando internal resistance characteristics need to 

be approached with caution, but can be used as an informative qualitative tool. 
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the un-acidified and acidified thermocells investigated in this chapter. Along with a 

ratio of cost : power, where acidification typically displays a considerable cost-benefit 

advantage. Both the acidified FeSO4 and FeNO3 systems display excellent 

comparative cost-effectiveness, especially when compared to the FeCF3SO3 systems, 

which are significantly less competitive due to the much higher cost of the FeCF3SO3 

salts. (Tabulated values can be found in Table A1) 

The [NH4]FeSO4 and FeSO4 systems both demonstrate significant 

improvements in cost-effectiveness upon acidification (ca. 10-fold increase for the 

[NH4]FeSO4 system and an ca. 17-fold increase for the FeSO4 system). This is due to 

the significant improvement in power density of both of these systems (Figure 38), and 

the cheap nature of acids. A lesser increase in cost-effectiveness of the FeCF3SO3 and 

FeNO3 systems are observed due to more modest improvements in power density. This 

provisional cost-comparison demonstrates that despite the significantly higher 

observed power density for the acidified FeNO3 system, the acidified FeSO4 is 

equivalent in cost-effectiveness, due to the significantly lower cost of materials. This 

demonstrates the importance of this type of analysis when considering scale up of such 

devices. 

As discussed, economics are not the only aspect of these thermocell systems 

that need to be considered if they are ever to become viable for large-scale waste 

thermal energy harvesting. The 12 principles of green chemistry are another metric 

that can be used to compare the ‘greenness’ of these systems, these principles therefore 

represent another method of assessing and comparing the investigated redox couples. 
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However, only two of these principles are found to apply here, principle one (designing 

safer chemicals) and principle 10 (design for degradation).176 

 

Table 9  –  Preliminary economic comparison of the four iron systems, showing cost per 

reagent to fill the cell. The ratio of cost to power (£ / mW, for ΔT = 20 K) is an arbitrary 

ratio and represents just one second of measurement; extended use of these cells would 

reduce this considerably.  

Iron System 
Cost of cell / £ Ratio of Cost : Power / £ mW-1 

Un-Acidified Acidified Un-Acidified Acidified 

[NH4]FeSO4 0.0074 0.0082 304 27 

FeSO4 0.0055 0.0063 196 12 

FeCF3SO3 1.42 1.48 823 399 

FeNO3 0.057 0.058 19 12 

 

 

All toxicity data available for the iron salts (which was admittedly not many) 

fall under the ‘moderately toxic’ range of the Gosselin, Smith, and Hodge oral toxicity 

rating. As all the iron salts are utilised in high concentration, they cannot be easily 

distinguished with respect to toxicity. The acidified samples are all also dominated by 

both the corrosive nature and severe ecological toxicity of strong acids;177 these 

represent a more severe risk to safety and again are all essentially equal for the four 

systems as an undesirable property. 

With respect to designing for degradation, the ions should be as benign and 

biodegradable as possible.36,176 Here the [CF3SO3]
- anion stands out as undesirable due 

to its highly fluorinated nature, with no evidence of biological degradation.178 The 
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[SO4]
2- and [HSO4]

- anions are both naturally abundant and are found in many water 

sources, including tap water.36 The [NO3]
- and [NH4]

+ ions are also widely available 

in ecological environments,179,180 and are used extensively in fertilizers as a nitrogen 

source for flora. However, it should be noted that a surplus of these ions can be 

detrimental to the ecological system, leading to problems such as eutrophication.181  

Another important factor to consider is stability, which has been excellently 

described as one of the 12 principles of green engineering.182 “Targeted durability, not 

immortality, should be a design goal”.182 Systems therefore should be durable, but not 

immortal to the point of bioaccumulation and ecological damage. As discussed, many 

of these ions are either bioavailable or biodegradable, however, [NO3]
- ions are known 

to be catalytically reduced by Fe(ii).183 This process happens over long timescales, but 

does present possible risk from the degradation products such as NOx gases. This limits 

the durability of the FeNO3 system and could result in a possible route to atmospheric 

pollution.36  

Overall, due to the cost-effectiveness of the acidified FeSO4 and FeNO3 

systems, and the environmentally benign nature of the [NO3]
- and [SO4]

2- anions. 

These two systems clearly stand out from an economic standpoint, but due to the 

degradation of [NO3]
- by Fe(ii), acidified FeSO4 stands out as the foremost system 

investigated here from both an economic and ecological perspective.  
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4.4 – Conclusions 

Four iron systems: [NH4]FeSO4, FeSO4, FeCF3SO3 and FeNO3 have been 

investigated for their ability to thermogalvanically convert thermal energy to 

electricity. Low thermoelectrochemical ability has been observed for the un-acidified 

sulphate-based systems, with Seebeck coefficients of +0.22 and +0.36 mV K-1 for the 

[NH4]FeSO4 and FeSO4 systems, respectively. However, upon acidification these 

were both increased to ca. +0.95 mV K-1. Significant increases in power density upon 

acidification have also been observed, with a 13- and 18-fold increase in respective 

power densities. The FeCF3SO3 and FeNO3 systems also observe an increase in power 

density upon acidification, although to a much more modest degree, ca. 60% increase 

upon acidification. Acidification of these systems resulted in no appreciable increase 

in Seebeck coefficient, with both acidified and un-acidified FeCF3SO3 and FeNO3 

systems displaying a Seebeck coefficient ca. +1.55 mV K-1. 

A preliminary cost-comparison of the four investigated systems suggests that 

acidified FeSO4 and FeNO3 are the most cost-effective. Due to the high power of the 

FeNO3 and the low cost of FeSO4 materials. Conversely, FeCF3SO3 is found to be 

hugely uncompetitive due to the significantly higher cost of FeCF3SO3 materials. 

While FeSO4 and FeNO3 both stand out from an economic perspective, FeNO3 is 

assessed to be inherently self-decomposing over long timescales. With the 

bioavailability of the [SO4]
2- anion in FeSO4, this system should be considered the best 

from a combined economic and green chemistry perspective. 
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4.5 – A note of caution 

 As discussed in the aims and objectives, the reason for this fundamental 

investigation of the Fe2+/3+ redox couple was undertaken in order to obtain a reasonable 

Se and power density that could be utilised in series with the extensively reported (and 

benchmark) [Fe(CN)6]
3-/4- redox couple. A combination which has been routinely used 

in the past.14,15,38–40,88 However, as discussed in this chapter the inherent acidity of the 

Fe2+/3+ redox couple has been demonstrated. Moreover, the electrochemical and 

thermoelectrochemical properties also improve upon addition of acid, and one report 

that used this redox couple combination has 10 % v/v of HCl.14  

 We therefore had originally planned to utilise the best performing Fe2+/3+ 

system in series with [Fe(CN)6]
3-/4-. However, during risk assessment for this, it was 

abundantly clear that [Fe(CN)6] is unstable towards strongly acidic conditions, 

releasing severely toxic HCN(g).
119 Therefore these two redox couples were not 

combined and we instead set out to design novel and inherently sustainable redox 

couples. This is explored in the next chapter.  

 



 

Page | 164 

 

 

 

Chapter 5: 

n- & p-type thermocells from FeSO4 

 

 

Using iron sulphate to form both n-type and p-type 

thermogalvanic redox couples: Towards non-

hazardous and ‘second-life’ thermogalvanic cells 
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5.1 – Aims and Objectives 

 In the previous chapters, the fundamentals of the p-type [Fe(CN)6]
3-/4- and the 

n-type Fe2+/3+ redox couples were extensively investigated. These redox couples have 

been routinely utilised in-series to generate high voltage devices. However, as 

discussed, in preparation for a device using the same pair of redox couples, it was 

found that the [Fe(CN)6] molecule is highly sensitive to acidic decomposition, 

generating severely toxic HCN(g). Therefore, we did not attempt to make an n-type, p-

type in series device from these redox couples. In this chapter we therefore set out to: 

• Highlight this inherent danger of previously reported thermocells, calculating 

the potential HCN(g) that could be evolved from these reported devices. 

• Develop an n-type and p-type combination of redox couples that could safely 

to utilised in series for high output voltage devices 

• Quantitatively measure the sustainability of the developed redox couple 

combination in comparison to the routinely reported and inherently hazardous 

Fe2+/3+ and [Fe(CN)6]
3-/4- combination. 
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5.2 – Introduction 

 As discussed in the previous chapter, extensive research has been undertaken 

with regard to the Fe2+/3+ n-type thermogalvanic redox couple as either aqueous,36–39 

ionic liquid78,114,115 or gelled14,15,164 electrolytes. In aqueous solvent, a wide range of 

Seebeck coefficients have been observed between +0.22 mV K-1 for [NH4]FeSO4 to 

+1.76 mV K-1 for FeClO4.
36,38,39 The most significant factors affecting both the 

thermodynamics (the Seebeck coefficient) and kinetics (current density) of the Fe2+/3+ 

thermocells are the counter-anion and pH.36,39 Both the thermodynamic and kinetic 

aspects of thermocells are hugely important as output power of the thermocell (Pmax) 

is calculated as: 

Pmax = 0.5VOCP0.5jSC                                         (13) 

 Iron-based redox couples have also demonstrated p-type thermo-

electrochemical systems, observing a negative Se. The [Fe(Cl)4]
-/2- and [Fe(Br)4]

-/2- 

redox couples have observed Seebeck coefficients ca. -0.45 mV K-1 in ionic liquid 

solvents.78,114,115 The ferrocene | ferrocenium ([Fc]0/+) redox couple, which is typically 

an n-type thermogalvanic system that displays a Se of ca. +0.1 mV K-1 has been 

inverted to a p-type thermocell by covalently tethering an anionic [NTf]- group. This 

tethering produces the anionic [FcNTf]0/- redox couple, which demonstrates a p-type 

Se of ca. -0.1 mV K-1.121 However, ionic liquid-based investigations are much less 

common that aqueous. The most extensively employed thermogalvanic redox couple 

is the aqueous p-type [Fe(CN)6]
3-/4-, due to its relatively high Seebeck coefficient 

of -1.4 mV K-1, and fast, reversible electrode kinetics.17,31,34,35,67,95,120 
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  Despite the [Fe(CN)6]
3-/4- redox couple having a high Seebeck coefficient 

when compared to other redox couples, Seebeck coefficients in the mV K-1 range still 

represent overall low output voltages, due to low-grade temperature ranges. This is a 

significant challenge to effective thermogalvanic thermal-to-electrical energy 

conversion.24 Due to this limitation, there have been numerous studies to increase the 

Se in individual thermocells. These have focussed on introducing additives such as 

guanidinium, or using organic co-solvents, again, mainly utilising the [Fe(CN)6]
3-/4- 

redox couple.17,34,35,81,82,120 Another method typically employed to increase the output 

voltage of thermocells is by utilising n-type and p-type thermocells electrically in-

series. This has been performed in order to generate devices which produce significant 

voltages; in the 100s mV to several volts range (Schematically shown in Figure 

41).14,15,17,34,40 This is typically achieved using the acidic n-type Fe2+/3+ and p-type 

[Fe(CN)6]
3-/4- redox couples.14,15,39,40,88 The iron sulphate, chloride and perchlorate 

salts have been utilised to generate the n-type Fe2+/3+ redox couple, which is often 

acidified, using up to 10 wt% of strong acid such as HClO4 or HCl.14,39 
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Figure 41  –  Schematic of (left) n-p-n-p thermocells connected electrically in series to 

increase output voltage in the thermocell array. (right) n -n-n-n or p-p-p-p thermocells 

connected electrically in parallel to increase output current of the thermocell array.  

 

The acidic nature of the Fe2+/3+ redox couple is of particular concern, due to the 

instability of both [Fe(CN)6]
3- and [Fe(CN)6]

4- to low pH.184,185 The [Fe(CN)6]
3-/4- 

redox couple is also unstable to UV-light,186–188 normal tungsten or fluorescent 

lighting,189 high pH186 and high temperatures.190–192 The main degradation product at 

high temperature and low pH is known to be HCN(g),
184,190,191,193 which is extremely 

toxic to humans.119,194 This combination of acid and [Fe(CN)6]
4- can be tragically 

highlighted, where somebody committed suicide by heating [Fe(CN)6]
4- in under 

acidic conditions within a sealed vehicle environment, releasing a lethal dose of 

HCN(g).
119  

 Realising the potential toxicity of inherently acidic or acidified Fe2+/3+ and 

[Fe(CN)6]
3-/4- thermocells when used in combination, the potential HCN(g) evolution 

of reported thermocell arrays has been calculated, and is shown in Table 10.30 Here, 

the potential HCN(g) has been calculated based on the complete decomposition of the 

[Fe(CN)6]
4- only, which represents a 50% evolution of total HCN(g) possible. 
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Therefore, to fully-comprehend the ‘worst-case’ scenario, the calculated values shown 

in Table 10 can in fact be doubled.30 The potential concentration of HCN(g) has also 

been calculated in several defined volumes relevant to real-world applications (a 

medium sized car, a typical conference room for 80 people, a typical-sized UK flat, 

and an airbus A320). Table 10 clearly demonstrates the potential toxicity of the 

reported thermocell arrays, the most powerful of which demonstrates significant 

potential toxicity, even in a volume equivalent to an aeroplane.30 Table 10 has been 

colour coded to account for the AEGL toxicity levels, with red being lethal or life-

threatening, orange indicating likely irreversible health effects, yellow likely causing 

discomfort, and green likely no effect.30 
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Table 10  –  The table demonstrates the potential hazard of HCN ( g)  evolution from 

published thermocell devices using multiple Fe2 +/3 + and [Fe(CN)6]3 - /4 - cells.  A ‘worst 

case scenario’ was assumed, i.e.  that the electrolytes mixed and all [Fe(CN) 6]4- present 

completely decomposed to evolve 6HCN ( g)  (full calculations detailed in Table A2). The 

resulting concentration in ppm (mg m -3) was estimated for 5 different volumes. These 

were then colour-coded based upon the AEGL 19 5 exposure limit for HCN ( g), where >6.5 

= life-threatening or death (red); 2.5 –  6.5 = irreversible and long-lasting health effects 

(orange); 1 –  2.4 = discomforting but non-disabling (yellow); and < 1 = non-toxic 

(green), based upon exposure times of 8 hours. Table re -used from Reference30.  

 

 It is clearly evident that the combination of the extensively employed Fe2+/3+ 

and [Fe(CN)6]
3-/4- thermocells have significant potential toxicity, especially in sealed, 

small volume environments such as automobiles. It is also clearly evident from Table 

10 that novel, non-hazardous redox couples need to be developed in order to be utilised 

in-series to generate high output voltages. Demonstrated in this chapter is a simple and 

benign alternative n-type and p-type redox couple combination based on iron-sulphate 

Literature 

thermocell 

device 

(correspondi

ng author) 

Cells in 

thermo-

cell 

device 

HCN in mg m-3 (assuming HCN-evolution, within the defined 

volume) 

1 m3 

3.1 – 3.4 

m3 

(medium-

sized car, 

US) 

71 m3        

(typical 

conference 

room for 

80 

delegates) 

137 m3 

(typical 

UK flat 

size) 

327 m3 

(cabin 

volume on 

an airbus 

A320) 

Zhou14 118 6.8 2.09 0.1 0.05 0.02 

Kang38 2 8.4 2.59 0.12 0.06 0.03 

Aldous88 4 16.3 5.02 0.23 0.12 0.05 

Baughman40 112 590.3 181.61 8.31 4.31 1.84 

Lee39 64 2185.5 624.4 30.78 16.0 6.8 
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and non-toxic additive electrolytes. The thermogalvanic power of these thermocell 

systems have been explored both individually, and in-series.  

Finally, the best-performing n-type and p-type systems have been mixed, and 

crucially show not only inherent non-toxicity, but also the ability to maintain their 

thermogalvanic activity. This is described here as a ‘second-life’ thermogalvanic cell. 

The sustainability of this system vs the typically employed Fe2+/3+ and [Fe(CN)6]
3-/4- 

systems have been qualitatively compared with respect to the 12 principles of green 

chemistry and green engineering. From this, the iron sulphate-based systems were 

found to be superior from a green chemistry perspective.  

