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ABSTRACT 
 
 

CATIONIC-DOPING OF MAYENITE ELECTRIDE: SYNTHESIS, PROCESSING, AND 

EFFECT ON THERMAL STABILITY 

 
 
  
 Mayenite electride is an electrically conductive ceramic developed from its parent phase, 

oxy-mayenite (12CaO•7Al2O3, commonly referred to as C12A7). C12A7 has a unique unit cell 

that consists of a positively charged [Ca24Al28O64]4+ framework containing twelve cages and two 

extra-framework O2- ions located inside two cages. The extra-framework O2- ions can be 

replaced with electrons when C12A7 is heated in a reducing environment, and those extra-

framework electrons act like anions, forming the mayenite electride phase, denoted as C12A7:e-

hereafter. The anionic electrons enable peculiar properties of C12A7:e- such as high electrical 

conductivity and low work function, making it a promising material for field emission devices, 

thermionic-cooling, and as a hallow cathode for electrical propulsion. Compared to other 

electride materials such as Ca2N, which barely sustain their electride properties even at ambient 

conditions, C12A7:e- has been reported to be stable up to 400 °C. This temperature is yet not 

high enough to enable its applications in the technologies mentioned above. Doped derivatives of 

C12A7:e- emerged in recent years to improve its electronic properties, mainly electron density 

and electrical conductivity. However, the effects of doping on the oxidation resistance and 

thermal stability of C12A7:e- remained unclear. Experimental effort on cationic doping of 

C12A7:e- was particularly lacking in the literature. Therefore, the goal of this study is two-fold: 

(1) to develop processing routes for successful cationic doping of C12A7:e-, and (2) to test if 

cationic doping can improve the thermal stability of C12A7:e-. 
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 Copper (Cu) and niobium (Nb) were selected as cationic dopants in this study to elucidate 

how cationic doping affects the thermal stability of the mayenite electride. First, effort was 

focused on developing synthesis and processing methods to effectively dope Cu and Nb into 

C12A7:e-. Three different methods were investigated, including diffusion doping; in 

conventional furnace or via spark plasma sintering (SPS), single-step in-situ formation via SPS, 

and a solid-state reaction (SSR) synthesis followed by reduction. The phase constitutions, lattice 

parameters, and microstructure of the various C12A7:e- samples fabricated via the 

aforementioned methods were characterized to verify if cationic doping was successfully 

achieved. Electrical conductivity was measured to verify the electride phase is sustained after the 

doping. Thermal analysis was performed to determine the thermal stability of the cation-doped 

C12A7:e- compared to undoped counterparts, including onset temperature and peak temperature 

of oxidation, oxidation rate, mass gain percentage resulted from oxidation, and any 

decomposition reaction.  

The key findings of this study include: (1) both Cu-doping and Nb-doping improved the 

thermal stability of the C12A7:e- by increasing the onset temperatures of oxidation; (2) Cu-

doping was effectively and efficiently achieved via the novel SPS diffusion doping method. SPS 

diffusion doping of Cu at 800 °C gave rise to a minimum lattice parameter (a = 11.942 Å) of 

C12A7:e-, the lowest oxidation rate, and the smallest mass gain percent at 1050 °C; (3) Using 

oxy-mayenite and Nb2O5 as precursor for reaction sintering and in-situ reduction in SPS led to 

successful Nb-doping into the C12A7:e-. Despite the increased onset oxidation temperature 

resulted from Nb addition, pest oxidation occurred in Nb-doped C12A7:e- samples, leading to 

high oxidation rate, high total mass gain percentage, and fracture of the solid samples at 

temperature above 700 °C. In conclusion, Cu-doping was experimentally proved to be an 
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effective approach to improve the thermal stability of C12A7:e- and meanwhile increase the 

electrical conductivity.   
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CHAPTER 1: Introduction 

This chapter provides a literature review regarding material structure, electrical 

conductivity, stability and oxidation behavior, and processing methods of mayenite (C12A7), 

mayenite electride (C12A7:e-), and doped variants of both. It is important to note that doping of 

mayenite is commonly denoted as Ca12Al14-xMxO33 or Ca12-xMxAl14O33 in the literature, where M 

represents a cationic dopant and x represents the dopant concentration. However, in this thesis, it 

was intentional to use Cu-C12A7:e- and Nb-C12A7:e- to denote the attempts of Cu-doped 

C12A7:e- and Nb-doped C12A7:e-, respectively, due to that (1) it was not clear whether doping 

was successfully achieved until the samples were made and characterized; (2) addition of M (Cu 

or Nb in this study) may lead to compositing, i.e., M may be present as a second phase, rather 

than solely doping (i.e., M atoms go into the mayenite lattice substituting Ca or Al cations). 

Then, relevant fundamental principles will be introduced. Finally, the motivation and the aims of 

this study will be outlined. 

1.1 Mayenite and Mayenite Electride 

Mayenite is a calcium aluminate stoichiometric compound that occurs at the specific 

calcium oxide (CaO) to alumina (Al2O3) atomic ratio of 12:7 (12CaO•7Al2O3). This is also 

defined as a cationic ratio of Ca/Al = 0.857. Additional calcium increases the Ca/Al ratio causing 

formation of the Ca-rich Ca3Al2O6 (C3A) phase. Conversely, additional aluminum decreases the 

Ca/Al ratio causing formation of the Al-rich CaAl2O3 (CA) phase, as shown in the CaO-Al2O3 

phase diagram (Fig. 1.1). 
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Figure 1.1: CaO-Al2O3 phase diagram1 

 

 In 1962, C12A7 was discovered as a secondary phase in Portland cements. The C12A7 

structure is nano-porous and cubic with space group I43d. Each unit cell consists of 

[Ca24Al28O64]4+ fixed in a Ca-Al-O framework that arrange into 12 cage structures. Fig 1.2 

displays a diagram of individual cage structure and a unit cell. Each cage contains two Ca 

centered poles that bond to extra-framework anions, have a 5-6 Å diameter, and is connected to 

adjacent cages by large ‘windows’ approximately 3.7 Å in diameter identified to allow high 

anion mobility2. When cages are occupied by oxide anions (O2-), the lattice parameter of a unit 

cell is C12A7 𝑎 ≅ 11.98 Å.  
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Figure 1.2: C12A7 (a) cage structure3 and (b) unit cell4 

 

The framework exhibits a 4+ charge per unit cell evenly distributed throughout the 

structure. Extra-framework anions (O2-, OH-, Cl-, F-, etc.) statistically occupy cages to maintain 

charge neutrality. When synthesized from precursor material, two oxygen atoms naturally 

become oxide anions (O2-) forming oxy-C12A7 given by Reaction 1.1. 12𝐶𝑎𝑂 + 7𝐴𝑙2𝑂3 → [𝐶𝑎24𝐴𝑙28𝑂64]4+(2𝑂2−)  (1.1) 

The initially suggested mechanism of oxygen movement within oxy-C12A7 was brought into 

question by molecular dynamics and ab initio calculations3. It was later supported that oxygen 

diffusion in C12A7 proceeds via site-exchange between framework and extra-framework 

oxygen5. Oxy-C12A7 can be utilized as an oxide ion conductor with potential applications in 

sensors, fuel cells, oxygen pumps, and gauges6–8. 

