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Abstract 

Chemistry control and corrosion mitigation are critical aspects for nuclear and fossil 

power plant operations in order to ensure efficient operation, reduce maintenance costs, 

and prevent equipment degradation. High temperature electrochemical sensors may be 

used for chemistry monitoring and corrosion measurements but can be costly to 

construct and typically suffer from short life spans in the aggressive, high temperature 

and pressure systems. A novel concept of combining the corrosion products existing on 

the power plant piping and the chemistry control regime in CANDU power plants is 

presented.  

A lithiated-iron-oxide, lithium ferrite (LiFe5O8), was synthesized, characterized and 

electrochemically tested as a solid-state high-temperature electrode up to 230°C using a 

platinum-based reversible hydrogen electrode for verification. Lithiated-hematite 

(LixFe2O3) and magnetite (Fe3O4) were confirmed as reaction products involved in the 

redox mechanism. Lithium-ion retention in hematite decreased with temperature as the 

mobility of the ion was increased; the stoichiometric coefficient x varied from 0.9 to 0.3 

between 100°C to 230°C, respectively. The activity of the lithium ion in the redox 

process suggests potential high-temperature lithium-ion sensing capability for this 

electrode. An average entropy of reaction in this solid-state redox mechanism was found 

to be 2.92 kJ/mol/K over the 100°C to 230°C temperature range and the Gibbs Free 

Energy of formation of the various lithium-inserted hematites were determined as a 

function of temperature and lithium concentration in solution. 
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1 Introduction 

1.1 Background 

Monitoring and controlling chemistry in nuclear reactors is a critical component to 

the safety and efficiency of the system’s operation. In the Canadian designed CANDU 

reactor, parameters such as pH and lithium-ion concentration are system chemistry 

control parameters and are maintained within specifications in order to mitigate 

corrosion in the systems. 

The CANDU reactor differs in design from other pressurized water reactors 

(PWRs) or boiling water reactors (BWRs) firstly in that it uses heavy water (deuterium 

oxide) as a moderator and secondly that the fuel source is natural uranium and not 

enriched uranium. The basic operation of the reactor is similar to other designs, whereby 

fission reactions in the core are used to heat the pressurized heavy water in the primary 

heat transport loop. A heat exchanger (steam generator) functions to transfer the heat to 

a secondary cooling loop, which provides steam to the turbines that power the electric 

generators.  In CANDU reactors, chemistry control in the primary heat transport system 

is chiefly done by addition of lithium hydroxide in order to maintain the pHa and by 

addition of hydrogen to suppress water radiolysis by-product formation. 

In the current CANDU reactor design, internal electrodes that would be in contact 

with the high temperature and high-pressure environments, typically of the silver/silver 

chloride type, suffer short lifetimes due to the aggressive environment. The ability to 

have continuous monitoring of parameters critical to corrosion control would be 
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extremely useful to the nuclear industry.  Examples of monitoring the electrochemical 

corrosion potential (ECP) in boiling water reactor (BWR) systems are available and 

could be extended to CANDUs. However, the system configurations are considerably 

different and the overall intention of ECP and corrosion monitoring is more for general 

corrosion and flow-accelerated corrosion (FAC) control of carbon steel in the CANDUs 

whereas, in BWRs, the primary intent is to control and mitigate stress-corrosion 

cracking (SCC) of the stainless steel components. (Hoffmeister 2011) 

The International Association for the Properties of Water and Steam (IAPWS) 

emphasizes the need for electrodes and sensors intended for water chemistry control in 

nuclear and fossil-fired plants. IAPWS identifies the research needs and coordinates 

research efforts regarding water and steam systems that are crucial to thermal power 

systems. A set of IAPWS certified research needs (ICRN) are published, updated, and 

given expiration dates. An active ICRN exists regarding the need for sensors at elevated 

temperatures for use in the power industry. Although there are some electrodes that have 

been tried (the Ag/AgCl electrode, platinum-based hydrogen electrode, and yttria 

stabilized zirconium electrodes, for example) there are issues regarding materials of 

construction, long-term reliability, and calibration with temperature. 

After surveying the corrosion products and water chemistry control agents used the 

CANDU system, it was realized that a lithium-containing iron oxide could potentially 

form an electrochemically reversible reaction in the presence of lithium hydroxide.   

Taking advantage of such a redox mechanism would allow for lithium ferrite (LiFe5O8) 

to provide a non-contaminating, internal reference measurement in CANDU and other 

power systems that use lithium hydroxide for alkalinity control. Both pressurized water 
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reactors (PWRs) and the CANDU (CANada Deuterium Uranium) reactor use lithium 

hydroxide (LiOH) for pH control and the main corrosion products formed on the steels 

in nuclear systems are typically iron oxides (magnetite, hematite and maghemite).  Since 

lithium-ferrite is an iron oxide containing the lithium ion, making a lithiated iron-oxide 

electrode is an attractive option for a non-contaminating electrochemical sensor in 

nuclear coolant systems. Thus, due to its perceived favorable electrochemical properties 

and non-contaminating nature in the primary coolant system of a nuclear power plant, 

lithium ferrite is being evaluated and characterized as a potential reference electrode in 

this study. Lithium ferrite has electrical and electrochemical properties suiting to an 

investigation as a reference electrode material, as summarized by Cook & Manley. 

(Cook & Manley 2010) 

The goal of this research is to develop a lithium-ferrite electrode capable of taking 

in-situ, reliable, and validated electrochemical measurements for use in the nuclear 

industry, and in other relevant chemical process industries. The electrode should be 

durable, inexpensive, and non-contaminating to the process environment in question.  

Validating the reaction mechanisms is completed through electroanalytical and 

engineering test methods. First, ways of chemically producing the compound of interest 

(lithium ferrite) for optimum electrochemical benefit were studied. Initial scoping 

experiments were conducted at room temperature and atmospheric pressure in an 

oxygen-free environment to probe the reaction mechanisms and validate the proposed 

mechanism against Nernstian behavior. Physical quantification and identification of the 

reaction products was required in order to propose an electrochemical half-cell reaction. 

Once room temperature testing was complete and reproducible results were obtained, 
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the mechanism was tested at elevated temperatures to investigate the temperature 

response. The lithium ferrite electrode, once fully characterized, was tested as a 

reference electrode at elevated temperatures. A high temperature and pressure system 

used to test the reference electrode performance was designed, constructed, and 

operated, up to a maximum operating temperature of 300°C. 

This research project involves an original proposition for the development of a high 

temperature reference electrode, which is comprised of a detailed literature survey of 

lithium ferrite and its potential applications. The production of a high-temperature, 

solid-state electrode capable of taking in-situ electrochemical measurements will be of 

great benefit to the nuclear industry for more accurate control of the chemistry in 

nuclear reactors. 

1.2 Research Objectives 

The expected outcome of this research was to create a sensor capable of taking 

reliable and reproducible reference measurements for corrosion control in nuclear power 

plants. In order to achieve this outcome, several important goals were sequentially 

investigated: 

• A reproducible and simple method for the synthesis of the electrode material, 

lithium ferrite, was to be demonstrated. 

• The lithium-ferrite electrode must be involved in an electrochemically reversible 

redox reaction. 
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• Electrochemical testing should verify and characterize the electrochemical 

reactions occurring with the lithium ferrite in lithium hydroxide solutions. 

• The products of the redox mechanism proposed should be physically 

identifiable. 

• A full characterization of the redox mechanism should be completed up to 

representative temperatures and pressures, and should follow Nernstian 

predictions. 

• Modeling the electrochemical response of the lithium-ferrite electrode should be 

investigated for the purpose of obtaining kinetic parameters. 

1.3 Expected Results 

The chemical reaction on the surface on the lithium ferrite electrode is expected to 

exhibit Nernstian behavior by varying known parameters and the implementation of 

electro-analytical testing. Subsequent calculations will make reliable predictions 

achievable. 

It has been shown that lithium ferrite was used for carbon dioxide sensing at high 

temperature, as high as 500°C to 600°C. (Kato et al 2005) From this, it can be expected 

that lithium ferrite will not degrade and remain stable at the temperatures applied in this 

study. 

It is expected that a reversible or quasi-reversible decomposition reaction of lithium 

ferrite into magnetite and hematite and/or lithiated-hematite does exist. This was 

observed during earlier testing with lithium ferrite electrodes where the originally 
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reddish-brown powder pellet turned black (magnetite) after several weeks when exposed 

to lithium hydroxide solutions.  The characterization formed part of the author’s Masters 

thesis work. 

A high-temperature, high-pressure experimental test setup will allow for thorough 

characterization of the reaction mechanism under simulated CANDU primary heat 

transport (PHT) system conditions, up to 300°C and 12 MPa.  
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2 Literature Survey 

2.1 Chemistry Control in CANDU Systems 

The chemistry control specifications in the CANDU reactor, a Canadian 

designed nuclear reactor using heavy water and natural uranium, form this basis for 

ideas that prompted this research. It is, therefore, important to give an overall 

description of this reactor’s basic design and operation. Natural uranium (~0.7 wt% U-

235) is an appropriate fuel for the CANDU reactor due to the heavy water moderator 

and coolant’s lowered ability to absorb neutrons. Light water moderated nuclear reactors 

require the use of enriched uranium (2 to 4 wt% U-235) to ensure adequate neutron 

population. Another major difference between other PWR’s and the CANDU is the 

design of the core and fuel assembly. The natural uranium fuel is contained in smaller, 

horizontally aligned pressure tubes as opposed to a large pressure vessel. A diagram of 

the CANDU is shown in Figure 1. 

 

Figure 1 CANDU Nuclear Power Plant Flow Diagram 
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The calandria vessel contains the heavy water moderator that comprises all of the 

horizontal pressure tubes in individual fuel channels, a specific design advantage that 

allows for on-line refueling. In a PWR, where all of the fuel is contained in a single 

pressure vessel, a shut down of the power plant is necessary for re-fuelling.  

In the primary heat transport (PHT) system where heat from the fissioning of 

nuclear fuel in the core is transported to the steam generators for steam production on 

the secondary side, chemistry control is achieved by using lithium hydroxide and 

hydrogen. The primary chemical additive, lithium hydroxide, is maintained at 

concentrations of 0.35 to 0.55 mg/kg to achieve a system pHa (apparent pH) of 10.2 to 

10.4. The distinction is made between pH and pHa as they are measured in light water 

and heavy water, respectively. The simple correlation between the parameters was 

proposed by Mesmer and Herting and is shown in Equation 2-1. (Mesmer and Herting 

1978) 

𝑝𝐻# = 𝑝𝐻 + 0.456 

Equation 2-1 

A chemically reducing environment is required in the reactor’s circulating 

system in order to suppress the production of oxidizing species from water radiolysis. 

Dissolved hydrogen is injected at 3 to 10 mL/kg for this purpose. The typical operating 

parameters for a CANDU6 design at full power are listed in Table 1. (UNENE 2018) 
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Table 1 Operational Parameters for Typical CANDU6 Nuclear Reactor 

Maximum channel flow 24 Mg/s 
Coolant inlet temperature 266°C 
Coolant outlet temperature 310°C 
Number of pressure tubes 380 
Design pressure 10.2 MPa (1479.4 psi) 

 
Primary coolant system pHa 10.2 – 10.4 
Lithium concentration (by LiOH) 0.35 – 0.55 mg/kg 
Dissolved hydrogen concentration 3 – 10 mL/kg 

 

Modern nuclear reactors are designed to work safely and efficiently, but it is 

practically impossible to prevent all corrosion of metal materials in contact with the high 

temperature, pressurized coolant in the PHT system. The steel used in production of the 

piping system, being based on iron, produces iron oxides as corrosion products through 

thermodynamic driving forces. The oxide layers produced in the PHT of the CANDU 

reactor actually provide protection to the metal from further oxidation, provided that the 

oxide layer does not dissolve or become susceptible to flow-accelerated corrosion 

(FAC) in the high flow-rates used in the circuit. Of the many parameters that are 

monitored and controlled, the pHa in particular, must be maintained within a narrow 

range in order to minimize FAC of the steel outlet feeder piping. The pHa is controlled 

around the minimum solubility of magnetite, which is the main protective oxide on the 

inside of the steel pipes within the system. In a study by Tremaine and LeBlanc, it was 

shown that the solubility of magnetite forms a minimum at a pH’s between 9.5 to 10.0 

with increasing solubility on either side. A graph of the minimum solubility data for 

magnetite at 523K and 573K is shown in Figure 2. It is for this reason that the pHa is 

kept in a narrow band around the minimum solubility to prevent the deposition of 

magnetite in the reactor core near the decreasing magnetite solubility limits and 
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minimize the corrosion of the carbon steel feeder pipes near the increasing solubility 

limits. (Tremaine & LeBlanc 1980) It should be noted that the data in Figure 2 were 

obtained in light water, indicating that the minimum solubility of magnetite in heavy 

water is between 9.9 and 10.4 (pHa). 

 

Figure 2 Depiction of minimum solubility of magnetite at a pH around 10.2-10.4 

 

These specifications are in place for routine plant operation but during transient 

operations such as plant start-ups and shutdowns, control of system chemistry can 

become complicated.  For example, it has been observed in multiple CANDU’s 

operating in Canada that upon shutdown, the system pHa and lithium ion concentration 

decrease as the system approaches the low-level drain state (LLDS). Additional lithium 

hydroxide was added to the system in order to allow operation at the recommended pHa 

range with only partial success as the lithium concentration only increased slightly 

during the addition. Surprisingly, as the system was refilled during start-up activities, 
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the lithium ion concentration and system pHa increased without any further addition of 

lithium hydroxide by the operators. When many supplemental additions of lithium were 

made during shutdown to compensate for the decreasing pHa, the system pHa was raised 

significantly during start-up and excess lithium was removed on the purification 

system’s ion exchange columns. It has been proposed that the oxides on the inner 

surface of the pipes are absorbing and/or adsorbing the lithium ions during the plant 

shut-down and are re-introduced to the system during the subsequent start-up process. 

(Jain & Lloyd 2008) 

2.2 Lithium Hide-Out Phenomenon in CANDU Reactors 

During plant shutdown, the reducing conditions that were present in the system 

during operation are difficult to maintain and oxygen (air) can migrate into the system 

and dissolve into the water. This creates oxidizing conditions, which can transform the 

structure of the iron oxides on the inner surface of the steel. The magnetite (Fe3O4) 

oxide layer present with reducing conditions may be chemically transformed to 

maghemite (g-Fe2O3) and/or hematite (a-Fe2O3) in the presence of oxygen.  Hematite 

(a-Fe2O3) is in the R-3c space group with a rhombohedral structure consisting of 

hexagonal close packing of oxygen ions. Two thirds of the octahedral sites are occupied 

by Fe ions and the other 16 are vacant; this allows for potential lithium ion insertion. 

(Jain et al 2006) Magnetite (Fe3O4) has a spinel structure in the Fd3m space group. The 

spinel structure also allows for 16 empty octahedral sites with 32 being occupied by Fe 

ions. (Neto et al 1997) Maghemite (g-Fe2O3) has a similar structure to magnetite, being 

cubic and classified as a corundum / spinel. (Quintin et al 2006) 
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The vacancies in the a-Fe2O3 and g-Fe2O3 structures have been shown to 

accommodate lithium ions in numerous studies, which sought to use iron oxides as 

cathodes for lithium-ion batteries. When the lithium enters the vacancies in 

concentrations approximately less than one Li+ per molecule, it changes the original 

crystal structure of the iron oxides from a spinel or corundum to a rock salt structure 

when the Li+ ions enter the vacant octahedral interstices. (Jain et al 2006, Quintin et al 

2006) The structural changes mentioned above point to a method through which a new 

study to determine the mechanisms behind lithium hideout could be useful.  The various 

structures of magnetite, maghemite and hematite (Fe3O4, a-Fe2O3 and g-Fe2O3), for 

which there are numerous published analytic results (Quintin et al 2006, Thackeray 

1982, Pernet et al 1993), can be examined after experiments in simulated CANDU shut-

down and LLDS conditions for evidence of structural transformations in the iron oxides 

to the rock salt structure. In the study by M.M Thackeray (Thackeray 1982), X-ray 

diffraction (XRD) results were published with regards to Li[a-Fe2O3]. Due to the 

shearing of hexagonal close-packed oxygen layers on lithium insertion, there is a 

transition to the stacking sequence of a cubic spinel. The peaks of Li[a-Fe2O3] are 

thusly broadened and rendered distinguishable. The XRD results show the strongest 

peaks for Li[a-Fe2O3] at the 400, 440, and 222 lines. Pernet et al., have studied the 

structural changes in g-Fe2O3 during Li+ insertion and provide XRD peaks for Li[g-

Fe2O3]. After electrochemical lithiation of the g-Fe2O3, the 220, 311 and 511 lines all 

decreased in intensity while the 111, 222 and 440 lines were increased. (Pernet et al 

1993) An XRD analysis of the oxide samples performed after shutdown conditions 

would give an indication of whether the lithium hideout mechanism is purely an 
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adsorption/absorption process or if there is a direct Li+ ion insertion/desertion 

mechanism at work. Subsequent studies could be done to simulate the release of Li+ ions 

from the a-Fe2O3 and g-Fe2O3 by implementing reducing conditions, as seen upon start-

up of a real reactor. 

The existence of lithium insertion in iron oxides and the stability of such 

compounds in nuclear reactor conditions are the basis for research that led to the current 

study of a lithium ferrite reference electrode. Given that the CANDU reactor utilizes 

lithium hydroxide for chemistry control in the PHT and the protective oxides formed on 

the steel tubing are iron oxides, a lithiated-iron-oxide could offer adequate 

electrochemical properties to measure reference potentials or act as a lithium-ion sensor. 

2.3 High-Temperature Reference Electrodes 

Reliable and dependable electrochemical measurement in high temperature 

process environments can be difficult to achieve. The major difficulties lie in obtaining 

measurements while maintaining electrode integrity, generally above 200 to 300°C. This 

research describes the production of an internal reference electrode where the electrode 

is kept at the reference system’s operating temperature and pressure. The electroactive 

component of the external-type reference electrode is kept out of direct contact with the 

high temperature process and maintained at ambient conditions while connected to the 

process chemistry through a non-isothermal electrolyte bridge. 

The silver/silver chloride (Ag/AgCl) electrode is the most widely used for high 

temperature reference measurement. A silver wire electrodeposited with silver chloride 

in contact with potassium chloride solution provides redox reaction chemistry with well-
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known potentials at each temperature calculated from the Nernst equation. The redox 

half reactions and corresponding Nernst equation are shown below. 

𝐴𝑔- + 𝑒/ ⇌ 𝐴𝑔 𝑠  
Equation 2-2 

 

𝐴𝑔𝐶𝑙 𝑠 + 𝑒/ ⇌ 𝐴𝑔 𝑠 + 𝐶𝑙/ 

Equation 2-3 

𝐸 = 𝐸5 −
𝑅𝑇
𝐹 ln 𝑎=>?  

Equation 2-4 

This type of reference electrode cannot be inserted directly into the nuclear 

reactor coolant, and used as an internal reference electrode, because any contamination 

from the diffusion of chloride ions into the PHT chemistry is not desired. It can be 

implemented as an external electrode for measuring the coolant chemistry. This setup 

requires the electrode to be externally pressure balanced and is commonly referred to as 

an externally pressure-balanced reference electrode (EPBRE). Due to the non-isothermal 

salt bridge connection, another factor in the reliability of this instrument’s measurements 

is the reproducibility of the thermal liquid junction potential (TLJP) calculation. The 

TLJP potential is generated because of the distance in between the Ag/AgCl reference 

electrode and the process chemistry sample; it must be considered in the overall 

reference calibration, as it is a significant value. (Navas & Gomez Briceno 1997) A 

diagram of the Ag/AgCl is shown in Figure 3.  
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Figure 3 Diagram of silver/silver chloride (Ag/AgCl) reference electrode (Navas & 

Gomez Briceno 1997) 

 

 The yttria stabilized zirconia (YSZ) and mixed-metal oxide type reference 

electrode can be used as an internal high-temperature reference electrode (HTRE), most 

conveniently in situations where the pH of the system is known. Ceramic YSZ consists 

of ZrO2 combined with 9 mol% Y2O3 and can be paired with a metal/metal-oxide 

electrode to perform reference potential measurements. (Hara & MacDonald 1997) This 

reference electrode is depicted in Figure 4. At adequate temperatures, typically above 

180°C, the YSZ tube becomes an oxygen (O2-) conductor and can then be applied as 
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part of a reference measurement setup. The components of the YSZ tube do not degrade 

under extreme temperatures and are not susceptible to radioactive aqueous systems, as 

they have been tested for light water nuclear reactor systems and supercritical water 

systems. (European Federation of Corrosion 2007) 

 

Figure 4 Schematic of YSZ-noble metal sensor (Hara & MacDonald 1997) 

 

 Copper/copper oxide (Cu/CuO2) with an YSZ membrane has been used as a high 

temperature pH sensor and electrode. The internal structure of the reference probe is 

filled with a copper/cuprous oxide solid mixture, which aided by direct contact of the 

YSZ membrane with the system, allows the conduction of oxygen ions and hence 

determination of the pH.  If the system pH is known and constant, the instrument acts as 
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a reference electrode. (Navas & Gomez Briceno 1997) Application as a pH sensor in 

CANDU nuclear chemistry would once again be inefficient due to the possible 

contamination of copper ions. Since the pH is not constant and needs to be adjusted 

during operation, it could not act as a reference electrode. A diagram of this electrode is 

shown below. 