  

5.3 – Results and Discussion 

5.3. 1 – Optimisation of the n-type thermocell with benign reagents 

In the chapter 4, it was demonstrated that, through a combination of 

thermogalvanic, economic and sustainable comparisons, the acidic (acidified with 1 M 

H2SO4) FeSO4 thermocell was the best candidate for cost-effective, long-term thermal 

energy harvesting.36 The FeSO4 thermocell has been routinely employed in the 

presence of H2SO4 to significantly improve the Seebeck coefficient (Se), current 

density (j) and the power density of the redox couple.36,39,40,88  

Addition of H2SO4 has been found to increase both the Se and jSC, significantly 

improving the performance of the thermocell.36 This is achieved through protonation 

of the [Fe(SO4)]
0/+ redox couple, resulting in the [Fe(HSO4)]

+/2+ redox couple.36 

However, sulphuric acid is highly corrosive, and known to be toxic to ecological 
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environments.177 Sodium hydrogen sulphate (NaHSO4) is a less acidic (pKa values of 

H2SO4 and [HSO4]
- are -3 and 1.99 respectively)30 and a significantly less toxic 

alternative. Additionally, sodium (Na+), hydrogen sulphate ([HSO4]
-) and sulphate 

([SO4]
2-) ions are all naturally abundant in all water sources, including tap water.36 

Therefore, substituting H2SO4 for NaHSO4 should significantly improve the 

sustainability of the thermocell and remove the ecological threat of subsequent 

thermocell solutions if they were to be released into the environment. This substitution 

would also make the end-of-life clean-up of the thermocell less challenging. However, 

no attempt has yet been made to utilise hydrogen sulphate as an acid within a 

thermocell.  

Therefore, a two-fold systematic investigation was undertaken. Firstly, the 

effect of increasing equimolar concentration was undertaken from 0.4 M to 2 M 

[Fe(SO4)]
0/+ in the absence of added electrolyte. Secondly, the effect of added NaHSO4 

to a fixed [Fe(SO4)]
0/+ concentration of 0.6 M was investigated. Figure 42(a) shows 

that by increasing the concentration of FeSO4 the Se slightly reduces from ca. +0.38 

mV K-1 to ca. +0.31 mV K-1, consistent to the commonly reported Se of ca. +0.3 mV 

K-1 for the FeSO4 thermocell.36,39,88  

With respect to both current and power densities, as the concentration of FeSO4 

was increased, an initial significant increase in current (and therefore power) density 

was observed (Figure 42(b & c)). Between concentrations of 0.4 M and 1.5 M, a four-

fold increase in current density from 0.48 A m-2 to 2.04 A m-2 and subsequently an 

almost four-fold increase in power density, from 0.78 mW m-2 to 2.89 mW m-2 was 

observed (Tabulated values of data can be found in Table 11). However, further 
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increases in concentration beyond this results in a reduction in both current and power 

density (Figure 42(b & c)), consistent with previous reports investigating the n-type 

FeClO4 and p-type [Fe(CN)6]
3-/4- systems.15,38,94 This ‘peak’ in power density with 

concentration has been attributed to the high ionic strength environment, reducing the 

bulk solvent by ‘fixing’ all solvent water molecules in the solvation sphere,94 and has 

not been investigated further here. 

A modest increase in concentration from 0.4 M to 0.6 M results in a greater 

than 2-fold increase in power density. Therefore, 0.6 M was selected as the system to 

which addition of NaHSO4 would be investigated. Incremental increases in [HSO4]
-, 

in 0.5 M intervals results in an increase in Se, from ca. +0.3 mV K-1 to ca. +0.5 mV 

K-1. This achieved Se value is significant as it is equivalent to previous reports of 

acidified (with H2SO4) FeSO4 systems.40,88 However, this is significantly lower than 

the Se achieved with higher concentrations of H2SO4
36 (chapter 4). Even small 

additions (0.5 M) of [HSO4]
- was found to significantly increase the current density 

and power density of 2.5-fold and >3-fold, respectively. 
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Figure 42  –  Bar graphs showing the effect of increasing concentration of equimolar 

concentrations of (a-c) FeSO4 on (a) the Seebeck coefficient (Se), (b) the current density 

(j) and (c) the maximum power density ( Pma x).  Also shown is (d-f) the effect of 

introducing various concentrations of NaHSO 4 to the 0.6 M FeSO4 thermocell on (d) 

the Se, (e) j and (f) Pmax.   

 

Clearly the addition of adding [HSO4]
-, rather than H2SO4 can still yield 

significant improvements in the n-type FeSO4 thermocell. Throughout the rest of this 

report the 0.6 M FeSO4 thermocell will be used either in the presence or absence of 

1.5 M NaHSO4, which will be referred to as either Fe(SO4) (no [HSO4]
-) or Fe(HSO4) 

(1.5 M [HSO4]
-), respectively. 
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Table 11 –  Table of data showing the observed S e,  j and Pmax for all equimolar FeSO 4 

concentrations and the 0.6 M FeSO 4 system in the presence of various concentrations 

of NaHSO4 , corresponding to Figure 42. 

FeSO4 

concentration / M 
Se / mV K-1 jSC / A m-2 Pmax / mW m-2 

0.4 0.37 ± 0.01 0.48 ± 0.05 0.78 ± 0.09 

0.6 0.31 ± 0.01 1.23 ± 0.10 1.69 ± 0.14 

1.0 0.32 ± 0.01 1.69 ± 0.12 2.37 ± 0.18 

1.5 0.32 ± 0.01 2.04 ± 0.12 2.89 ± 0.17 

2.0 0.31 ± 0.01 1.93 ± 0.06 2.66 ± 0.12 

[HSO4]- 

concentration / M 
 

0.5 0.52 ± 0.01 3.09 ± 0.33 6.86 ± 0.79 

1 0.56 ± 0.01 3.06 ± 0.43 7.55 ± 1.07 

1.5 0.57 ± 0.01 2.74 ± 0.24 6.87 ± 0.60 

 

5.3.2 – Thermodynamics of n-type to p-type transition 

With the n-type Fe(SO4) and Fe(HSO4) systems investigated and optimised, 

the effect of adding a basic electrolyte, rather than acidic electrolyte, was investigated. 

In chapter 4 we clearly demonstrated that the [SO4]
2- anion is strongly coordinating to 

the Fe ions, resulting in a significantly reduced Se. Therefore, it was assumed that this 

strong binding affinity could be exploited further to generate an anionic (and therefore 

p-type) system. The electrolyte chosen was thus the [SO4]
2- anion (obtained from 

Na2SO4). Upon addition of small concentrations of [SO4]
2-, the Se of the Fe(SO4) 

system decreased. However, upon higher concentrations of [SO4]
2- (>0.6 M) the 

Seebeck was found to invert from a positive to a negative, demonstrating an inversion 

of the initial n-type thermocell to a p-type. This is proposed to be due to the increase 
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in [SO4]
2- character and the strong association of the [SO4]

2- anion to Fe, producing 

the [Fe(SO4)2]
-/2- redox couple. A transition from a cationic to anionic redox couple 

results in an inversion of entropy upon reduction (or oxidation), which also results in 

an inversion of observed Se, Equation 2 (shown again for clarity). 

𝑆𝑒 =  
∆𝑉

∆𝑇
 =

∆𝑆𝑟𝑐

𝑛𝐹
                                                       (2) 

The observed Se of the n-type Fe(SO4) system was found to be ca. +0.3 mV 

K-1, addition of 1.5 M [SO4]
2- (referred from here as Fe(SO4)2) was found to be 

equivalent, but as a p-type, exhibiting a Se ca. -0.3 mV K-1. 1.5 M addition of [SO4]
2- 

was found to be the limit, due to the increase in pH upon addition of basic electrolyte. 

Iron is known to have a rich, pH-dependent chemistry,196,197 and Fe(iii) is known to 

rapidly precipitate in solutions with a pH ≥ 2.5.30,113 The pH of the electrolyte-free 0.6 

M Fe(SO4) was found to be ca. 2, equivalent to the pH of a previously reported 0.2 M 

FeSO4 thermocell in the absence of supporting electrolyte.36 This pH can be 

maintained with the addition of up to 1.5 M [SO4]
2-, but above this precipitates would 

form due to a pH >2.5.  

The pH effect can be further demonstrated by the addition of small amounts of 

[CO3]
2- (from K2CO3). Addition of 25 mM [CO3]

2- to the 1.5 M [SO4]
2- solution 

increased the Se of the thermocell up to -0.35 mV K-1 (Figure 43). However, addition 

of a further 25 mM to 50 mM [CO3]
2- resulted in rapid precipitation of the iron in 

solution, in line with what is expected of iron solutions in a higher pH environment.113  
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Figure 43  –  Observed Seebeck coefficient (Se) of the 0.3 M Fe(SO4) system with 

addition of various concentrations of added Na 2SO4.  Where presence of added NaHSO 4  

(red) and K2CO3 (green) is also shown with the respective concentrati on added. The n-

type to p-type transition is shown as a dotted line at 0.  

 

Seebeck coefficients are theoretically temperature-independent, however, this 

is not always the case. This was demonstrated in the previous chapter with the 

[NH4]FeSO4 thermocell, which demonstrated significant temperature-dependence on 

the observed Se.
36 This temperature-sensitivity was determined to be effected by the 

inherent equilibria present between the Fe2+/3+ and [SO4]
2- ions.36 As this equilibria is 

also present here, and in the case of the Fe(SO4)2 system to an even greater extent. The 

temperature-dependence of the Se on the three investigated systems (Fe(SO4), 

Fe(HSO4) and Fe(SO4)2) was therefore also investigated here.  

Consistent with the previous investigation, (part 4.3.4) the temperature-

dependence was measured by lowering the ΔT of the thermocell. Both the Fe(SO4) 

and Fe(HSO4) systems demonstrate a decrease in observed Se, consistent with the 
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previous investigation on [NH4]FeSO4.
36 Due to the temperature-dependence on the 

Se, the use of the term ‘apparent Seebeck’, or aSe has been applied to our systems. The 

Fe(SO4)2 system exhibited a more significant (and in this case beneficial) dependence 

in observed Se with decreasing ΔT, increasing from -0.3 mV K-1 to -0.4 mV K-1. All 

three of the investigated systems exhibit the same direction increase (towards the 

negative). This is observed as a decrease in aSe for the Fe(SO4) and Fe(HSO4) systems. 

As the Fe(SO4)2 system is a p-type thermocell, this is observed as an increase in aSe. 

This observed increase or decrease in aSe in the p-type or n-type systems is likely due 

to temperature-dependent speciation equilibria present in the thermocell (30).  

 

[Fe(SO4)]
0/+ + [HSO4]

-  [Fe(HSO4)]
+/2+ + [SO4]

2-                            (30) 

Fe2+/3+ + 2[SO4]
2-  [FeSO4]

0/+ + [SO4]
2-  [Fe(SO4)2]

-/2-               (31) 
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Figure 44  –  Observed temperature-dependence on the apparent Seebeck ‘aS e’ of (a) the 

n-type Fe(SO4) (brown) and Fe(HSO4)  (red) systems, and (b) the p -type Fe(SO4)2 

system, where the effect of decreasing ΔT, by maintaining T h ot (at 40°C) and increasing 

Tcold .   
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The decrease or increase in aSe demonstrates a more ‘FeSO4’ or ‘Fe(SO4)2’ 

character in the dynamic equilibria present. Here, it is inferred that the ion-affinity of 

the [SO4]
2- anion to the Fe2+/3+ cations increases at higher temperatures, which is 

entirely consistent with the temperature investigation on the UV-Vis spectra of FeSO4
 

in section 4.3.4. Whilst this transition from n-type to p-type thermocell observed in the 

aSe is a significant observation, thermodynamics is not the only aspect of a thermocell 

performance. The kinetics of a thermocell are also hugely important, which has also 

been investigated and is discussed in the next section. 

 

5.3.3 – Kinetics of n-type to p-type transition 

The short-circuit current density (jSC) and the maximum power density (Pmax) 

of the FeSO4 thermocell in the presence of various concentrations of [SO4]
2- has also 

been measured and are shown in Figure 45. Both of these parameters also observe the 

same trend as the aSe (Figure 43), where an initial decrease with increasing addition of 

[SO4]
2- is observed, followed by an increase in the p-type direction once the transition 

from n-type to p-type is achieved (>0.6 M [SO4]
2-). The n-type and p-type current and 

power densities can also be increased with addition of [HSO4]
- and [CO3]

2-, 

respectively, as also demonstrated in Figure 45 for the 0 M [SO4]
2- (n-type) and 1.5 M 

[SO4]
2- (p-type).  



Chapter 5: n- & p-type thermocells from FeSO4 

 

Page | 181 

 

0.0 0.5 1.0 1.5
-2

-1

0

1

2

3

4

Added [Na2SO4]  / M

j s
c
 /

 A
 m

-2

n-type

p-type

+ 1.5 M NaHSO4

+ 25 mM K2CO3

(a)

0.0 0.5 1.0 1.5

0

1

2

3

6

8

Added [Na2SO4]  / M

P
m

a
x
 /

 m
W

 m
-2

+ 1.5 M NaHSO4

+ 25 mM K2CO3

(b)

 

Figure 45  –  Figure showing (a) the short -circuit current density ( jS C)and (b) the 

maximum power density (Pmax) of the 0.3 M Fe(SO4) system with addition of various 

concentrations of added Na 2SO4.  Where presence of added NaHSO 4  (red) and K2CO3  

(green) is also shown with the respective concentration added. Also shown on (a) is the 

n-type to p-type transition is shown as a dotted line at 0  (part a).  

 

As the thermoelectrochemical properties of the Fe(SO4)2 system are clearly the 

most temperature-dependent with respect to the thermodynamics, the temperature 

effect on the kinetics was also investigated. The effect on kinetics with changing 

temperature was performed in the same manner as section 2.3.1, where ΔT is 

maintained, but the overall temperature was increased by raising both Thot and Tcold 

simultaneously.3 This investigation was previously undertaken for the [Fe(CN)6]
3-/4- 

redox couple, which is known to be temperature insensitive.3,35,67 Therefore, it is 

important to determine how the temperature-sensitive Fe(SO4)2 will be effected by this 

experiment, and compare to the temperature insensitive [Fe(CN)6]
3-/4- system. Figure 

46 shows that as the overall temperature of the thermocell was increased, the Se of the 

system doubled, from ca. -0.2 mV K-1 to ca. -0.4 mV K-1.  
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Figure 46  –  Temperature-dependence on (a) apparent Se  ‘aSe’ (b) short-circuit current 

density ( jSC)  and (c) maximum power density (Pma x) of the Fe(SO4)2  system, where a 

constant ΔT of 10 K is maintained, and the temperature of T h ot and Tc old  is increased 

from 30 –  50°C and 20 –  40°C respectively.  

 

The Fe(SO4)2 system demonstrated a significant increase in both current and 

power densities. In the previous study, the [Fe(CN)6]
3-/4- current density increased by 

ca. 155%, the current density in the Fe(SO4)2 system here increased over 300%. Due 

to the significant increase in both voltage (Se) and current, the power density increased 

even more significantly. In the [Fe(CN)6]
3-/4- thermocell an ca. 160% increase in power 

was observed, whereas the Fe(SO4)2 system increased over 500% (Figure 46(c)). This 

is a significant observation as the system clearly demonstrates significantly improved 

performance at higher temperatures. 
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5.3.4 – Cyclic Voltammetry 

Cyclic voltammetry (CV) can be an insightful tool for investigating redox-

active species in solution, where changes in speciation,36 electron transfer kinetics35 

and diffusion coefficients94 can also be observed.80,198 CVs of the three investigated 

systems (the Fe(SO4), Fe(HSO4) and Fe(SO4)2) were recorded at gold electrodes, and 

are displayed in Figure 47. The total concentration of redox-active ions in solution is 

600 mM, which represents extremely concentrated solutions, but is consistent with all 

other solutions in chapters 2, 3, & 4.30,35,36  
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Figure 47  –  Cyclic voltammograms recorded for the [Fe(SO4)]0 /+  (blue line), 

[Fe(HSO4)]+/2+  (red line) and [Fe(SO4)2] - /2 - (purple line) systems. All recorded at 

ambient temperature using an Au working electrode, vs an Ag/AgCl reference electrode, 

at 100 mV s -1 . A table of data for the values can be found in the Table 12. 