In 2003 Matsuishi et al. used Ca vapor treatment to remove extra framework oxygen, 

replacing oxide anions with an equivalent charge of electrons9. C12A7 with electron anions 

became a new class of material, mayenite electride (C12A7:e-), the first room-temperature stable 

electride chemically inert in ambient atmosphere. An electride is defined as a material that has 

some electrons not localized to one atom and act as anions. Discovery of C12A7:e- overcame the 

largest hurdle in electride research from the 20th century. The reduction of oxy-C12A7 into 
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C12A7:e- results in significant physical property changes. Optically the color of the material 

changes from white to black after being fully reduced, which is attributed to the formation of a 

cage conduction band (CCB) allowing for the absorption of visible light10. Formation of a CCB 

is unique to C12A7:e- giving rise to desirable electronic properties including anion mobility (0.1 

cm2 V-1 s-1)9, 11, electron density (2.3×1021 cm-3), electrical conductivity given in Table 1.1, and 

low work function (2.4 eV)10, 12. 

Table 1.1: Maximum electrical conductivities of C12A7:e- reported in literature 

Material Structure Fabrication Maximum Conductivity 

[S/cm] 

C12A7:e- 13  Single crystal Metal Vapor Reduction 1500  

C12A7:e- 14 Thin film Sputtering 28  

C12A7:e- 11 Polycrystalline Melt Solidification 5  

C12A7:e- 15 Polycrystalline Mg Heat Treatment 0.48  

C12A7:e- 16 Polycrystalline SPS Ti Reduction 138  

 

The unique electronic properties and catalytic activity of C12A7:e- make it a promising material 

for electron emitters, cathode in cold cathode fluorescent lights (CCFLs), short channel nano-

wire transistor,  ammonia synthesis/decomposition, activation and splitting of carbon dioxide, 

catalyst for reforming of bio oil, and a chemical reductant17–25. 

 While it is possible to synthesize C12A7:e- samples with high conductivity and near 

theoretical maximum electron density, there are surface effects that inhibit the conductive and 

emissive properties. The electro, chemical, or mechanical polishing of C12A7:e- can cause 

damaged cage structures on environment contacting surfaces. Damaged surface cages lack a cage 

conduction band (CCB) at the fermi-level resulting in a large band gap. Oxygen or other 

atmospheric molecules can adhere to C12A7:e- surface forming a boundary. Adsorbed molecule 

layers and damaged cage structures result in loss of ohmic contact and make C12A7:e- act as an 
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insulator. It has been shown that argon sputtering and subsequent annealing under particular 

parameters can create a clean, relatively flat, and conductive surface25. 

 The low work function of C12A7:e- enables high electron emission current upon an 

external applied field or thermal stimulus, which makes C12A7:e- attractive for applications in 

thermionic cathodes, hallow cathodes for electronic propulsion26, and novel hypersonic vehicle 

cooling technology27, 28. The thermionic-emission cooling power (Pemit) is not significant 

compared with thermal radiation of the sample (Prad) in the temperature range of 600 – 1000 °C. 

The Pemit/Prad ratio increases with increasing temperature 29. However, the stability of C12A7:e- 

up to 400 °C is not high enough to enable its application in thermionic-emission cooling. Above 

400 °C, oxidation occurs to C12A7:e- in an oxygen-containing environment and C12A7:e- 

transits to oxy-C12A7, losing all its unique electronic properties. If C12A7:e- can be stabilized to 

higher temperatures, its application in thermionic-emission cooling and/or thermionic energy 

conversion can be realized. Therefore, it is imperative to improve the thermal stability of 

C12A7:e-, which is the primary goal of this study. It is hypothesized that cationic doping can 

change the lattice parameter of C12A7:e- and alter its cage opening, and as a result, the 

adsorption of oxygen on the surface and the subsequent diffusion of oxygen into the bulk would 

be retarded, leading to improved oxidation resistance.  

1.2 Doped Derivatives of C12A7 and C12A7:e- 

Significant research efforts have been put into the doping of C12A7 in the literature. 

Cationic dopants can occupy Ca sites or Al sites in the C12A7 framework. The doped derivatives 

are commonly presented as [Ca24-xMxAl28O64] or [Ca24Al28-xMxO64] depending on which cationic 

site is occupied by the dopants. C12A7 has been doped with various cations like rare earth (RE) 

metals (Gd3+, Er3+, Ce3+, Tb3+, Eu3+, Eu2+) to form RE-C12A7 phosphors30. Cu31, 32, Ni33, 34, V35, 
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Zn, P36, Fe, Ir37, and Ga38, 39 were also investigated in previous studies to form cationic doped 

C12A7 variants. Here the cationic doped mayenite is denoted as M-C12A7 (where M represents 

any cationic atom). Some RE-C12A7 phosphors had intense field emissions so they can be used 

for field emission displays with dual functionality. Cu and P doping caused structural changes 

resulting in a decrease in lattice parameter while Zn doping caused an increase in lattice 

parameter. Cu doping also resulted in an increased specific surface area of mayenite powders, 

which was attributed to a contraction of the lattice structure. Cu-C12A7 and Ni-C12A7 showed 

an increased catalytic activity in chemical conversion processes compared to undoped C12A7. 

Some studies also reported that the electrical conductivities of C12A7 were slightly decreased 

for Ni doping and Fe doping34, while the oxygen anion mobility was not affected. Ga-C12A7 

samples were identified as a single phase for dopant concentrations of x = 1. Attempts to 

synthesize material with higher dopant concentration resulted in formation of secondary phases. 

Huang et al predicted the effects of cationic dopants (Mg2+, Cu2+, Sr2+, Fe3+, Ir4+, P5+, and 

V5+) on the structural and electronic properties of the doped C12A7:e- materials via density 

functional theory (DFT) calculations40. Limited experimental work has been done on the 

synthesis and analysis of cation-doped C12A7:e-. To my knowledge, only four types of cation 

(V, Sn, Si, and Ga) doped C12A7:e- derivatives have been successfully synthesized15, 41–43. 