 

Figure 5 Copper/copper oxide (Cu/CuO2) electrode with YSZ membrane (Navas & 
Gomez Briceno 1997) 
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 In light water nuclear reactor chemistry, the YSZ membrane has been combined 

with a nickel/nickel oxide electrode for possible high-temperature reference 

measurements. The redox reaction of the metal/metal oxide is shown below. 

𝑁𝑖 + 𝐻B𝑂 ⇌ 𝑁𝑖𝑂 + 2𝐻- + 2𝑒/ 

Equation 2-5 

 

𝐸5 = 𝐸EF/EFH5 −
2.303𝑅𝑇

𝐹 𝑝𝐻 

Equation 2-6 

 

The standard potential, E0, required for the Nernst equation above, Equation 2-6, 

is calculated from the redox in Equation 2-7. 

𝑁𝑖𝑂 + 𝐻B ⇌ 𝑁𝑖 + 𝐻B𝑂 

Equation 2-7 

 

 If the pH is not known, a proper reference electrode can be used to determine the 

pH and then the YSZ-metal/metal oxide electrode can determine the potential of the 

system for comparison with corrosion processes. (European Federation of Corrosion 

2007) 

 The palladium-hydride reference electrode involves quasi-reversible kinetics 

and, similar to the YSZ-based instruments, the potential determination for the system is 

only dependent on the pH. A simple design of this electrode consists of a platinum (Pt) 

wire anode and palladium (Pd) wire cathode where a constant current is applied to the 
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Pd wire to produce hydrogen through the electrolysis of water. The instrument works 

similar to a hydrogen electrode whereby the potential of the reference is determined by a 

known concentration of hydrogen with the Pt wire along with a Nernstian potential 

calculation. The electrode has been observed to suffer from low reproducibility of 

laboratory results and the Pt redox potentials are very sensitive to changes in the system 

chemistry. The YSZ and Ag/AgCl do not suffer from the same sensitivity but have 

exhibited noisy measurements. (European Federation of Corrosion 2007) 

2.4 Lithium Ferrite 

The production of low-toxicity and environmentally benign lithium-ion technology 

solutions has become a major topic of interest in the energy production and energy 

storage fields and has led to the investigation of lithium-containing compounds such as 

the lithium-ferrite spinel (LiFe5O8) for its potential for lithium exchange. Lithium-

containing transition-metal oxides form the basis of the cathode materials on most 

commercial Li-ion batteries on the market today.  Lithium-ferrite is one such potential 

cathode material and may have advantages over other comparable electrodes such as 

having a more benign environmental impact than some of the other heavy metals used. 

(Yong An et al 2004, Wang et al 2005) Most commercially available lithium-ion 

batteries incorporate organic compounds as an electrolyte that can be highly 

contaminating to the environment. Lithium-ferrite is a less expensive alternative to 

garnet materials in microwave frequency applications since, due to its iron content, it is 

cheaper to produce than nickel or cobalt based materials (Yong An et al 2004, Tabuchi 

et al 1995).  
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Spinel ferrites have traditionally been of interest due to their practical electrical and 

magnetic properties. Lithium-ferrite, with the mixed spinel formula Fe[Li0.5Fe1.5]O4 or 

LiFe5O8, has high saturation magnetization and a high Curie temperature. (Verma et al 

2005) It has been used as a magnetic storage device in applied technology in industry 

due to its ferromagnetic properties. (Dey et al 2003) The unit cell of a lithium ferrite 

spinel contains 32 oxygen atoms that form a face centered cubic (FCC) structure.  There 

are two distinct coordination sites of the cations within the array of oxygen atoms in the 

AB2O4 structure: 8 sites have tetrahedral coordination, called “A” sites; 16 sites have 

octahedral coordination, called “B” sites. (White & Patton 1978) The atomic 

arrangement is illustrated in Figure 6.  

 

Figure 6 Atomic arrangement of a spinel oxide 

 

In the lithium-ferrite spinel, the Li+ and Fe3+ ions are both located in the B 

interstices, which results in a well characterized ordering in the crystal. Slow cooling of 



 

 
 

21 

lithium-ferrite below 750°C produces a regular arrangement of the Li+ and Fe3+ ions in 

the octahedral interstices; this is known as alpha-phase or ordered lithium ferrite (a-

LiFe5O8). The beta-phase or disordered lithium-ferrite (b-LiFe5O8) is obtained by rapid 

quenching from above 750°C to room temperature. (Wang et al 2005) It has been found 

that the ordering of the ions in the crystal does not affect the saturation magnetization or 

the Curie temperature. This is most likely because the Fe3+ ion distribution is not 

changed. (White & Patton 1978) The beta-phase of lithium ferrite is preferred for 

electrochemical applications as it exhibits a higher charge exchange capacity and a more 

reproducible conductivity at a variety of temperatures. (Matsui & Wagner 1977) 

2.5 Lithium Ferrite Electrochemistry 

The electrochemical properties of lithium-ferrite have been investigated under 

various conditions using cyclic voltammetry and charge/discharge cycling. Cyclic 

voltammetry is a useful tool in preliminary investigations of redox processes (see 

Section 2.12) and can quickly provide information about the equilibrium potential of 

redox reactions and the effect of the bulk properties of the material upon them. (Wang 

2006) Electrochemical investigations into lithium ferrite have employed cyclic 

voltammetry for the purpose of secondary battery applications. (Ernst et al 2007) In one 

experiment, β-LiFe5O8 nano-particles with an average particle size of 8.4 nm were 

produced by flame spray pyrolysis (FSP) using a Li-t-butoxide in tetrahyrdofuran 

lithium precursor and a Fe-napthenate iron precursor.  The β-LiFe5O8 is chosen for 

electrochemical experiments because not all of the octahedral interstices are occupied; 

in the ordered phase of the spinel, lithium-ion insertion is unlikely. In this experiment, 

two sets of redox peaks were evident in the cyclic voltammagram with the β-LiFe5O8 
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potential measured against a Li/Li+ reference electrode. Two cathodic peaks were 

observed at 2.2 V and 3.3 V and two oxidation peaks seen at 1.8 V and 3.0 V vs. Li/Li+. 

Galvanostatic cycling showed good reproducibility for the β-LiFe5O8. (Ernst et al 2007) 

Wang et al used a Teflon cell with a Li-metal anode. The cathode was made of 

LiFe5O8 + acetylene black + polyvinylidene fluoride (PVDF) in the ratio of 85/10/5. The 

electrolyte was 1 M LiPF6 in a 1:1 mixture of ethylene carbonate and diethyl carbonate 

and a Celgard 2500 membrane was used as a separator between the anode and cathode 

compartments. (Wang et al 2005) Oxidation peaks were observed at 1.7 V and 2.9 V 

using cyclic voltammetry, while reduction peaks were seen at 2.3 V and 3.4 V (vs. 

SHE). After cyclic voltammetry, the cell was charged to 4.5 V, above the highest 

reduction peak. During discharge, the potential dropped to 3.5 V and then leveled out at 

1.8 V before eventually resting at 1.5 V. These values are consistent with the redox 

potential values, indicative of stable redox mechanisms. 

2.6 Lithium Ferrite Electrochemistry from Previous Work 

Lithium ferrite was characterized and tested for potential use as a reference 

electrode in the Masters’ thesis that preceded this study. The electrochemically active 

phase (β-LiFe5O8) was identified and a simple production method of lithium ferrite 

powder containing 50-55% of the β–phase was verified. (Cook & Manley 2010) A pellet 

was manufactured from the powder and cyclic voltammetry testing in lithium hydroxide 

solutions (10-4 M to 1 M) up to 70°C was completed. Magnetite (Fe3O4) was physically 

confirmed as a redox product from a black film produced on the edges of the pellet. 

Laser Raman surface analysis verified the black area was composed of magnetite. 
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Thermodynamic predictions from the cyclic voltammetry results suggested that lithiated 

hematite was the other identifiable redox product. 

2.7 Lithium Insertion into Iron Oxides 

In the lithiation of iron oxides such as magnetite (Fe3O4) and hematite (Fe2O3), it 

can be difficult to identify the exact reaction mechanisms by which the lithium is 

incorporated into the crystal structure. It has been discovered in at least one study that 

LiFe5O8 has been present as an intermediate phase during the lithiation of Fe2O3 at 

400°C. (Morzilli and Scrosati 1985) Several investigations have been conducted on the 

lithiation of Fe2O3 to produce battery materials with high capacity for lithium insertion 

and a tendency for passivation in strong, organic electrolytes. Using a three-electrode 

system consisting of propylene carbonate (PC) / Fe2O3, Li / lithium-perchlorate (LiClO4) 

and vanadium pentoxide (V2O5) electrodes, lithium ions were electrochemically inserted 

into the iron oxide. It was found through charge/discharge comparison analysis that up 

to 6.6 Li+ ions could be inserted into the matrix per mol of Fe2O3 present. (Morzilli and 

Scrosati 1985) 

In another effort to improve the electrochemical performance of lithiated-hematite 

particles, α-FeOOH was mechanically milled and then dehydrated to produce a 

crystalline powder of α-Fe2O3 with an average particle size of few micrometers.  A 

mixture of 72 wt.% of the mechanically milled powder, 18 wt. % acetylene black and 10 

wt. % polyvinylidene fluoride dissolved in N-methyl pyrolidinone was prepared and 

painted on a nickel mesh. When dried, this mixture was used as the working electrode. 

A 500-µm thick lithium sheet was used as the reference and counter electrode within a 
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LiPF6-contining electrolyte. The electrode exhibited a high discharge capacity, 

corresponding to around six Li+ ions. (Morimoto et al 2005) 

Various characterization techniques have been employed to identify the phases 

present during lithiation of iron oxides.  Nano-sized thin films of a-Fe2O3 (hematite) 

and a-Fe2O3 with added Li+ were investigated for their importance in high capacity 

galvanic cells. (Turkovic et al 2010) The authors’ goal was to produce a Fe-based 

battery with a polymer electrolyte for use in electric vehicles. Films of iron oxide were 

made by chemical deposition and investigated by impedance spectroscopy (IS), Raman, 

SEM, and XRD to determine electrical and structural properties as well as morphology. 

Nano-structured hematite films were deposited on glass substrates by spraying a 

solution of Fe(NO3)3 with LiNO3 in 1 and 10 at.%. Once the substrate was heated to 

593K, a small amount of HNO3 was sprayed onto the hot surface. The Fe2O3 grains were 

determined to be 10 nm to 200 nm in size through characterization by SEM imaging. 

After an eight-month waiting period, the thin films remained steady with no chemical 

change. Raman spectra were recorded using a Dilor Z24 Raman triple monochromator 

in a 45-degree scattering configuration using 2 Watts of cylindrically focused 514.5 nm 

argon ion laser. The study notes that the Raman frequencies were shifted upon addition 

of lithium to the hematite films, with the strongest peaks in the stabilized, lithiated films 

seen at 297 and 407 cm-1. Figure 7 shows the Raman scans with increased addition of 

lithium to hematite where peaks near 400 cm-1 were indicative of lithium insertion in 

hematite. Shifts in the measured values to higher frequencies are attributed to the nano-

size of the hematite particles and their ability to accept Li+ ions into the structure.  
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Figure 7 Raman spectra of 0% Li in Fe2O3 (1), 1% Li in Fe2O3 (2), and 10% Li in 
Fe2O3 (3) from Turkovic et al study 

 

2.8 In-depth Raman Identification of Magnetite  

Magnetite, Fe3+(Fe2+Fe3+)O4 has an inverse spinel crystal structure with 

technologically significant properties, such as non-stoichiometry and order-disorder of 

cations between octahedral sites, that can complicate its characterization.  In one study 

(Shebanova & Lazor 2003), magnetite was investigated by vibrational spectroscopy to 

explain discrepancies reported for magnetite by several studies pertaining to its lattice 

dynamics. The authors used a pure sample of magnetite from a metamorphosed iron 

formation. Impurities were measured and shown to be minimal (at the ppm level) with 

Journal of Nanomaterials 5

Table 3: Raman wave numbers and assignments of the hematite films prior and after addition of Li+ ions.

Assignation
Raman shift/cm−1

1 2
Fe2O3 Fe2O3 + 1% Li Fe2O3 + 10% Li Fe2O3 Fe2O3 + 1% Li Fe2O3 + 10% Li

78 w 56 sh 69 vw
99 sh

A1g(1) 213 vs 221 w 221 m 223 s 223 sh 219 vw
Eg(1) 241 sh 245 w 241 vw

267 sh
Eg(1) 282 vs 286 vs 284 m 290 vs 297 m 296 m
Eg(1) 395 w 402 vs 393 s 404 s 407 vs 407 s
A1g(2) 488 w 490 w 490 vw
Eg(1) 586 w 608 w 600 w 608 w 609 w 608 w

1: First measurement, 2: Second measurement after 8 months: vs: very strong, s: strong, m: medium, sh: shoulder, w: weak, vw: very weak.
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Figure 5: Raman spectra of Li free Fe2O3(1), Fe2O3 with 1%(2), and Fe2O3with 10% of Li (3). Inset shows low-frequency region of the same
spectra pointing out low frequency modes revealing nanosizes.

SEM photographs of α-Fe2O3 and of the same material
with added Li ions are shown on Figure 6. It is clearly
visible on lower magnification that sample (a) shows much
more homogeneous surface than the samples (c) and (e).
The crystallinity is changed and films (c) and (e) became
partly and completely amorphous, respectively. The surface
of sample (e) shows good homogeneity and on higher

magnification some nanoagglomerated grains are visible.
Figures 6(b), 6(d), and 6(f) present SEM photographs of
the same films after 8 months, demonstrating no significant
difference upon earlier results.

On higher magnification in Figure 7, it is shown that film
Fe2O3 is formed from nanograins in the radius,R, range from
75 nm to 240 nm. The maximum for grain size distribution
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mostly vanadium and titanium present. The X-ray diffraction measurements (XRD) 

were shown to be in good agreement with the reported databases. Raman spectra were 

obtained by a 514.5 nm line of argon-ion laser (Coherent, Innova) and were collected in 

a backscattering geometry with a spectral resolution of 6 cm. The reported Raman 

frequencies have uncertainties of ±1.5 cm-1. The Raman results, under ambient 

conditions, showed the non-polarized spectrum of magnetite had four out of the five 

theoretically predicted bands at 668, 538, 306 and 193 cm-1, as depicted in Figure 8. 

 

Figure 8 Non-polarized spectrum of magnetite under ambient conditions from 
Shebanova & Lazor study 

 

From the table of reported Raman mode frequencies in thirteen comparison studies, 

those in which magnetite was formed as a secondary product (four studies) as opposed 

to being from a pure sample, saw the expected 538 cm-1 peak shifted to 550 cm-1. The 

table also showed that there was consistency among the strongest modes at 666, 538, 

and 306 cm-1. The remaining modes were considered to be inconsistent between the 

studies. It is suggested by the authors that this may be due to the onset of oxidation in 

along with other experimental evidence [20] the non-
centrosymmetric structure F %43m (Td) was assumed. The
proposed distortion, however, is very small and has not
yet been confirmed by later studies. From purely group-
theoretical point of view, the proposed structure exhibits
14 Raman active modes (3A1 þ 3E þ 8T2) and could, in
principle, be detected by the occurrence of splitting of
the Eg and T2g modes.

At ambient conditions, the nonpolarized spectrum
of magnetite shows four out of the five theoretically
predicted phonon bands at 668, 538, 306, and 193 rcm"1

(Fig. 2). The mode at 193 rcm"1 is weak and is only
reported in Ref. [1] (Table 2). In fact, a weak peak at
193 cm"1 is also visible but not reported in a spectrum of
magnetite taken by de Faria (Fig. 3 in Ref. [10]). In our
study, the existence of this phonon is confirmed by its
presence on the anti-Stoke side of the spectrum (Fig. 2).

Another weak band observed at 410 rcm"1 is not always
documented in a Raman pattern. Its nature will be
discussed below.

The results of this and previously published Raman
studies on magnetite are presented in Table 2. Inspection
of data shows that while there is an acceptable
consistency for the strongest modes at B666, B538,
and B306 rcm"1, the agreement for the remaining
modes is less satisfactory. The data from Verble [7] are
taken below the Verwey transition where magnetite
is transformed to an orthorhombic phase. The presence
of a peak at 298 rcm"1 in studies by Dunnwald and
Otto [14], and Hart et al. [8] suggests a beginning of
oxidation, especially when associated with lines around
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Fig. 2. Raman spectrum of magnetite with the symmetry assignment.

Table 2
Overview of Raman mode frequencies reported in different studies

Reference Raman shift (rcm"1)

Verble et al. [7]a 680 560 420 320 300
Boucherit et al. [15] 670 550
Hart et al. [8] 676 550 472 420 320 298
Dunnwald and Otto [14] 1322 676 550 470 418 319 298
Ohtsuka et al. [12] 665 540
Thierry et al. [13] 670 550
de Faria et al. [10] 662.7 533.6 301.6
Gasparov et al. [1] 670 540 308 193
Degiorgi et al. [9]b 672 542 462 410 318 160
Graves et al. [16] 706 570 490 336 226
Li and Huan [11] 665 540 311
Bersani et al. [25] 666 541 311
Gupta et al. [4] 669 540 410 300
Present study 668 538 306 193

aAt 77K
bAt 130K.
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Fig. 3. Polarization Raman spectra of magnetite at ambient tempera-
ture: (a) spectrum taken from crystal oriented in the crystallographic
frame of reference; incident and scattered laser beams have perpendi-
cular polarization—XðYZÞ %X; (b) the same orientation of the crystal;
incoming and scattered beams polarized parallel—XðYYÞ %X; (c) crystal
rotated by 45% around x-axis, polarizations parallel—X 0ðY 0Y 0Þ %X0

geometry; (d) the crystal oriented as in (c); incident and scattered
beams are perpendicular—X 0ðY 0Z0Þ %X0:

O.N. Shebanova, P. Lazor / Journal of Solid State Chemistry 174 (2003) 424–430426
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the sample, especially at the 410 and 1322 cm-1 modes as these are characteristic of 

hematite.  

As magnetite was identified as a proposed redox product from the previous 

Masters’ work, it is important to identify characteristic peaks, especially where 

magnetite is a secondary product as is the case with the reference electrode redox in this 

study. 