 

Figure 47 demonstrates that Fe(HSO4) and Fe(SO4)2 have a much smaller 

peak-to-peak separation than the Fe(SO4), consistent with an increase in electron 
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transfer rate.80 These solutions contain additional [HSO4]
- and [SO4]

2- ions in solution, 

which act as a supporting electrolyte that lowers the ohmic resistance, leading to faster 

electrode kinetics (a deeper explanation of this effect can be found in reference199) 

(Figure 47, Tabulated values in Table 12). The inherent resistances in these systems 

have also been probed by electrochemical impedance spectroscopy and are discussed 

in part 5.3.7. However, cyclic voltammetry yields little insight into the speciation 

present in the solutions of the three investigated systems, in an attempt to gain a better 

understanding of the present speciation, these systems were all probed by UV-Vis and 

IR spectroscopies. 

 

Table 12  - Table showing the potential of the oxidation peak ( EOx), reduction peak 

(ERed) and equilibrium potential  (E eq) and peak-to-peak separation (ΔEp) for the 

voltammograms of the three FeSO 4 systems (0.3 M Fe(ii)SO4 and 0.3 M Fe(iii)SO4), in 

the absence of supporting electrolyte and in the presence of either 1.5 M [SO 4]2 - or 

[HSO4] -. The experimental setup comprised of a 1.6 mm diameter Au working electrode, 

Pt wire counter electrode vs.  Ag/AgCl reference electrode a t a scan rate of 100 mVs - 1.  

Thermocell 

system 
EOx / V ERed / V Eeq / V ΔEp / V 

Fe(SO4) 0.800 0.077 0.438 0.723 

Fe(SO4)2 0.565 0.233 0.399 0.332 

Fe(HSO4) 0.549 0.319 0.434 0.230 

 

5.3.5 – Spectroscopic analysis on speciation 

To gain a better understanding of the speciation present within the three 

investigated systems, UV-Vis was initially employed. As discussed previously (part 

4.3.4), Fe(ii) salts display no appreciable UV-Vis signals, and were not investigated 
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again here.36 Therefore, only the Fe(iii) systems were investigated and are shown in 

Figure 48(a). Previous investigations into the UV-Vis of the Fe(iii)(SO4) system 

observed two distinct UV-Vis peaks, one centred ca. 295 nm (Figure 35) attributed to 

the [Fe(SO4)]
+ ion, and one centred ca. 220 nm, attributed to the [Fe(H2O)6]

3+ ion.36 

Both of these peaks were also observed here for the Fe(SO4) system (Figure 48(a)).  

Analysis of Fe(HSO4), by introducing an excess of [HSO4]
- ions resulted in a 

sharpening and slight shift of the 295 nm peak, consistent with the previous 

investigation using H2SO4.
36 Analysis of Fe(SO4)2, by introducing an excess of [SO4]

2- 

into the solution resulted in an increase of signal intensity of the 295 nm peak, without 

an accompanying shift, which can be attributed to a slight increase in [SO4]
2- 

association to the Fe3+ ion, as in equilibrium (31). The UV-Vis results are therefore 

also indicative of the proposed Fe(SO4), Fe(SO4)2 and Fe(HSO4) species, but UV-Vis 

alone is clearly not definitive.  

IR spectroscopy was also employed in an attempt obtain a clearer distinction 

of the species present in the three systems. Unlike in UV-Vis, the Fe(ii) species can be 

investigated by IR, allowing the interrogation of both Fe(ii) and Fe(iii) systems. 
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Figure 48  –  (a) UV-Vis and (b & c) IR spectra of the three investigated systems: 

Fe(SO4)  (blue),  Fe(SO4)2  (purple, indicated by [SO 4]2-)  and Fe(HSO4)  (red, indicated 

by [HSO4] -). UV-Vis spectra of the Fe(III) system is shown, and IR spectra of (b) the 

Fe(II) systems and (c) the Fe(III) systems are shown. Blanks are shown in the  

Figure A3. 

 

 The sulphate anion ([SO4]
2-) is known to have an intense IR signal centred ca. 

1100 cm-1 (indicated as the S=O in Figure 48).113 This signal was observed with both 

Fe(ii) and Fe(iii) (Figure 48(b & c)). This signal showed increased intensity for 

Fe(SO4)2, compared to Fe(SO4), due to the increased concentration of [SO4]
2- present. 

There are two other peaks present in both Fe systems, one centred ca. 1200 cm-1, and 

the other ca. 980 cm-1. The peak at 1200 cm-1 is observed as a shoulder on both Fe(ii) 

and Fe(iii) systems, which is only present with [HSO4]
-, and is therefore attributed to 

the protonated [HSO4]
- anion (indicated by S-OH in Figure 48).113 The peak centred 

around  ca. 980 cm-1 is observed more strongly in the Fe(iii) system (Figure 48(c)). 

This peak has been attributed to [SO4]
2- coordination to the Fe (indicated by Fe-O-S in 

the spectra),30 therefore giving direct evidence of ion-pairing, which has been 

indirectly evidenced in the thermoelectrochemical results.  
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Despite both of these spectroscopies indicating the suspected ion pairing, 

neither give a clear indication of the extent of ion-pairing, or the exact species present 

in solution. Therefore, a theoretical model based on the thermoelectrochemical results 

has been employed in an attempt to provide more quantitative analysis of the species 

present. 

 

5.3.6 – Theoretical analysis on speciation 

In order to better understand the exact speciation present within all three 

investigated systems (the Fe(SO4), Fe(HSO4) and Fe(SO4)2), a theoretical model was 

utilised.73,76 Fundamental work investigating the redox couple entropy (∆𝑆𝑟𝑐) has 

reported the relationship between ∆𝑆𝑟𝑐, the charge of redox ions, and the ionic radius,73 

as in Equation 6: 

∆𝑆𝑟𝑐 = 𝐾1 +  𝐾2(𝐴𝑁) + 𝐾3(𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2 )/𝑟                         (6) 

Where K1, K2 and K3 are constants, AN is the acceptor number of the solvent 

(as water was the only solvent this is also a constant), 𝑍𝑜𝑥
2  and 𝑍𝑟𝑒𝑑

2  are the ionic charge 

of the oxidised and reduced species respectively, and r is the ionic radius.73,76 Due to 

the constants present, this relationship can be simplified to: 

∆𝑆𝑟𝑐  ∝  (𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2 )/𝑟                                           (7) 

The ∆𝑆𝑟𝑐 can be calculated via the experimentally determined Seebeck 

coefficient, from the equation:  

𝑆𝑒 =  
∆𝑉

∆𝑇
 =  

∆𝑆𝑟𝑐

𝑛𝐹
                                                  (2) 



Chapter 5: n- & p-type thermocells from FeSO4 

 

Page | 188 

 

Using known ionic radii of the [Fe(H2O)6]
2+/3+,73 and [Fe(CN)6]

3-/4-,76 redox couples, 

along with calculated ∆𝑆𝑟𝑐 from the reported Seebeck coefficients.35,36,67 The ∆𝑆𝑟𝑐 of 

the redox couples were plotted against the (𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2 )/r (green squares, Figure 49). 

The ∆𝑆𝑟𝑐 of the [Fe(HSO4)]
+/2+ system has also been reported from FeSO4 in the 

presence of 1 M H2SO4.
36 With respect to the systems investigated here, the charge of 

each investigated redox couple are proposed to be [Fe(SO4)]
0/+, [Fe(HSO4)]

+/2+ and 

[Fe(SO4)2]
-/2-, therefore the (𝑍𝑜𝑥

2 − 𝑍𝑟𝑒𝑑
2 ) is proposed to be 1, 3 and -3 respectively. 
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Figure 49  –  Plot of ∆𝑆𝑟𝑐 vs (ZOx
2-ZRed

2)/r for previously reported Fe( ii)/Fe(iii) redox 

systems (green squares) and the three Fe( ii)/Fe(iii) redox systems investigated here (red 

circles). Also shown are different calculated values of ( ZOx
2-ZR ed

2)/r where r was fixed 

as 5.1 Å, and (ZOx
2-ZRed

2) varied, in order to quantify which ( ZOx
2-ZRed

2) values best 

represent the Fe(SO4) ,  Fe(HSO4)  and Fe(SO4)2 systems investigated here.  
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Figure 49 shows that for a fixed r of 5.1 Å,‡‡ the [Fe(SO4)]
0/+ and [Fe(SO4)2]

-/2- 

redox couples have an excellent correlation with the proposed 𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2  (the charges 

of the redox couples have been included in this section for ease of the reader to follow 

the determination). However, the [Fe(HSO4)]
+/2+ system is more complicated. The 

system is found to have an excellent correlation for (𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2 ) = 2, which is not 

possible given that Zox and Zred are integers. The Se of this system, and therefore ∆𝑆𝑟𝑐 

is roughly halfway between the [Fe(SO4)]
0/+ and [Fe(HSO4)]

+/2+ found for FeSO4 and 

FeSO4 + H2SO4 systems investigated previously.36 This is due to the less acidic nature 

of the [HSO4]
- to H2SO4, where the pKa values are 1.99 and -3, respectively.200  

Previously, the equilibrium proposed in (29) was fully driven to the right in the 

FeSO4 + H2SO4 thermocell (fully generating [Fe(HSO4)]
+/2+).36 However, in the 

NaHSO4-added system, this equilibria may not be fully driven to [Fe(HSO4)]
+/2+, due 

to the decreased acidity. It is likely instead that there will be a mixture of both the 

[FeSO4]
0/+ and [Fe(HSO4)]

+/2+ redox couples, in competition. This suggests that our 

notation of Fe(HSO4) is not strictly accurate, but will continue to be used for 

simplicity. This also explains the lowered observed ∆𝑆𝑟𝑐, and subsequent Se for the 

FeSO4 + [HSO4]
- system vs the FeSO4 + H2SO4  system.36 To demonstrate that a fully 

associated [Fe(HSO4)]
+/2+ system would fit the model, the ∆𝑆𝑟𝑐, calculated from the 

reported Se of [Fe(HSO4)]
+/2+ (from FeSO4 + H2SO4)

36 has also been added (Figure 

49). This system is found to be an excellent fit in the proposed trend (𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2  = 3). 

The excellent correlation between two of the proposed species present in the 

 
‡‡ 5.1 Å has been previously calculated from the ionic radii and bond length of the (H2O)-Fe-SO4 

species.30 
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thermocell and the model determined values demonstrate the accuracy of the proposed 

species within the thermocells.  

 

5.3.7 – Electrochemical impedance spectroscopic analysis 

5.3.7.1 – Static (impedance) vs Dynamic (thermogalvanic) resistance  

 With the speciation of the three investigated systems determined, the kinetic 

limitations of the thermogalvanic power were assessed. This was performed by 

measuring the inherent resistances of the three systems by electrochemical impedance 

spectroscopy (EIS). In EIS analysis. Typically, the mass transport (or solution 

resistance (RS) and electron transfer resistances (RET) can be measured and compared 

for various redox couples within a solution.36,201 Comparison between in situ vs ex situ 

EIS analysis, and using the hot and cold electrodes as the working electrode have been 

undertaken and are discussed in the Appendix. Initially, a comparison was made 

between the kinetic limitations of thermocell systems through measuring the internal 

resistances through EIS analysis (measuring RS and RET) and calculating the internal 

resistance through the operando resistance of the thermocell.   

 For the EIS analysis, the RS and RET measured from the in situ thermocell are 

shown in Figure 50(a) & (b), also shown is the Rcell, calculated from Ohms law of the 

measured thermogalvanic data (Figure 50(c)). From this comparison, it is clear that 

these three systems all follow the same trend Fe(SO4) > Fe(SO4)2 > Fe(HSO4). 

Interestingly, the Rcell is calculated to be significantly higher than the combined RS and 

RET, thus demonstrating that the simple break-down of all internal resistances within a 

thermocell into just two inherent resistances (RS and RET) is an over-simplification. 
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However, this does still demonstrate that the comparison between EIS and Rcell is both 

valid and informative. The fact that Rcell is so much higher indicates that more factors 

are affecting the internal resistance of the thermocell under dynamic, operando 

thermogalvanic measurements. These factors could be due to complications at the 

electrode surfaces201 or concentration gradients building up at the electrode surfaces.35 

High concentrations of electrolytes (such as those used in thermocells) have been 

found to have significant complexities with respect to fundamental properties such as 

conductivity and viscosity.15,38,94 
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Figure 50  –  Bar charts of (a) solution resistance (RS), (b) electron transfer resistance 

(RET) determined through the in-situ  non-isothermal impedance spectroscopy. Also 

shown is (c) calculated internal resistance ( R ce l l) of the thermogalvanic cell at a ΔT of 

20 K where Tc old  was 20°C, based upon Ohms law (V=IR) and the measured from the 

thermogalvanic data (Figure 45). 

 

5.3.7.2 – Electrocatalysis of different electrode materials 

 A further comparison investigated in the thermocell systems is the difference 

in electrocatalysis of different electrode materials. This was undertaken as there has 



Chapter 5: n- & p-type thermocells from FeSO4 

 

Page | 192 

 

been numerous investigations into electrode surface modification within 

thermocells,40,54,93,96,201 especially with carbon nanomaterials.54 There has even been 

cost-comparisons between two different types of carbon against pure platinum 

electrodes on the [Fe(CN)6]
3-/4- redox couple.35 Gold (or more specifically, surface 

gold oxide) is known to be electrocatalytic towards the Fe2+/3+ redox couple.174 

However, gold electrode passivation is also known to occur from poisoning by 

chemisorbed [SO4]
2- and [HSO4]

- species.172  

Here, RS was fixed for this investigation, therefore only RET was measured. 

Unsurprisingly, the decrease in RET also follows the same trend as that experienced 

previously Fe(SO4) > Fe(SO4)2 > Fe(HSO4). The RET is generally lower at gold rather 

than carbon, with the exception of Fe(SO4)2, which is found to have the same (within 

error) RET at both graphite and gold electrodes. This is likely due to the increased 

passivation of the gold surface due to the extra [SO4]
2- ions present in solution,172 

raising RET at Au so it is equivalent to the less electrocatalytic carbon electrode.  

After undertaking an in-depth analysis into the internal resistances of the 

investigated thermocells comparing the measured impedance vs the dynamic 

thermocells, and comparing the electrocatalytic ability of graphite vs gold electrodes, 

the n-type and p-type thermocells were investigated in-series in order to increase the 

output voltage. 
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Figure 51  –  Bar chart showing the electron transfer resistant (R ET) of the three 

investigated systems (Fe(SO4), Fe(SO4)2 and Fe(HSO4) at two electrode materials gold 

(gold) and graphite (grey).  

 

5.3.8 – In-parallel and in-series thermocell utilisation 

Individual n-type and p-type thermogalvanic cells achieve low output voltages 

due to limited Seebeck coefficients30 and the small temperature range of the utilised 

solvent, which is typically water. Employing n-type and p-type thermocells electrically 

in-series is one method of increasing the output voltage, without thermally short-

circuiting the device.88 This has often been employed using an either inherently acidic, 

or acidified Fe2+/3+ n-type with a p-type [Fe(CN)6]
3-/4- thermocell.14,15,38–40,88 By 

utilising n-type and p-type thermocells in-series (Figure 41) the output voltage is 

increased additively with the number of cells, where large numbers of thermocells in-

series have demonstrated high output voltages in the range of 100s of mV up to several 

Vs.14,15,40  
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In this chapter, we demonstrate two n-type thermogalvanic systems, the 

Fe(SO4) and Fe(HSO4), and one p-type, the Fe(SO4)2 system. Initially, the n-type 

Fe(SO4) and p-type Fe(SO4)2 systems were examined in-series, as these individually 

generate similar Se and power densities (Figure 45). Figure 52(a) demonstrates that the 

expected increase in voltage is observed for these combined n-type and p-type systems. 

Next, the superior n-type Fe(HSO4) system was utilised in-series with the Fe(SO4)2 

system. Again, the expected additive voltage was observed (Figure 52(b)). 

Interestingly, the generated power of each combination was also roughly additive, 

where 88% was achieved for the Fe(SO4) and Fe(SO4)2 combination and 94% was 

achieved for the Fe(HSO4) and Fe(SO4)2 combination (where 100% represents 

complete additivity). The minor losses are due to increased resistances by having more 

electrical contacts. 