Palacios et al attempted to synthesize Ga-doped C12A7:e- by reduction of Ga-doped C12A7, 

which resulted in separation of Ga atoms from C12A7 framework and formation of Ga metal 

phase and C3A after processing38. A modified sol-gel synthesis method developed by Khan41–43 

emerged as an effective process to produce cation doped C12A7:e-. Solid-state reaction (SSR) of 

precursor material and subsequent Mg vapor reduction was used to produce Sn-doped 

C12A7:e- 15. Nominal concentrations were tested in the range of x = 0.2 ~ 1. It is widely accepted 
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that x = 1 is the highest dopant concentration due to secondary phase formation being detected at 

x ≥ 1.5 for Co and Ga doped C12A7 resulted from low solubility limits34, 38, 44. In addition, the 

electrical conductivity at room temperature (RT) was increased as dopant concentration 

increased with maximum values reached at x = 1, as shown in Table 1.2.  

Table 1.2: Electrical conductivities of cation-doped C12A7:e- at room temperature.  

Material Method Maximum RT Electrical  

Conductivity [S/cm] 

Ga-C12A7:e- 42 Modified sol-gel 270  

Si-C12A7:e- 43 Modified sol-gel 222  

Sn-C12A7:e- 43 Modified sol-gel 290  

Sn-C12A7:e- 15 SSR + Mg reduction 1.42  

V-C12A7:e- 41 Modified sol-gel 40  

 

The electrical conductivity of both the undoped C12A7:e- and the Sn-doped C12A7:e-  increased 

with increasing temperature, in accordance with the semiconductor behavior, i.e., thermal energy 

overcomes the activation energy for electron transport15. This can be estimated by the Arrhenius 

relationship, written as: 𝜎 = 𝜎0𝑒𝑥𝑝 (−𝐸𝑎𝑘𝐵𝑇) (1.2) 

σ0 being the constant of conductivity, Ea being the activation energy, kB being the Boltzmann 

constant, and T being the temperature in K. The cationic doping of C12A7:e- resulted in 

increased electrical conductivity compared to undoped C12A7:e- synthesized by similar methods 

in each study in Table 1.2. 
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1.3 Solid State Diffusion 

 The movement of atoms in space is called diffusion. This process occurs between any 

two-phase combination (solid, liquid, or gas), specifically solid-solid interactions in this study. 

Diffusion occurs via Fick’s law given by Eq (1.3) and (1.4): 

𝜕𝑐𝑖𝜕𝑡 = 𝐷𝑖∇𝑐𝑖   (1.3) 

𝐷𝑖 = 𝐷𝑖0𝑒𝑥𝑝 (−𝐸𝑑𝑖𝑓𝑓𝑘𝐵𝑇 )  (1.4) 

where ci is the concentration of species i, Di is the diffusion coefficient, t is time, Dio is the 

diffusion coefficient constant, kB is Boltzmann’s constant, T is temperature in K, and Ediff is the 

activation energy for diffusion. Without a driving force, the motion of atoms is random, called 

Brownian motion, lead to no net flux. In Fick’s law, the driving force is a concentration gradient. 

Atoms move from an area of high concentration to an area of low concentration. Given enough 

time, the atoms will be distributed uniformly in the containment volume in the absence of any 

exterior forces. There are three main types of diffusion: surface, grain boundary, and lattice.  

Doping is a lattice diffusion process where foreign ions occupy vacant sites in the 

structure of another material. In C12A7:e-, cationic dopants can occupy calcium or aluminum 

sites in the cage framework, as shown in Fig. 1.3, where one niobium ion substitutes an 

aluminum ion. 
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Figure 1.3: Model of aluminum site occupation by niobium in cage structure 

 

 Copper has been used to dope metal oxides such as zinc oxide (ZnO). Huang et al was 

successful in doping ZnO nanorods with copper by diffusion doping using furnace heating. A 

copper foil was held ~ 3 mm from the nanorod array in an argon atmosphere at 800 °C for up to 

6 hours45. Another study doped ZnO with copper by diffusion doping by annealing coated 

nanorods in a quartz tube. E-beam evaporation was used to deposit the copper film with a 

thickness of ~ 5 nm. Annealing was done under vacuum (10-2 Torr) at 700 °C for 8, 16, and 24 

hours. Doped copper cations were determined to be in the divalent state46. 

 Lithium niobate (LiNbO3), a more complex metal oxide, has also been doped with 

copper. A copper film was deposited onto polished plates using magneton sputtering. Samples 

were heated at a rate of 340 °C min-1 up to 1000 °C with film thicknesses between 100 – 900 nm 

and hold times ranging from 2 – 20 hours. Copper cations were detected in LiNbO3
47. 

 Spark plasma sintering (SPS) is utilized in this study to reduce processing time to 

synthesize highly reduced C12A7:e- compared to calcination using a high temperature furnace 

with an argon environment or under vacuum. 
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Spark plasma sintering (SPS) is utilized in this study to reduce processing time for the 

synthesis of near maximum electron dense C12A7:e- compared to calcination using a high 

temperature furnace with an argon environment or under vacuum. There are additional 

advantages to SPS that are discussed in the next section. 

1.4 Spark Plasma Sintering 

 Mayenite electride (C12A7:e-) has been efficiently fabricated by spark plasms sintering 

(SPS) in prior studies16, 29, 48–51. In general, sintering describes  the densification of a powder 

compact at elevated temperatures, usually pressed into a green body prior to heating. The main 

driving force in sintering is the reduction of Gibbs free energy change by reducing surface area 

via Equation 1.5, 𝛿𝐺𝑠𝑦𝑠 = 𝛿 ∫ 𝛾𝑠𝑑𝐴𝑠 + 𝛿 ∫ 𝛾𝑠𝑠𝑑𝐴𝑠𝑠  (1.5) 

where Gsys is the total interfacial energy, As is the specific free surface area, γs is the surface 

energy, Ass is the area of newly created surfaces, and γss is its energy. Sintering will 

spontaneously occur while the energy produced by the eliminated free surface area, γsAs, is 

higher than the energy required to form new surfaces, γssAss. Various factors cause local driving 

forces such as diffusion promoted by thermal energy, differences in particle size, number of 

adjacent particles, and morphology of particles. Three stages typically occur during a sintering 

process. Stage I, the early stage, consists of neck formation between particles primarily driven by 

surface diffusion. Minimal densification takes place during this stage because particle centers do 

not move closer. Neck formation creates areas of negative curvature causing rapid diffusion of 

atoms toward the site transitioning into the next stage. Stage II, the intermediate stage, is 

characterized by high rates of densification from particle fusion driven by grain boundary 

diffusion and lattice diffusion. Pores are created in an open network then isolated between 
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particles fusing together. In stage III, the final stage, pore shrinkage and grain growth ensue. 