2.9 Lithiated-Hematite  

There is currently no directly available thermodynamic information specifically for 

lithiated hematite; however, two studies highlighted research where lithium was inserted 

into hematite with visible oxidation and reduction peaks confirmed through cyclic 

voltammetry measurements.  In the first study (Campet et al 1993), the authors studied 

lithium insertion and cycleability of LixFe2O3 in amorphous or polycrystalline films 

while minimizing grain size. Lithium was shown to have a reversible electrochemical 

insertion and removal in hematite thin films prepared by a sol-gel process.  Cyclic 

voltammetry performed in a concentrated, organic electrolyte (1 M LiCF3SO3) showed 

oxidation and reduction peaks corresponding to the lithium insertion into the hematite 

crystal lattice. The resulting cyclic voltammagram is shown in Figure 9. The potential of 

the cathodic and anodic half reactions versus the lithium ion electrode potential were 

readily identifiable and, when placed on standard hydrogen scale showed a equilibrium 

potential of -0.275 V vs SHE for insertion of x = 0.25 and x = 0.5 at room temperature 

in LixFe2O3. Knowing the reaction mechanism and all thermodynamic properties of 

reacting species except LixFe2O3, the Gibbs energy of formation Li0.25Fe2O3 and 

Li0.5Fe2O3 could be obtained at room temperature. 
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Figure 9 Cyclic voltammagram showing redox inflections representative of lithium 
insertion in hematite for 0.5 Li+ [F(350)] and 0.25 Li+ [F(550)] 

 

The second study (Morzilli and Scrosati 1985) examined the reaction of α-Fe2O3 

with lithium in an organic electrolyte (LiClO4 – PC). Results of the experiment recorded 

the lithium-ion insertion up to x = 6.8 in LixFe2O3 but the authors highlighted that the 

initial part of the charge/discharge reaction at x less than 1 involves the intercalation of 

the lithium ion in low energy sites of the α-Fe2O3 matrix and larger insertions involve a 

more extended intercalation process. A cyclic voltammagram produced by the 

experiment corroborated the equilibrium potential found in the study by Campet et al, at 

approximately -2.75 V vs Li+ or -0.275 V vs SHE, but did not specify an insertion value 

into the hematite lattice. 
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2.10 Electrochemical Thermodynamics 

Calculations performed throughout this study employ principles of chemical and 

electrochemical thermodynamics. To begin, energy associated with chemical reactions, 

and hence, electrode reactions, Gibbs Free energy, is analyzed. The Gibb’ Free energy is 

a measure of the electrochemical work done by a system at equilibrium. It is a function 

of the thermodynamics of the system and thus depends on the temperature, pressure, 

volume, and number of moles (ni) reacted in the electrochemical system. The chemical 

potential, µ (J/mol), of the system, specifically is related to the Gibbs Free energy, G, as 

follows. 

𝜇 =
𝜕𝐺
𝜕𝑛F NOPQRPS

 

Equation 2-8 

 

Changes in the charge of a system result in changes to the internal energy, resulting 

in the following expression: 

𝑑𝑈 = 𝑇𝑑𝑆 − 𝑃𝑑𝑉 + 𝜇F + 𝑧𝐹𝜙 𝑑𝑛F
F

 

Equation 2-9 

Where: U = Internal energy (Joules) 

 T = Temperature (Kelvin) 

 S = Entropy (J/K) 

V = Volume (m3) 

µi = Chemical potential of species i (J/mol) 
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z = Ionic charge 

F = Faraday’s constant (96 485 Coulombs/mol) 

𝜙	= Electric potential (J/C or Volts) 

 

The electrochemical potential,	𝜇, of the system is the sum of the chemical potential 

and molar electrostatic potential. 

𝜇 = 	𝜇F + 𝑧𝐹𝜙 

Equation 2-10 

 

From thermodynamic relations, it can be shown that the change in Gibb’s Free 

energy is equal to the change in the electrical work done by the system. Here, that 

change is equal to the change in electrochemical potential. Therefore, 𝑑𝐺 = 	 𝜇F𝑑𝑛F.F  

Assuming that the chemical potential of the species is equal at the electrode/solution 

interface, then the change in Gibbs energy will be equal solely to the change in 

electrostatic energy. Thus:  

𝑑𝐺 = 	−𝑧𝐹𝜙 

Equation 2-11 

 

For a reaction with n number of electrons, Equation 2-11 can be written as:  Δ𝐺 =

	−𝑛𝐹𝐸. From this relationship, we can calculate the potential of an electrode reaction at 

the standard state, Eº, as: 



 

 
 

31 

𝐸° =
−Δ𝐺^°

𝑛𝐹  

Equation 2-12 
 

For a chemical reaction at the standard state, the Gibbs Free energy of reaction is 

found by the sum of the Gibbs Free energy of the products minus that of the reactants.  

Δ𝐺^ = 	∆𝐺`^abcdef −	∆𝐺^g#de#Pef = 	 𝜈FΔ𝐺i 

Equation 2-13 

 

In the above equation, νi is the stoichiometric coefficient of the reaction component 

i and is the Gibbs energy of formation of that component.  

In order to evaluate systems away from the standard state, the equilibrium constant, 

K is related to the Gibbs energy of reaction. For the reaction aA + bB ⇌ cC + dD, the 

equilibrium constant is equal to the ratio of the forward rate constant over the reverse 

rate constant. At equilibrium, the forward and reverse reaction rates are equal so the 

equilibrium constant can be written in terms of the activities and stoichiometric 

coefficients of the reaction participants.  

𝐾 =
𝑘ia^l#^b
𝑘^gmg^fg

=
𝑎=d𝑎nb

𝑎op𝑎q#
= 𝑎F

rQ	 

Equation 2-14 

 

The chemical potential of a species in the reaction can be described by 𝜇F = 	𝜇F° +

𝑅𝑇𝑙𝑛𝑎F where the “°” symbol once again denotes the standard state and ai is the activity 

of the species. The activity term takes into account the non-ideal behavior of ions in 
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solution. Since the sum of the chemical potential of the products and reactants must be 

the same at equilibrium, we can combine the terms along with proven equalities for the 

Gibbs Free energy and equilibrium constant to obtain Δ𝐺^° = 	−𝑅𝑇𝑙𝑛𝐾. Thus, the Gibbs 

energy of reaction can be expressed by Δ𝐺^ = 	Δ𝐺^° − 𝑅𝑇𝑙𝑛 𝑎F
rQ. Converting the Gibbs 

Free energy to potential and applying the equation to redox reactions, the Nernst 

equation is obtained: 

𝐸 = 𝐸° +	
𝑅𝑇
𝑛𝐹 ln

𝑎asFbFfgb
rQ

𝑎^gbcdgb
rQ  

Equation 2-15 

 

The Nernst equation is particularly useful in electrochemical calculations as it 

predicts a reaction’s equilibrium potential with varying concentrations and away from 

the standard state. The values of Gibbs Free energy used to determine the standard free 

energy of reaction are dependent on the temperature and thus must be determined at the 

appropriate conditions.  To determine the Gibbs Free energy at a new temperature, we 

use the following correlation where the standard state can be used as the reference 

temperature, T1.  

𝐺tB° = 𝐺tu° − 𝑆	𝑑𝑇
tB

tu
 

Equation 2-16 
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The above expression can be expanded by relating heat capacity, cp, to entropy. 

This enables specific tabulated values to be used and the Gibbs Free energy at T2 

determined. The result, neglecting any PV work, is: 

𝐺tB° = 𝐺tu° − 𝑆tu° 𝑇2 − 𝑇1 − 𝑇2
𝑐`°

𝑇

tB

tu
𝑑𝑇 + 𝑐`° 𝑑𝑇

tB

tu
 

Equation 2-17 

 

Heat capacities for pure substances as a function of temperature are typically fitted 

as polynomials, i.e. Cp = aT + bT2 + cT3 +dT4, based on experimental data. The values 

of entropy at the standard state can also be found from thermodynamic tables, however, 

the entropy of ions in solutions must be estimated based on empirical correlations as 

they are not readily tabulated. Criss and Cobble or HKF (Helgeson-Kirkham-Flowers) 

are two such models that can be employed to solve for the temperature dependence of 

the thermodynamic functions of ions in solution.  (Criss & Cobble 1964, Helgeson et al 

1981) 

The activity of ions in solution can essentially be viewed as the real concentration 

of solutions once accounting for non-idealities due to ion-ion and ion-solvent 

interactions. It is estimated by multiplying the concentration of the ion in solution by its 

mean ionic activity coefficient, γ±. The activity coefficient cannot be directly determined 

but it can be calculated through relations such as the Debye-Huckel limiting law and its 

extensions: the Pitzer equation and the Bromley equation, for example.   In its simplest 

form, Debye and Huckel demonstrated that the mean ionic activity coefficient could be 
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correlated by examining the charge density of a diffuse ionic cloud surrounding an ion 

with point charge and is represented by: 

log 𝛾± = −𝐴(𝑧-𝑧/)𝐼u/B 

Equation 2-18 

The constant A is a function of the electrostatic parameters of the system and the 

dielectric medium: 

𝐴 =
𝑁q𝑒aB

2.303×2𝜀𝑅𝑘𝑇 𝐵 

Equation 2-19 

Where: NA = Avogadro’s number = 6.023 x 1023 atoms/mol 

 eo = charge of an electron = 1.602 x 10-19 C 

 ε = dielectric constant of the solvent 

 R = universal gas constant = 8.314 J/mol·K 

 B = ��E�g�
�

u555��t
 (Tabulated constant; usually not calculated) 

 kT = thermal energy (J) 

 

The solution’s ionic strength, I, is found by averaging the concentration and charge 

of the ions. 

𝐼 =
1
2 𝑐F𝑧FB 

Equation 2-20 
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The Debye-Huckel limiting law is the simplest method for quantifying the non-

ideality of solution due to the electrostatic interactions of ions, but is still only valid for 

dilute solutions. There are several factors that contribute to the divergence for the 

application of this law at higher concentrations.  The first is that the Debye-Huckel 

limiting law considers that ions behave as point charges when, in reality, ions have a 

finite diameter. This diameter also varies with the specific type of ion. An ion size 

parameter can be fitted to experimental data in order to achieve a concentration 

dependent compensation for this difference.  Hydration is the second physical 

occurrence, which can be included. As each cation and anion in solution is bound to 

water molecules, the more concentrated a solution becomes the more water molecules 

per volume are bound to ions.  Taking into account the activity of water, aw, this 

increase in activity is accounted for with extended correlations.  Finally, ion-pair 

formation in a solution contributes to the ion-ion interactions and hence the activity. An 

ion-pair forms when the electrostatic attractive forces are greater than the thermal 

energy that separates them.  Multiple models exist that have incorporated these 

phenomena into extended Debye-Huckel correlations. Bromley presents the following 

calculation for the activity coefficient:  

𝑙𝑜𝑔𝛾± = −
𝐴 𝑧-𝑧/ 𝐼

u
B

1 + 𝑎F𝐼
u
B
+
0.06 + 0.6𝐵 𝑧-𝑧/ 𝐼

1 + 1.5𝐼
𝑧-𝑧/

B + 𝐵𝐼 

Equation 2-21 
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In Equation 2-21, A is the same parameter defined for the Debye Huckel limiting 

law and B and ai are ion specific parameters which can be found in tables.  

In many cases, the activity coefficients are unknown. For this reason, the formal 

potential is defined and used in electrochemical systems. Formal potential, E0`, is the 

measured equilibrium potential of half-cell reactions when the concentrations of the 

oxidized and reduced species result in the ratio 𝐶H
r�/𝐶�

r� being unity.   

 

In terms of the Nernst equation, the formal potential is incorporated as follows. 

𝐸 = 	𝐸5 +
𝑅𝑇
𝑛𝐹 𝑙𝑛

𝑎H
𝑎�

= 𝐸5 +
𝑅𝑇
𝑛𝐹 𝑙𝑛

𝛾H[𝑂]
𝛾�[𝑅]

 

Equation 2-22 

𝐸 = 𝐸5� +
𝑅𝑇
𝑛𝐹 𝑙𝑛

[𝑂]
[𝑅] 

Equation 2-23 

𝐸5� = 𝐸5 +
𝑅𝑇
𝑛𝐹 𝑙𝑛

𝛾H
𝛾�

 

Equation 2-24 

 

2.11 Electrochemical Kinetics 

Electrode reactions involve both the current derived from the mass transport of 

electroactive species to the electrode surface and the current derived from interfacial 

reaction kinetics. Currents that stem from interfacial kinetics are driven by the 

overpotential, η, which is the deviation in the electrode’s potential away from the 

equilibrium potential. 
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𝜂 = 𝐸 − 𝐸g� 

Equation 2-25 

Tafel (Tafel 1905) showed that current density, i (A/cm2), can be correlated to the 

overpotential by linear relation to the logarithm of current, i, exponentially related to η. 

𝜂 = 𝑎 + 𝑏 ∙ log	(𝑖) 

Equation 2-26 

Relating this concept to electrode reactions requires an examination of the reaction 

rates of the individual anodic and cathodic reactions. Considering the forward and 

backward reaction rate, υf and υb, of the reaction 𝑂- + 𝑒/ 	↔ 𝑅, we get the following 

relationships. 

𝜐i = 𝑘i𝐶H 0, 𝑡 =
𝑖d
𝑛𝐹𝐴 

Equation 2-27 

𝜐p = 𝑘p𝐶� 0, 𝑡 =
𝑖#
𝑛𝐹𝐴 

Equation 2-28 

 

The reaction rate is set equal to the rate constant of the appropriate reaction 

multiplied by the concentration of the reacting species at the surface at time t, C (x, t) 

where x = 0. This rate can also be expressed in terms of the anodic and cathodic current, 

such that the rate is equal to the current divided by the product of the number of 

electrons transferred, Faraday’s constant, and the cross sectional area. Since the new 

reaction rate will be the forward minus the backward rates, 𝜐Pge = 𝜐i − 𝜐p =
F���
P�q

 then 
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the net current will found by 𝑖Pge = 𝑖d − 𝑖#. The current can then be written in terms of 

the reaction rate constants: 

𝑖 = 𝑛𝐹𝐴[𝑘i𝐶H 0, 𝑡 − 𝑘p𝐶� 0, 𝑡 ] 

Equation 2-29 

 

 

By examining the individual rate constants of a reversible reaction and describing 

them in terms of the standard rate constant, k0, it can be seen that: 

𝑘i = 	𝑘5 exp −𝛼
𝐹
𝑅𝑇 𝐸 − 𝐸5�  

Equation 2-30 

𝑘p = 	𝑘5 exp 1 − 𝛼
𝐹
𝑅𝑇 𝐸 − 𝐸5′  

Equation 2-31 

 

The standard rate constant is achieved where kf and kb have the same value. This 

occurs when the potential, E, is equal to the standard potential, E0, and the reaction is at 

equilibrium. The transfer coefficient, α, ranges from zero to unity and describes the 

relative energy contributions from the oxidation and reduction reactions. For a perfectly 

reversible reaction, α would be equal to 0.5. 

From the Tafel relations, current is defined in terms of rate constants and the rate 

constants are related to the potential. It is useful in electrochemical investigations to 

understand the connection between the current and potential. By combining these 

relationships for current and rate constant, the following expression can be obtained. 
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𝑖 = 𝐹𝐴𝑘5 𝐶H 0, 𝑡 𝑒/¡
�
�t ¢/¢£¤ − 𝐶� 0, 𝑡 𝑒 u/¡ �

�t ¢/¢£¤  

Equation 2-32 

 

This current-potential relationship describes a one step, one electron transfer for a 

completely reversible process. To apply the analysis to irreversible or quasi-reversible 

systems, variations are made to this base relationship.  

When an electrode reaction is at equilibrium, the net current is zero and the 

potential of the electrode is predicted by the Nernst equation based on the concentration 

of the bulk oxidized species, O, and reduced species, R. By setting the net current equal 

to zero in the current-potential relationship, the expression becomes: 

𝐹𝐴𝑘5𝐶H 0, 𝑡 𝑒/¡
�
�t ¢�¥/¢£

¤
= 𝐹𝐴𝑘5𝐶� 0, 𝑡 𝑒(u/¡)

�
�t ¢�¥/¢£

¤
 

Equation 2-33 

 

At equilibrium, the bulk concentration will be the same as the surface 

concentration. The expression then reduces to: 

𝑒
�
�t(¢�¥/¢

£¤) =
𝐶H∗

𝐶�∗
 

Equation 2-34 

Recognize that this is the exponential form of the Nernst equation, shown in 

Equation 2-15: 

𝐸g� = 	𝐸5� +
𝑅𝑇
𝐹 𝑙𝑛

𝐶H∗

𝐶�∗
 

Equation 2-35 
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The net current may be zero at equilibrium, but the exchange current, i0, is the 

balanced Faradic activity, which is equal in magnitude to the anodic or cathodic current. 

The exchange current can be estimated by Equation 2-36. 

𝑖5 = 𝐹𝐴𝑘5𝐶H∗𝑒
/¡ �

�t(¢�¥/¢
£¤) 

Equation 2-36 

 

In the current-potential equation, it is sometimes more convenient to work with the 

exchange current as opposed to the rate constants and, as a consequence, the 

overpotential as opposed to the equilibrium potential. The current-overpotential 

equation, or Butler-Volmer equation, is Equation 2-37. 

𝑖 = 𝑖5
𝐶H(0, 𝑡)
𝐶5∗

𝑒/¡
�
�t§ −

𝐶�(0, 𝑡)
𝐶�∗

𝑒(u/¡)
�
�t§  

Equation 2-37 

 

For a planar, as opposed to spherical, electrode process under diffusion control, the 

linear diffusion equation can be solved, provided that specific boundary conditions are 

applied.  

𝜕𝐶H(𝑥, 𝑡)
𝜕𝑡 = 𝐷H

𝜕B𝐶H(𝑥, 𝑡)
𝜕𝑥B  

Equation 2-38 

 

The concentration of the oxidized species, O, can then be related to the diffusion-

limited current and a current-time relationship can be established. The Cottrell Equation 

is one such solution where the concentration of the oxidized species at time zero and 
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time t is equal to the bulk concentration. The concentration of oxidized species at the 

surface is assumed to be zero, effectively stating that it is immediately reduced upon 

reaching the electrode surface.  

𝑖 𝑡 = 	 𝑖b 𝑡 =
𝑛𝐹𝐴𝐷H

u
B𝐶H∗

𝜋
u
B𝑡
u
B

	 

Equation 2-39 

 

The value of the diffusion-limited current can be used in determining other kinetic 

and thermodynamic properties from experimental results. From sampled or cyclic 

voltammetry, waves are evident on a current versus potential diagram, which represent 

the anodic and cathodic reactions of a reversible or quasi-reversible electrode reaction. 

In the reversible case, it is straightforward to obtain thermodynamic properties such as 

standard potentials and Gibbs Free energies of reaction from the shape of the wave, 

specifically the wave slope. The wave slope of a reversible reaction is theoretically 

equal to 2.303RT/nF.  Standard and formal potentials can be determined for a reversible 

system through Equation 2-40. 

𝐸 = 	𝐸5� +
𝑅𝑇
𝑛𝐹 𝑙𝑛

𝐷H
𝐷�

+
𝑅𝑇
𝑛𝐹 𝑙𝑛

𝑖b − 𝑖
𝑖  

Equation 2-40 

 

In the calculation of the potential for a reversible system, D represents the 

diffusivity of the oxidized or reduced species. The half wave potential, defined as the 

potential at exactly half of the diffusion limited current is defined by Equation 2-41. 
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𝐸u
B
= 𝐸5¤ +

𝑅𝑇
𝑛𝐹 𝑙𝑛

𝐷H
𝐷�

 

Equation 2-41 

 

In quasi-reversible or irreversible reactions, the kinetics are slower and not as 

transparent. Since the forward and backward reaction rates are not identical, more 

investigation into the nature of the electrochemistry is required. The parameters α, k0, kb, 

and kf vary, hence the current-potential relationship requires a more complex analysis. 

The methods presented in this background represent the ideal case and specific 

modifications describing the reaction in this study will be based on these essential 

relationships. Mirkam and Bard developed a simple relationship between the potential 

and essential kinetic parameters if the voltammetry is based on steady state currents. 

One is able to estimate α and k0 from tables of corresponding potential differences 

𝐸u/« − 𝐸u/B  and 𝐸¬/« − 𝐸u/B .  This method is applied to potential step as opposed to 

potential sweep methods but can offer an estimate of parameters for starting points in a 

regression analysis. (Bard & Faulkner 2001) 

2.12 Cyclic Voltammetry 

Cyclic voltammetry is an electroanalytical tool employed in the investigation of 

electrochemical reactions. It is particularly useful in the preliminary research of redox 

reactions, as it can quickly give qualitative information about the locations and 

reversibility of coupled oxidation-reduction reactions. Further analysis of the cyclic 

voltammagrams can yield quantitative information about the equilibrium potentials and 

degree of reversibility.   
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A three-electrode system is used to perform cyclic voltammetry testing, consisting 

of a working electrode, reference electrode and counter electrode. Current passes 

between the working and counter electrode, and a reference measurement is made 

against the reference and working electrode. During the cyclic voltammetry experiment, 

the working electrode remains stationary in the solution containing the electroactive 

species. All reference potential calculations are measured against the standard hydrogen 

electrode (SHE), which is the universally accepted reference potential of 0 V measured 

by a hydrogen electrode with all components at unit activity. 