While thermocells utilised in-series result in additive increases in voltage,30,88 

the current output of this method does not increase. In-fact, a slight decrease in current 

is typically observed due to an increase in resistance by adding electrical connections 

between the n-type and p-type thermocells.30 To achieve a highly efficient thermocell 

array (producing high output power), both high voltage and high current is required. 

To compensate for this, previous investigations have utilised a combination of 

electrically in-series (to boost voltage) and electrically in-parallel (to boost current) 

thermocells to result in an array that improves both voltage and current.88 In order to 

demonstrate that this is also possible with the systems investigated here, the in-parallel 

method was also examined with the Fe(HSO4) thermocell, where a single thermocell 

is compared to two (Figure 52(c)). From this, the expected boost in power is observed, 
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obtained purely from the boost in current, which are both roughly double that of the 

one-cylinder cell. 
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Figure 52  –  Figure showing power curves of two in -series combinations (a) the n -type 

Fe(SO4)  and p-type Fe(SO4)2 systems, and (b) the n-type Fe(HSO4)  and p-type Fe(SO4)2  

systems. Also shown is (c) in -parallel I-V  plots and power curves of 1-cylinder 

Fe(HSO4)  and 2-cylinder Fe(HSO4) . (d)  Figure showing power curves for (a) the in -

series n-type Fe(HSO4)  and p-type Fe(SO4)2 systems where ‘2 cells’ denote one n -p-

pair and ‘6 cell’s denotes 3 n -p-pairs.  

 

With the success of utilising these thermocell systems both in-series and in-

parallel. A larger array consisting of a 6-cylinder cell was produced and assessed. To 

further demonstrate the sustainability and scalability of the produced device, 

commercially bought graphite electrodes have been employed, rather than the gold 

electrodes used elsewhere. Here, the most powerful combination of the n-type 

Fe(HSO4) was utilised in-series with the p-type Fe(SO4)2. The expected increase in 

output voltage was observed when utilising 6-cylinders over 2-cylinders (Figure 

52(d)). The output current decreased slightly due to the increased resistance of 

connecting 6-thermocells, as also expected. The output power of the 6-cylinder device 
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also significantly increased from employing 6 cylinders, rather than 2 (a 265% 

increase). 

  

5.3.9 – Towards ‘unbreakable’ thermocells mixing n-type and p-type systems 

 Table 10 demonstrates the potential toxicity of reported thermocell arrays in 

various volumes, where the [Fe(CN)6]
3-/4- system is utilised in-series with the acidic 

Fe2+/3+ system. This table shows the significant quantities of HCN(g) that have the 

potential to be produced, if the two systems were to mix. Therefore, to demonstrate 

the inherent safety of the three investigated systems in this chapter, the two n-type 

systems were mixed independently with the p-type Fe(SO4)2 system.  

As demonstrated previously (Figure 52(a)) the Fe(SO4) and Fe(SO4)2 systems 

generate almost equivalent Se, and combine excellently in-series. Therefore, these two 

were initially mixed. As expected, there was no issue with regard to safety upon mixing 

these two systems. Interestingly, upon measuring the mixed solution, it was found to 

still be thermogalvanically active. The resulting mixed solution had a small Se and very 

low power, which is not surprising considering the solution effectively contained 0.3 

M Fe(ii)SO4, 0.3 M Fe(iii) SO4 and 0.75 M [SO4]
2-. This concentration of [SO4]

2- 

would be expected to yield both a low Se and low power, as demonstrated by the initial 

characterisation of n-to-p-type transition of the thermocell (Figure 45).  

Next, the Fe(HSO4) and Fe(SO4)2 systems were then mixed. Again, there was 

no issue concerning safety and again the resultant solution was found to be 

thermogalvanically active. This resulting mixed solution was found to be a much better 

performing n-type thermocell. Displaying a Se of ca. +0.18 mV K-1, which generated 
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a power density of 0.33 mW m-2. The thermogalvanic properties of this system is 

shown in Figure 53, overlayed on the initial [SO4]
2- study from Figure 43. The ability 

to mix these two systems demonstrate that if these thermocell arrays are deliberately 

or accidentally mixed, that the resultant solution demonstrates a new ‘second-life’ 

approach to thermogalvanic cells.  

To demonstrate the effectiveness of the mixed system, even after ‘failure’. The 

array of the new mixed solution (from Fe(HSO4) and Fe(SO4)2) has been utilised as 

an ‘all n-type’ array wired electrically in-parallel (as in Figure 53(b)). Due to the 

relatively modest Se with respect to the other systems, and the fact that this array is 6-

cylinders electrically in-parallel, a low output potential is observed in the device. 

However, as the mixed n-type array is electrically in-parallel, the output current 

increases additively (480% with respect to the one-cylinder cell) also on the more cost-

effective graphite electrodes, as shown in Figure 53(d). The mixed thermocell has been 

fully characterised by cyclic voltammetry and electrochemical impedance 

spectroscopy. These analyses, along with full discussion can be found in the appendix. 
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Figure 53  –  (a) Plot of the Seebeck coefficient (S e) when the thermocell was exposed 

to a temperature difference (ΔT) of 18 K. Adapted from Figure 43 to include the mixed 

system. The temperature applied to the colder electrode, Tcold , was fixed at 22°C. Also 

shown are plots of the (b) short -circuit current density ( jS C) and (c) maximum power 

density (Pm ax)  generated by the thermocells as a function of Na 2SO4  concentration; all 

experimental conditions same as Figure 45. Adapted from Figure 45 to include the 

mixed thermocell system. (d) The ‘mixed’ system in -parallel where ‘1 cell’  denotes 1 

cell and ‘6 cells’ denote 6 cells.  

 

 Despite these shortcomings when compared to the Fe(HSO4) and Fe(SO4)2.  

The mixed system represents a new class of thermocell, which we have defined as a 

‘second-life’ thermocell.30 This new class of thermogalvanic cell represents a 
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significant new advancement in the sustainability of thermoelectrochemical cells. To 

assess both the green and sustainable aspects of the sulphate-based thermocell systems, 

these were assessed compared to the typically employed [Fe(CN)6]
3-/4- and acidic 

Fe2+/3+ systems against both the 12 principles of green chemistry and green 

engineering. 

 

5.3.10 – Sustainability 

We have clearly demonstrated the advantages of an ‘unbreakable’ thermocell 

that is both a safe alternative to conventional redox couples, whilst also demonstrating 

a thermocell which is tolerant to damage / wear and still functions when both n- and 

p- type thermocells have mixed. In accordance with the 12 principles of green 

chemistry,176 and the 12 principles of chemical engineering,182  comparisons can be 

drawn between the n- and p-type FeSO4-based thermocells reported here and the 

typically employed Fe2+/3+ and [Fe(CN)6]
3-/4- thermocells. Five of the 12 principles of 

green chemistry apply here: principles 1 (waste prevention), 4 (designing safer 

chemicals), 6 (design for energy efficiency), 10 (design for degradation) and 12 (safer 

chemistry for accident prevention).176 Seven of the 12 principles of green engineering 

also apply here: principles 1 (non-hazardous material and energy inputs and outputs), 

2 (prevention instead of treatment), 4 (maximise efficiency), 6 (conserve complexity), 

7 (durability rather than immortality), 9 (minimise material diversity) and 11 (design 

for commercial “afterlife”).182 Many of the principles of green chemistry and 

engineering overlap and will be discussed together. A summary of the principles and 

the assessed outcome of these principles with respect to both the FeSO4-based 
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thermocells developed here compared to the acidic Fe2+/3+ and [Fe(CN)6]
3-/4- 

previously reported39 are shown in Table 13. These principles have been qualitatively 

assessed and are discussed in more detail throughout the rest of the section. 

With respect to green engineering principles 6 and 9, both complexity (in this 

case in chemical form) and material diversity need to be minimised when designing a 

greener process.182 In this regard, the thermocells employed here contain 4 ions in total 

(Fe2+/3+, Na+, [HSO4]
- and [SO4]

2-), whereas a typical n- and p-type in-series thermocell 

consists of a total of 7 ions (Fe2+/3+, H+, K+, [NH4]
+, [ClO4]

-, Cl- and [Fe(CN)6]
3-/4-).39,40 

This represents a 75% increase in material diversity in the Fe2+/3+ and [Fe(CN)6]
3-/4- 

thermocell, while also increasing complexity due to significantly different species 

present in the n-type and p-type thermocells. The FeSO4-based systems discussed here 

represent both n-type and p-type thermocells that are based on similar species 

(Fe(HSO4) and Fe(SO4)2). Hence, significantly reducing complexity within the 

thermocell, and thus a significant advantage with respect to scalability from a green 

engineering perspective.182 

In accordance with green chemistry principles 4 and 12, and green engineering 

principle 1, there is a need to design safer chemicals, chemistry, and inherently safer 

processes. To this end, and discussed in the introduction, in the presence of acid with 

heating [Fe(CN)6]
3-/4- has the potential to degrade,119 leading to the formation of 

severely toxic HCN(g).
119,184,193 If the FeSO4-based redox couples degrade, the likely 

products would be species such as iron-hydroxides, or iron-oxides, due to the higher 

pH of the p-type thermocell.197 Both of which are routinely treated with strong acids 

to produce the subsequent iron-salt and water. Thus, the possible degradation products 
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can be easily recycled.197 The Na+, [HSO4]
- and [SO4]

2- ions are also all naturally 

abundant and found in all water sources, including tap water.36 These ions therefore 

are inherently much safer than the [Fe(CN)6]
3-/4- and acidic Fe2+/3+ thermocells 

typically employed.  

Table 13  - Table considering the ‘All -FeSO4 in-series thermocell’ reported here, vs the 

most recently published ferricyanide -based in-series thermocell from Table 10.39 The 

two have been compared using relevant ‘12 Principles of Green Chemistry’ and the ‘12 

Principles of Green Engineering’, considering (i) efficacy during use, and the scenario 

if (ii) the electrolytes are accidentally mixed, and/or (iii) released into th e environment.  

Principles of Green Chemistry 

(GC) & Green Engineering (GE) 

Adapted from ref 176,182 

HCl-acidified FeClO4 and 

K3/[NH4]4[Fe(CN)6] in-series 

thermocell (exemplified by 39) 

All-FeSO4 in-series 

thermocell (this work) 

- Minimise material diversity (GE 

9) 

- Conserve complexity (GE 6) 

7 elements/molecules; 

complexity lost on mixing 

(Fe2+/3+, H+, K+, (NH4)+, 

[ClO4]-, Cl-, [Fe(CN)6]3-/4-) 

 

4 elements/molecules; 

complexity retained on 

mixing 

(Fe2+/3+, Na+, [HSO4]-, 

[SO4]2-) 

✓ 

- Designing safe chemicals (GC 4) 

- Safer chemistry for accident 

prevention (GC 12) 

- Inputs/outputs inherently non-

hazardous (GE 1) 

Individually safe, hazardous if 

mixed; [Fe(CN)6]4- harmful to 

aquatic life (long lasting 

effects) 

 

Safe, both individually 

and mixed 

✓ 

- Design for degradation (GC 10) 

- Durability vs Immortality (GE 7) 

Ecologically damaging acids 

present if released into the 

environment 

 

Biodegradable or already 

elemental elements in the 

solution 

✓ 

- Design for commercial ‘afterlife’ 

(GE 11) 

Mixing cannot be reversed; 

results in ‘end-of-life’ 

 

Mixing enables ‘second 

life’ of thermocell 

✓ 

- Waste prevention (GC 1) 

- Waste prevention instead of 

treatment (GE 2) 

Insoluble and toxic waste 

generated if mixed 

 

‘Second life’ can prevent 

waste 

✓ 

- Design energy efficiency (GC 6) 

- Maximise efficiency (GE 4) 

Se = 1.7 + 1.3 mV K-1 

= 3.0 mV K-1 

✓ 

aSe = 0.4 + 0.6  mV K-1 

= 1.0 mV K-1 

 

TOTAL number of rows 

thermocell is superior in 
1 5 
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There is a current drive to prevent long-life waste such as non-biodegradable 

plastics. Green chemistry principle 10 and green engineering principle 7 are both 

meant to address this. These are concerned with making degradable rather than 

immortal systems, where waste will be minimised (discussed in more detail with 

regard to waste prevention below). With respect to degradation of the thermocell, we 

consider here the scenario if the thermocell degradation results in the individual 

elements being released into the environment. For example, if the thermocell itself is 

made of a biodegradable material which fails with extended time and the solution is 

released into the environment. The only important factor here is the presence of 

concentrated acid which poses a significant ecological threat.177 As already mentioned, 

the [SO4]
2- and [HSO4]

- anions are both naturally abundant and are found in many 

water sources.36 There is no data on the other elements in these systems. 

 With respect to green engineering principle 11, there is a desire for products 

and systems to perform in a commercial ‘afterlife’. In this regard, the FeSO4-based 

systems showcase an ‘afterlife’ demonstrated as the ‘second-life’ continued 

thermogalvanic activity upon mixing of the solutions (Figure 53). The Fe2+/3+ and 

[Fe(CN)6]
3-/4- systems fail in this aspect as the potential ‘afterlife’ of mixing of these 

systems is the evolution of severely toxic HCN(g).
119 Therefore, in this aspect the 

FeSO4-based thermocells demonstrate a significant advantage due to the ‘second-life’ 

capability. 

 Due to this ‘second-life’ ability the FeSO4-based thermocells also show an 

advantage over the Fe2+/3+ and [Fe(CN)6]
3-/4- systems with respect to green chemistry 

principle 1 and green engineering principle 2, both concerning the prevention of waste. 
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If the Fe2+/3+ and [Fe(CN)6]
3-/4- thermocells were to mix, in addition to the toxic 

substances, the insoluble Fe[Fe(CN)6](s) (or Prussian blue) would be produced, which 

would be completely wasted and need to be removed. Our FeSO4-based thermocell 

redox couples demonstrate a ‘second-life’ which removes the need to remove any 

waste as the ‘waste’ would maintain activity and can still be used.182 

 Despite all these shortcomings of the [Fe(CN)6]
3-/4- and Fe2+/3+-based 

thermocells, they do have one favourable aspect in accordance to the twelve principles 

of green chemistry and green engineering, principles 6 and 4, respectively. This is to 

maximise energy efficiency. Where both the n-type and p-type FeSO4 systems 

employed here exhibit lower Seebeck coefficients of -0.4 and +0.6 mV K-1 vs -1.435,67 

and between +1.35 and +1.7836,38,39 mV K-1 for the [Fe(SO4)2]
-/2-, [Fe(HSO4)]

+/2+ and 

the [Fe(CN)6]
3-/4- and Fe2+/3+ redox couples, respectively. The Fe2+/3+ and [Fe(CN)6]

3-/4- 

combination also exhibits higher power densities in similar conditions.3,35,36 However, 

there are usually compromises made with respect to increasing the sustainability of 

any process. Here, the compromise is between the greater power density of the Fe2+/3+ 

and [Fe(CN)6]
3-/4- array vs the much improved safety, significantly lower complexity 

and ability to have a ‘second-life’ of the FeSO4-based thermocells. 
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5.4 – Conclusion 

 To conclude, an in-depth study has been conducted on the FeSO4 thermocell, 

in the absence and presence of added electrolytes (the [HSO4]
- and [SO4]

2- anions). 

Where the presence of acidic [HSO4]
- anions was found to improve the n-type 

thermocell with respect to Se, jSC and Pmax. Significantly, with increasing concentration 

of [SO4]
2- anions the n-type Fe(SO4) thermocell was found to transition into a p-type 

Fe(SO4)2 system. The three investigated systems have been explored for temperature- 

and speciation-dependent thermogalvanic properties. Where the Se of all three species 

was found to be affected by altering the temperature of the system, most significantly 

observed with Fe(SO4)2 (where the Se increased from ca. -0.28 mV K-1 to ca. -0.4 mV 

K-1). 