Materials are very dense entering this stage so only minimal densification can occur. 

 

 

Figure 1.4: Three stages of solid-state sintering52 

 

 Powder characteristics, heating rates, and presence of mechanical load or an applied 

electrical field affect the sintering process. Free sintering is the process of heating a packed green 

body without any other external forces. Herring’s scaling law describes how particle size can 

affect sintering. The same sintering rate can be achieved for smaller particles at lower 

temperatures or shorter times than larger particles.  

 Spark plasma sintering (SPS), also referred to as the field assisted sintering technique 

(FAST), utilizes a pulsed DC current through graphite tooling to achieve high heat rates via joule 

heating53. Fig. 1.5 shows a schematic diagram of a SPS apparatus that includes a DC pulse power 

connected to electrodes in contact with graphite tooling to create high electron currents that 

result in high heating rates by joule heating. Sample powders are loaded into a graphite die 
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between two graphite punches with graphite foil caps to decrease contact resistance. The 

temperature of samples cannot be directly measure so temperature of the graphite die or a 

graphite punch near the sample are monitored via thermocouple or pyrometer. The process 

occurs under vacuum in a vacuum chamber.  

 

 

Figure 1.5: Schematic of SPS apparatus54 

 

In SPS, the combination of  an applied electric field and mechanical load provide a rapid 

sintering rate. The electrical field promote the mobility of migrating species, allowing for 

increased diffusion such as Mg in Al2O3
55. The applied electrical field also increases the 

concentration of vacancies56, defect mobility and diffusivity. Other mechanisms that are 

commonly referred to as occurrences during SPS include electromigration and thermodiffusion. 

However, evidence of electromigration is limited in SPS since the applied current mostly passes 

through surrounding graphite tooling with only low currents passing through specific types of 
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material. High heating rates achieved through joule heating can cause large temperature 

gradients in a material being processed, which is the driving force for thermodiffusion. This is 

the movement of atoms with high thermal energy to an area of low thermal energy. Atomic flux 

is accompanied by a vacancy flux in the opposite direction. Since Ediff for each diffusion process 

is: Esurface < Egrain boundary < Elattice, surface diffusion dominates at lower temperatures. High heating 

rates can limit the amount of surface diffusion that occurs. Applied pressure is required during 

SPS to ensure good surface contact for the current throughout processing. Mechanical stress also 

enhances densification by activating plastic deformation or grain boundary sliding. Stress that 

the powder compact is subjected to is greatest in the initial stage of sintering when powder 

particles have a low amount of contact surfaces with one another causing higher concentrations 

in those areas. 

 The combined contribution of increases in migrating species mobility, vacancy 

concentration, defect mobility, diffusivity by electric field and thermal driving forces make 

diffusion doping using SPS an attractive area for research. 

 SPS has been used to synthesize C12A7:e- by the solid-state reduction of C12A7 using 

titanium16. Polycrystalline C12A7 was produced by heating CaCO3 and α-Al2O3 at 1400°C for 2 

hours then crushed into fine powder. After being pressed into a green body in graphite tooling, 

titanium powder was added to the top and bottom surfaces in equal amounts. Powders were 

heated in SPS up to 1100°C at a heating rate of 120 °C min-1. Samples were held at a uniaxial 

pressure of 40 MPa under vacuum (10-2 Pa) for 20 minutes. Polycrystalline C12A7:e- with high 

conductivity (138 S/cm) and a low work function (2.13 eV) was achieved. 

 Li et al has applied reactive sintering in the SPS to produce C12A7:e- without the need 

for an external reducing agent. A C12A7 + C3A mixture was produced via solid state reaction of 
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CaCO3 and γ-Al2O3 in a 27:15 stoichiometric ratio. Powders were heated to 1350 °C for 10 

hours then ground into a fine powder producing the precursor material. Aluminum was added to 

the precursor powder making the Ca:Al stoichiometric ratio 12:14 then processed using SPS. 

Samples were heated to 1050 °C for 5 minutes at a rate of 50 °C/min. Experiments were done 

under vacuum (10-3 Pa) with a uniaxial pressure of 60 MPa applied. C12A7:e- was produced with 

a high electron density (Ne ≈ 2.3 1021 cm-3)48. This group also experimented with a one-step 

synthesis using reactive sintering and SPS processing to eliminate the need for an initial 

crystallization step using solid state reactions. Precursor CaO, γ-Al2O3, and Ca powders were 

mixed in a 12-x : 7 : x stoichiometric ratio using a ball mill in an inert atmosphere with 0 ≤ x ≤ 

1.6. The mixture was then processed in the SPS. This process is shown in Fig. 6. 

 

 

Figure 1.6: Schematic of the one-step synthesis process for C12A7:e-57 

 

SPS was done at 1000 – 1200 °C for 20 minutes under vacuum (10-2 Pa) with an applied uniaxial 

pressure of 60 MPa. Heating rate was not reported. C12A7:e- with a high electron density (Ne ≈ 

2.1×1021 cm-3) was obtained57. 

               In this study, SPS is used to fabricate the bulk C12A7:e- samples. In addition, my work 

aimed to utilize the combination of the increased mobility of migrating species, increased 
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vacancy concentration, increased defect mobility, enhanced diffusivity by electric field, and 

thermal driving forces to develop a diffusion doping method using SPS. 

1.5 Motivation and Objectives 

As described in the literature review above, extensive research has been done in the 

fabrication of C12A7 and C12A7:e- to obtain single crystals, thin films, or polycrystalline bulk 

materials. Experimental studies have been conducted on cationic doping of mayenite, including 

Mg, Si, Fe, Ga, V and so forth, for which most of the synthesis methods caused a decrease in 

electrical conductivity. However, cationic doping of C12A7:e- was much less experimentally 

studied. Therefore, it remains relatively unknown in terms of how to effectively dope C12A7:e-, 

i.e., fabrication of M-C12A7:e- where M stands for cationic dopants, and how the cationic 

dopants would affect the crystal structure and electronic properties of C12A7:e-. Moreover, little 

effort had been put into how to improve the stability of the C12A7:e- at higher temperatures, 

despite significant progress achieved in studying its crystal structure and electrical conductivity. 