To produce a cyclic voltammagram once the three-electrode system is in place, the 

potential is swept linearly at a constant sweep rate between an initial and final value, 

resulting in a triangular waveform as shown in Figure 10. On the forward scan, the 

potential of the working electrode is swept more positive than the equilibrium potential 

of the redox couple and oxidation of the species can occur. Reduction on the working 

electrode surface occurs on the reverse scan when the potential of the working electrode 

is swept more negative than the redox couple. The standard convention that anodic 

current is positive and cathodic current is negative is applied in this study. 

 

Figure 10 Triangular waveform produced from one cycle of cyclic voltammetry 
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A cyclic voltammagram, seen in Figure 11, shows the current response to the 

linearly swept potential. This response is generated from the reactions occurring at the 

surface of the working electrode. At each inflection of the redox couple on the cyclic 

voltammagram, a reduction or oxidation reaction is occurring.  The current and potential 

resulting at these extremes can be evaluated to obtain information about the redox 

reaction. 

 

Figure 11 Cyclic voltammagram showing the anodic and cathodic reaction 
locations. 

 

During the anodic sweep, the reaction of reduced species R gives the oxidized 

species O with the release of n electrons. The cathodic reaction occurs when the 

oxidized species O combines with n electrons to produce reduced species, R. The 

surface reaction is controlled by: mass transport of species to the surface, the rate of 

electron transport, rate of adsorption, or rate of chemical reaction.  At the beginning of a 

CV scan as depicted in Figure 11, the potential is negative of the equilibrium potential. 
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As the scan approaches and passes the equilibrium potential, the oxidation reaction 

starts and anodic current begins to flow. As the scan progresses, the surface 

concentration of R begins to drop and  the rate of ions diffusing to the surface increases 

to compensate, resulting in an increase current. The oxidation reaction continues until 

the mass transfer to the surface reaches can no longer keep up with the consumption rate 

and depletion of R occurs until no reduced species are left available to sustain the 

reaction. The result is a waveform with a peak value, representing the oxidation reaction 

current flow. In the reverse process, the cathodic reduction follows a similar process 

where the oxidized species, O, is reduced at the surface back to R. Figure 12 shows a 

depiction of the electrode reaction pathways of oxidation/reduction reactions that can 

occur during cyclic voltammetry. 

 

Figure 12 Representation electrode reaction pathways (Bard & Faulkner 2001) 

 

1.3 Faradaic Processes and Factors Affecting Rates of Electrode Reactions I 23

ideal nonpolarizable electrode (or ideal depolarized electrode) is thus an electrode whose
potential does not change upon passage of current, that is, an electrode of fixed potential.
Nonpolarizability is characterized by a vertical region on an i E curve (Figure 1.3.5b). An
SCE constructed with a large area mercury pool would approach ideal nonpolarizability
at small currents.

1.3.3 Factors Affecting Electrode Reaction Rate and Current
Consider an overall electrode reaction,   +  ne ^ R, composed of a series of steps that
cause the conversion of the dissolved oxidized species, O, to a reduced form, R, also in
solution (Figure 1.3.6). In general, the current (or electrode reaction rate) is governed by
the rates of processes such as (1, 2):

1. Mass transfer (e.g., of   from the bulk solution to the electrode surface).
2. Electron transfer at the electrode surface.
3. Chemical reactions preceding or following the electron transfer. These might be

homogeneous processes (e.g., protonation or dimerization) or heterogeneous
ones (e.g., catalytic decomposition) on the electrode surface.

4. Other surface reactions, such as adsorption, desorption, or crystallization (elec 
trodeposition).

The rate constants for some of these processes (e.g., electron transfer at the electrode sur 
face or adsorption) depend upon the potential.

The simplest reactions involve only mass transfer of a reactant to the electrode, het 
erogeneous electron transfer involving nonadsorbed species, and mass transfer of the
product to the bulk solution. A representative reaction of this sort is the reduction of the
aromatic hydrocarbon 9,10 diphenylanthracene (DPA) to the radical anion ( D P AT ) in an
aprotic solvent (e.g., N   dimethylformamide). More complex reaction sequences involv 
ing a series of electron transfers and protonations, branching mechanisms, parallel paths,
or modifications of the electrode surface are quite common. When a steady state current is
obtained, the rates of all reaction steps in a series are the same. The magnitude of this cur 
rent is often limited by the inherent sluggishness of one or more reactions called rate 
determining steps. The more facile reactions are held back from their maximum rates by

Electrode surface region Bulk solution

Electrode

Figure 1.3.6 Pathway of a
general electrode reaction.
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The equilibrium potential of a reaction for a given concentration, temperature, etc., 

can be found from the cyclic voltammagram centered between the peak anodic and 

cathodic potentials. 

The separation between the peaks can be used to make a theoretical comparison. In 

the investigation of redox processes, the separation distance can be used to determine 

the number of electrons transferred in the redox couple. This is a helpful tool when the 

redox couple is initially unknown, or if the redox equation needs to be verified. 

𝐸g� =
𝐸`d + 𝐸`#

2  
Equation 2-42 

 

∆𝐸` = 	𝐸`d − 𝐸`# =
0.059	𝑉

𝑛  
Equation 2-43 

    

Where: ∆Ep = Peak separation potential difference (V) 

              Epc = Cathodic peak potential (V) 

              Epa = Anodic peak potential (V) 

              n = Number of electrons transferred  

 

2.13 Cyclic Voltammetry Quantification 

In potential sweep methods, such as cyclic voltammetry, kinetic parameters are 

determined based on the behavior of the resulting waves and current-functions. The 

potential varies with time in a cyclic voltammetry sweep such that: 
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𝐸 = 𝐸F − 𝜐𝑡	(0 < 𝑡 ≤ 𝜆) 

Equation 2-44 

𝐸 = 𝐸F − 2𝜐𝜆 + 𝜐𝑡	(𝑡 > 𝜆) 

Equation 2-45 

Where: E = Potential (V) 

         Ei = Initial potential (V) 

             υ = Scan rate (V/s) 

             λ = Switching time (s) 

 

The time at which the sweep changes polarity is known as “switching time”. Quasi-

reversible wave shapes and peak separation are functions of scan rate, standard rate 

constant, transfer coefficient and switching potential. In real cases, the switching 

potential is further than 90 mV divided by the number of electrons past the cathodic 

peak and therefore can be neglected.  

Matsuda and Ayabe presented the following method for determination of kinetic 

parameters where quasi-reversible behavior results. (Bard and Faulkner 2001) The shape 

of the wave peak is seen to be a function of the transfer coefficient, α and the peak 

parameter, Λ. 

Λ =
𝑘5

𝐷Hu/¡𝐷�¡
𝐹
𝑅𝑇 𝜐

u
B
	 

Equation 2-46 

 

The current is a function of the peak parameter and transfer coefficient, given by: 
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𝑖 = 𝐹𝐴𝐷H
u
B𝐶H∗

𝐹
𝑅𝑇

u
B
𝜐
u
BΨ 𝐸  

Equation 2-47 

 

The current function parameter Ψ (E) is plotted for varying values of α and Λ. The 

peak current is equal to the reversible peak current, ip (rev), multiplied by K (α, Λ). The 

K function is also plotted for varying value of α and Λ.  

𝑖` 𝑟𝑒𝑣 = 0.4463
𝐹¬

𝑅𝑇 𝑛
¬
B𝐴𝐷H

u
B𝐶H∗𝜐

u
B 

Equation 2-48 

𝑖 = 𝑖` 𝑟𝑒𝑣 ∗ K(α, Λ) 

Equation 2-49 

 

According to this approach, systems may show reversible (Nernstian), quasi-

reversible, or irreversible behavior, depending on the peak parameter Λ and the scan rate 

applied. Matsuda and Ayabe suggest the boundaries listed in Table 2 for identification 

of reversibility. 

Table 2 Boundaries of wave and kinetic parameters for determination of 
reversibility 

Reaction Behavior Boundaries 

Reversible Λ ≥15, k0 ≥ 0.3υ1/3 

Quasi-reversible 15 ≥ Λ ≥ 10-2(1+α); 0.3υ1/3 ≥ k0 ≥ 2x10-5 
υ1/2 

Irreversible Λ ≤ 10-2(1+α); k0 ≤ 2x10-5 υ1/2 
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Using cyclic voltammetry, the Method of Nicholson can be applied to determine the 

kinetic values. Nicholson defines the dimensionless rate parameter, ψ. 

𝜓 =

𝐷H
𝐷�

¡
B
𝑘5

(𝜋𝐷H𝑓𝜐)
u
B	
	 

Equation 2-50 

 

This method is primarily used for estimating the rate constant, k0, when the transfer 

coefficient is known. Separation of the oxidation and reduction peaks, ΔEp, is known 

from experimental results, along with the scan rate. From the ΔEp- υ relationship, ψ can 

be determined using charts and hence the rate constant can be estimated.  The method of 

Nicholson can be problematic to apply when very little is known about the nature of the 

electrochemical reaction and, in the case of this study, the chemical species involved in 

the reaction.  

To further process the data obtained from sweep techniques such as cyclic 

voltammetry, the voltammetric data can be transformed to approximate steady state 

voltammetry. The diffusion equation is solved for any semi-infinite linear diffusion 

conditions for an oxidized species initially present in its bulk concentration for any 

electrochemical application to obtain: 

𝐶H 0, 𝑡 = 𝐶H∗ −
1

𝑛𝐹𝐴𝐷H
u/B

1
𝜋u/B

𝑖(𝑢)
(𝑡 − 𝑢)u/B 𝑑𝑢

e

5
 

Equation 2-51 
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The term in the brackets is equal to the convolutive transform of the experimental 

current data, which we denote as I(t). 

𝐼 𝑡 =
1
𝜋u/B

𝑖(𝑢)
(𝑡 − 𝑢)u/B 𝑑𝑢

e

5
 

Equation 2-52 

 

The integral can be simplified by Reimann-Liouville operators to describe the semi-

integral of the current i(t): 

𝑑/
u
B

𝑑𝑡/
u
B
𝑖 𝑡 = 𝑚 𝑡 = 𝐼 𝑡  

Equation 2-53 

 

The limiting value of the semi-integral current, Il (t), is obtained when the 

concentration of the oxidized species is at zero at the surface [CO(0,t)] and, therefore, 

purely diffusion controlled.  

𝐼> 𝑡 = 𝑛𝐹𝐴𝐷H
u/B𝐶H∗  

Equation 2-54 

 

𝐶H 0, 𝑡 =
𝐼> − 𝐼(𝑡)
𝑛𝐹𝐴𝐷H

u/B  

Equation 2-55 
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Once the current has been transformed, the application to convenient current-

potential relationships is possible. In the case of a quasi-reversible, one step, one 

electron process: 

𝐸 = 𝐸5� +
𝑅𝑇
𝛼𝐹 ln

𝑘5

𝐷H
u
B

+
𝑅𝑇
𝛼𝐹 ln

𝐼> − 𝐼 𝑡 [1 + 𝜉𝜃]
𝑖 𝑡  

Equation 2-56 

Where: ξ = (DO/DR) 1/2 

θ = exp [(F/RT)*(E-E0’)] 

It was assumed in the derivation of this current-potential relationship that Butler-

Volmer kinetics would apply. The application of convoluted data can, for example, 

distinguish reversible and quasi-reversible systems. A plot of I(t) versus potential for the 

forward and backward scans of a cyclic voltammetry test should superimpose for a 

reversible reaction, but not for quasi-reversible systems. This is due to the shift in the 

peak cathodic and anodic potentials from a reversible state.  

Wang (Wang 2006) suggests some summarized equations and relationships for 

distinguishing reversible from quasi- or irreversible behavior by examining the change 

in peak potential and wave shape. A large change in the peak potential, Ep, from the 

standard potential, E0, is indicative of an irreversible system. Equation 2-57 predicts the 

peak potential with varying scan rate. 
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𝐸` = 𝐸5 −
𝑅𝑇
𝛼𝑛𝐹 0.78 −

𝑙𝑛𝑘5

𝐷
u
B
+ 𝑙𝑛

𝛼𝑛𝐹𝜐
𝑅𝑇

u
B
	 

Equation 2-57 

 

The peak potential and corresponding diffusivity can correspond to either the 

oxidized or reduced species and will estimate the anodic or cathodic peak potential, 

respectively.  

Wang also notes that for quasi-reversible reactions with rate constants between 10-1 

and 10-5 cm/s, charge transfer and mass transfer control the current. As such, the wave 

shape will be a function of 𝑘5/ 𝜋𝑎𝐷 where 𝑎 = 𝑛𝐹𝜐/𝑅𝑇. For an increasing value of 

𝑘5/ 𝜋𝑎𝐷, the reaction is more reversible. Smaller values of 𝑘5/ 𝜋𝑎𝐷 indicate 

increasing irreversible behaviour.  

Classical analysis of cyclic voltammetry and electrochemical kinetics is well 

defined, but does not directly apply to the electrode in this study. The solid-state nature 

of the lithium-ferrite electrode means there are no dissolved species in the initial 

reaction and therefore a new derivation from first principles is necessary in order to 

reliably determine any kinetic parameters.  

2.14 Mathematical Modeling of Electrochemical Reactions 

The mathematical modeling of classic cyclic voltammetry has been thoroughly 

studied. The models produced by textbooks, however, do not directly apply to the 

electrode system produced in this study, which involves a solid-state electrochemical 

reaction.  
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In a paper by Oldham et al, a detailed derivation of cyclic voltammetry for 

multiple electrochemical reaction types was produced. The goal of the study was to 

show cyclic voltammetry modeled without digital simulation. The same approach, 

whereby the concentration profile is modeled and then linked to the electrical variables, 

was followed in each case. (Oldham & Myland 2011) 

Lovrić et al presented a theoretical analysis of a solid-state reaction and its effect 

on cyclic voltammetry, whereby insertion electrodes were employed to insert cations 

from the electrolyte into the electrode. This study exemplifies the possibility of solid-

state redox reactions in cyclic voltammetry but the specific model does not directly 

apply to the solid-state electrode system in this study as it involves insertion electrodes 

and does not include the generation or consumption of ions at the solid electrode 

surface. (Lovrić et al 1997) 

In the process of developing a complete model to describe the solid lithium- 

ferrite reference electrode, a series of mathematical approaches are required. The 

concentration profile is first modeled from basic electrochemical principles in order to 

explain and predict the solid-state oxidation and reduction reactions. The next step is to 

model the surface concentrations and surface flux densities of the electroactive species 

and include the electrode potential and Faradaic current. These are the two crucial 

physical measurements required to produce cyclic voltammagrams. The current as a 

function of time must also be modeled from first principles to begin forming a solution 

that applies to a solid-state electrode system. Classical current-functions that have 

previously been studied cannot be employed, as there is only a reduced diffusing species 

in the electrolyte and these previously developed models are based on both oxidizing 
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and reducing diffusing agents. The current-function needed to describe solid-state 

electrode reactions can derived using the Butler-Volmer equation as a starting point. 

This study was successful in producing an initial model of the changing concentration of 

diffusion of ions with time from the solid electrode surface, but has not been able to 

transform this concentration profile into a cyclic voltammagram. It is recognized that 

this next step will be extremely useful for the evolving description of solid-state 

reference electrodes and the groundwork in determining all of the necessary building-

block equations have been identified.  
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3 Experimental and Test Methods 

3.1 Solid State Synthesis of Lithium Ferrite Powder 

Detailed procedures and characterizations of the lithium-ferrite powder produced 

for this testing can be found in previous work (Cook & Manley, 2010). Summarizing the 

procedure, lithium carbonate powder (Li2CO3 from Sigma-Aldrich: CAS 554-13-2, 99+ 

%) was mixed with nano-size hematite powder (n-Fe2O3 from Sigma Aldrich: CAS 

1309-37-1, <50 nm particle size) in a 1:5 molar ratio and the two components were 

ground, in the presence of ethyl alcohol, with a ceramic mortar and pestle for thirty 

minutes. The use of nano-sized hematite (n-Fe2O3) was substituted for regular hematite 

powder (100 mesh or 149 µm particle size) used in the previous Masters work as the 

smaller particle size would allow for improved initial mixing and better electrochemical 

insertion. The lithium-carbonate/hematite mixture was placed in a ceramic crucible and 

fired in a bench-top furnace to produce the lithium-ferrite powder through a solid-state 

reaction. The crucible was heated to 900°C in a Thermolyne muffle furnace at a rate of 

33°C/hour to allow for the slow decomposition of the Li2CO3 (Pointon & Saull, 1969). 

After three hours at temperature, the heater was shut off.  The red-hot powder in the 

crucible was immediately removed from the furnace to be quenched in air while spread 

over a wider surface area. This is done to preserve the electrochemically active beta-

phase of the lithium ferrite, β-LiFe5O8.  

From previous work (Cook & Manley 2010), it was determined that the “quench 

and spread” method was the best way to preserve the beta phase as slow cooling allows 

for ordering of the crystal structure into the alpha phase (α-LiFe5O8) which then 
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eliminates the possibility of disorder. The disordering of the phase creates holes in the 

matrix and promotes increased electrochemical insertion. 

3.2 Pellet Formation 

In order to test the electrochemical properties of the lithium-ferrite powder, the 

fine particles of the powder (less than 1 micrometer in diameter) were compressed into a 

pellet that would serve as an electrode. An SEM image, Figure 13, from the previous 

Master’s study confirms the powder size around 300 nm and less than 1 µm.  

 

Figure 13 SEM image of disordered lithium ferrite powder showing particle size 
less than1 µm 

 
 A compaction mould, made of CS-1144 carbon steel for its high tensile strength, 

was employed. Figure 14 shows a schematic of this compression mould. A length of 0.1 

mm diameter platinum wire was measured and cut to serve as the electrical contact for 

the pellet. The lithium-ferrite powder was scooped into the mould and the center-piece, 

measuring 4 cm in length, was inserted through the top of the mould. The platinum wire 

was then inserted through the small hole in the mould center-piece and detailed 

measurements were taken to ensure the tip of the wire was near the bottom of the mould 
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and powder. The powder was then compacted to a pressure of 400 MPa and left standing 

for ten minutes before slowly releasing the hydraulic press.  The top of the mould was 

then removed and the pellet pushed out with some applied pressure. 

 

 

 

 

 

 

 

 

 

Figure 14 Schematic of compression mould with ± 0.05 mm tolerances 

 

To help ensure that the lithium-ferrite pellet was stable for electrochemical 

testing and would not crumble or fall apart while handling, the compacted powder was 

sintered in the furnace to harden the material. The pellet was placed in a ceramic 

crucible and sintered at a temperature of 900°C for one hour. The pellet was allowed to 

cool slowly in the furnace to avoid cracking or fracture. The disordered phase of 

lithium-ferrite had been formed during the synthesis process and it has been shown that 

an extensive amount of annealing time is required to regenerate the ordered α-phase 
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(Schieber 1964). Hence, the β-phase should still be present in the pellets after cooling 

for less than 24 hours.  

 

3.3 In-situ Electrochemical Testing with Raman Micro-probe 

To evaluate the electrochemical redox mechanism of the lithium-ferrite pellet, a 

three-electrode system was used with lithium hydroxide (LiOH) solution acting as the 

electrolyte. The reference electrode employed was a saturated calomel electrode (SCE), 

a 1 cm x 1 cm piece of platinum gauze connected to a 0.1 mm diameter platinum wire 

served as the counter electrode, and the lithium-ferrite pellet, produced according to the 

procedures above, acted as the working electrode.  Lithium hydroxide solution was 

prepared analytically and used in conjunction with the three-electrode system to produce 

an electrochemical test cell in which to evaluate the redox behaviour of the lithium-

ferrite pellet with a focused Laser-Raman surface analysis.  

A Princeton Applied Research potentiostat (Versastat 3) was connected to the 

three electrodes and used to perform the electroanalytical operations. For all 

electrochemical testing performed with the potentiostat, the electrical connection for the 

potentiostat was run through an isolation transformer to ensure the equipment was 

electrically insulated and could perform precise measurements without interference.  