 The speciation of the three systems was analysed experimentally by IR and 

UV-Vis spectroscopies, and theoretically by a model based on the thermogalvanic 

properties observed (∆𝑆𝑟𝑐). This analysis confirmed the proposed speciation of the 

[Fe(SO4)]
0/+ and [Fe(SO4)2]

-/2- redox couples, and determined that different equilibria 

are present in the Fe(HSO4) system. For which, there is both [Fe(SO4)]
0/+ and 

[Fe(HSO4)]
+/2+ character in solution. The electrochemical properties of the three 

investigated systems have been probed by cyclic voltammetry and electrochemical 

impedance spectroscopy, where the clear advantage of having excess electrolyte (the 

[HSO4]
- and [SO4]

2- anions) is observed in both the lower peak-to-peak separation of 

the Fe(SO4) and Fe(HSO4) systems, and the consistently lower RS and RET in these 

systems, when measured in situ vs ex situ, and comparing different electrode materials.   
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 The n-type and p-type thermocell systems have been utilised in-series and in-

parallel to increase output voltage and current, respectively. These systems have even 

been mixed and are found to maintain thermoelectrochemical activity, where the 

mixed system has also been fully characterised. This ‘second-life’ ability of the FeSO4-

based systems demonstrates a whole new class of thermogalvanic cell, which 

represents a much safer alternative to the currently extensively employed Fe2+/3+ and 

[Fe(CN)6]
3-/4- systems, which have the potential to generate severely toxic HCN(g) if 

mixed. Finally, the sustainability of the FeSO4-based systems have been compared to 

a typical Fe2+/3+ and [Fe(CN)6]
3-/4- system with respect to the 12 principles of green 

chemistry and green engineering. This qualitative analysis has demonstrated the 

significant advantage of the FeSO4-based systems due to less complexity in the system, 

alongside environmentally benign or biodegradable redox couples, and the ability to 

maintain activity in a ‘second-life’ thermocell when mixed.  
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6.1 – Aims and Objectives 

 In the previous chapter we developed an inherently safe combination of n-type 

and p-type redox couples based on iron sulphate. This combination was shown to be 

significantly more sustainable than the commonly utilised, but significantly hazardous 

combination of inherently acidic or acidified Fe2+/3+ and [Fe(CN)6]
3-/4-. However, the 

iron sulphate-based combination only produced ca. 33% of the output voltage of the 

Fe2+/3+ and [Fe(CN)6]
3-/4- combination, due to the smaller charge on the redox couples. 

The other issue observed with the iron sulphate-based redox couples was the 

significant temperature dependence on the thermoelectrochemical properties, due the 

reliance on a cation-anion association. Therefore, in this chapter we set out to: 

• Exploit the stronger binding of charged anionic ligands to the Fe cation centre 

to investigate a range of anionic carboxylate-based species as ligands to 

generate anionic (and therefore p-type) redox couples. 

• Develop anionic redox couples that have a higher charge than [Fe(SO4)2]
-/2-, 

and will thus observe a higher p-type Se. 

• Combine the developed high-performance Fe(ligand) p-type redox couple with 

an n-type redox couple based on Fe salts for a better performing (in both 

voltage and power) device than the one developed using iron sulphate-based 

redox couples. 
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6.2 – Introduction 

In the previous chapter, we demonstrated the requirement for developing both 

n-type and p-type thermocells, which can be used in series to significantly increase the 

output voltage of devices. The requirement for inherent sustainability was also 

demonstrated as the inherent sustainability of the iron sulphate-based n-type and p-

type redox couple was far superior when compared to the typically employed acidic 

Fe2+/3+ and [Fe(CN)6]
3-/4-.30 However, the combined Se of the more sustainable iron 

sulphate-based redox couples was significantly lower than the potentially hazardous 

combined Se of the Fe2+/3+ and [Fe(CN)6]
3-/4- redox couples (0.8 and 3.2 mV K-1, 

respectively).30 

The p-type [Fe(SO4)2]
-/2- redox couple was generated from the high affinity of 

the [SO4]
2- anion to the Fe2+/3+ metal centre,30 producing an anionic redox couple which 

exhibits a negative Seebeck coefficient. However, as this is an ion-anion association, 

rather than ion-ligand coordination bonding, such as [Fe(CN)6]
3-/4-,25,67 these systems 

exhibited significant variation with changes in conditions such as temperature.30 

Therefore, more sustainable (compared to [Fe(CN)6]
3-/4-) negatively charged redox 

couples need to be designed using species with strong coordination ability. The Fe ion 

is known to be oxophilic,197 and strong coordination ability from ligands can be 

obtained from using having multidentate ligands, which exploit the chelate effect.202  

Ligands are commonly employed to generate stable, and charged metal-ligand 

complexes, this strategy has also been reported in thermocells. With respect to iron 

complexes, as previously discussed the hexacyano (6[CN]-) ligand complex 

[Fe(CN)6]
3-/4- is the most extensively explored redox couple in thermogalvanic cells. 
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This system has also been incorporated with a phenanthroline ligand to form the 

[Fe(phen)(CN)4]
-/2- redox couple, reducing the Seebeck coefficient from a 

reported -1.6 mV K-1 to -1.0 mV K-1, at very low concentrations.31 Other Fe(ligand) 

complexes investigated in thermocells have all been studied in ionic liquids, the 

Fe(Cp)2 (known as ferrocene / ferrocenium ([Fc]0/+)) have reported a Se of ca. +0.1 mV 

K-1, in a wide range of solvents.78 As discussed in the previous chapter introduction, 

this redox couple has had both an [Emim]+ and [NTf]- group covalently bonded to 

yield Se of ca. +0.2 and -0.1 mV K-1, respectively.121 The [Fe(bpy)3]
2+/3+ redox couple 

has reported a Se of +0.48 mV K-1,114 and the [Fe(Cl)4]
-/2- and [Fe(Br)4]

-/2- redox 

couples have reported Se of -0.48 and -0.42 mV K-1, respectively.114 

 In this chapter, a number of anionic ligands (shown in Figure 54) have been 

investigated, these have been complexed to the Fe2+/3+ redox couple, generating 

anionic iron-ligand complexes. These complexes have been found to exhibit p-type, 

negative Seebeck coefficients in the range of -0.07 mV K-1 up to -1.35 mv K-1. 

Demonstrating Seebeck coefficients on-par with the state-of-the-art [Fe(CN)6]
3-/4- 

redox couple, but which can be used safely in combination with Fe2+/3+. The p-type 

Fe(DEPTA) has been utilised in-series with Fe2+/3+, generated from iron chloride, to 

produce a device that is significantly better performing than the previous [Fe(SO4)2]
-/2- 

and [Fe(HSO4)]
+/2+ combination, whilst maintaining the inherent safety and green 

chemistry credentials.  
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Figure 54  –  Figure showing the chemical structures of the fully -anionic form of all 

ligands which have been investigated in this chapter.  
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6.3 – Results and Discussion 

6.3.1 – Thermoelectrochemistry of Fe-ligand complexes 

 All ligands in Figure 54 were tested for their ability to generate anionic iron 

redox couples. This was ultimately successful for a number of ligands (acetate, 

malonate, citrate, IDA, NTA, EDTA, EGTA and DEPTA). The Fe(ligand) complexes 

were synthesised via one of three methods (full explanation in experimental chapter). 

Method 1 was used to synthesise the acetate, malonate and citrate, method 2 for IDA, 

and method 3 for NTA, EDTA, EGTA and DEPTA. Method 2 was used (i.e. in the 

absence of the protonated acid solid, due to the significant insolubility of these 

compounds, where they had to be deprotonated with NaOH before addition to the Fe 

solution was possible.  

The poly-carboxylate redox couples were initially screened by adding an 

equimolar ratio of ligand (protonated, as the carboxylic acid) and ligand (deprotonated, 

as the sodium carboxylate). The acetate, malonate and citrate-based systems were 

found to form coloured solutions. Due to complications with instability, all other poly-

carboxylate systems were not investigated further. The oxylate and succinate 

carboxylic acids and carboxylate salts were found to be sparingly soluble and could 

not be used. The TCB and BTC were soluble when deprotonated to the carboxylate, 

but immediately formed a precipitate upon addition of to the iron-solution. Likely 

forming a rigid structured metal-organic framework. These systems were therefore no 

longer investigated, and the acetate, malonate and citrate were taken forward for 

further testing. 
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 IDA was the only poly-aminocarboxylate system to have a soluble carboxylic 

acid (and could be synthesised using method 2, where the carboxylate species required 

deprotonation with NaOH), all others were synthesised using the fully deprotonated 

carboxylate solution only (method 3). All these systems, along with the acetate, 

malonate and citrate were found to form a complex that demonstrated thermogalvanic 

activity. Therefore, the thermoelectrochemical properties of all Fe(ligand) complexes 

were initially investigated.  

All stable poly-carboxylate and poly-aminocarboxylate systems were (semi)-

optimised with respect to metal, carboxylic acid, and carboxylate ratio (discussed in 

Tables A3-A5), and the resultant thermoelectrochemical properties are displayed in 

Figure 55 for (a) Se, (b) jSC and (c) Pmax, respectively (Tabulated data shown in Table 

14). Despite the ligands being shown in order of ascending charge of ligand for both 

poly-carboxylate (Ac (-1), Mal (-2), Cit (-3)) and poly-aminocarboxylate (IDA (-2), 

NTA (-3), EDTA (-4), EGTA (-4), DEPTA (-5)), there appears to be no observable 

trend in any of the three thermoelectrochemical properties measured. However, four 

candidates stand out with superior power density (the Mal, IDA, NTA and DEPTA). 

Two other systems (citrate and EGTA) also display a higher observed Se than the 

[Fe(SO4)2]
-/2- system developed in the previous chapter. 
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Figure 55  –  Figure showing the (a) Se,  (b) jS C and (c) Pmax of the various Fe(ligand) 

complexes investigated in this chapter,  compared to the [Fe(SO 4)2] - / 2 - investigated in 

the previous chapter.  

 

 The distinct lack of trend between ligand charge and thermoelectrochemical 

properties (or primarily, the Se) is an intriguing and unexpected outcome, which 
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requires much deeper investigation into these novel redox systems. Therefore, the 

electrochemistry of these systems was measured and is discussed below. 

Table 14  –  Table of data showing all investigated ligands from Figure 56 at the (semi)-

optimised ratio of ligand acid to ligand base, pH of these produced solutions is also 

shown. 

Ligand 

Soluble / 

Thermo-

galvanically 

active 

Semi-

optimised 

ratio of acid : 

base* 

Se                 

/ mV 

K-1 

jSC              

/ A m-2 

Pmax           

/ mW 

m-2 

pH 

[Ac]- ✓ 5 : 5 
-0.07     

± 0.01 

-0.06     

± 0.01 

0.02       

± 0.01 
4.4 

[Ox]2- ** - - - - - 

[Mal]2- ✓ 5 : 10 
-0.47      

± 0.01 

-1.09      

± 0.04 

2.55       

± 0.16 
4.5 

[Suc]2- ** - - - - - 

[Cit]3- ✓ 5 : 5 
-0.40      

± 0.01 

-0.28      

± 0.02 

0.55       

± 0.02 
3.8 

[TCB]3- *** - - - - - 

[BTC]4- *** - - - - - 

[IDA]2- ✓ 2 : 4 
-0.38      

± 0.01 

-0.98     

± 0.03 

1.84        

± 0.05 
3.5 

[NTA]3- ✓ 0 : 5** 
-0.51     

± 0.01 

-1.24      

± 0.07 

3.19       

± 0.32 
8.9 

[EDTA]4- ✓ 0 : 2** 
-0.20      

± 0.02 

-0.29     

± 0.01 

0.29        

± 0.04 
6.8 

[EGTA]4- ✓ 0 : 2** 
-0.32     

± 0.02 

-0.42     

± 0.05 

0.67        

± 0.04 
8.9 

[DPTA]5- ✓ 0 : 2** 
-0.44     

± 0.01 

-1.48      

± 0.04 

3.25        

± 0.16 
8.9 

*Optimisation data can be found in Appendix 

**Solubility issues. 

***Precipitation was formed on mixing of Fe and Base. 
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6.3.2 – Cyclic Voltammetry 

 Throughout this thesis, cyclic voltammetry (CV) has already been 

demonstrated to be a hugely powerful tool in understanding the redox couple 

behaviour in thermoelectrochemical systems. Therefore, this was also employed here 

for all the (semi)-optimised redox couples shown above. Figure 56(a-c) shows the 

representative CVs of all the redox couples at a Au working electrode vs an Ag/AgCl 

reference. Also shown is the parent FeCl in the absence of any acid or ligand, as a 

‘blank’ comparison. 

 The investigated redox couples display a wide range of peak-to-peak 

separations (ΔE). The Fe(Ac) and Fe(Cit) systems displayed a significantly high ΔE 

(in the range of ca. 600 – 800 mVs), demonstrating electrochemical irreversibility of 

the redox couple. Many of the redox couples such as the Fe(NTA), Fe(EDTA), 

Fe(EGTA) and Fe(DEPTA) all displayed a ΔE on par with the FeCl at ca. 200 mV. 

Demonstrating good electrochemical kinetics with an electrochemical pseudo-

reversibility of the redox couple, with Au being a good electrocatalyst for the 

Fe(ii)/Fe(iii) redox couple.174  

 Next, the peak current (Ip) of the redox couples were compared from the CVs. 

Of all the systems investigated, only the Fe(EDTA) and Fe(DEPTA) display an Ip on 

par with the FeCl system in the absence of ligand. Several of the investigated redox 

couples demonstrated a significantly lower Ip than FeCl. The systems that demonstrate 

a high ΔE with low Ip (the Fe(Ac) and Fe(Cit)) also have a low jSC, compared to the 

other investigated systems, which can be explained by the poor electrochemical 

reversibility. However, a system such as Fe(EDTA) demonstrates good 
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electrochemical reversibility and Ip, but a low Se (unexpected for a 4- ligand) and a low 

jSC. There are therefore clearly other factors occurring in these systems that cannot be 

explained by the electrochemical and thermoelectrochemical properties alone. 

Therefore, electrochemical impedance spectroscopy was employed to probe the 

inherent resistances of the redox couples. 
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Figure 56  –  Figure showing (a-c) cyclic voltammograms of the Fe(ligand) redox couples 

investigated in this report, all compared to the FeCl 2/3 system in the absence of ligand.  
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6.3.3 – Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is another useful analysis 

technique for electrochemical systems, which has been previously utilised to measure 

the inherent resistances within thermogalvanic cells30,36,168,169,201 and was discussed 

extensively in the previous chapter. Therefore, this technique was also employed here 

on the Fe(ligand) systems.  

EIS analysis was performed ex-situ in a three-electrode setup where the CVs 

were also recorded, using a Pt working electrode. Attempts to perform this technique 

on the Fe(Ac) system proved too difficult and is therefore left out of the discussion in 

this section. Figure 57 shows both the measured solution (or mass transport, (RS)) and 

electron transfer (RET) resistances of the investigated systems. Interestingly, the RS of 

the ligand systems are all found to be lower than that of FeCl in the absence of ligand. 

This is due to the excess of charged ligand and in some cases also acidic ligand all 

acting as a supporting electrolyte, reducing the ohmic resistance of the systems (and 

therefore RS).30,36  

Regarding the RET, only two systems (the Fe(IDA) and Fe(DEPTA)) were 

found to have lower RET than FeCl (Figure 57(b)), and four systems (Fe(Mal), 

Fe(IDA), Fe(NTA), Fe(DEPTA)) were found to have a significantly lower RET than 

the others. Unsurprisingly, these four systems are also those that generate high power 

density. The Fe(EGTA), Fe(EDTA) and Fe(Cit) were all found to have significantly 

higher RET than the parent FeCl, indicating that a high resistance to electron transfer at 

the electrode surface is the cause of the lower thermogalvanic current (and 

subsequently lower power density) observed in Figure 55(b & c) respectively. Table 
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15 shows both the electrochemical and EIS parameters extracted from the analysis of 

all the Fe(ligand) systems. 
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Figure 57  –  Figure showing the electrochemical impedance spectroscopy measured (a) 

solution resistance (RS)  and electron transfer resistance (RE T) for all investigated 

Fe(ligand) systems.  

 

Due to the presence of acid and base in systems such as Fe(Mal) and Fe(IDA), 

and the excess of ligand required for systems such as Fe(NTA) and Fe(DEPTA), 

complicated speciation must be present in these systems. None of the previous 

characterisation yields information such as the number and charge of bound ligands to 

each Fe centre. The determination of overall charge of the bound ligands can yield the 

overall charge of the complex and predict the observed Seebeck coefficient. To 

examine this further, spectroscopic analysis was undertaken. 
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Table 15  –  Table of data summarising values extracted from cyclic voltammograms 

(Figure 56) and electrochemical impedance spectroscopy (Figure 56) of the semi-

optimised Fe(ligand) complexes . These have been compared against the parent FeCl 2/3  

species ( i.e.  50 mM FeCl2  and 50 mM FeCl 3, in the absence of any ligand).  The values 

are the equilibrium potential (Eeq), peak-to-peak separation (ΔE), peak current density 

for the oxidation and reduction peaks (Ip(O x)  and Ip(Re d)), solution resistance (RS), and 

electron transfer resistance  (RET).  