Higher operating temperatures of C12A7:e- based materials would expand their efficacy for use 

in ion thrusters or electron transpiration cooling27. New insight into the thermal stability and 

oxidation resistance of cation-doped C12A7:e- will bring in a new frontier in thermionic cooling 

and thermionic energy conversion as these applications require resistance to oxygen and 

operating temperatures higher than the reported upper limit of stable temperature for C12A7:e- 

(400 °C).  

Therefore, this study had three-fold objectives: (a) to explore effective and efficient 

synthesis approaches to produce cation-doped C12A7:e- materials via solid-state diffusion 

doping, including a novel in-situ SPS doping method; (b) to experimentally identify cationic 
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dopants that can improve the thermal stability of C12A7:e-; (c) to elucidate the effect of select 

cationic dopants on the structure and oxidation behavior of C12A7:e-.  

 Two types of dopants, copper (Cu) and niobium (Nb), were selected in this study as 

proxy for low valence and high valence dopants, respectively, relative to the Al3+ and Ca2+ 

cations in the C12A7:e-. Previous modeling work suggested that Cu-doping could alter the cage 

structure of the C12A7:e- to open a transport channel, leading to a higher conductivity of the 

doped C12A7:e- than undoped C12A7:e-40. In addition, the DFT result predicted that the lattice 

parameters of both mayenite and C12A7:e- would be reduced by Cu-doping compared to the un-

doped counterparts40. However, no experimental work had been reported on Cu-doped C12A7:e- 

before my study. Thus, its structural and electrical properties were not experimentally verified 

and its thermal stability was unknown. Based on the DFT work by Huang et al, we hypothesized 

that the potential reduction in lattice parameter might retard oxygen diffusion and hence, 

improve the oxidation resistance of C12A7:e-, finally leading to improved thermal stability at 

higher temperatures. Therefore, Cu was selected as one dopant candidate in my study. Niobium 

was chosen as the 2nd dopant candidate in this study due to its high valence (+4 and +5) 

compared to Al3+ and Ca2+ in C12A7:e-, as well as its superconducting and thermal properties58–

60. To my knowledge, neither computational nor experimental work had been done on Nb doping 

of C12A7 or C12A7:e-. Hence, it was hypothesized that Nb might serve as an electron donor to 

increase the electron concentration in C12A7:e- and sustain the unique electride properties 

resulting from the intrinsic anionic electron. Nb dopant was selected with the awareness of high 

risk due to lack of support from any previous modelling work.  

 To achieve doping, both diffusion doping in a conventional furnace filled with Ar 

atmosphere and a novel in-situ SPS doping were investigated. Details in materials, synthesis 
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methods, and experimental procedures are provided in Chapter 2. Chapter 3 describes 

characterization and testing techniques used for the structural, electronic, and thermal analyses. 

Results and discussion on the effect of Cu-doping and Nb-doping are presented in Chapter 4 and 

Chapter 5, respectively. Finally, Chapter 6 will summarize key findings and provide a brief 

outlook on future research directions.  
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CHAPTER 2: Material Synthesis and Doping Process 

To achieve the goal of improving thermal stability of mayenite electride (C12A7:e-), 

cationic doping was investigated as a potential solution. Two dopants, copper (Cu) and niobium 

(Nb), were selected in this study as proxy for low valence and high valence dopants, 

respectively, relative to the Ca2+ and Al3+ cations in C12A7:e-. The characteristics of the relevant 

cations were provided in Table 2.1. The motivation of selecting Cu and Nb as the dopant 

candidates were briefly discussed in Chapter 1. This chapter will further explain the rationales of 

dopant selection. In addition, this chapter describes the details of the experimental procedure for 

material synthesis and doping process. Fig. 2.1 provides an overview of the various processing 

routes that were investigated in my study. Particularly, diffusion doping in SPS is a novel 

approach introduced in this study. 

Table 2.1: Characteristics of Ca, Al, Cu and Nb elements61  

Element Atomic 
radius 

Covalent 
radius 

Ionic 

radius 

Valence 
states 

Electro-
negativity 

Melting 
point 

 [Å] [Å] [Å]   [°C] 

Calcium (Ca) 2.23 1.76 1.26 +2 1.0 839 

Aluminum (Al) 1.82 1.21 0.675 +3 1.5 660 

Copper (Cu) 1.57 1.32 0.86 +1 , +2 1.7 1083 

Niobium (Nb) 2.08 1.64 0.78 +2 , +3 , 
+4 , +5 1.6 2468 
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Figure 2.1: Processing flow chart of material synthesis methods used in this study 

 

2.1 Synthesis of Materials 

2.1.1 Mayenite 

A precursor powder mixture of CaCO3 and Al2O3 with a 12:7 stoichiometric ratio was 

ball milled (Across International PQ-N4 planetary ball mill) for a 10-minute run time to create a 

homogenous distribution of the two types of powders in the mixture. Furnace sintering was 

utilized to fabricate C12A7 using the precursor mixture in ambient air via solid state reaction 

(SSR). The first stage of heating brings the powder mixture up to 900°C and CaCO3 outgasses 

CO2, then CaO reacts with the Al2O3 to create Calcium Aluminate phases. The heated powders 
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were then transferred to a high temperature furnace and held at 1350°C, below the melting 

temperature of C12A7 (1415°C), for 10 hours to form high purity C12A7.  

2.1.2 Mayenite Electride 

Sintered solid C12A7 is ball milled for a 10-minute run time to form powder. SPS is 

utilized to consolidate the C12A7 powder and simultaneously reduce it to the electride phase, 

C12A7:e-. The powder was loaded into a graphite die and then pressed into a green body. 

Titanium foil caps were used to catalyze continuous reduction into C12A7:e-. Sintering 

parameters were selected including load (15 MPa), pressure (vacuum), heating rate (100 

°C/min), hold temperature (1300°C), and hold time (10 min). Samples were cooled to room 

temperature under vacuum. Further explanation of the C12A7 synthesis and C12A7:e- reduction 

processes can be found in previous work49. 

2.2 Dopant Selection 

2.2.1 Copper 

Huang et al40 used computational methods to model what effects various cationic 

dopants; including Mg2+, Sr2+, Cu2+, Fe3+, Ir4+, P5+, and V5+; would have on C12A7:e-. Copper 

was shown to form an electron transfer channel which could enhance the electrical conductivity. 