Scan rates of 25, 50 and 100 mV/s were initially applied using the potentiostat 

for 3 cycles between -0.8 V and 0.5 V versus the SCE tested in lithium hydroxide 

solutions (10-4M to 1M). The best electrochemical response from previous work was 

seen in 1M LiOH and therefore used in this focused experiment. 
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The micro-probe attachment for the Renishaw-inVia Raman microscope was 

employed for in-situ electrochemical investigation of the β-phase lithium-ferrite pellet 

(~55% beta phase). The laser from the Raman probe was focused on the surface of the 

pellet while the potentiostat performed the electro-analytical operations using the three-

electrode system. A solution of 1 M LiOH was contained in a 100 mL beaker that 

housed the three-electrode set-up. Many cyclic voltammetry experiments were 

performed and finally, the Raman probe was focused on the surface of the pellet while 

the potentiostat held the reduction potential (observed from testing) for 48 hours. The 

experimental setup is shown in Figure 15. 

 

Figure 15 In-situ Laser Raman testing setup depicting laser probe focused on lithium 
ferrite pellet, SCE reference electrode, and platinum gauze electrode 
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It was necessary to deconvolute the Raman scans produced during the in-situ tests 

to ensure hidden peaks are identified.  This was accomplished using PeakFit software 

from Sigmaplot. In PeakFit, peaks can be identified by three different methods. The 

Residuals mode picks local maxima out of smoothed data in order to locate hidden 

peaks. By searching for local minima within a smoothed second derivative data set, the 

Second Derivative mode uses the local minima to find hidden peaks. The deconvolution 

method uses a Gaussian function with a Fourier deconvolution and filtering algorithm to 

create a deconvoluted spectrum with sharper peaks of equivalent areas, which acts to 

enhance hidden peaks. Given the large amount of data and peaks in the Raman spectra 

for the lithium-ferrite electrode, the Residuals method was used. A linear baseline was 

subtracted from the data until the low intensity noise was eliminated to avoid the 

contribution of any insignificant hidden peaks. Savitsky-Golay smoothing at the 

program’s suggested optimal level was applied to each data set. 

3.4 Stainless Steel Cross Static Test Section 

3.4.1 Platinum-Black Reference Electrode  

The stainless steel cross test section was an electrochemical cell that required a 

different three-electrode system as the saturated calomel electrode (SCE) is too large to 

fit inside the 1/2” cross and is limited to testing below 100°C. To allow for an extended 

temperature range of electrochemical testing, a hydrogen-saturated system with a 

platinum-black coiled reference electrode and platinum counter electrode were to be 

employed with the lithium-ferrite working electrode. The platinum black reference 

electrode provides a highly reactive surface for hydrogen reduction (2H+ + 2e- →	H2 
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thereby allowing the reversible hydrogen reduction/oxidation reaction to serve as a 

reference measurement in the lithium ferrite diagnostic investigation.  

Platinizing the platinum wire to produce the platinum black reference electrode was 

done by attaching two coiled, platinum wires in a 5 g/l solution of chloroplatinic acid 

(PtCl4), and passing a current of 0.2 A/cm2 between them from a power supply. This 

was done to force platinum to deposit out of solution and onto the wire via the following 

electrochemical reactions. 

4𝑂𝐻/ → 𝑂B + 4𝑒/ + 2𝐻B𝑂 

Equation 3-1 

𝑃𝑡«Á + 4𝑒/ → 𝑃𝑡(𝑠) 

Equation 3-2 

 

3.4.2 Cross Test Section Operation 

A 500 mL volumetric flask of the desired concentration of lithium hydroxide 

(LiOH) solution was analytically produced and placed in a Buckner flask. Two rubber 

stoppers were inserted into the top and side openings. A 1/16” tube was placed in the top 

of flask and connected to a hydrogen gas cylinder and the flask was purged with 

hydrogen for 1.5 to 2 hours.  

 The platinum counter and reference electrodes were sealed in ½” stainless steel 

tubing with the wires fed through specially designed Teflon tubing. The lithium-ferrite 

pellet was carefully machined with a 5 mm wide tip to minimize the surface area in 

contact with the LiOH solutions and allow for better current exchange.  The machined 
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pellet was placed in its own stainless steel tube and had a specially designed Teflon 

housing to ensure the machined tip was supported. The end of the Teflon housing with 

enclosed lithium-ferrite pellet in shown in Figure 16. Once the pellet tip was machined, 

the platinum wire was coated with Teflon heat shrink and the pellet seated into the 

Teflon housing. The stainless steel tubing, along with fittings, were then put in place. 

The Conax fitting and lava seal were positioned around the wire and then torqued to 

specification (~40 ft-lbs). The assembly of the lithium-ferrite electrode branch is shown 

in Figure 17; assembly of the branch containing the platinum and platinum black coils 

was essentially the same, without the specially designed Teflon housing at the exposed 

end. The entire system was grounded to an electrical outlet with a wire in order to 

prevent ground loops during electroanalytical testing. 

 

Figure 16 Teflon housing showing smaller exposed area of lithium ferrite pellet 
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Figure 17 Assembly of lithium ferrite electrode for stainless steel cross 
electrochemical testing experiment 

 

The lithium ferrite electrode was connected to the test section, along with the 

platinum-black reference electrode and platinum counter electrode and the hydrogen 

purge and pressure relief valve were connected to the system. 

The deoxygenated lithium hydroxide solution was poured into the test section and 

the system was bubbled with hydrogen gas for another hour to eliminate any oxygen that 

was introduced during the transfer process. With the potentiostat connected to the three-

electrode system, the open circuit potential (OCP) could be monitored. When the OCP 

steadied, the system could be deemed saturated with hydrogen. The thermocouple (type 

K: alumel/chromel) was inserted into the hydrogen purge line at this point to measure 

the temperature in the cross. Heating tapes were wrapped around the stainless steel cross 

and controlled by a temperature controller. The OCP was continually monitored as the 

system reached each testing temperature to ensure equilibrium. After each steady OCP 
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reading, cyclic voltammetry was performed for various concentrations at set scan rates.  

A schematic of the test section is shown in Figure 18. 

 

 

Figure 18 Schematic of static stainless steel cross experimental setup 

 

3.5 Flow-through System 

The flow-through system was designed to ensure hydrogen saturation throughout all 

electroanalytical testing. The stainless steel cross test section could not provide reliable 

hydrogen containment for a reasonable amount of time to conduct the electrochemical 

measurements. A diagram of the experimental flow-through setup is shown in Figure 19, 

depicting the main equipment as well as locations of temperature controllers (TC) and 

the pressure transmitter (PT).  



 

 
 

65 

 

Figure 19 Diagram of flow-through system used for high temperature 
electrochemical testing 

 

The cross test section from the previous experimental setup was reconfigured and 

placed on top of the autoclave and fitted for flow-through testing.  

The ten-litre carboy was filled with analytical solutions of lithium hydroxide 

prepared in 1 L volumetric flasks (10-4 M, 10-3 M, and 10-2 M). Hydrogen was allowed 

to bubble through the carboy for 3 to 4 hours in order to degas and deaerate the solution. 

A glass bubbler was attached to the hydrogen gas outlet (to the fume hood) to avoid 

hydrogen leakage. A HPLC pump delivered the purged solution to the autoclave at a 

flow rate of less than 5 mL/min. The furnace around the Autoclave Engineers 300 mL 

Inconel 625 autoclave provided a base amount of heat input and facilitated temperature 
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and pressure measurements. A set of heating ropes remained around the electrochemical 

test section (stainless steel cross) to provide improved temperature control and make up 

for heat loss between the autoclave and cross, even through the insulation that was 

installed around the apparatus. The stainless steel cooling coil allowed for temperature 

to drop before the output stream of the system was collected in a beaker. Pressure 

regulation was done through a spring-loaded pressure relief valve located just 

downstream of the pressure regulator. 

As with the static cross test section, the OCP was monitored for stability. At each 

temperature, once the OCP was steady, cyclic voltammetry could be performed at set 

scan rates.  

The metal frame in which the pump, autoclave, and electrochemical cell were kept 

was properly grounded to an electrical outlet, essentially turning the experiment’s frame 

into a Faraday cage and protecting the experiment from interfering ground loops. 

 

3.5.1 Flow-through Testing with Two Electrode Branches 

The cross test section from the static experiment was fitted on top of the autoclave 

with the same electrode configuration: the platinum reference and counter electrodes in 

one branch and the lithium ferrite working electrode another. The remaining two 

branches allowed for flow in and out, as well as the thermocouple placement in the 

outlet branch. The only change was the material for the machined-electrode housing, 

which was upgraded from Teflon to Rulon in order to provide more rigidity at higher 

temperatures. 
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3.5.2 Flow-through Testing with One Electrode Branch 

The experimental testing with two electrode branches was short-lived due to 

operational difficulties that will be discussed in the Results & Discussion section of this 

document (see Section 4.6). The stainless steel cross was adapted to accommodate a 

single electrode-containing branch by capping one branch and allowing flow through the 

remaining two. A thermocouple was fitted through the flow outlet; the three electrodes 

in the top branch were fitted with a lava pressure seal and ran through an inner Teflon 

tube as previously assembled, shielded by an outer stainless steel tube that served as the 

pressure boundary.  The cross assembly on top of the autoclave is shown in Figure 20. A 

picture of the center of the cross containing all three electrodes, as initially fitted, is 

shown in Figure 21. This electrode configuration would once again need to be 

redesigned as high temperature testing, up to 200°C, caused the Teflon holder to expand 

and the platinum coils came into contact with the inside of the stainless steel cross. This 

resulted in current overloads and prevented any electroanalytical diagnostics. 

 

Figure 20 Stainless steel cross set up for flow-through testing on top of autoclave 
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Figure 21 Initial configuration of three-electrode system, showing expansion of Teflon 
to cause platinum reference and counter electrode coils to touch the stainless steel 

  

It became necessary to redesign the platinum counter and reference electrode 

arrangement so that there was adequate exposed surface area without excessive length 

that would cause another contact issue. The best solution was to have small squares of 

platinum sheet seated on either side of the exposed tip of lithium ferrite, but also 

recessed into the Teflon slightly to minimize movement and adjacent contact. The 

platinum squares were welded to platinum wires, with platinum metal, to avoid 

dissimilar metal contact. As the platinum was being used to reference measurement, it 

was also necessary to avoid using any foreign metals that could affect the overall purity 

and efficacy of the measured values. A schematic and photo of the finished design are 

shown in Figure 22 and Figure 23, respectively. The schematic shows the holes where 
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the three platinum wires, one attached to each electrode, are fed through the tubing and 

housing. There are recessed spaces for holding the platinum squares and a seat for the 

lithium ferrite electrode. The top and bottom portions are held together with a Teflon 

screw, designed specifically for this housing. 

 

 

Figure 22 Schematic of Teflon holder for redesigned platinum electrodes and 
machined lithium ferrite electrode 
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Figure 23 Bottom view of redesigned three-electrode system 
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4 Results and Discussion 

This section will address the findings of all experimentation and modeling 

performed for this study, beginning with the room temperature verification of the 

lithium-ferrite electrode’s reaction mechanism through in-situ Raman testing and 

deconvolution of the resulting scans. The static electrochemical testing in the stainless 

steel cross will be discussed, first at lower temperatures in order to replicate the results 

from previous Master’s work, and then at higher temperatures, up to 200°C. The need 

for an experimental redesign in order to maintain hydrogen saturation resulted in the 

flow-through system. These results will be discussed as they compare to the previous 

work and high temperature static cross experiments. The final experimental calculations 

explain the lithium-ferrite electrode’s redox mechanism behavior with temperature and 

concentration, including the insertion rate of lithium into the lithiated-hematite redox 

product and related thermodynamic data. Initial results from the first-principles model of 

a solid-state electrode reaction will also be presented.   

4.1 In-situ Raman Testing 

4.1.1 Identification of Magnetite Formed During In-situ Raman Testing 

During the in-situ Raman testing, which was performed to gather surface analysis 

information about chemical changes occurring during cyclic voltammetry, a black spot 

formed around the tip of the lithium-ferrite working electrode after many 

electrochemical tests had been performed. A Raman scan directly on the black area was 

completed using the optical microprobe attachment and is shown in Figure 24.  
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Figure 24 Raman scan of black spot developed on surface of lithium ferrite pellet 

 

The characteristic Raman peaks for several iron oxides, namely magnetite, hematite 

and maghemite, are marked along the scan for reference. (Guzonas et al 1998) It was 

suspected that the black spot was composed of magnetite and a potential product from 

the redox processes occurring on the lithium-ferrite pellet. It is clear that a 

distinguishing magnetite peak is evident at ~ 670 cm-1 and that the value of this shift is 

not characteristic of lithium-ferrite (Cook & Manley 2010). Also apparent are 

supplementary peaks that are associated with hematite at 225 and 291 cm-1.  All 

comparative peaks for the iron oxides were taken from Guzonas et al.  Thus, the lithium-

ferrite pellet is expected to follow a redox process involving a form of Fe3O4 and Fe2O3 

as reaction products.   Both phases, a-Fe2O3 and g-Fe2O3, have been included in Figure 

24 for confirmation of phase.  It appears that the a-Fe2O3 phase is a better fit to the 
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Raman spectra, however it is difficult to quantify since the band-shifts for both phases 

are similar. This test confirmed the results from the previous Masters’ work, whereby 

magnetite is formed on the surface on the lithium-ferrite electrode during cyclic 

voltammetry and can be conformed as a redox product in the electrochemical reduction 

of β-LiFe5O8 in lithium hydroxide solutions. 

4.1.2 Comparison of Original Lithium Ferrite Powder and Lithium Ferrite Pellet 
after Cyclic Voltammetry 

The overall comparison of compositional changes between the starting material, 

lithium-ferrite powder produced with nano-sized hematite (n-LiFe5O8), and the lithium- 

ferrite pellet used as a working electrode during electrochemical testing, by Laser 

Raman surface analysis scans is displayed in Figure 25. 

 

 

Figure 25 Raman scans showing comparison of lithium ferrite powder made with nano-
sized Fe2O3 (n-LiFe5O8, higher intensity scan) and a lithium ferrite pellet after 

electrochemical testing 
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There are three peaks that immediately distinguish the two spectra. The scan of the 

pellet following 48 hours of potentiostatic testing has additional peaks present at        

400 cm-1, 553 cm-1 and 610 cm-1 that are not observed in the original powder. A detailed, 

comparative analysis, involving deconvolution of the two scan, was done to fully 

investigate the differences and include the possibility of “hidden peaks” that could be 

present. This procedure in explained in detail in the following section. 

4.1.2.1 Deconvolution of Raman Scans for Lithium Ferrite Power and Lithium 
Ferrite Pellet 

 

While processing the Raman scans to complete an in-depth surface analysis 

investigation of the lithium-ferrite powder and pellet, sections of the scans were 

processed by the PeakFit software to deconvolute the results and produce “hidden” 

peaks; hidden peaks are the characteristic peaks that are lost between two or more larger 

peaks and can be less visible though still representative of a particular band. Pertinent 

regions suspected of containing hidden peaks were examined with the results presented 

in Figure 26 to Figure 31, along with corresponding, demonstrative statistical analyses.  
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Figure 26 Deconvolution of the lithium ferrite powder scan in the 200-400 cm-1 range 
showing 8 peaks and a 97.5% correlation between the fit and the actual data 

 

 

Figure 27 Stabilized Normality Plot (SNP) for n-LiFe5O8 powder in the 200-400 
cm-1 range 
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Figure 28 Deconvolution of the lithium ferrite pellet scan in the 200-409 cm-1 range 
showing 10 peaks and a 99.3% correlation between the fit and the actual data 

 

 

Figure 29 Stabilized Normality Plot (SNP for lithium ferrite pellet in the 200-409 
cm-1 range 
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Figure 30 Deconvolution of the lithium ferrite powder scan in the 400-600 cm-1 range 
showing 3 peaks and a 98.2% correlation between the fit and the actual data 

 

 

Figure 31 Deconvolution of the lithium ferrite pellet scan in the 400-600 cm-1 range 
showing 5 peaks and a 99.3% correlation between the fit and the actual data 
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The deconvoluted Raman spectrum in the range of 200 to 400 cm-1 and 

corresponding Stabilized Normal Probability (SNP) plot for residuals of the 

deconvolution analysis of the powder are shown in Figure 26 and Figure 27, 

respectively. Figure 28 and Figure 29 show the deconvoluted Raman spectrum of the 

pellet in the 200 to 400 cm-1 range and the corresponding SNP plot for comparison. 

Correlations between the actual data and deconvoluted data were high at 97.5% for the 

powder and 99.3% for the pellet. The slightly lower correlation in the powder was due 

to a larger amount of noise in the original powder data. 

A comparison of Figure 26 and Figure 28 initially shows that the peaks at 309 and 

400 cm-1 present on the scan of the pellet are not present on the scan of the lithium 

ferrite powder. The n-LiFe5O8 (β-phase LiFe5O8) has a characteristic peak around 

400cm-1 and upon closer examination of the comparative scans, this peak from the scan 

of the pellet can be attributed to a shift from the 393 cm-1 shoulder peak present in the 

powder; it is further observed that all the peaks on the pellet scan are shifted by 

approximately + 6 cm-1 relative to the powder scan. In the study by Turkovic et al, 297 

and 407cm-1 have been identified as distinguishing peaks for lithiated-hematite 

(LiFe2O3). In the experiment, thin films of Fe2O3 were doped with 0%, 1% and 10%  Li+ 

ions. The resulting Raman scans showed shifted peaks indicative of lithiated-hematite 

(LiFe2O3) at 297 and 407 cm-1 (Turkovic et al, 2010). Although the 400 cm-1 shift is 

indicative of both lithium-ferrite and lithiated-hematite, the peak at 309 cm-1 can only be 

representative of the lithiated-hematite. The peaks at 372 and 388 cm-1 could be not be 

attributed to any relevant species. The peak at 372 cm-1 could possibly be a shifted peak 

of γ-Fe2O3, but it more likely an artifact of the mathematical manipulation due to the 
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two larger peaks being separated by more distance than in the powder. The peak at 388 

cm-1 is likely an artifact due to the shift of the 400 cm-1 frequency. 

A second comparison was done between the powder and pellet scans in the range of 

400 to 600 cm-1.  Deconvolution analysis was also performed on the focused regions 

using PeakFit. The deconvoluted powder spectrum is shown in Figure 30 and the 

deconvoluted pellet spectrum in Figure 31. The correlation between the actual data and 

the deconvolution were also high in this analysis, with 98.2% for the powder and 99.3% 

for the pellet. 

The comparison of Figure 30 and Figure 31 show the evolution of two new peaks at 

553 and 610 cm-1, which are distinguishing peaks for magnetite and hematite, 

respectively. As described above, in the review of magnetite Raman results by 

Shebanova and Lazor, the characteristic peak at 538 cm-1 for magnetite was measured at 

550 cm-1 in experiments where magnetite was a secondary product. Figure 24 shows the 

identifying peaks for hematite including one at 610 cm-1. 

The presence of secondary peaks identified in the deconvoluted Raman spectra 

verify that both magnetite and hematite are present and that a form of lithiated-hematite 

(LiFe2O3) is likely present due to the shift identified at 309 cm-1. It appears that at room 

temperature, the decomposition of lithium-ferrite involves reduction of some of the 

ferric ions in the cubic lattice to produce a hybrid lithiated oxide, with lithiated-hematite 

being preferred.   
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4.2 Investigations of Reaction Mechanisms 

The breakdown of lithium-ferrite into lithiated-hematite and magnetite and quasi-

reversible recombination was the most probable mechanism that explained the 

experimental behavior of the lithium-ferrite electrode under cyclic voltammetry 

electrochemical analysis. Magnetite was physically confirmed as a redox product after a 

black film was produced on the surface of the electrodes and subsequently verified 

through Laser Raman identification. Lithium-iron-oxide, LiFeO2, is a 

thermodynamically stable intermediate in the production of LiFe5O8 and has been seen 

to coexist with LiFe5O8 in other electrochemical studies. (Pointon & Saull 1969) Several 

reaction schemes involving LiFeO2 were investigated to observe how the predicted 

potential of the reaction would vary with the Nernst equation. Each scheme took into 

consideration acidic and alkaline mediums at low temperature (≤ 70°C) and high 

temperature (up to 200°C). It was considered that both hematite and magnetite would be 

present with LiFeO2 and that lithium-ion production could be possible. All of the 

possible schemes are summarized in Table 3 where “1” indicates alkaline conditions and 

“2” indicates acidic conditions.  