Fe(ligand)  

solution 

Eeq / V vs 

Ag/AgCl 
ΔE / V 

Ip(Ox) 

 / Am-2 

Ip(Red)  

/ Am-2 
RS / Ω RET / Ω 

Parent FeCl2/3 0.460 0.249 80 -89 244 ± 2 171 ± 2 

Fe(Ac) 0.102 0.579 54 -47 - - 

Fe(Mal) -0.198 0.383 42 -55 165 ± 3 342 ± 6 

Fe(Cit) -0.070 0.828 30 -37 220 ± 7 3430 ± 117 

Fe(IDA) 0.128 0.242 44 -61 143 ± 1 46 ± 1 

Fe(NTA) -0.167 0.310 58 -70 122 ± 2 255 ± 3 

Fe(EDTA) -0.104 0.201 81 -77 130 ± 3 499 ± 11 

Fe(EGTA) -0.003 0.247 52 -37 184 ± 4 854 ± 16 

Fe(DEPTA) -0.125 0.262 76 -87 140 ± 1 83 ± 1 

 

6.3.4 – UV-Vis Spectroscopy of the Fe(ligand) complexes 

UV-Vis spectroscopy has been routinely employed in inorganic chemistry to 

understand the nature of metal-ligand binding interactions, where functional groups 

such as carboxylates are routinely investigated. This technique has also been used in 

thermogalvanic cells to measure the character of iron species in solution such as 

[Fe(OH)x(H2O)6-x]
2+/3+-x and [Fe(SO4)]

0/+,36,39 as also demonstrated in chapters 4 and 

5. However, one consistent issue with this type of analysis is the high extinction 

coefficients, which requires low concentrations of electrolyte to be investigated. This 

concentration is therefore significantly lower than those investigated in the 
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electrochemical and thermoelectrochemical analysis, and is therefore not necessarily 

wholly representative. 

This problem is also observed here, where 50 mM of both Fe(ii) and Fe(iii) are 

used in thermocells, but only 2.5 mM of either Fe(ii) or Fe(iii) or 1.25 mM of both 

Fe(ii) and Fe(iii) can be investigated. Previously, the Fe(ii) of aqueous salt systems 

was found to produce no measurable UV-Vis signal.36 However, as the colours of these 

systems would be produced from the carboxylate – metal interaction, the Fe(ii) was 

predicted to demonstrate a UV-Vis signal. Figure 58(a-c) shows the Fe(ii), Fe(iii) and 

Fe(ii) and Fe(iii) systems for Fe(Mal), Fe(IDA) and Fe(DEPTA). This analysis simply 

demonstrates that despite the Fe(ii) yielding a UV-Vis signal, it is a weaker version of 

the Fe(iii), this was confirmed by the combination of Fe(ii) and Fe(iii), which produced 

a signal exactly in between the two.  
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Figure 58  –  UV-Vis spectra for the Fe(ii), Fe(ii)/Fe(iii) and Fe(iii) for (a) Fe(Mal), (b) 

Fe(IDA) and (c) Fe(DEPTA). The black line represents the ligand in the absence of Fe, 

all Fe concentrations in these systems was 2.5 mM overall.  
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Due to the weak nature of the Fe(ii) signal, which is also equivalent to the 

Fe(iii), only the Fe(iii) was investigated at 2.5 mM concentration for all species. The 

resultant obtained spectra are shown in Figure 59. All these systems demonstrate (to 

some extent) a peak centred ca. 250 nm, which is consistent with a π to π* transition. 

This peak is observed to varying degrees of sharpness. The reason for this is unknown, 

but as this clearly yields no significant insight into the speciation of the systems it was 

not investigated any further. Therefore, the speciation of the Fe(ligand) systems were 

investigated by another method, namely using the theoretical Weaver model. 
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Figure 59  –  Fe(ligand) UV-Vis spectra of 2.5 mM of Fe(iii)  for the (a) Fe(Ac), Fe(Cit)  

and Fe(Mal) (b) Fe(IDA) and Fe(NTA) and (c) Fe(EDTA), Fe(EGTA) and Fe(DEPTA) 

systems.  

 

6.3.5 – Speciation determination 

 The UV-Vis can clearly not offer any insight into a quantitative assessment of 

the number of ligands bound to the metal centre and the respective charge of these 
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ligands. The Weaver model (Equation 7, shown again for clarity) was again employed 

to understand the charged Fe(ligand) complexes investigated in this chapter. Using the 

thermodynamic information obtained from part 6.3.1. 

∆𝑆𝑟𝑐  ∝  (𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2 )/𝑟                                        (7) 

An initial assessment using the thermodynamic information in Figure 55(a) 

predicted the Fe(Ac), Fe(Mal), Fe(Cit), Fe(IDA) and Fe(EGTA) to be 

[Fe(Ac)3]
0/- (correlating with a 𝑍𝑜𝑥

2 − 𝑍𝑟𝑒𝑑
2  of -1), and [Fe(Mal)2]

-/2-, [Fe(Cit)]-/2-, 

[Fe(IDA)2]
-/2- and [Fe(EGTA)]-/2- (all correlating with a 𝑍𝑜𝑥

2 − 𝑍𝑟𝑒𝑑
2  of -3). As these 

complexes have rational 𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2  values, which correlate excellently with rational 

complexes that have 6-coordinate binding towards the metal centre (discussed further 

in the next section). These systems also correlate excellently in the Weaver plot for 

aqueous iron-based systems (Figure 60(a)). 

The Fe(DEPTA) was found to be an outlier with 𝑍𝑜𝑥
2 − 𝑍𝑟𝑒𝑑

2  value of -5, which 

is irrational when Zox and Zred are integers. The Fe(EDTA) system and Fe(NTA) 

systems also appear to be (slightly) low and high of the -3 value expected for a 

[Ligand]4- system.§§ Therefore, a pH investigation of these three systems was 

undertaken in a purely thermodynamic context (Figure 60(b-d)), which demonstrated 

that as the pH was increased, the Se of all three-systems increased.  

There are some important things to highlight from this pH-study. Firstly, the 

observed Se of the Fe(EDTA) roughly doubles to be equivalent to the Fe(Cit), Fe(Mal), 

 
§§ It should also be noted here that an [NTA] ligand should have a maximum charge of -3, yielding a 

[NTA]3- ligand. Therefore, as this was significantly closer to [Fe(NTA)]-/2- overall complex than 

[Fe(NTA)]0/- overall complex, it is predicted that two [NTA]3- ligands bind to the iron centre. 
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Fe(IDA) and Fe(EGTA), to also correlate well with the [EDTA]4- and the expected 

[Fe(EDTA)]-/2- redox couple. Secondly, the observed Se of the Fe(DEPTA) also 

increases significantly to the expected [DEPTA]5- ligand, and the [Fe(DEPTA)]2-/3- 

redox couple, as demonstrated in Figure 60(a).  

As it is predicted that two NTA ligands have bound to one Fe centre (forming 

a predicted [Fe(NTA)2]
3-/4- system), a significant pH-optimised increase in Se was 

expected. This expected increase was observed upon increasing the pH, and a high Se 

of ca. -1.35 mV K-1 was observed for the [Fe(NTA)2]
3-/4- redox couple. This is a very 

significant observation as a redox couple demonstrates a high Se on-par with the 

universally utilised [Fe(CN)6]
3-/4- redox couple. All three optimised species were then 

also plotted on the Weaver plot, which now shows the excellent correlation of all redox 

couples investigated in this chapter, the unoptimized plot is shown in Figure A11. 
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Figure 60  –  Showing (a) a plot of ΔS rc vs (𝑍𝑂𝑥
2 − 𝑍𝑅𝑒𝑑

2 )/r for all reported aqueous 

Fe(ii)/Fe(iii)  redox systems (green squares) and all investigated Fe(ligand) solutions 

investigated here (coloured circles). The dotted lines indicate the (𝑍𝑂𝑥
2 − 𝑍𝑅𝑒𝑑

2 ) values to 

0/-1, -1/-2, -2/-3 and -3/-4 redox couples (using r = 5 Å). From these the likely ionic 

charge changes in the redox couples have been put next to the complex, e.g.  

[Fe(NTA)2]3- /4 -. The values for Fe(EDTA), Fe(DEPTA) and Fe(NTA) were the pH 

optimised values; (b), (c) and (d) plot the observed trends in Se  vs pH for these three, 

respectively, using an applied ∆T = 18 K. pH modification was achieved by the direct 

addition of solid K2CO3 to the semi-optimised systems, the optimised pH used in this 

figure for Fe(EDTA), Fe(DEPTA) and Fe(NTA) are shown in bracke ts in the figure 

legend.  
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 As the speciation model from the Weaver plot clearly indicates the number of 

ligands bound to the metal centre and the charge of these ligands it is possible to predict 

the speciation as 3D model structures. 

 

6.3.6 – Fe(ligand) complex structures 

With the speciation determined with respect to the redox couples, the next 

investigation was to determine the exact 3D structure of these systems. This work was 

conducted by Dr. Kristine Laws in our group on Avagadro 3D software, it is used here 

with permission as it significantly contributes to the discussion on speciation. The 

lowest energy (and therefore more favourable) structures for all Fe(ligand) species are 

shown in Figure 61. These correspond to the 3D structures shown in Figure 62.  
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Figure 61 –  energy minimised conformational structures a) [Fe(Ac) 3]0/ - b) 

[Fe(Mal)2(OH2)2] - / 2 - c) [Fe(Cit)(OH2)2] - /2 - d) [Fe(IDA)2] - /2 - e) [Fe(EDTA)] - / 2 - f) 

[Fe(EGTA)] - /2 - g) [Fe(DETPA)] 2- /3 - h) [Fe(NTA)2]3 - /4-.  
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Figure 62  –  Structures of the energy optimised Fe(ligand) systems investigated here,  

ordered the same as Figure 61. 

 

With the success of the speciation modelling from the Weaver plot, and the 

high achieved Se from the [Fe(NTA)2]
3-/4- and [Fe(DEPTA)]2-/3- redox couples upon 

pH-optimisation, these were further investigated. This was undertaken to determine 

both the thermoelectrochemical kinetics and cyclic voltametric responses with 

increasing pH of these species. 
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6.3.7 – pH effect on the kinetics of Fe(NTA) and Fe(DEPTA) 

 Having required a pH correction to accurately determined the speciation 

through the thermodynamics and the Weaver model, the kinetics and electrochemistry 

of the Fe(NTA) and Fe(DEPTA) species were also investigated under various pH’s, 

where the pH was increased with addition of [CO3]
2-. Therefore, the thermogalvanic 

current and power densities were also measured with altering pH. The Fe(DEPTA) 

and Fe(NTA) are shown in Figure 63(a & b) and Figure 63(c & d), respectively. As 

can be observed, the jSC of the Fe(DEPTA) remains roughly constant with increasing 

pH, up until ca. pH 10, followed by a sharp drop in jSC above this pH. As the observed 

Se increases with increasing pH, peaking around pH 10.5, these combined factors lead 

to a peak in power density, at a pH of ca. 10.25 (Figure 63(b)). 

 For the Fe(NTA) system, the jSC was found to sharply decrease with increasing 

pH, followed by a more gradual decrease beyond ca. pH 10. With respect to the power 

density, a sharp decrease followed by a plateau in low power density was observed. 

Demonstrating that the increase in Se is equivalent to the decrease in current observed, 

leading to a plateau in power. Another noteworthy aspect of this system is the 

instability of the power density with high pH (above pH 11). When these solutions 

were left overnight a precipitate was formed, which is likely Fe(OH)x species, 

consistent with the observations in the previous chapter.30 
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Figure 63  –  Figure showing the jS C and Pmax for the (a & b) Fe(DEPTA) and (c & d) 

Fe(NTA) systems at various pH’s. Also shown are the cyclic voltametric responses 

recorded at the same pH range, demonstrated as increasing pH.  
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With these interesting pH observations, cyclic voltammograms were also 

recorded for these various pH solutions. As observed previously, the un-modified pH 

solution for Fe(DEPTA) has fast, reversible electrode kinetics. However, when 

increasing pH, the reduction peak of the redox couple reduces in current. This is 

observed concurrently with an increase in another reduction peak ca. 500 mV more 

cathodic, with a much higher ΔE. It can be deduced therefore, that [Fe(DEPTA)]-/2- 

has the faster redox kinetics and [Fe(DEPTA)]2-/3- has slower, irreversible redox 

kinetics. Therefore, at the maximum power density, it is assumed that a combination 

of the [Fe(DEPTA)]-/2- and [Fe(DEPTA)]2-/3- species are present, yielding both the fast 

kinetics for high jSC and high thermodynamics for the high Se. 

 With respect to the Fe(NTA) system, increasing pH also reduces the reversible 

redox couple, similar to the Fe(DEPTA). The reduction peak reduces with increasing 

pH, again concurrently with an increase in an irreversible reduction peak at ca. 500 

mV more cathodic. This transition occurs much faster in the Fe(NTA) system than the 

Fe(DEPTA) system, which explains why the current density immediately decreases so 

dramatically with even small increases in pH. Any increase above the (semi)-optimised 

value therefore severely decreases the performance of this system, as clearly observed 

by the jSC and Pmax (Figure 63(c & d)). 

 

6.3.8 – In-series devices of FeCl & Fe(DEPTA) 

 Having achieved a high Se, whilst maintaining a high current in the Fe(DEPTA) 

system, leading to high power density, this system was taken forward and investigated 

in-series with the n-type FeCl system typically investigated in thermocells.14,15,164 
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Figure 64 shows that despite the higher Se (and therefore voltage) of the FeCl system 

(Figure 64(a, black)), the Fe(DEPTA) observes equivalent power density (Figure 64(a, 

purple)) due to the higher current in the Fe(DEPTA) than the FeCl (Figure 64(b)).  

 Due to these equivalent observed power densities, these are excellent 

candidates to be utilised in-series. In the previous chapter, the superior n-type 

[Fe(HSO4)]
+/2+ system was investigated in series with the inferior p-type [Fe(SO4)2]

-/2- 

system. This led to a marginal increase in power of the in-series combination than the 

[Fe(HSO4)]
+/2+ alone, but a large increase in potential. Since the power densities of the 

FeCl and Fe(DEPTA) are equivalent, this should significantly increase the power of 

both the individual FeCl and Fe(DEPTA) thermocells, as well as significantly increase 

the potential.  

 Interestingly, the FeCl and Fe(DEPTA) combination has a higher power 

density than both individual elements combined, 249% and 284% with respect to FeCl 

and Fe(DEPTA) individually. This is likely due to the unique combination of a high 

overpotential from the FeCl system driving the faster kinetics in the Fe(DEPTA) 

system, resulting in overall greater performance.  
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Figure 64  –  Figure showing (a) the output  power and (b) the output current of FeCl 

(⚫), Fe(DEPTA) (◼) both individually and in series (◆). (c) The Fe(DEPTA) (◼), FeCl 

and Fe(DEPTA) in series as both 2 (◆) and 6 chamber (◼) devices.  

 

 The in-series combination generated 33 mV, this is significantly higher than 

the 12 mV produced from the Fe-SO4 based (2-chamber) combination in the previous 

chapter. With this significantly promising 2-chamber n-type and p-type combination, 

another 6-cyliner device was assembled and measured. This 6-chamber cell was found 

to produce 85 mV and 421 nW, again significantly higher than the 35 mV and 269 nW 

produced by the FeSO4-based 6-chamber thermocell, on the same electrode material. 



Chapter 6: Fe-ligand complex thermoelectrochemistry 

 

Page | 235 

 

This result is a significant saving in material to generate 1 V (35 pairs as opposed to 

86 pairs) or 10 μW (71 pairs as opposed to 112 pairs). This is found to be a significant 

improvement on the proof-of-concept FeSO4-based combination in the previous 

chapter. With these very encouraging results from the power density, the sustainability 

and cost-effectiveness of all the Fe(ligand) systems were evaluated and are discussed 

in the following sections. 