Maurelli et al31 used copper to dope C12A7 with a nominal concentration of 0.86% at, one 

copper atom per unit cell. The lattice constant of Cu-C12A7 (a = 11.974 Å) was found to be 

smaller than undoped C12A7 (a = 11.998 Å). The reduction was attributed to the replacement of 

calcium ions (r = 1.0 Å) by the smaller copper ions (r = 0.73 Å). The covalent radius, described 

as the size of an atom when it forms a covalent bond, for copper (1.17 Å) is also less than for 

calcium (1.74 Å) indicating a reduction in the cation-oxygen bond length as Cu occupies Ca sites 

in the cage framework. Another study synthesized Cu-C12A7 powder that had a higher BET 
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surface area than the undoped C12A7 produced with the same self-propagating high-temperature 

method32. Higher BET surface area can be attributed to a decreased lattice parameter of the Cu-

C12A7. This would be done by creating powder particles with a higher surface area to volume 

ratio achieved by smaller unit cell size. A reduction in the lattice parameter can contribute to 

decreased anion mobility due to an increase of the activation energy (Ɛa) for diffusion. In 

C12A7:e- cage structures act as a barrier between extra-framework electrons and surrounding 

atmosphere at room-temperature. Smaller interaction area between adsorbed oxygen and the 

requirement of higher energy to diffuse oxygen anions into the bulk would improve thermal 

stability. Our hypothesis is that the inclusion of a Cu-doped C12A7:e- surface layer will inhibit 

oxidation of the material at elevated temperatures by acting as a barrier or boundary between the 

material and atmosphere. 

Cu has been successfully doped into other semiconductor metal oxides like zinc oxide 

(ZnO), in which copper speciation was identified to be in monovalent or divalent states by x-ray 

photoelectron spectroscopy (XPS) 45, 46. The copper concentration achieved in that study was 

1~2.2 at.% by diffusion doping in high temperature furnaces. In C12A7:e-, the atomic 

percentage associated with one Cu ion occupying one Ca2+ site per unit cell is 0.86%. Lattice 

reduction is not observed in Cu-doped ZnO, due to the similar ionic radii of zinc (0.74 Å) and 

copper (0.73 Å). Due to the smaller atomic size, divalent state, predicted effects, successful 

synthesis of Cu-doped C12A7, and diffusion doping into other metal oxides, Cu was chosen as 

one dopant candidate for C12A7:e-. 

2.2.2 Niobium 

             Niobium (Nb) is selected as a second dopant candidate because of its performance at 

high temperatures and its flexible valence states. First, Nb has a high melting point (Table 2.1). 
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Nb containing alloys were commonly used as coatings for high temperature applications such as 

aircraft engines62, 63. Macroalloyed Nb-Al intermetallic compounds have high oxidation 

resistance up to 1200 °C. Second, Nb ions have flexible valence states (II, III, IV, and V). 

Divalent Nb could potentially occupy Ca sites while trivalent and higher states could occupy Al 

sites in the cage framework of C12A7. C12A7 has been successfully doped by a Nb-similar 

element, vanadium (V), with each of these valence states in the literature35. However, Nb had not 

been reported as a dopant for C12A7 or C12A7:e-, neither experimentally nor in modeling work. 

Hence, selecting Nb as a dopant was a higher risk, but it is worthwhile to investigate. Replacing 

a small quantity of Al (III) cations with higher valence ions would create ‘holes’ in the electronic 

band structure which would decrease the energy required for electron conduction, resembling a 

p-type semiconductor. The hypothesis behind Nb-C12A7:e- is that doping with Nb (V) can 

potentially improve oxidation resistance of C12A7:e- by altering the cage size and increase its 

conductivity by introducing an acceptor level in the band structure. 

2.3 Cationic Doping Methods 

2.3.1 Diffusion Doping in an Argon Furnace 

To protect from oxidation without significantly impacting the other material properties of 

C12A7:e-, a cation-doped surface layer can be applied to act as a membrane or oxygen barrier 

coating. Diffusion doping cations into the surface would create a thin layer of cationic-doped 

C12A7:e- with a concentration gradient profile while leaving the bulk of the material unchanged. 

The oxidation rate is limited by the slowest step in oxidation, i.e., adsorption of oxygen on the 

surface. Thereby, applying an oxygen-resistive outer layer is sufficient to improve thermal 

stability and meanwhile sustain the electronic properties of the bulk. Cationic doping of 

C12A7:e- is a substitutional diffusion process. The initial attempts of Cu doping of was 
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conducted by diffusion in a conventional furnace (Thermo Scientific Lindeberg Blue M mullite 

tube furnace with MTI endcaps for vacuum & inert gas control) with an Ar atmosphere using a 

pure metal in contact with a preformed C12A7:e- sample.The diffusion of Cu ions from Cu metal 

in a low oxygen furnace environment was utilized in the synthesis of Cu doped ZnO nanorod 

arrays45. Samples were prepared by placing a solid C12A7:e- disc on top of a Cu layer in an 

alumina boat with alumina caps put on top to maintain the contact at the Cu - C12A7:e- interface 

throughout heating. Graphite foil was used as a barrier from the surroundings. Two types of Cu, 

Cu foil (99.9%) provided by Yodaoke and Cu powder (99.5%) with a particle size > 149 μm 

provided by Consolidated Astronautics, were used. A diagram of the setup is presented in Fig. 

2.2a. Furnace heating parameters were carefully selected based on studies that prepared Cu 

doped metal oxides via diffusion methods45–47, The parameters investigated were holding 

temperature at 700°C and at 900°C, hold time (8 and 16 hours), heating/colling rate (125 

°C/hour), gas flow rate (50 ml/min), and applied pressure (5.7 MPa). The heating and cooling 

rates selected were the maximum capability of the furnace. At the beginning of each run the 

setup was placed in the center of the furnace, endcaps were fastened, and the furnace underwent 

three purge cycles before applying a steady gas flow. Time and temperature were varied because 

diffusion rate and diffusion length are dependent on both variables. 

2.3.2 Diffusion Doping in Spark Plasma Sintering 

Diffusion doping via SPS had not been reported in the literature. Samples were prepared 

by placing a preformed C12A7:e- disk in graphite tooling between two Cu foils. A diagram of 

the setup is presented in Fig. 2.2b. Cu powder was not used for this method to avoid the sintering 

of a thick Cu layer onto the surface of the C12A7:e- disk. Parameters for diffusion doping 

experiments in the SPS (Fuji MK 3.2 SPS System) were temperature (700°C, 800°C, and 
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900°C), hold time (30 min), heating rate (100 °C/min), ambient pressure (< 3 Pa), and applied 

mechanical pressure (3 MPa). Nb doping was also attempted via SPS diffusion doping. Nb metal 

disks were sintered using Nb powder with SPS parameters similar to C12A7 synthesis. Sintering 

temperature was increased to 1400 °C to give a homologous temperature 𝑇𝐻 = 0.61 which is 

considerably lower than 𝑇𝐻 = 0.72 for copper at 700°C. A higher temperature could not be 

chosen due to the melting temperature of C12A7:e- (1415°C). Samples were cooled under 

vacuum after processing. Table 2.2 provides a summary of the processing parameters and sample 

IDs for the various Cu-C12A7:e- samples.  