Table 3 Possible reaction mechanisms involving LiFeO2 

Mechanism Label Reaction 
A1 2LiFe5O8 + 2H2O + 3e- ↔ 3Fe3O4 + LiFeO2 + 4OH- + Li+ 
A2 2LiFe5O8 + 4H+ + 3e- ↔ 3Fe3O4 + LiFeO2 + 2H2O + Li+ 
B1 2LiFe5O8 + H2O + 2e- ↔ 2LiFeO2 + Fe2O3 + 2Fe3O4 + 2OH-  
B2 2LiFe5O8 + 2H+ + 2e- ↔ 2LiFeO2 + Fe2O3 + 2Fe3O4 + H2O -  
C1 2LiFe5O8 + H2O + e- ↔ LiFeO2 + 3Fe2O3 + Fe3O4 + 2OH- + Li+ 
C2 2LiFe5O8 + 2H+ + e- ↔ LiFeO2 + 3Fe2O3 + Fe3O4 + H2O + Li+ 
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For each mechanism, the Gibbs energy of formation and Gibbs energy of reaction 

was calculated for low and high temperatures. The standard potential (vs SHE) was then 

obtained and the Nernst equation was used to predict the potential in 10-2 M, 10-3 M, and 

10-4 M LiOH solutions. At elevated temperatures, the activity of Li+, pH and 

dissociation constant of water (Kw) were corrected. The results are presented in the 

following tables. 

Table 4 Nernstian calculations for mechanism A1 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 665.95 -2.30 -2.09 -2.00 -1.90 
323 672.51 -2.32 -2.10 -2.00 -1.90 
343 673.97 -2.33 -2.10 -2.00 -1.89 
373 442.03 -1.53 -1.26 -1.15 -1.03 
423 383.67 -1.33 -1.01 -0.90 -0.76 
448 351.36 -1.21 -0.88 -0.76 -0.62 
473 282.36 -0.98 -0.62 -0.49 -0.35 

 

Table 5 Nernstian calculations for mechanism A2 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 347.03 -1.20 -2.09 -2.00 -1.91 
323 343.23 -1.19 -2.09 -1.99 -1.89 
343 339.43 -1.17 -2.09 -1.99 -1.88 
373 94.63 -0.33 -1.27 -1.16 -1.04 
423 17.70 -0.06 -1.05 -0.94 -0.80 
448 -24.42 0.08 -0.94 -0.82 -0.68 
473 -103.95 0.36 -0.70 -0.57 -0.42 
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Table 6 Nernstian calculations for mechanism B1 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 561.62 -2.91 -2.78 -2.73 -2.67 
323 564.63 -2.93 -2.79 -2.73 -2.67 
343 564.87 -2.93 -2.79 -2.73 -2.67 
373 329.79 -1.71 -1.54 -1.48 -1.41 
423 267.08 -1.38 -1.20 -1.13 -1.05 
448 232.50 -1.20 -1.00 -0.93 -0.85 
473 160.86 -0.83 -0.62 -0.54 -0.46 

 

Table 7 Nernstian calculations for mechanism B2 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 402.16 -2.08 -2.78 -2.73 -2.67 
323 399.99 -2.07 -2.78 -2.73 -2.67 
343 397.60 -2.06 -2.78 -2.72 -2.66 
373 156.09 -0.81 -1.55 -1.49 -1.42 
423 84.09 -0.44 -1.22 -1.16 -1.08 
448 44.61 -0.23 -1.05 -0.97 -0.89 
473 -32.29 0.17 -0.68 -0.60 -0.51 

 

Table 8 Nernstian calculations for mechanism C1 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 534.73 -5.54 -5.16 -5.00 -4.83 
323 538.46 -5.58 -5.17 -5.00 -4.82 
343 539.16 -5.59 -5.17 -4.99 -4.80 
373 304.82 -3.16 -2.67 -2.48 -2.27 
423 243.12 -2.52 -2.24 -2.13 -2.01 
448 209.00 -2.17 -1.87 -1.76 -1.63 
473 137.99 -1.43 -1.12 -1.00 -0.86 
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Table 9 Nernstian calculations for mechanism C2 

Temperature 
(K) 

ΔGreaction 
(kJ) 

E0 (V) 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
E (V) E (V) E (V) 

298 375.27 -3.89 -5.16 -5.00 -4.83 
323 373.82 -3.87 -5.16 -4.99 -4.80 
343 371.89 -3.85 -5.15 -4.97 -4.78 
373 131.12 -1.36 -2.69 -2.50 -2.28 
423 60.13 -0.62 -2.02 -1.81 -1.57 
448 21.11 -0.22 -1.66 -1.44 -1.18 
473 -55.16 0.57 -0.92 -0.68 -0.41 

 

All of the calculations involving a possible reaction product of LiFeO2 instead of 

lithiated hematite, in both acidic and basic solutions, produced equilibrium potentials 

that were far too low in comparison with the experimental results. The LiFeO2 

mechanisms produced equilibrium potentials (vs SHE) ranging from -2.0 V to -0.5 V 

and -5.0 V to -0.4 V from room temperature up to 200°C, respectively.  

These results, in combination with the in-situ Raman testing and subsequent 

deconvolution of the surface scans, demonstrate that it is more likely that hematite and 

lithium are involved in forming the reaction products along with magnetite in the 

proposed redox mechanism shown in Equation 4-1. 

LiFe5O8 +H2O + (1+x) e- ↔ LixFe2O3 + Fe3O4 + 2OH- + (1-x) Li+  

Equation 4-1 

 

4.3 Results from Previous Work  

For comparison with the experimental results produced by this study, the 

equilibrium potentials produced by cyclic voltammetry with a lithium-ferrite electrode 
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(~55% β-phase) at 50°C and 70°C and concentrations of 10-2 and 10-3 M LiOH from the 

previous Masters study were translated from the saturated calomel electrode (SCE) scale 

to the standard hydrogen electrode (SHE), reversible hydrogen electrode (RHE) scales.  

This was necessary since different reference electrodes were used at low-temperature 

than were used for the high-temperature testing. At room temperature, the SCE 

measures -0.242V vs SHE and therefore can be used to compare the measured 

equilibrium potentials against the standard scale. The RHE potentials were calculated at 

each temperature with a hydrogen partial pressure equal to one.  Examples of these 

calculations are presented in Appendix A. This enabled a direct comparison of the new 

experimental design’s resulting equilibrium potential results, measured with a RHE, to 

corroborate the proposed reaction mechanism. 

Table 10 Equilibrium potential results translated to the standard hydrogen scale (SHE)  

 50°C 70°C 
SCE (V) RHE 

(V) 
SHE 
(V) 

SCE (V) RHE 
(V) 

SHE 
(V) 

10-2 M LiOH 0.055 0.544 -0.172 0.054 0.570 -0.158 
10-3 M LiOH 0.105 0.537 -0.122 0.095 0.551 -0.117 

 

4.4 Low Temperature Static Cross Testing 

In the static, stainless steel cross test section, cyclic voltammetry was performed at 

50°C and 70°C in lithium hydroxide concentrations of 10-2 M, 10-3 M, and 10-4 M to 

reproduce the equilibrium potentials obtained from the Masters study with a different 

experimental design and new reference electrode. Representative cyclic voltammagrams 

(CV’s) from cross test section at the same testing temperatures are shown in Figure 32 

and Figure 33. At each temperature interval for all three concentrations of LiOH, 
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multiple scan rates (5 to 100 mV/s) were run with time allowed for depolarization of the 

three-electrode diagnostic setup after each scan. The scan rate is varied in order to 

achieve complete scope of the reaction mechanism. A wide range of voltage is applied 

to the working electrode, which causes polarization and the electrode is removed from 

an equilibrium state. The open circuit potential is monitored during the depolarization 

until a steady number is observed, representing equilibrium. A large amount of data and 

graphs are produced by this test methodology, a reflective sample of which is shown the 

following figures. The large negative current generated at the most negative potential (at 

0 V in Figure 32 below) is indicative of hydrogen production. The wave immediately 

following this reaction at about 0.3 V represents the hydrogen recombination reaction. 

This phenomenon is present in many of the CV results from this study. At the most 

positively scanned potentials, a large positive current can be driven by oxygen 

production.  The experiment in this study was trying to remain hydrogen saturated so 

that range of the scan was avoided to limit the oxygen production in the electrochemical 

cell. Arrows on the CV graphs indicate the direction of the potential scan. 
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Figure 32 CV in 10-2 M LiOH at 50 mV/s and 50°C showing a cathodic bump (negative 
current) and anodic bump (positive current) on either side of an equilibrium potential of 

0.706 V vs RHE 

 

Figure 33 CV in 10-4 M LiOH at 25 mV/s and 70°C 
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The cyclic voltammagram in Figure 32 shows an almost perfectly reversible redox 

reaction, with the anodic and cathodic bumps being close together and of similar size. 

The anodic bump in Figure 33 is less pronounced than the cathodic bump, but their 

locations are clearly visible; this is representative of quasi-reversible behavior. 

A full table of the resulting reduction potentials, taken from the cathodic peaks 

(Ered), oxidation potentials, taken from the anodic peaks (Eox), and the equilibrium 

potentials, equal to the average of Ered and Eox as explained in Section 2.12, are shown in 

Table 11. 

Table 11 Results from low temperature testing in cross, measured against the 
reversible hydrogen electrode (RHE) 

 10-2 M LiOH 10-3 M LiOH 10-4 M LiOH 
Temp 
(°C) 

Scan 
Rate 

(mV/s) 

Ered 
(V) 

Eox 
(V) 

Eeq 
(V) 

Ered 
(V) 

Eox 
(V) 

Eeq 
(V) 

Ered 
(V) 

Eox 
(V) 

Eeq 
(V) 

50 25 0.619 0.652 0.636 0.506 0.545 0.526 0.789 0.840 0.815 
50 0.689 0.722 0.706 0.507 0.562 0.535 0.725 0.775 0.750 

70 25 0.726 0.735 0.731 0.521 0.565 0.545 0.743 0.797 0.770 

50 0.729 0.755 0.742 0.490 0.544 0.517 0.697 0.764 0.731 
 

A table of the directly applicable results for comparison to the Masters work from 

the cross test section, measured on the same standard hydrogen scale, is shown below. 

 

Table 12 Equilibrium Value Results from Low Temperature Cross Test Section for 
Comparison to Masters Work presented in Table 10. 

 50°C  70°C 
Eeq vs RHE (V) Eeq vs RHE (V) 

10-2 M LiOH 0.671 0.737 
10-3 M LiOH 0.530 0.531 
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The cyclic voltammagrams from the low temperature testing at room temperature, 

50°C, and 70°C showed promising electrochemical responses with visible oxidation and 

reduction bumps. All equilibrium potential values were averaged for all scan rates. 

When compared to the same lithium hydroxide concentrations and temperatures, the 

data set at 10-3 M LiOH matched the previous Master’s work well but the 10-2 M data 

did not. In the cross test section, equilibrium potentials (vs SHE) for 10-2 M were found 

to be -0.045 V and 0.009 V at 50°C and 70°C, respectively. This differed from - 0.172 V 

and -0.158 V found in the previous work under the same experimental conditions. At   

10-3 M, equilibrium potentials determined from the cross-test section found to be -0.129 

V and -0.137 V at 50°C and 70°C. These values matched more closely with the Master’s 

results of -0.122 V and -0.117 V. The high temperature testing was performed next 

given the good correlation with one data set. 

 

4.5 High Temperature Static Cross Test Section Results 

After testing at 50°C and 70°C, the test section was taken up to 200°C at intervals 

to investigate the high temperature electrochemical response of lithium ferrite in 10-2 M,   

10-3 M, and 10-4 M lithium hydroxide solutions. As with low temperature testing, 

multiple scan rates were used at each temperature and concentration interval, with time 

allowed between each scan for the system to properly depolarize. Cyclic 

voltammagrams representing the responses at each of these temperature intervals are 

shown in Figure 34 to Figure 36. 
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Figure 34 CV in 10-2 M LiOH at 100 mV/s and 150°C 

 

 

Figure 35 CV in 10-3 M LiOH at 25 mV/s and 175°C 
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Figure 36 CV in 10-4 M LiOH at 20 mV/s and 200°C 

 

A qualitative analysis of the cyclic voltammagram in Figure 34 shows quasi-

reversible behavior as the cathodic bump is larger and has a larger current response than 

the anodic bump. The following CV in Figure 35 also exhibits quasi-reversible behavior 

with an even larger current response from the cathodic reaction. One could hypothesize 

that this was due to a lengthy experimentation day where the reaction product buildup 

occurring due to many consecutive scans could have occurred, resulting in an increased 

electrochemical response. The CV in Figure 36 shows a more moderate and typical 

cathodic reaction response and quasi-reversible behavior. 
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A full table of the resulting reduction potentials, oxidation potentials, and the 

equilibrium potentials, equal to the average of the reduction and oxidation potentials, are 

shown in Table 13. 

Table 13: Cross test section high temperature experiment results. 

Concentration 
(mol/L) 

Temperature 
(°C) 

Scan Rate 
(mV/s) 

Reduction 
Potential (V) 

Oxidation 
Potential (V) 

Eeq vs 
RHE (V) 

10-2 
150 25 0.556 0.635 0.596 
150 100 0.566 0.738 0.652 
200 25 0.588 0.706 0.647 
200 50 0.647 0.752 0.700 
200 100 0.658 0.750 0.704 

10-3 

150 5 0.623 0.667 0.645 
150 10 0.476 0.543 0.510 
150 15 0.376 0.478 0.427 
150 25 0.408 0.491 0.450 
150 50 0.381 0.462 0.422 
175 5 0.573 0.617 0.595 
175 10 0.472 0.504 0.488 
175 15 0.385 0.464 0.425 
175 25 0.342 0.427 0.385 
175 50 0.343 0.390 0.367 
200 5 0.708 0.739 0.724 
200 10 0.710 0.737 0.724 
200 15 0.701 0.748 0.725 
200 25 0.696 0.761 0.729 
200 50 0.693 0.755 0.724 

10-4 

150 10 0.584 0.618 0.601 
150 15 0.579 0.614 0.597 
150 25 0.545 0.575 0.560 
150 50 0.491 0.546 0.519 
175 5 0.608 0.698 0.653 
175 10 0.558 0.665 0.612 
175 15 0.585 0.683 0.634 
175 25 0.582 0.698 0.640 
175 50 0.580 0.715 0.648 
200 10 0.646 0.785 0.716 
200 15 0.629 0.745 0.687 
200 25 0.640 0.780 0.710 
200 50 0.633 0.862 0.748 
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The cyclic voltammagrams showed good electrochemical responses, similar to the 

low temperature results, with visible oxidation and reduction bumps. It was evident, 

however, from analyzing the equilibrium potentials in the high temperature cross test 

section results that the system was not behaving reproducibly with any noticeable trend. 

At 10-2 M LiOH, the equilibrium potentials trended upward, but at 10-3 M LiOH, the Eeq 

values trended down between 150°C and 175°C then jumped up at 200°C. For the 10-4 

M LiOH tests, the Eeq values trended up but not consistently with scan rate for each 

temperature interval. The values were also similar for each concentration at each testing 

temperature. 

These results are attributed to the lack of perfect seal required to maintain hydrogen 

saturation and for the possible oxygen evolution that may have occurred on the positive 

sections of the CV scans, as evidenced by the large increases in anodic current in the 

higher potential regions of Figures 34 - 36. As there was no way to monitor the partial 

pressure of the hydrogen in the cross, there was no way to ensure a constant, 

measureable reference potential and any oxygen production would have led to a mixed 

potential being established on the Pt reference electrode. It became necessary to design a 

flow-through system that could pump hydrogen-saturated lithium hydroxide at a low 

rate to ensure negligible flow effect.  

4.6 Results with Rulon Housing for Lithium Ferrite Pellet 

Initially, the two electrode branches from the stainless steel cross were placed into 

the flow-through set-up with the only change being the material for the lithium-ferrite 

pellet housing. Rulon was used in place of Teflon in order to provide increased rigidity 

at the higher temperatures. The system was immediately brought up to 200°C, at 50 
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degree intervals, in order to pressure test for leaks and also test that the lithium-ferrite 

pellet would operate properly in the new housing. Upon reaching 150°C and above, the 

lithium hydroxide solution, normally clear, was exiting the system bright yellow. When 

the system was cooled and disassembled, it was clear that the new material had failed 

and decomposed under the high pH and temperature condition. The material broke down 

and left oil residue through out the entire flow-through experiment. A thorough cleaning 

was required, and Teflon was restored as the housing material. Figure 37 shows a 

picture of the Rulon housing, originally yellow in color, after disassembly. It is possible 

that the wrong material was sourced, but to be safe, no Rulon was implemented in future 

designs. 

 

Figure 37 Rulon housing and lithium ferrite electrode after high temperature testing 
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4.7 Low Temperature Flow-through Testing 

With the revised experimental design, which allowed for continuous supply of 

saturated lithium hydroxide solutions to the electrochemical cell and compact design of 

the three-electrode branch, the temperature and concentration conditions from the 

Masters study were once again reproduced. The low temperature testing was performed 

first and the experiment was ramped up to high temperature carefully given the issues 

with the previous electrode designs, described in Sections 3.5.1, 3.5.2, and 4.6. For each 

temperature interval at each concentration, many scan rates (5 to 100 mV/s) were once 

again run, allowing for depolarization of the electrode in between scans. Example cyclic 

voltammagrams produced at conditions similar to the Masters work are shown in Figure 

38 and Figure 39. 

 

Figure 38 CV in 10-2 M LiOH at 25 mV/s and 50°C 
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Figure 39 CV in 10-3 M LiOH at 15 mV/s and 70°C 

 

Both CV’s from this replication testing show anodic and cathodic inflections, with 

the cathodic bump being more pronounced in both cases. This is indicative of quasi-

reversible electrochemical kinetics. 

The applicable results used for comparison with the Masters work are summarized 

in Table 14 and shown versus the experiment’s reference RHE scale and standard SHE 

scale. 
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Table 14 Summary of Low Temperature Flow-through System Testing for 
comparison to previous work presented in Table 10. 

 

 

50°C 70°C 
Eeq vs RHE 

(V) 
Eeq vs SHE 

(V) 
Eeq vs RHE 

(V) 
Eeq vs SHE 

(V) 

10-2 M LiOH 0.559 -0.157 0.597 -0.130 
10-3 M LiOH 0.525 -0.134 0.587 -0.081 

 

In the flow-through test section, equilibrium potentials (vs SHE) for 10-2 M were 

found to be -0.157 V and -0.130 V at 50°C and 70°C, respectively. This was a 

comparable result to the -0.172 V and -0.158 V found in the previous work under the 

same experimental conditions. At 10-3 M, equilibrium potentials from the cross-test 

section found to be -0.134 V and -0.081 V at 50°C and 70°C. These values also matched 

the Master’s results of -0.122 V and -0.117 V. The system was deemed to be successful 

up to 70°C and then pressurized for high temperature electrochemical testing. 

4.8 High-Temperature Flow-through Results 

Similar to the low temperature testing, the system was essentially run to perform 

cyclic voltammetry on a lithium ferrite working electrode using platinum wire-based 

counter and reference electrodes although the operation was more complicated because 

pressure must be implemented to prevent boiling of the lithium hydroxide electrolyte 

above 100°C. The system was run successfully up to 230°C with lithium hydroxide 

concentrations of 10-2 M and 10-3 M at a set of scan rates ranging from 5 mV/s to         

100 mV/s. With increased temperature intervals in this portion of the study accompanied 

by depolarization times in between scan rates, this portion took the longest time to 
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complete. A set of representative cyclic voltammagrams produced using the flow-

through experimental setup is shown in Figure 40 to Figure 43.  

 

Figure 40 CV in 10-2 M LiOH at 10 mV/s, 100°C, and 1500 psi 
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Figure 41 CV in 10-3 M LiOH at 15 mV/s, 150°C, and 1500 psi 

 

Figure 42 CV in 10-2 M LiOH at 15 mV/s, 200°C, and 1500 psi with anodic and 
cathodic bump circled 
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Figure 43 CV in 10-3 M LiOH at 50 mV/s, 230°C, and 1700 psi with anodic and 
cathodic regions circled 

 

The high temperature CV scans showed less pronounced anodic and cathodic 

bumps due to the large amount of noise produced during the experimentation. High 

temperature operation of the experiment between 200°C and 300°C was the most 

difficult portion of the study as we were operating at the edge of stability for the Teflon 

housing and it had the potential to become quite fluid. This could have affected the 

rigidity of the electrode wires and hence the quality of the measurement. One would 

expect a larger electrochemical response due to increased kinetics at high temperatures. 