 

6.3.9 – Sustainability of the Fe(ligand) complexes 

The sustainability of generating both n-type and p-type redox couples from 

iron-sulphate was previously highlighted.30 Demonstrating that a combination of less 

complexity in the system, use of benign reagents and the inherent non-hazardous 

ability to mix the thermocell solutions was superior to the inherently hazardous but 

typically-employed Fe2+/3+ and [Fe(CN)6]
3-/4- redox couples. These two combinations 

could be quantitatively evaluated using the 12 principles of green chemistry and 12 

principles of green chemical engineering.30  

However, the Fe(SO4)-based thermocells were unable to excel in ‘maximising 

energy efficiency’ green chemistry principle 6,176 and green engineering principle 4.182 

Due to the much lower combined Se of the Fe(SO4)-based systems than the current 

state-of-the-art reported system39 (0.8 mV K-1 vs 3.0 mV K-1).30 Here, we have 

demonstrated that a p-type redox couple ([Fe(NTA)2]
3-/4-) has a Se comparable to that 

of the [Fe(CN)6]
3-/4-. In addition, our results show a significantly higher combined Se 

using Fe(DEPTA) and Fe(Cl) combination (1.8 mV K-1), which has more than doubled 
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that of our previously reported sustainable and non-hazardous redox couple 

combination based on Fe(SO4).
30 

Assessing the systems developed here by other principles of green chemistry 

and green engineering also compared favourably to the current state-of-the-art system. 

The combination of Fe(DEPTA) and Fe(Cl) thermocells have as little inherent 

complexity as the FeSO4-based thermocells as these also comprise of 4 elements (the 

Fe2+/3+, Cl-, Na+ and [DEPTA]5-), less than the 7 elements of the Fe2+/3+ and 

[Fe(CN)6]
3-/4- thermocells.30 The combined Fe(DEPTA) and Fe(Cl) are also inherently 

safe when combined, this has already been highlighted as a significant advantage to 

the current state-of-the-art combination due to the potential to produce lethal quantities 

of severely toxic HCN(g), even in an aeroplane volume.30  

Having assessed the Fe(DEPTA) and Fe(Cl) combination also has the 

advantages of little complexity and inherent safety, but demonstrates significantly 

higher energy efficiency in terms of both voltage and power. The cost-effectiveness of 

these systems were determined and compared to the [Fe(SO4)]
-/2- thermocell. 

 

6.3.10 – Cost-comparison of Fe(ligand) systems vs Fe(SO4)2 

 If thermogalvanic systems are going to be feasible for large-scale, low-grade 

waste heat harvesting, then they must blend inherent safety, efficiency, scalability, and 

cost-effectiveness. We have previously demonstrated the inherent safety of FeSO4-

based systems but with the (relatively) significant-compromise on efficiency.30 Here 

we have demonstrated the inherent safety of the Fe(DEPTA) and Fe(Cl) combination 
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with much higher efficiency (higher Seebeck coefficient and higher power output in a 

6-cylinder device).  

 Therefore, the cost-effectiveness of the investigated iron salts was assessed, 

and compared to that of the Fe(SO4)2 redox couple at equivalent concentration. The 

output power of each thermocell here is taken from Figure 55(c), with the exception 

of Fe(DEPTA), which was also taken from optimised pH as in Figure 63(b). This kind 

of provisional techno-economic evaluation has already been reported for acidified n-

type iron salts (as in chapter 4),36 which found that despite significantly less power 

density being produced by acidified FeSO4 when compared to FeNO3, the significantly 

cheaper materials demonstrated that acidified FeSO4 was equivalent in a  cost-effective 

basis. This kind of balance between cost and power is hugely significant when 

considering scalability.36 

 Here we analyse the Fe(ligand) systems under two separate conditions, if both 

the ligand carboxylic acid and carboxylate salt were purchased, and if only the 

carboxylic acid form was purchased (as this is typically cheaper) and the deprotonated 

form was synthesised by chemically neutralising with sodium hydroxide (Table 16). 

The Fe(Ac), Fe(Mal) and Fe(EGTA) systems have extremely high cost : power ratios. 

This is due to the very low power produced by the Fe(Ac) system, and high cost of the 

Fe(Mal) and Fe(EGTA) systems (for the purchased carboxylic acid and carboxylate 

salt for the Fe(Mal)). However, from this analysis some viable candidates stand out as 

the most cost-effective. For example, the Fe(DEPTA), Fe(IDA) (using sodium 

hydroxide deprotonation) and Fe(NTA). All of which are ca. half the cost : power of 

the Fe(SO4)2.  
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Table 16  –  Cost analysis of the power of each of the investigated Fe(ligand) complexes. 

The table of costing of all the materials can be found in Table A 6. 

Fe(Ligand) 

Power 

/ mW 

(x10-5) 

Cost of 

Materials 

per 

thermo-

cell / £ 

Cost of Materials 

per thermocell 

(NaOH 

neutralised) / £ 

Cost : 

Power 

Ratio 

/ £ mW-1 

Cost : 

Power Ratio 

(NaOH 

Neutralised) 

/ £ mW-1 

Fe(Ac) 0.08  0.0019 0.0013 2416 1732 

Fe(Mal) 9.00  0.1133 0.0047 1258 53 

Fe(Cit) 1.93  0.0043 0.0038 225 199 

Fe(IDA) 5.17  0.0224 0.0017 432 33 

Fe(NTA) 1.52 0.0053 0.0051 35 34 

Fe(EDTA) 1.03 - 0.0048 - 468 

Fe(EGTA) 2.37 - 0.0461 - 1951 

Fe(DEPTA) 11.46 0.0047 0.0059 41 52 

Fe(DEPTA) 

(pH 

optimised) 

20.55 0.0058 0.0070 28 34 

Fe(SO4)2 5.11  0.0032 - 64 - 

 

 Several of these systems demonstrate more cost-effective power than the 

[Fe(SO4)2]
-/2-, these are the Fe(IDA) and Fe(Mal) (when the carboxylic acids are 

neutralised with NaOH), both methods for the Fe(NTA) and both methods for the 

Fe(DEPTA) (both with and without pH optimisation). From this analysis it is also clear 

that several of the Fe(ligand) species developed in this chapter demonstrate a 

significant improvement in cost-effectiveness over the FeSO4-based redox couples 

developed in the previous chapter. 
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6.4 – Conclusions 

 In conclusion, the iron-ligand complexes developed in this chapter are a 

significant advancement on the proof-of-concept FeSO4-based thermocell developed 

in the previous chapter. These complexes maintain the inherent sustainability and 

green chemistry advantages over the inherently hazardous acidic Fe2+/3+ and 

[Fe(CN)6]
3-/4- combination, but are significantly more powerful than the FeSO4-based 

combination exhibiting a combined Se of 1.8 mV K-1 when the Fe(DEPTA) and Fe(Cl) 

redox couples are utilised in series, over double that of the FeSO4-based combination 

of 0.8 mV K-1.  

 Interrogating the speciation by CV, UV-Vis and a theoretical Weaver model 

determined the speciation and charge (once accounted for pH). The 3D structures have 

also been determined for their lowest energy conformations. The sustainability of these 

p-type redox couples have been qualitatively assessed and are equivalent to the FeSO4-

based redox couples in the previous chapter and are again significantly more 

sustainable than the Fe2+/3+ and [Fe(CN)6]
3-/4- redox couples combination. A 

provisional techno-economic comparison also demonstrated the inherent cost-

effectiveness of some of the Fe(ligand) complexes when compared to the [Fe(SO4)2]
-/2- 

systems, with several demonstrating around half the £ / mW-1 of the latter. Overall, 

these redox couples demonstrate a significant step towards sustainable, high-

performance redox couples for thermogalvanic energy harvesting. 
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Conclusions 

 As each chapter has a respective, detailed conclusion, the conclusions in this 

chapter will be limited and more of a summary / overview of the thesis research.  

 In this thesis, a wide range of fundamental physiochemical, electrochemical 

and thermoelectrochemical research was initially investigated for a model redox 

couple (namely [Fe(CN)6]
3-/4-) with respect to both absolute temperature and 

temperature difference, both equimolar and non-equimolar concentration, 

homogeneous electrochemistry, conductivity, viscosity, cyclic voltammetry at both a 

static and rotating disc electrode, kinetic rate constant and diffusion coefficients of the 

redox ions at various solutions.  

 This fundamental investigation demonstrated that with increasing 

concentration to super-concentrated and even ‘water-in-salt’ concentrations severely 

limits the apparent kinetic rate constant and the diffusion coefficient of the 

[Fe(CN)6]
3-/4- ions in solution. This is caused by both an increase in ion-pairing and 

viscosity with increasing concentration. It is assumed that these effects are not only 

limited to the [Fe(CN)6]
3-/4- redox couple in thermogalvanic cells but also for many 

redox couples in aqueous solutions. These inherent limitations could therefore be 

important towards a wide array of redox-based electrochemical energy technologies 

such as redox-flow batteries.  

 The [Fe(CN)6]
3-/4- redox couple is a p-type (negative Se) thermogalvanic redox 

couple. To develop high voltage output thermogalvanic devices, both n-type (positive 

Se) and p-type redox couple systems need to be developed. Therefore, the n-type Fe2+/3+ 

redox couple was also fundamentally investigated for both counter-anion and pH, this 
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investigation also extended towards both sustainability and cost-effective power 

generation of the investigated systems. This combination of criteria demonstrated that 

the most powerful system was not necessarily the most sustainable or cost-effective.  

 Unfortunately, once the [Fe(CN)6]
3-/4- and Fe2+/3+ redox couples were 

fundamentally investigated with the idea of utilising these two redox couples in series 

to generate a high voltage device. It was determined that this particular combination 

could lead to potentially hazardous consequences due to the instability of the 

[Fe(CN)6] towards acidic decomposition, leading to severely toxic HCN(g).  

 Therefore, the rest of the thesis was concerned with developing a sustainable 

and more importantly safe n-type and p-type combination. This was initially achieved 

by generating both n-type and p-type redox couples from iron sulphate. This proof-of-

concept device demonstrated significant improvements in the sustainability over the 

[Fe(CN)6]
3-/4- and Fe2+/3+ redox couples, due to less complexity in the system, 

alongside environmentally benign or biodegradable redox couples, and the ability to 

maintain activity in a ‘second-life’ thermocell when mixed. 

 However, the redox couples based on iron sulphate was significantly less 

powerful that the [Fe(CN)6]
3-/4- and Fe2+/3+ combination. Therefore, a wide range of 

anionic ligands was investigated in order to generate anionic Fe(ligand) complexes 

that observe a p-type Se. Ultimately, this was successful with a range of Fe(ligand) 

complexes developed. Under the right conditions (pH-optimisation) one Fe(ligand) 

complexes demonstrated equivalent Se to the potentially hazardous [Fe(CN)6]
3-/4- 

redox couple. Another of the redox couples demonstrated reasonable Se, with good 

kinetics and was thus utilised in series with the Fe2+/3+ redox couple generated from 

iron chloride. This proof-of-concept device was found to be significantly better 
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performing than the equivalent device based on the iron sulphate redox couples, 

producing both higher voltage and power output, whilst maintaining the sustainability 

and green chemistry credentials. 
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Appendix to Chapter 4 

Data for UV-Vis 

UV-Vis spectra for a solution of 100 mM NaNO3 showing the strong intensity peak centred on 

220 nm is attributed to the [NO3]
- anion. 
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Figure A65  –  UV-Vis spectra of 100 mM NaNO3.  
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Table of costing for techno-economic evaluation 

Table A17  –  List of compounds, their pack sizes and the cost used in the cost analysis, as found 

on the Sigma Aldrich website (sigmaaldrich.com; country set to United Kingdom) on 10 th August 

2018. 

Iron Salt 
Grade                      

(purity / %)* 
Cost / £ Pack size / g 

Ammonium iron(ii) 

sulphate hexahydrate 
ACS (99) 83.50 500 

Ammonium iron(iii) 

sulphate dodecahydrate 
ACS (99) 41.00 500 

Iron(ii) sulphate ACS (≥99) 20.00 250** 

Iron(iii) sulphate**** n/a (97) 100.00 500 

Iron(ii) chloride 

tetrahydrate 
Puriss (≥99.0) 43.50 250** 

Silver(i) nitrate ACS (≥99.0) 1090.00 500 

Iron(iii) nitrate 

nonahydrate 
ACS (≥98) 59.50 500 

Iron(ii) 

trifluoromethanesulphonate 
n/a (≥85) 65.30 5** 

Iron(iii) 

trifluoromethanesulphonate 
n/a *90) 30.80 1** 

Acid 
Grade                       

(purity / %) 
Cost / £ Pack size / L 

Nitric acid ACS (70) 204.10 2.5 

Sulphuric acid ACS (95-98) 108.00 2.5 

Trifluoromethanesulphonic 

acid 
n/a (98) 117.00 0.059*** 

* The purity of the solid samples was not included when calculating the cost per cell; purity 

was simply used to ensure comparison of materials of similar grades 

** Pack sizes of 500 g were not available; these represent the nearest pack size available on 

the Sigma Aldrich website 

*** Only 100 g (or 59 mL) was available 
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Appendix to Chapter 5 

Tables for calculation of HCN(g) evolution 

Table A18  - Experimental details and calculations of potential HCN (g)  evolved from [Fe(CN) 6]4-   

used in in-series thermocell devices (used to prepare Table 1  in chapter 5).  

Corresponding 

author 

(reference) 

Total 

thermocells | 

Total half-cells 

Thermocell 

dimensions 

area (cm2) x 

height (cm) 

(volume per 

thermocell / 

cm3) | Total 

volume (cm3) 

[Fe(CN)6]4- 

concentration / 

M 

Potential 

HCN(g) from 

[Fe(CN)6]4- / 

mg 

Zhou (2016)1 118 | 59 
0.07 x 0.1 

(0.007) | 0.42 
0.1 6.8 

Kang (2019)2 2 | 1 
1 x 0.26 (0.26) | 

0.26 
0.2 8.4 

Aldous (2016)3 4 | 2 
2 x 0.25 (0.5) | 

1 
0.1 16.3 

Baughman 

(2017)4 
112 | 56 

1 x 0.26 (0.26) | 

14.56 
0.25 590.25 

Lee (2020)5 64 | 32 
0.78 x 1.2 

(0.94) | 29.95 
0.45 2185.5 
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Data for IR in the absence of Fe 
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Figure A66  –  IR spectra of 0.075 M Na 2SO4 (green) and 0.075 M NaHSO 4  (red). NB: These are 

measured in the absence of iron sulphate.  

 

Ex-situ vs in-situ Electrochemical Impedance Spectroscopy analysis 

EIS analysis is typically performed ex-situ under isothermal conditions. Conditions that 

are clearly different from the non-isothermal in-situ thermocell. Whilst this yields an 

informative and interesting comparison between separate redox couples,6 or yields significant 

insight into the complexities of electrode surface interactions,7 EIS analysis could potentially 

be even more informative if performed in-situ in the non-isothermal thermocell setup.8 To this 

end, a comparison between the typically employed ex-situ isothermal EIS analysis and an in-

situ, non-isothermal EIS analysis was initially undertaken for the three investigated systems.  

 The solution resistance, RS of the ex-situ thermocells are significantly higher than the 

in-situ (Figure A3). This is not surprising as the presence of a temperature gradient between 

the electrodes will induce convection in solution, significantly reducing the in-situ RS over the 

static solution ex-situ RS. In both the in-situ and ex-situ RS, the same trend is followed, where 
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Fe(SO4) >> Fe(SO4)2 > Fe(HSO4). This can be explained by a supporting electrolyte effect 

reducing the ohmic resistance of the solution, where supporting electrolyte is present in the 

Fe(SO4)2 and Fe(HSO4) systems. The lower pH of the Fe(HSO4) system showcases increased 

proton concentration in the system, further decreasing ohmic resistance due to the high mobility 

of the H+ ion in water.  
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Figure A67  –  Bar charts showing (a) mass transport (or solution) resistance ( RS) and (b) electron 

transfer resistances (RET) of the Fe(SO4) ,  Fe(SO4)2 and Fe(HSO4)  systems, from the isothermal 

ex-situ  setup (turquoise, the same as the cyclic voltametric setup) and the non-isothermal in-situ  

setup (pink, the same as the thermoelectrochemical setup) .  