 

 

Figure 2.2: Diagram of the set-up of samples in (a) conventional furnace and (b) SPS.  

Table 2.2: Summary of the processing parameters for various Cu-C12A7:e- samples and the 
corresponding IDs  
Sample ID Processing Parameters 

  Method Hold Temperature Heating rate Copper Hold time Pressure 
F1 Furnace 700 °C 125 °C/hour Foil 8 hours 5.7 MPa 
F2 Furnace 700 °C 125 °C/hour Powder 8 hours 5.7 MPa 
F3 Furnace 900 °C 125 °C/hour Foil 8 hours 5.7 MPa 
F4 Furnace 900 °C 125 °C/hour Powder 8 hours 5.7 MPa 
F5 Furnace 900 °C 125 °C/hour Foil 16 hours 5.7 MPa 
F6 Furnace 900 °C 125 °C/hour Powder 16 hours 5.7 MPa 
S1 SPS 700 °C 100 °C/min Foil 30 min 3 MPa 
S2 SPS 800 °C 100 °C/min Foil 30 min 3 MPa 
S3 SPS 900 °C 100 °C/min Foil 30 min 3 MPa 
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2.3.3 Cationic Doping in Preformed Mayenite and Mayenite Electride Powder 

Another way to improve oxidation resistance is to alter the entire base material (C12A7:e-

). Altering the entire sample has a higher possibility of significantly changing material properties 

or amplifying the changes compared to surface-only modification. Cation-doped C12A7:e- were 

synthesized using a modified sol-gel method41–43 and reduction of cation doped C12A7 

synthesized by SSR15.These experiments were often performed using a metal oxide containing 

the dopant in a desired valence state. This concept was adopted to achieve Nb-doping of 

C12A7:e- in this study. Preformed C12A7 or C12A7:e- powder was blended with niobium 

pentoxide (Nb2O5) powder and then the powder mixture was densified in SPS, with simultaneous 

reduction of C12A7 to electride if the feedstock was C12A7+ Nb2O5. It was anticipated that 

diffusion of  Nb into the C12A7:e- lattice would occur at elevated temperatures during the stage 

III of sintering and simultaneous reduction. Sample A was formed using Niobium metal and 

C12A7:e- powders. Sample B was formed using Niobium pentoxide and C12A7:e- powders. 

Sample C was formed using Niobium pentoxide and C12A7 powders with Titanium foils to 

expediate reduction into the electride phase. Each powder combination was ball milled in a 0.1 L 

agate jar using a 10:1 ball to powder weight ratio for 10 minutes to create a homogenous 

mixture. Sintering parameters were selected including temperature (1300°C or 1350°C), heating 

rate (100 °C/min), hold time (10 minutes), ambient pressure (< 3 Pa), and applied pressure (15 

MPa). Samples were cooled under vacuum to room temperature. 

2.3.4 Synthesis of Cationic Doped Mayenite Electride from Precursors 

Another process that was attempted was the direct synthesis of cation-doped C12A7 with 

subsequent reduction into C12A7:e-. A precursor blend of CaCO3, Al2O3, and Nb2O5 powders 

with a 24:13:1 molar ratio was ball milled for 10 minutes in a 0.1 L agate jar to create a 
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homogenously dispersed powder mixture. A minimal amount of preformed C12A7 powder was 

added to the mixture as a phase growing template. The precursor powder mixture was then 

placed into an alumina crucible and heated in a furnace for reaction sintering and diffusion 

doping to form Nb-C12A7. The parameters for furnace heating were outgassing temperature at 

900°C with a hold time of 10 minutes, and then increase to a temperature at 1300°C or 1350°C 

with a hold time of 10 or 12 hours for reaction sintering and diffusion doping. Samples were then 

cooled to room temperature in air. Sintered solids were ball milled for 10 minutes under the same 

conditions as described previously to rend the sample into powder. The preformed powder was 

then packed into a graphite die with Ti foils on the top and bottom, cold pressed, and processed 

in SPS for reduction to the electride phase Nb- C12A7:e-. SPS parameters were holding 

temperature (1300°C or 1350°C), heating rate (100 °C/min), hold time (10 minutes), ambient 

pressure (< 3 Pa), and applied pressure (15 MPa). Samples were cooled to room temperature 

under vacuum.  

In summary, Cu-doping were attempted by diffusion doping in conventional furnace (F-

type) or in SPS (S-type). Nb-doping was attempted by a more variety of methods due to lack of 

literature guidance on the processing approach. Five different methods were investigated to 

achieve Nb-doping, with sample IDs and detailed parameters provided in Table 2.3. Plan A used 

Nb metal and C12A7:e- powders as the starting materials. Plan B used Nb2O5 and C12A7:e- 

powders as the starting materials. Plan C used Nb2O5 and C12A7 powders as the starting 

materials and reduced the C12A7 to the electride phase using Ti foils in SPS. Plan D 

corresponded to the synthesis method of doping from precursors of C12A7 discussed above 

(Section 2.3.4). Plan E is the SPS doping method using a Nb metal disk as the Nb-dopant source. 
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Table 2.3: Summary of the processing routes for various Nb-C12A7:e- samples and the corresponding IDs.  

Type Powders Processing Sample Conductivity* 
[S/cm] 

Additional parameters 

A Mayenite electride 
and Nb powder 

Ball mill → SPS A1 0.0710  
  

B Mayenite electride 
Niobium pentoxide 

Ball mill → SPS B1 
B2 

0.0179 
0.1680 

 
Same parameters as B1  

C Oxy-Mayenite  
Niobium pentoxide 

Ball mill → SPS 
reduction with 
titanium foil 

C1 
C2 
C3 
C4 
C5 

0.0887 
0.0712 

Unreduced 
Unreduced 

0.0295 

 
Same parameters as C1 

Fine powder size 
Same parameters as C3 

Higher sintering temperature (1350 °C) 

D Calcium carbonate 
Alumina 
Niobium pentoxide 

Ball mill → Furnace 
sintering → SPS 
reduction with 
titanium foil 

D1 
D2 
D3 
D4 

0.1820 
Unreduced 

0.0657 
0.0545 

 
Increased atomic percentage of Nb 

Same as D2 
Higher sintering temperature (1350 °C)  

E Mayenite electride 
and Nb metal disc 

SPS diffusion 
doping 

E1 
E2 

Melted 
0.0063 

 
Lower sintering temperature (900 °C)  