Once all of cyclic voltammagrams were plotted and the oxidation and reduction 

potentials evaluated, the equilibrium potentials at each temperature were gathered with 
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the corresponding reversible hydrogen potentials and shown against the standard 

hydrogen scale. These results are shown in Table 15 to Table 18. 

Table 15 Results at 100°C in flow-through system testing with average equilibrium 
potentials for all scan rates 

 100°C 
Eeq vs RHE (V) RHE (V) Eeq vs SHE (V) 

10-2 M LiOH 0.820 -0.751 0.069 
10-3 M LiOH 0.672 -0.686 -0.014 

 

Table 16 Results at 150°C in flow-through system testing with average equilibrium 
potentials for all scan rates 

 150°C 
Eeq vs RHE (V) RHE (V) Eeq vs SHE (V) 

10-2 M LiOH 0.865 -0.798 0.067 
10-3 M LiOH 0.790 -0.726 0.064 

 

Table 17 Results at 200°C in flow-through system testing with average equilibrium 
potentials for all scan rates 

 200°C 
Eeq vs RHE (V) RHE (V) Eeq vs SHE (V) 

10-2 M LiOH 0.989 -0.845 0.144 
10-3 M LiOH 0.856 -0.770 0.086 

 

Table 18 Results at 230°C in flow-through system testing with average equilibrium 
potentials for all scan rates 

 230°C 
Eeq vs RHE (V) RHE (V) Eeq vs SHE (V) 

10-2 M LiOH 1.301 -0.886 0.415 
10-3 M LiOH 1.15 -0.807 0.343 
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Once plotted, the cyclic voltammagrams produced by the high temperature tests in 

the flow-through system were evaluated for cathodic and anodic peaks, representing the 

forward and backward reactions, respectively, of the proposed reaction mechanism from 

Equation 4-1. A picture of the three-electrode system after high temperature experiments 

were completed is shown in Figure 44, where the bottom view of the exposed lithium 

ferrite pellet shows that the color has turned from orange to black, once again 

confirming the production of magnetite during electrochemical testing. 

 

Figure 44 Bottom view of the three-electrode system, showing the blackened 
surface of the lithium-ferrite working electrode 

 

The peak values, representing the potential of the oxidation and reduction half 

reactions, were tabulated and compared to the calculated reversible hydrogen electrode 

(RHE) potentials in order to evaluate the results on a standard hydrogen electrode (SHE) 

scale. There were no high temperature results for comparison for the equilibrium 

potentials, so they were analyzed using electrochemical relationships. The Nernst 
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equation based on the proposed mechanism, Equation 4-2, was used to calculate values 

of standard reaction potential, E0, for varying values of lithium insertion, x. 

 

𝐸g� = 𝐸5 −
2 ∙ 2.303𝑅𝑇
1 + 𝑥 𝐹 𝑙𝑜𝑔𝐾l + 𝑝𝐻t −

(1 − 𝑥)
(1 + 𝑥)

2.303𝑅𝑇
𝐹 𝑙𝑜𝑔𝑎ÂFÁ 

Equation 4-2 

 

The standard reaction potential values were then used to calculate the Gibbs energy 

of reaction and deduct a value for the Gibbs energy of formation for the given lithium 

insertion in hematite. Values of Gibbs energy of formation for values of lithium 

insertion from 0 to 1 were calculated at each of the high temperature and are presented 

in Table 19 to Table 22. 

Table 19 Calculations of Equilibrium Potential and Gibbs Energy of Formation for 
LixFe2O3 at 100°C 

 X = 0 0.2 0.4 0.6 0.8 1.0 

0.01 M 
LiOH 

E0 (V) 0.472 -0.212 -0.171 -0.140 -0.116 -0.097 
ΔGrxn 

(kJ/mol) -45.500 24.590 23.122 21.653 20.184 18.716 

Eeq (V) 0.796 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -740.650 -801.058 -861.467 -921.876 -982.284 

0.001 M 
LiOH 

E0 (V) 0.472 -0.396 -0.341 -0.300 -0.268 -0.242 
ΔGrxn 

(kJ/mol) -45.500 45.834 46.058 46.283 46.507 46.731 

Eeq (V) 0.926 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -719.406 -778.122 -836.837 -895.553 -954.269 
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Table 20 Calculations of Equilibrium Potential and Gibbs Energy of Formation for 
LixFe2O3 at 150°C 

 X = 0 0.2 0.4 0.6 0.8 1.0 

0.01 M 
LiOH 

E0 (V) 1.641 -0.255 -0.208 -0.172 -0.145 -0.123 
ΔGrxn 

(kJ/mol) -158.300 29.532 28.076 26.620 25.163 23.707 

Eeq (V) 1.87 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -629.23 -689.94 -750.66 -811.38 -872.09 

0.001 M 
LiOH 

E0 (V) 1.641 -0.369 -0.307 -0.260 -0.224 -0.195 
ΔGrxn 

(kJ/mol) -158.300 42.736 41.444 40.152 38.860 37.569 

Eeq (V) 2.09 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -616.02 -676.58 -737.13 -797.68 -858.23 

 

Table 21 Calculations of Equilibrium Potential and Gibbs Energy of Formation for 
LixFe2O3 at 200°C 

 X = 0 0.2 0.4 0.6 0.8 1.0 

0.01 M 
LiOH 

E0 (V) 2.736 -0.221 -0.167 -0.127 -0.096 -0.071 
ΔGrxn 

(kJ/mol) -264.000 25.603 22.621 19.638 16.656 13.674 

Eeq (V) 3.07 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -534.50 -597.08 -659.66 -722.24 -784.83 

0.001 M 
LiOH 

E0 (V) 2.736 -0.400 -0.330 -0.277 -0.237 -0.204 
ΔGrxn 

(kJ/mol) -264.000 46.272 44.543 42.815 41.086 39.357 

Eeq (V) 3.19 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -513.83 -575.16 -636.49 -697.81 -759.14 
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Table 22 Calculations of Equilibrium Potential and Gibbs Energy of Formation for 
LixFe2O3 at 230°C 

 X = 0 0.2 0.4 0.6 0.8 1.0 

0.01 M 
LiOH 

E0 (V) 3.263 0.024 0.081 0.125 0.158 0.185 
ΔGrxn 

(kJ/mol) -314.800 -2.749 -10.985 -19.222 -27.458 -35.695 

Eeq (V) 3.60 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -516.63 -584.65 -652.66 -720.68 -788.69 

0.001 M 
LiOH 

E0 (V) 3.263 -0.174 -0.100 -0.044 -0.001 0.034 
ΔGrxn 

(kJ/mol) -314.800 20.201 13.505 6.808 0.112 -6.584 

Eeq (V) 3.72 
 - - - - - 

ΔG0
f 

LixFe2O3 
(kJ/mol) 

- -493.68 -560.16 -626.63 -693.11 -759.58 

 

The study by Campet et al provided room temperature data for the lithium insertion 

in hematite at values of x = 0.25 and x = 0.5 in concentrated organic electrolyte. From 

the published cyclic voltammagrams, the same analysis was performed on this study’s 

experimental data as was performed on the Campet’s cyclic voltammagrams in order to 

calculate at room temperature Gibbs energy of formation for Li0.25Fe2O3 and Li0.5Fe2O3. 

Results of this analysis are shown in Table 23.  

Table 23 Room temperature Gibbs Energy of Formation for LixFe2O3 

Species Gibbs Energy of Formation (ΔG°f, kJ/mol) 
Li0.25Fe2O3 -811.0 
Li0.5Fe2O3 -879.8 

 

The room temperature data, shown above, need to be extrapolated for temperature 

and insertion of lithium. The high temperature (100°C to 230°C) Gibbs energy of 

formation data was available for the remainder of species involved in the reaction, 
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namely Fe2O3 and Li+. Also available was the detailed thermodynamic study of LiFe5O8 

by Rakshit et al in which the Gibbs energy of formation was thoroughly calculated from 

room temperature to 727°C. The difference in the Gibbs energy of formation between 

each temperature could be determined and applied to the room temperature LixFe2O3 

data. This procedure was deemed appropriate, as both species are lithiated iron oxides 

and could be assumed to behave in a thermodynamically similar pattern. Rakshit et al 

also provided thermodynamic data for the species, LiFeO2, which showed the same 

trend as LiFe5O8 whereby the Gibbs energy of formation increases with temperature. 

The resulting calibration curve for insertion of lithium in hematite with increasing 

temperature is shown in Figure 45. 

 

 

Figure 45 Generated Calibration Curve for LixFe2O3 (x from 0 to 1) showing Gibbs 
energy of formation values from 100°C to 230°C 
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The experimental reaction potentials taken from the cyclic voltammagrams 

produced by Campet et al were evaluated with Gibbs energy of formation values at 

100°C - 230°C at the published lithium insertion values of 0.25 and 0.5. The trend lines 

connecting these calculations were extended to compensate for insertion from 0 to 1 Li+ 

at each temperature. This chart provided the basis for fitting the lithium insertion to our 

experimental data and is our best approximation given the limited published high 

temperature thermodynamic information on lithiated-hematite.  

The experimental data at 100°C neatly fit with the correlation chart but the data for 

150°C, 200°C, and 230°C needed to be fit using least-difference between each insertion 

calculation. It is to be expected that as the deviations from room temperature are 

increased, the fit will be less precise. The results are presented in Table 24. 

Table 24 Lithiated Hematite Species at High Temperature 

Temperature 
(°C) 

Species ΔG°f Difference 
(kJ/mol) 

100 Li0.9Fe2O3 0 
150 Li0.5Fe2O3 ~ 40 
200 Li0.5Fe2O3 ~ 120 - 130 
230 Li0.3Fe2O3 ~ 130 - 150 

 

The insertion of lithium at each temperature did not vary with concentration, only 

temperature. It is evident from the data that the mobility of the lithium ion increases 

with temperature and therefore the insertion of lithium is lower at high temperatures.  

It would be expected that the Li+ insertion would continue to decrease as the 

system’s temperature is increased. In terms of electrode potential, this corresponds to an 
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increasing standard reaction potential, from -1.02 V vs SHE to 0.06 V vs SHE between 

100°C and 230°C. The trend shows the potential increasing with temperature and 

decreasing with lower concentration at each temperature. 

4.9 Gibbs Energy of Formation involving Lithium Insertion in Hematite 

The experimental apparatus involved an autoclave (constant volume) with regulated 

pressure (constant pressure) and a constant, monitored concentration of lithium 

hydroxide (constant number of moles). Using the Maxwell relation from Equation 4-3, 

the entropy of reaction for the proposed reaction mechanism could be obtained. 

𝜕𝐺
𝜕𝑇 N,O,P

= 	−𝑆 

Equation 4-3 

 

For each temperature, concentration, and calculated lithium insertion rate in 

hematite, the Gibbs energy of formation for LixFe2O3 was tabulated and plotted against 

temperature to compare with the appropriate Maxwell relation. The plot is shown in 

Figure 46. 
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Figure 46 Determination of the Entropy of Formation for lithium insertion in 
hematite 

 

From Figure 46, the average entropy of formation was determined to be               

2.98 kJ/mol/K. Comparatively, the study by Rakshit et al showed positive entropy of 

formation values for the lithium iron oxide compounds LiFe5O8 and LiFeO2. The 

entropy of formation varied from 243 J/mol/K to 710.1 J/mol/K for LiFe5O8 and        

75.8 J/mol/K to 205.1 J/mol/K for LiFeO2 between 298.15 K and 1000 K.   

4.10 General Description of Physical Electrode Reactions  

Cyclic voltammetry was used in this study to scope the electrochemical activity of 

lithium-ferrite, LiFe5O8. The observed quasi-reversible electrochemical reactions 

involved the decomposition of LiFe5O8 into lithiated-hematite (LixFe2O3) and magnetite 
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(Fe3O4) by reduction and, conversely, by the recombination of these products into 

LiFe5O8 by oxidation. Closer inspection of the electrode redox reactions and the cyclic 

voltammagrams can give insight into the physical steps encountered with each 

mechanism. As mentioned in Section 2.12, the CV scan produces waves around the 

oxidation/reduction reactions as the potential moves positively/negatively away from the 

equilibrium potential. 

 Figure 47 shows a sketch of only the reverse cyclic voltammetry scan, where the 

chemical reaction is described above the CV representation. This cathodic reaction 

occurs unimpeded where the lithium-ferrite (LiFe5O8) decomposes upon reaction with a 

water molecule and (1+x) electrons to form lithiated-hematite (LixFe2O3) and magnetite 

(Fe3O4), along with two hydroxyl ions (OH-) and (1-x) lithium ions. There are no mass-

transfer limiting effects within this reaction scheme and the rate of the reaction is solely 

limited by the kinetics of the reaction and exchange of electrons on the surface of the 

lithium-ferrite electrode. Water molecules are amply available in the lithium hydroxide 

electrolyte solution, which allows this reaction to occur until the majority of the exposed 

surface of the lithium ferrite has been converted to reaction products (lithiated-hematite 

and magnetite).  It is assumed that the structure of the lithiated-hematite product would 

be cubic since it is not likely to revert directly to the α-Fe2O3 tetragonal structure.  The 

cubic structure is typical of γ-Fe2O3 (maghemite), which may be formed in this process 

to minimize the overall free energy of the system. 

Following the cathodic reaction’s rate decrease, the voltage continues to sweep 

more negative until it reaches the switching potential. The increasing cathodic current is 

representative of the hydrogen production in the negative voltage region, where 
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hydrogen ions in solution are reduced on the electrode surface to form hydrogen gas 

bubbles. 

 

Figure 47 Sketch of cathodic reaction during cyclic voltammetry 

 

Figure 48 shows a sketch of the anodic reaction on the surface of the lithium-

ferrite electrode, as represented by cyclic voltammetry, with the chemical reaction 

labeled above. In comparison with Figure 47, the CV wave is not as large.  During the 

reaction, lithiated-hematite and magnetite are recombined into lithium-ferrite (LiFe5O8) 

by reacting with two hydroxyl ions and (1-x) lithium ions. Lithium ions and hydroxyl 

ions are plentiful in the lithium hydroxide electrolyte; however, the surface 

concentration of lithiated-hematite and magnetite is depleted quickly because it is 

exclusively produced by the cathodic reaction. The rate of chemical reaction, or rate of 

lithium-ferrite recombination, is limited primarily by the surface concentration of these 
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two reacting species. As more cycles of voltammetry are completed, more lithiated-

hematite and magnetite are produced, which results in closer proximity of these species 

on the electrode surface and an increased reaction rate. Even after multiple cycles, the 

concentrations of lithiated-hematite and magnetite will not be as large as the overall 

concentration of lithium-ferrite within the electrode, therefore the CV wave will be 

smaller as the reaction will be limited and generate less current. The rate of transport of 

hydroxyl ions from solution to the surface of the electrode will continue until the 

chemical reaction rate reaches a maximum and can no longer keep up with the 

consumption rate, or the surface concentration of lithiated-hematite and magnetite is 

completely depleted. The limitation of the anodic reaction results in quasi-reversible 

electrode behavior, which is visibly represented on the CV scans by an anodic wave that 

is smaller than the cathodic wave. 

 

Figure 48 Sketch of anodic reaction during cyclic voltammetry  
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4.11 Mathematical Modeling of a Solid-State Electrode 

4.11.1 Model Derivation 

The mathematical description of the solid-state electrochemistry performed in this 

study was done based on modeling the concentration of hydroxyl ions (reduced species) 

on a solid lithium-ferrite electrode in lithium hydroxide bulk solution. Developed from 

base principles, the model describes the diffusion of the reduced species (OH-) during 

the redox process on a solid-state lithium-ferrite (LiFe5O8) electrode, including Butler-

Volmer kinetics. This process is represented in Figure 49. Equation 4-4 shows the 

starting equation, which was solved to obtain the change in concentration of hydroxyl 

ion with time. 

 

Figure 49 Representation of diffusion of hydroxyl ions from solid lithium ferrite 
surface to bulk lithium hydroxide solution 

 

𝐷
𝜕B𝐶HÃ/
𝜕𝑥B

=
𝜕𝐶HÃ/
𝜕𝑡

+
𝑖a
𝑧𝐹𝛿

	 	𝑒𝑥𝑝
𝛽𝑧𝐹
𝑅𝑇

𝐸 − 𝐸a − 𝑒𝑥𝑝
(1 − 𝛽)𝑧𝐹

𝑅𝑇
𝐸 − 𝐸a  

Equation 4-4 



 

 
 

113 

Where: 

C = Concentration (mol/L) 

β  = Transfer coefficient 

Ei = Initial potential (V) 

E0 = Equilibrium potential (V) 

E = Potential (V) 

D = Diffusivity (cm2/s) 

δ  = Boundary layer thickness (cm) 

io = Exchange current density (A/cm2) 

F = Faraday’s constant (96 485 C/mol) 

z  = Number of electrons transferred 

x = Distance (cm) 

t = Time (s) 

R = Gas constant (J/mol/K) 

T = Temperature (K) 

 

The constants were collected to simplify the solution, resulting in Equation 4-5. 

 

𝐷
𝜕B𝐶HÃ/
𝜕𝑥B = 	

𝜕𝐶HÃ/
𝜕𝑡 + 𝜗	{𝑒𝑥𝑝 𝛼 𝐸 − 𝐸a − 𝑒𝑥𝑝 −𝛼 𝐸 − 𝐸a } 

Equation 4-5 

 

 

Where:  

𝜗 =
𝑖a
𝑧𝐹𝛿 

Equation 4-6 
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𝛼 =
𝛽𝑧𝐹
𝑅𝑇  

Equation 4-7 

 

The potential at any time, t, is varied by the scan rate, ν, applied by the potentiostat, 

described by Equation 4-8, where Ei is the initial, or starting, potential.  

𝐸 = 𝐸F − 𝜈𝑡 

Equation 4-8 

 

Including the varied potential in the model and collecting the constants, further 

manipulation of the exponential terms is shown in Equation 4-9. 

𝑒¡¢

𝑒¡¢�
−
𝑒¡¢�

𝑒¡¢ =
𝑒¡(¢Q/re)

𝑒¡¢�
−

𝑒¡¢�

𝑒¡(¢Q/re) 

Equation 4-9 

 

By combining the exponents, we can simplify to: 𝑒¡(¢Q/¢�)𝑒/¡re −

𝑒/B¡(¢Q/¢�)𝑒¡re. Collecting the constants, the following expression was compiled: 

𝑀𝑒/¡re − 𝑁𝑒¡re 

The “separation of variables” mathematical technique intended for diffusion 

equations containing a generation term was applied to the simplified starting equation. 

𝐷
𝜕B𝐶HÃ/
𝜕𝑥B = 	

𝜕𝐶HÃ/
𝜕𝑡 + 𝜗 𝑀𝑒/¡re − 𝑁𝑒¡re  

Equation 4-10 
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We let the concentration, which is a function of position and time, equal to two 

separate functions; one function is solely a function of distance and the other solely a 

function of time such that we see the following relationship. All reference to 

concentration, C, henceforth in the solution refer to the concentration of the reduced 

species, OH-. 

𝐶 𝑥, 𝑡 = 𝑓 𝑥 ⋅ 𝜙 𝑡  

Equation 4-11 

 

Therefore: 

𝜕𝐶
𝜕𝑡 = 𝑓(𝑥) 	 ⋅ 	𝜙′ 𝑡  

Equation 4-12 

 

and 

𝜕B𝐶
𝜕𝑥B = 𝑓�� 𝑥 ⋅ 𝜙 𝑡  

Equation 4-13 

 

These functions were substituted into the simplified diffusion equation, along with a 

time-only dependent generation function, [g(t)], represented by the exponential terms.  

𝑓 𝑥 ⋅ 𝜙′ 𝑡 	= 𝐷 ⋅ 	𝑓�� 𝑥 ⋅ 𝜙 𝑡 + 	𝑔(𝑡) 

Equation 4-14 

 

All of the position and time dependent terms were grouped to form an equality, 

which was set equal to the eigenvalue, -λ. 
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𝜙′(𝑡)
𝜙(𝑡) −

𝑔 𝑡
𝑓 𝑥 ⋅ 𝜙 𝑡 = 𝐷

𝑓�� 𝑥
𝑓 𝑥 = −𝜆 

Equation 4-15 

 

The boundary conditions, derived from the physical state of the electrochemical 

system, were used to solve for the eigenvalue. 