 

 With respect to RET, again the in-situ RET is significantly lower than the ex-situ. 

However, the ex-situ RET trend is different to the in-situ (which follows the RS described above). 

For the ex-situ RET, the trend follows: Fe(SO4)2 > Fe(SO4) > Fe(HSO4). FeSO4 has previously 

been demonstrated to have a far higher RET than FeNO3 or FeCF3SO3, (part 4.3.7).6 This has 

been proposed to be due to sulphate-poisoning of the gold electrode surface, as the [SO4]
2- and 
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[HSO4]
- ions strongly chemisorb on the gold electrode surface. This process hinders the 

formation of electrocatalytic gold oxide,9 significantly increasing the RET.6  

Overall, the ex-situ and in-situ EIS analysis show the same trends in both RS and RET. 

But there is a significant difference in the observed values, stemming from a significant 

difference in the investigated setups. This discrepancy typifies the importance of in-situ 

measurements, in order to obtain a more realistic comparison of various systems within any 

thermocell.  

 

Hot vs cold electrode comparison 

 Due to the unique non-isothermal thermoelectrochemical setup utilised for the in-situ 

EIS analysis, further comparisons can be made within this measurement. In the in-situ 

measurements above (Figure A3) the hotter electrode was solely used as a working electrode, 

the colder electrode as a counter and a Pt wire pseudo-reference in solution. A simple, but 

necessary comparison is between using either the hotter or colder electrode as the working 

electrode.  

Therefore, this comparison, has also been undertaken. Figure A4 shows that by altering 

the working from the hot to cold, the RET is consistently lower for all three redox systems when 

using the hot working electrode. This is reasonable as a decrease in kinetic energy of the cold 

electrode (by being held at a lower temperature) would increase the energy required to 

undertake redox processes at the electrode surface.  
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Figure A68  –  Bar charts showing the electron transfer resistances ( RE T) of the Fe(SO4) ,  Fe(SO4)2 

and Fe(HSO4)  systems. During fitting the RS was fixed to those of the previous investigation 

(Figure A3), and the RET  fit. Here, the hot (red) and cold (blue) electrodes were used as the 

working, with the other as the counter and a Pt -wire as a pseudo-reference.  

 

It is important to note that only RET is shown here as RS is fixed during fitting, the value 

for this is fixed from those measured in Figure A3(a). This was fixed as RS should be equivalent, 

independent of which electrode is being used as the working electrode, or even the electrode 

material used (discussed in section 5.3.7.2). From these investigations it is clearly important 

that the measurement should be made in-situ, and that the hot or cold electrode should be fixed 

throughout all further investigations as it has an effect on the outcome of the EIS analysis. 
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Nyquist Plots for Electrochemical Impedance Spectroscopy analysis 
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Figure A69  –  Nyquist and fitting plots for the impedance data for the [Fe(SO4)]0/+ (circle),  

[Fe(SO4)2] - / 2 - (square) and [Fe(HSO4)]+/ 2+ (diamond) systems, at (a) gold electrodes and (b) 

graphite electrodes. All measured in situ  in the thermogalvanic cell, with Tc  = 22°C and Th = 

40°C (applied ∆T = 18 K). 
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Figure A70  –  Nyquist and fitting plots for the impedance data for the [Fe(SO4)]0/+ (a & b),  

[Fe(SO4)2] - / 2 - (c & d) and [Fe(HSO4)]+ /2+ (e & f) systems, where the working electrode was 

either gold (a-c) or graphite (d-f). All experimental data is shown as circles and all fitting data 

in shown as squares.  
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Figure A71  –  Nyquist and fitting plots for the impedance data for the [Fe(SO4)]0/+ (a & b),  

[Fe(SO4)2] - / 2 - (c & d) and [Fe(HSO4)]+ /2+ (e & f) systems, where the working electrode was 

either the hot (a, c & e) or the cold (b, d & f)  electrode. All experimental data is shown as circles 

and all f itted data shown as squares.  

 

Characterising the mixed thermocell system 

The mixed or ‘second-life’ system has been characterised by cyclic voltammetry, EIS 

analysis (coupled to the calculated Rcell) and for its thermogalvanic properties (which are shown 

in Figure A8 and A9). Firstly, the cyclic voltammetry was assessed with respect to the three 

un-mixed systems. Figure A8 shows that the mixed system is electrochemically indistinct from 

the Fe(HSO4) and Fe(SO4)2 systems. Due to this, EIS analysis was performed in an attempt to 

better understand the system. 
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Figure A72  –  Cyclic voltammograms recorded for the (blue) Fe(SO4)  (purple) Fe(SO4)2  (red) 

Fe(HSO4)  (all taken from Figure 47) and (black) the ‘mixed’ systems recorded using a Au 

working electrode with a Ag/AgCl reference electrode at a scan rate of 100 mV s -1.  

 

The electrochemical impedance analysis for the mixed system was observed to match 

the general trend in the RS and RET analysis (Figure A9) observed for the individual thermocell 

systems. Where a lower RS is observed than the Fe(SO4) system due to the decreased ohmic 

resistance from the presence of supporting electrolyte in the system. The Rcell however did not 

follow this trend and was much larger than expected. The cause of the difference is unclear, 

however, a number of factors are likely contributing. Firstly, the smaller driving force in the 

thermocell (observed as a low Se, as the driving force is known to be proportional to Se
2).10 

Secondly, some of the species present in solution could be redox-inactive.6 Thirdly, by virtue 

of being a mixed system, there is likely a mixture of species from several equilibria competing 

simultaneously (Equilbria 27 & 28 & 29) (discussed in the main text). This could lead to the 

presence of some non-thermogalvanically active species, which would lead to higher resistance 

in the non-isothermal active thermogalvanic cell, when compared to the passive impedance 

analysis. From the impedance analysis, RS and RET measure all species present, whether redox-

active or thermogalvanically active. Whereas Rcell only represents redox-active molecules 
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undergoing thermogalvanic processes under active conditions. As Rcell is calculated from the I-

V plots from the measured thermocell.   
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Figure A73  –  Bar chats of a) solution resistance, RS and b) electron transfer resistance, RET  of 

the non-isothermal thermocell determined through impedance spectroscopy. Also shown is c) 

the calculated total thermocell resistance, Rce l l of the thermogalvanic cell,  based upon ohms law 

(V = IR)  from the I-V  plots measured from the thermocell.  All measurements were taken at a Δ T  

of 20°C. This figure has the data of Figure 50 but with the included mixed.  
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Appendix to Chapter 6 

Tables of (semi)optimisation 

In thermogalvanic cells, anionic redox couples have been prepared by the coordination 

of Fe2+/3+ with the anionic ligands CN- and [SO4]
2-, to form the [Fe(CN)6]

3-/4- and [Fe(SO4)2]
-/2- 

redox couples, respectively. The former possesses inherent risk due to the potentially lethal 

toxicity of the ligand,11 whereas the low charge density on the latter results in a significantly 

lower Seebeck coefficient (Se).
11 In an effort to generate highly charged but sustainable and 

safe redox couples, a range of poly-carboxylate (Figure A10(a – g)) and poly-aminocarboxylate 

(Figure A10(h – l) ligands were screened. 

The poly-carboxylate redox couples were screened by evaluating 50 mM FeCl2 and 50 

mM FeCl3 in the presence of 10 equivalents (500 mM) of the carboxylate ligand, with 5 

equivalents as the free acid and 5 equivalents as the conjugate sodium carboxylate. Of the 7 

ligands, only 3 passed this initial screening; the thermogalvanic results for these systems are 

summarised in Table 1. Acetate, malonate and citrate visually complexes with the iron (based 

upon colour change) and importantly significant changes in the thermoelectrochemistry was 

observed, with acetate and citrate both demonstrating an inversion in the entropy difference, 

e.g. the positive Se of 0.1 M FeCl2/3 (+1.1 mV K-1) inverted to negative Se of -0.40 mV mV K-1 

upon addition of the citrate. This compares favourably with the previously reported 

[Fe(SO4)2]
-/2- system (Se = ca. -0.29 mV K-1 for 0.3 M Fe(SO4), 0.3 M Fe(SO4)1.5 and 1.5 M 

Na2SO4).
11 However, the oxalate and succinate ligands were found to be sparing soluble, 

whereas the TBC and BTC ligands were soluble but their iron complexes were not; these 4 

were discounted from further exploration.  
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Figure A74  –  Chemical structures, abbreviated name (full common name) for the anionic ligands 

investigated in this study.  

 

Moving onto the poly-aminocarboxylate ligands, the free acids were consistently found 

to be poorly soluble; the numerous binding sites also meant less of the carboxylate conjugate 

base (as the sodium salt) was required. Therefore 50 mM FeCl2 and 50 mM FeCl3 was initially 

screened in the presence of 2 equivalents (100 mM) of the fully deprotonated carboxylate salts. 

Here, all 5 visually appeared to complex, and reassuringly 5 demonstrated negative Se values. 
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Table A19  –  Table of data showing the corresponding thermogalvanic properties (Seebeck 

coefficient, S e, short circuit current density, j sc, and maximum power density, Pmax)  measured 

for the as-prepared Fe(ligand) solutions. These were prepared from 50 mM FeCl 2 and 50 mM 

FeCl3 ; all polycaboxylate ligands (Ac to BTC) were measured with 5 equivalents of the 

carboxylic acid form and 5 equivalents of the carboxylate salt, while  the polyaminocarboxylate 

(IDA to DEPTA) were measured using 2 equivalents of the carboxylate salt. Thermogalvanic 

properties were quantified in the thermogalvanic cell at an applied ∆T = 18 K; (a dash indicates 

solubility issues precluded thermogalvanic m easurement).  

Ligand Se j P 

Ac -0.07 -0.06 0.02 

Ox - - - 

Suc - - - 

Mal +0.03 +0.07 0.01 

TCB - - - 

Cit -0.40 -0.28 0.55 

BTC - - - 

IDA -0.38 -0.98 1.84 

NTA -0.09 -0.20 0.09 

EDTA -0.20 -0.29 0.29 

EGTA -0.32 -0.42 0.67 

DEPTA -0.44 -1.48 3.25 

 

Semi-optimisation of the poly-carboxylate systems 

Acetate, malonate, and citrate were subjected to semi-optimisation; since the goal was 

a more negative Se value, more of the conjugate base was added. As shown in Table A4, this 

was unsuccessful for acetate, with the resulting complex being insoluble. Malonate was 

dramatically improved by doubling the quantity of the carboxylate salt, with the Se inverting 

from +0.03 mV K-1 to -0.47 mV K-1, and the power increasing 260-fold. Conversely, citrate 

demonstrated a decrease in performance after doubling the quantity of the carboxylate salt. The 
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semi-optimised malonate system displayed by far the highest thermogalvanic power production 

for the poly-carboxylate-based systems. 

 

Table A20  –  Table of data summarising the thermogalvanic properties for semi -optimised 

polycarboxylate ligand systems, achieved via  varying the number of equivalents per Fe( ii/iii) 

and the acid : carboxylate ratio.  

Ligand Charge 
Eq. 

Acid  

Eq. 

Base  
Se j P 

Ac 1- 5 5 -0.07 -0.06 0.02 

Ac 1- 5 10 - - - 

Ac 1- 10 10 - - - 

Mal 2- 5 5 +0.03 +0.07 0.01 

Mal 2- 5 10 -0.47 -1.1 2.6 

Cit 3- 5 5 -0.40 -0.28 0.55 

Cit 3- 5 10 -0.32 -0.17 0.27 

 

 

Semi-optimisation of the poly-aminocarboxylate systems 

The 5 successful poly-aminocarboxylate systems were subjected to considerably more 

optimisation, both by increasing the quantity of the carboxylate salt, and by adding some of the 

free acid; the results are summarised in Table A5.  
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Table A21  - Table of data summarising the thermogalvanic properties for semi -optimised 

polyaminocarboxylate ligand systems, achieved via  varying the number of equivalents per 

Fe(ii/iii) and the acid : carboxylate ratio.  

Ligand Eq.Acid Eq. Base Se j P 
Semi-

optimised? 

Gly 

0 2 

Insoluble 

 

2 2  

5 5  

5 2 +0.52 +0.18 0.50  

IDA 

0 2 -0.31 -0.53 0.83  

0 4 -0.18 -0.09 0.10  

0 6 -0.30 -0.13 0.21  

2 2 -0.43 -0.81 1.73  

2* 4* -0.38 -0.98 1.84 * 

2 6 +0.35 +0.86 1.50  

NTA 

0 6 -0.45 -1.21 2.7  

0* 5* -0.51 -1.24 3.2 * 

0 4 -0.43 -1.13 2.4  

0 3 -0.26 -0.45 0.59  

0 2 -0.09 -0.20 0.09  

EDTA 0* 2* -0.20 -0.30 0.27 * 

0 3 0 0 0  

EGTA 
0* 2* -0.31 -0.45 0.70 * 

0 3 -0.48 -0.20 0.50  

DEPTA 

0 3 -0.45 -1.5 3.34  

0* 2* -0.44 -1.5 3.24 * 
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IDA was the only poly-aminocarboxylate system that benefited from the addition of the 

corresponding acid; the Se values varied between +0.35 and -0.43 mV K-1, with the highest 

power achieved for when there was twice as much carboxylate salt present as the free acid. 

NTA reached peak performance with 5 equivalents of the carboxylate, whereas the larger 

EDTA ligand was optimised with 2 equivalents; EGTA had a higher Se with 3 equivalents, but 

higher power (likely due to faster kinetics) with only 2. The largest ligand, DEPTA, displayed 

excellent performance with either 2 or 3 equivalents; it yielded consistently high negative Se 

values, and the highest power.  
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Unmodified Weaver plot 
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Figure A75  –  Figure showing a plot of ΔS rc vs. (𝑍𝑂𝑥
2 − 𝑍𝑅𝑒𝑑

2 )/r for all reported aqueous 

Fe(ii)/Fe(iii) redox systems (red circles) and all investigated Fe(ligand) solutions investigated 

here (coloured squares). The dotted lines indicate the (𝑍𝑂𝑥
2 − 𝑍𝑅𝑒𝑑

2 ) values to 0/-1, -1/-2, -2/-3 

and -3/-4 redox couples (using r = 5 Å). From these the likely ion ic charge changes in the redox 

couples have been put next to the complex, e.g.  [Fe(NTA)2]3 - /4 -. The values for Fe(EDTA), 

Fe(DEPTA) and Fe(NTA) were the pH unoptimised values taken from Table 1 in the main text.  
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Table of cost analysis parameters 

Table A22  –  Table of data for the cost analysis which is shown in Table 3 in the main text,  

showing the chemical,  pack size and cost used. These were all taken from sigma Aldrich website 

accessed 17 th of June 2021. 

Chemical Grade (purity) Cost / £ 
Pack size / g           

(or mL is specified) 

Iron(iii) chloride Reagent Grade (97%) 46.50 1000 

Iron(ii) chloride 

tetrahydrate 
ReagentPlus (98%) 114.00 1000 

Iron(iii) sulphate ACS Reagent (>99.0%) 55.40 1000 

Iron(ii) sulphate (97%) 107.00 500 

Acetic acid Glacial, ACS (>99.7%) 49.80 2500 (mL) 

Sodium acetate 

trihydrate 
ReagentPlus (>99.0%) 47.70 1000 

Malonic acid ReagentPlus (99%) 82.50 500 

Disodium malonate 

hydrate 
BioXtra 47.20 25 

Citric acid hydrate ACS (>99.0%) 40.60 1000 

Trisodium citrate 

trihydrate 
ACS (>99.0%) 44.70 1000 

IDA(H2) (98%) 36.70 500 

IDA(Na2) (>95.0%) 38.70 50 

NTA(H3) ACS (>99.0%) 41.50 500 

NTA(Na3) Sigma grade (>98%) 45.40 1000 

EDTA(H4) 
ACS Reagent (99.4-

100.6%) 
163.00 1000 

EGTA(H4) (>97.0%) 838.00 500 

DEPTA(H5) (>98%) 151.00 1000 

DEPTA(Na5) 40% in water 35.50 500 (mL) 

Sodium hydroxide ACS (97%) 86.50 1000 

Sodium sulphate ACS (>99%) 89.60 1000 

Potassium carbonate ACS (>99%) 52.40 1000 
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