𝑓�� 𝑥 +
𝜆
𝐷 𝑓 𝑥 = 0 

Equation 4-16 

 

Boundary conditions: 

																																									𝑓� 0 = 0																																													 

Equation 4-17 

																																								𝑓 ∞ = 	𝐶Ì																																										 

Equation 4-18  

 

In the boundary condition equations, the bulk concentration of the lithium 

hydroxide solution is equal to C∞. The general solution to this eigenvalue problem is 

given below, where A and B are unknown constants. 

𝑓 𝑥 = 𝐴 ⋅ 𝑐𝑜𝑠 𝜆
𝐷 𝑥 + 𝐵 ⋅ 𝑠𝑖𝑛 𝜆

𝐷 𝑥  

Equation 4-19 

Therefore: 
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𝑓� 𝑥 = 	−𝐴 ⋅ 𝜆
𝐷 𝑠𝑖𝑛

𝜆
𝐷 𝑥 + 𝐵 ⋅ 𝜆

𝐷 𝑐𝑜𝑠
𝜆
𝐷 𝑥  

Equation 4-20 

 

Using the first given boundary condition, the sine of zero is equal to zero and the 

cosine of zero is unity, which gives a value of zero for B. Since our boundary conditions 

are non-homogeneous [f(∞) = C∞], we subtract C∞ to allow us to use the boundary 

condition: f(L) = 0. The C∞ term was added to the final solution. We used the second 

boundary condition to solve for the eigenvalue, Equation 4-24, and obtain a general 

solution for C’(x, t).  

𝑓 𝐿 = 0 = 𝐴 ⋅ 	𝑐𝑜𝑠 𝜆
𝐷 𝐿  

Equation 4-21 

𝑐𝑜𝑠 𝜆
𝐷 𝐿 = 0 

Equation 4-22 

𝜆
𝐷 𝐿 =

𝑛𝜋
2 ,						𝑛 = 1, 3, 5, … , 𝑒𝑡𝑐 

Equation 4-23 

 

𝜆 = 𝐷
𝑛𝜋
2𝐿

B
 

Equation 4-24 
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A detailed completion of the “separation of variables” analysis is shown in 

Appendix B. The final solution to our specific solid-state diffusion equation is show in 

Equation 4-25. 

𝐶� 𝑥, 𝑡 = 𝑒n(
P�
BÂ)

�
⋅
𝑖a
𝑧𝐹𝛿 ⋅

4
𝑛𝜋 ∙

𝑒¡re𝑒n
P�
BÂ

�
e(𝑀 − 𝑁𝑒B¡re)

𝑡 ∙ cos
𝑛𝜋
2𝐿 ∙ ∆𝑥 + 𝐶Ì 

Equation 4-25 

 

Where: 𝑀 = 𝑒¡(¢Q/¢�) 

𝑁 = 𝑒/B¡(¢Q/¢�) 

𝛼 = Transfer coefficient, varied between 0 and 1 

4.11.2 Solid-State Modeling Results 

To test the workability of the model, a set of starting parameters were chosen, 

essentially arbitrarily, to represent the scan rate of a cyclic voltammetry scan around an 

equilibrium potential value. A transfer coefficient of 0.5 was chosen to represent the 

ideal case of a perfectly reversible reaction. Diffusivity of the hydroxyl ion was taken 

from literature (CRC Handbook of Chemistry 2010) and the boundary layer thickness 

was taken as the average for reversible electrochemistry in reference electrodes (Wang 

2006). The exchange current density was taken as average value from literature 

describing quasi-reversible kinetics (Wang 2006) and the eigenvalue was calculated for 

these given values. Table 25 shows the values used to produce the initial model result 

shown in Figure 50. 
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Table 25 Initial set of values used to test solid-state electrode model 

Transfer coefficient, α 0.5 
Initial potential, Ei (V) -0.8 

Equilibrium potential, Eeq (V) -0.4 
Boundary layer thickness, δ (cm) 5.23 x 10-5 

Diffusivity, D (cm2/s) 1.50 x 10-3 
Exchange current density, io (A/cm2) 1.0 x 10-5 

Diffusion length, x (cm) 1.0 x 10-5 
Total length, L (cm) 1 

Number of electrons, e 1 
Scan rate, ν (V/s) 0.025 

Eigenvalue, λ 5.74 x 10-1 
 

 

 

Figure 50 Solid-state diffusion of hydroxyl ions from surface of lithium ferrite 
electrode during cyclic voltammetry 
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The results from the solid-state modeling of hydroxyl ions from the surface of the 

lithium-ferrite electrode, based on the set of variables and constants chosen, showed an 

initial increase of the concentration of ions. This was followed by a very slow decrease 

for ~50% of the modeled time (about 80 seconds) and then a sharper decrease for the 

remaining 50% of the time.  

One would expect to see an increase/decrease of the hydroxyl ions, as they are 

being produced/consumed by the imposed cyclic voltammetry. During the cathodic 

reaction, lithium-ferrite (LiFe5O8) breaks apart after reacting with a water molecule and 

(1+x) electrons to form lithiated-hematite (LixFe2O3) and magnetite (Fe3O4), along with 

two hydroxyl ions (OH-) and (1-x) lithium ions. As described in Section 4.10, this 

reaction occurs unimpeded and is only limited by the kinetics of the reaction and 

transfer of electrons. Therefore, there is an increase in the production of hydroxyl ions 

until the rate of electron transfer at the surface reaches a maximum and can no longer 

match the consumption rate at the surface. The reaction rate then depletes, resulting in a 

reduction in the amount of hydroxyl ions produced. 

 Future work with this model would involve the variation of parameters and their 

effect on the production/consumption of hydroxyl ions, but most importantly, this model 

should be further manipulated to recreate the actual cyclic voltammagram produced by 

the modeled electrochemistry. The goal of this manipulation would be the determination 

and quantification of electrochemical parameters, which is not possible with the current 

reference electrode models, as they are not based on solid-state chemistry. 
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5 Conclusions 

The proposed reaction mechanism products were physically identified as magnetite, 

from Laser Raman surface analysis, and lithiated-hematite from a deconvolution 

analysis of the in-situ Laser Raman tests which revealed a hidden peak indicative of 

LiFe2O3.  

Static, high temperature, electrochemical experimentation in a stainless steel cross 

did not produce reliable equilibrium potential results due to an imperfect hydrogen seal. 

The platinum reference electrode measurement requires hydrogen saturation as the 

partial pressure of hydrogen cannot be measured in the electrochemical cell, and 

complete saturation is the only calculation that can provide a dependable reference.  

A flow-through modification (flow less than 5 mL/min) to the stainless steel cross 

allowed for successful production of cyclic voltammagrams up to 230°C with complete 

hydrogen saturation ensured by a constant supply of hydrogen-saturated lithium 

hydroxide solutions. 

The lithium-ferrite electrode redox mechanism was verified up to 230°C, with the 

lithium-insertion in the lithiated-hematite reaction product decreasing from 0.9 at 100°C 

to 0.3 at 230°C. The involvement of the lithium-ion in the high temperature redox 

mechanism implies that there could be Li+ ion or pH-sensing applications along with 

corrosion measurement use for this electrode. As a reference, the lithium-ferrite 

electrode potential increases with increasing temperature and decreases with 

concentration at each set temperature.   
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As each lithium insertion rate was fitted with temperature, the corresponding Gibbs 

energy of formation was set as well. By applying a Maxwell relation from 

thermodynamic theory, a plot of Gibbs energy of formation versus temperature showed 

that the average entropy of reaction for the lithium insertion in hematite process over the 

100°C to 230°C temperature range was 2 980 J/mol/K.  

A model of the solid-state electrochemistry that describes the electrode reaction was 

started, and successfully produced initial results representing the concentration of 

hydroxyl ions (the reduced species) away from the lithium ferrite surface.  
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6 Recommendations 

In future studies, it is recommended that the lithium-ferrite electrode be placed in 

higher temperatures, up to 350°C, for further characterization in order to potentially 

extend its application to higher temperature ranges in industry.  

The chemistry in which the lithium-ferrite electrode is tested should also be varied 

to simulate other power plant chemistry, such as borated and lithiated light water as used 

in PWR’s.  

A high-temperature lithium-insertion in hematite study would provide an improved 

calibration for the proposed reaction mechanism characterization.  

The extension of the mathematical model to represent high temperature cyclic 

voltammetry would provide detailed electrochemical characterization of the solid-state 

lithium ferrite electrode behavior that cannot be provided by current reference electrode 

models due to its solid-state nature. 
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Appendix A 
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Sample Calculations 

1.0 Calculating equilibrium potential from cyclic voltammagrams (CV’s) 

The oxidation and reduction potentials are read from the plots and the equilibrium 

potential is calculated by: 

𝐸g� =
𝐸^gbcdeFaP + 𝐸asFb#eFaP

2  

From the CV in 10-2 M LiOH at 150°C and 25 mV/s made during the static cross 

testing: 

𝐸^gb = 0.556	𝑉 

	𝐸as = 0.635	𝑉 

𝐸g� = 0.596	𝑉	(𝑣𝑠	𝑅𝐻𝐸) 

2.0 Calculation of Reversible Hydrogen Electrode (RHE) Potentials 

The pH was determined for each temperature and concentration using Debye-

Huckel correlations and the Bromley equation. 

Reversible hydrogen electrode reaction mechanism: 

𝐻B 𝑎𝑞𝑢𝑒𝑜𝑢𝑠 ⇌ 2𝐻- + 2𝑒/ 

The Nernst equation was determined for the hydrogen-based redox. 
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𝐸g� = 𝐸5 +
2.303 ⋅ 𝑅 ⋅ 𝑇

𝑛𝐹 𝑙𝑜𝑔[𝐻]- B 

By definition, the standard reaction potential for the reversible hydrogen 

decomposition/production reaction is 0 V. The Nernst equation can further reduced by 

canceling the two-electron transfer with the square of the logarithm.  

𝐸g� = −
2.303 ⋅ 𝑅 ⋅ 𝑇

𝐹 ⋅ 𝑝𝐻 

At 100°C, in 10-2 M LiOH, the pH is found to be 10.14. The gas constant, R, is 

8.314 J/mol/K. The resulting RHE potential is equal to -0.751 V. 

3.0 Calculating the Equilibrium Potential on the Standard Hydrogen Scale (SHE) 

For 10-2 M LiOH at 200°C in the flow-through system: 

𝐸g�	𝑣𝑠	𝑅𝐻𝐸 = 0.989	𝑉 

𝑅𝐻𝐸 = 	−0.845	𝑉 

𝐸g�	𝑣𝑠	𝑆𝐻𝐸 = 0.989	𝑉 + −0.845	𝑉 = 0.144	𝑉 

4.0 Calculation of Gibb’s Energy of Formation of LixFe2O3 at High Temperature 

At 100°C, in 10-2 M LiOH, and x = 0.8 (insertion rate of lithium in lithiated 

hematite): 

Find E0 from the Nernst Equation and experimental Eeq. 
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Constants from electrochemical calculations spreadsheet: 

 pH = 10.03 

 Kw = 5.34 x 10-13 

 aLi+ = 0.798 

From experimental data: 

 Eeq (averaged over all scan rates) = 0.820 V 

 RHE potential = -0.751 V 

 Eeq vs RHE = 0.069 V 

Insert values into Nernst Equation: 

𝐸g� = 𝐸5 −
2 ⋅ 2.303𝑅𝑇
1 + 𝑥 𝐹 log 𝐾l + 𝑝𝐻t −

1 − 𝑥
1 + 𝑥

2.303𝑅𝑇
𝐹 log	(𝑎ÂF-) 

Rearrange for E0: 

𝐸5

= 0.069𝑉 +
2 ⋅ 2.303 ⋅ 8.314 𝐽

𝑚𝑜𝑙 ⋅ 𝐾 ⋅ 373𝐾

1 + 0.8 96	485 𝐶
𝑚𝑜𝑙

log 5.34 ⋅ 10/u¬ + 10.03

−
(1 − 0.8)
(1 + 0.8)

2.303 ⋅ 8.314 ⋅ 373
96	485 log	(0.798)  
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Solving: 

𝐸5 = −0.116	𝑉 

Find ΔGrxn based on E0: 

Δ𝐺^sP = −
𝐸5 ⋅ 1 + 𝑥 ⋅ 𝐹	

1000 𝑘𝐽/𝑚𝑜𝑙 

Δ𝐺^sP =
− 0.116𝑉 ⋅ 1 + 0.8 ⋅ 96485 𝐶

𝑚𝑜𝑙
1000 = 20.184

𝑘𝐽
𝑚𝑜𝑙 

 

From proposed reaction mechanism, we can now calculate ΔGf of Li0.8Fe2O3 at 

100°C in 10-2 M LiOH. 

From HKF (Helgeson-Kirkam-Flowers) model, the Gibb’s energies of formations 

for the other participating species can be found at100°C. (Olive 2012) 

Li+ = -294.7 kJ/mol 

 Fe2O3 = -751.8 kJ/mol 

 OH- = -149.6 kJ/mol 

 Fe3O4 = 1024.9 kJ/mol 

 H2O = -243.1 kJ/mol  
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From Rakshit et al, the Gibbs energy of formation for LiFe5O8 is -2082.0 kJ/mol 

Δ𝐺^sP = 𝑛 ⋅ 𝐺i5 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − 𝑛 ⋅ 𝐺i5 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠 

20.184
𝑘𝐽
𝑚𝑜𝑙

= Δ𝐺i	5𝐿𝑖5.�𝐹𝑒B𝑂¬ + Δ𝐺i	5𝐹𝑒¬𝑂« + 2 ⋅ Δ𝐺i	5𝑂𝐻/ + (1 − 𝑥) ⋅ Δ𝐺i	5𝐿𝑖-

− Δ𝐺i	5𝐿𝑖𝐹𝑒Ó𝑂� + Δ𝐺i	5𝐻B𝑂  

 

Δ𝐺i	5𝐿𝑖5.�𝐹𝑒B𝑂¬

= 20.184
𝑘𝐽
𝑚𝑜𝑙—1024.9 − 2 −149.6 − 1 + 0.8 −294.7 + 2082.0 + 243.1

= −921.875	𝑘𝐽/𝑚𝑜𝑙 
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Appendix B 

 

 

  



Continuation of mathematical solution to solid-state diffusion equation with 

generation/consumption terms for hydroxyl ions 

 

Substituting into f(x), we get the following general solution. 

 

𝑓 𝑥 = 𝐴 ⋅ cos	 𝑛𝜋𝑥 2𝐿  

𝐶� 𝑥, 𝑡 = 𝐴P(𝑡) ⋅ 𝑐𝑜𝑠
PÕu

	 𝑛𝜋𝑥 2𝐿  

 

thus presenting the general solution for the concentration of hydroxyl ions. It is 

necessary to then solve for the particular solution, An. 

 

Adding the source term, we obtained the conditions at time zero.  

 

𝐶� 𝑥, 0 = 𝑔 𝑡 = 𝐴P(0) ⋅ 𝑐𝑜𝑠
PÕu

	 𝑛𝜋𝑥 2𝐿 	 

 

𝐴P 0 = 0 

 

The proper first and second derivative equations were then found. 
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𝑑𝐶′
𝑑𝑡 = 𝐴P� (𝑡)

PÕu

∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿  

 

𝑑𝐶′
𝑑𝑥 = − 𝐴P(𝑡)

PÕu

∙
𝑛𝜋
2𝐿 ∙ 𝑠𝑖𝑛

𝑛𝜋𝑥
2𝐿  

 

𝑑B𝐶′
𝑑𝑥B = − 𝐴P(𝑡)

PÕu

∙
𝑛𝜋
2𝐿

B
∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿  

 

These derivatives were combined with the original proposed model. 

 

𝐴P� (𝑡)
PÕu

∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 = −𝐷 ∙ 𝐴P 𝑡
PÕu

∙
𝑛𝜋
2𝐿

B
∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 + 𝑔(𝑡) 

 

Where: 𝑔(𝑡) = generation term based on Butler-Volmer kinetics 

 

The eigenvalue equivalency was substituted in order to simplify the separation of 

variables solution. 

 

𝐴P� (𝑡)
PÕu

∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 = − 𝐴P 𝑡
PÕu

∙ 𝜆P ∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 + 𝑔(𝑡) 
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𝐴P� 𝑡 + 𝜆P ∙ 𝐴P 𝑡
PÕu

	𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 = 𝑔 𝑡  

 

To attain the particular solution, it is required to multiply both sides of the equation 

by [cos (mπx/2L) �dx] followed by integration from x = 0 à L.  

 

 

𝐴P� 𝑡 + 𝜆P ∙ 𝐴P 𝑡
PÕu

	 ∙ 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥
Â

5

= 𝑔 𝑡 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥
Â

5
 

 

𝐴P� 𝑡 + 𝜆P ∙ 𝐴P 𝑡 =
𝑔 𝑡 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥Â

5

𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥Â
5

= 𝑞 𝑡  

 

For m = n ≠ 0: 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥Â
5 = Â

B
 

 

For m = n = 0: 𝑐𝑜𝑠 𝑛𝜋𝑥 2𝐿 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥 = 𝐿Â
5  

 

The generation term can be solved and simplified:  
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 𝑔 𝑡 ∙ 𝑐𝑜𝑠 𝑚𝜋𝑥 2𝐿 	𝑑𝑥Â
5  =  𝑔 𝑡 ∙ 2𝐿 𝑚𝜋 

 

 

By substituting initial conditions, the particular solution was completed. 

 

𝐴P 0 	@	𝑡 = 0, 𝑛 = 0:	 

𝐴5� 𝑡 + 𝜆5𝐴5 𝑡 ∙ 𝐿 = 0 

∴ 𝐴5 𝑡 = 𝐶 exp −𝐿	𝜆5𝑡  

 

An integrating factor was used to solve for An(t). 

 

𝑞 𝑡 @	𝑡,𝑚 = 𝑛 ≠ 0: 

 

𝑞 𝑡 =
𝑔(𝑡) ∙ 2𝐿 𝑚𝜋

𝐿/2 = 𝑔(𝑡) ∙ 4 𝑚𝜋 

 

 

𝐴P� 𝑡 + 𝜆P ∙ 𝐴P 𝑡 = 𝑔 𝑡 ∙ 4 𝑚𝜋 = 𝑞 𝑡  

 

Integrating factor: 𝐼 = 𝑒 N s = 𝑒 Úbe = 𝑒Ú�e 
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𝐴P 𝑡 = 𝐴5 𝑡 𝑒/Ú�e + 𝑒/Ú�e 𝑔 𝑡 ∙ 4 𝑚𝜋
e

5
𝑒/Ú�Û𝑑𝜏 

 

𝐴P 𝑡 = 𝑒Ú�e 𝑃 𝑀𝑒/¡re − 𝑁𝑒¡re ∙
4
𝑛𝜋 ∙

e

5
𝑒/Ú�Û𝑑𝜏 

 

= 𝑒Ú�e ∙
𝑖a
𝑧𝐹𝛿 ∙

4
𝑛𝜋 ∙

𝑒/¡re𝑒re(𝑀 − 𝑁𝑒B¡re)

𝑡 			→ 𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒𝑑	𝑓𝑟𝑜𝑚	𝜏 = 𝑡	𝑡𝑜	𝜏 = 0 

 

 

 

The final solution is as follows: 

 

𝐶� 𝑥, 𝑡 = 𝑒n(
P�
BÂ)

�
⋅
𝑖a
𝑧𝐹𝛿 ⋅

4
𝑛𝜋 ∙

𝑒¡re𝑒n
P�
BÂ

�
e(𝑀 − 𝑁𝑒B¡re)

𝑡 ∙ cos
𝑛𝜋
2𝐿 ∙ ∆𝑥 + 𝐶Ì 

 

 

where: 𝑀 = 𝑒¡(¢Q/¢�) 

𝑁 = 𝑒/B¡(¢Q/¢�) 

𝛼 = 𝑇𝑟𝑎𝑛𝑠𝑓𝑒𝑟	𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡	𝑣𝑎𝑟𝑖𝑒𝑑	𝑏𝑒𝑡𝑤𝑒𝑒𝑛	0.5 − 0.7 
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