 

*Note: the values of conductivity here were obtained from a 2-probe multimeter, which were significantly underestimated due to the 

high point-to point contact resistance. 
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CHAPTER 3: CHARACTERIZATION AND TESTING 

This chapter aims to describe the analysis methods used to evaluate the properties of the 

various mayenite electride (C12A7:e- ) based samples. The primary phase and presence of any 

secondary phases were investigated due to impurities reported from literature discussed in 

Chapter 1. The crystal structure and lattice parameters were characterized to determine the effect 

of doping. The primary phase of each material and presence of any secondary phases are 

investigated due to impurities reported from literature discussed in Chapter 1. Changes in lattice 

parameter were expected due to a difference in atomic size and bond lengths of dopant ions and 

the framework ions that the dopants substitute for. Differences in valence states, such as the 

replacement of Al (III) with Nb (V), can affect properties like electrical conductivity or electron 

density. The electrical conductivity was measured to verify that the electride phase was sustained 

after the doping attempts. As stated in Chapter 2, the primary goal of this study is to improve the 

thermal stability of C12A7:e-. Therefore, the onset temperature of mass gain, rates of mass gain, 

and total mass gain percentage due to oxidation were tested via thermal analysis.  

3.1 Phase identification and Crystal Lattice Characterization 

3.1.1 Powder X-ray Diffraction 

Phase identification in each material and calculation of lattice parameters were done 

using X-ray diffraction (XRD) (Bruker D8 Discover DaVinci). XRD is a technique that utilizes 

the diffraction of incident X-rays when they encounter atoms that are arranged in different 

crystal structures. Constructive interference occurs when the Bragg condition is met at a 

specified angle that is unique to the type of crystal structure and elements, known as Debye-

Sherrer cones. Bragg’s law, given by Eq. 3.1 below, describes the position (angle) where 

constructive interference would be the strongest.  
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𝑛𝜆 = 2𝑑 sin 𝜃  (3.1) 

A diffraction pattern is obtained by incident a beam of X-rays with a known wavelength (λ) onto 

the material surface while sweeping through a range of angles set between the X-ray source and 

the detector. Each diffraction peak is associated with a specific plane of the crystal structure. The 

unique crystal structure of a material creates a specific diffraction pattern. Phases can be 

identified by matching the Bragg peaks of the pattern with standard values. Using peak positions 

and known parameters, the interplanar spacing (d) of specified planes can be calculated from 

Bragg’s law. With plane spacing and the known Miller indices (hkl) for specified peaks, the 

lattice parameter (a) of a phase can be calculated with equation 3.2. 𝑎 = √ℎ2 + 𝑘2 + 𝑙2 ∗ 𝑑ℎ𝑘𝑙  (3.2) 

Using multiple peaks corresponding to different planes, the lattice parameter of the material can 

be estimated based on averaging. The various samples were polished with a 1-μm diamond 

suspension finish to reduce lattice strain and remove surface contaminates from processing. 

Analysis of peak positions is highly reliant upon the distance from the detector so solid samples 

were leveled to provide consistent parameters. Powder samples were adhered to zero diffraction 

discs using an amorphous material to nullify any additional peaks. It is worth to note that many 

calcium aluminate phases have similar crystal structures, which cause overlapping of some 

diffraction peaks.  

3.1.2 Scanning Electron Microscopy 

Microstructure of the materials was characterized by scanning electron microscopy 

(SEM) (JEOL 6500 FE-SEM-EDS). SEM utilizes a focused beam of high-energy electrons and 

the electron-atom interactions on the sample surface to reveal the microstructure and chemical 

composition of the material. Specifically, detection of secondary electrons determines 
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morphology and topography, while back scattered electrons show contrasts in chemical 

composition for multiphase materials. The samples were polished flat with a finishing step of 

0.05-μm diamond suspension. This would eliminate any morphology or topography variations on 

the sample surface so that any detected contrasts would be associated with composition 

variations, which were further analyzed using electron dispersive spectroscopy. 

3.1.3 Electron Dispersive Spectroscopy 

Relative element concentrations and local phases were evaluated with electron dispersive 

spectroscopy (EDS). SEM and EDS are done concurrently because this technique also uses an 

electron-atom interaction on the material surface. EDS detectors measure the energy of radiated 

photons when an electron relaxes from an excited state into a lower energy level. These photons 

have discrete energies that depend on the element they are produced by. Detection of these 

radiated photons allow for a qualitative and semi-quantitative analysis of the analyzed surface. 

Mapping of a specified area shows a relative distribution of elements. Secondary phases and 

agglomerations of certain elements can be identified. Line scans that produce a spectrum based 

on position of the line provide variations in chemical composition across particle-bulk or phase-

phase boundaries. Spectra taken at specified points within a map can give a relative idea of 

atomic percentages and the elements present. Mapping was utilized to determine the presence 

and location of the relative rich area of certain elements, like the Cu and Nb dopant candidates, 

within the material. When Cu-rich or Nb-rich areas were detected, line scans were used to 

determine the concentration profile of dopant candidates to qualitatively evaluate the diffusion 

from the concentrated region into the bulk material. Point spectra were obtained from high-

dopant, low-dopant, and non-dopant areas to compare the variations in chemical composition. A 

limitation of EDS is the ability to detect and accurately determine light atomic elements (atomic 
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# < 11) which would include oxygen. Therefore, atomic ratios of the cationic elements were used 

to evaluate calcium aluminate phases and the relative dopant concentrations. The penetration 

depth of electrons in a C12A7:e- matrix is not documented; so the interaction volume is unknown 

for C12A7 or C12A7:e-, which causes uncertainties in measurements. 

3.1.4 X-ray Photoelectron Spectroscopy 

 Material surfaces are the interaction point between an external environment and the bulk 

material. This boundary is especially important for C12A7:e- as an electron emitter. X-ray 

photoelectron spectroscopy (XPS) is a quantitative surface analysis technique with the capability 

to determine elemental composition, chemical states, and electronic states in a sample surface. 

XPS was done by PHI Physical Electronics PE-5800 X-ray Photoelectron Spectrometer 

instrument in this study to determine the valence status of Nb dopant. The analysis depth is 1~10 

nm depending on material and analysis parameters. A beam of x-rays is irradiated onto the 

surface and the kinetic energy (KE) of the electrons ejected from the surface atoms is measured. 

KE is dependent upon the photon energy (ℎυ) and binding energy (BE), as shown in Eq. 3.3.   𝐵𝐸 = hυ − (KE + ϕ)  (3.3) 

A known ℎυ is set using a monochromator in the instrument and KE is detected allowing for the 

calculation of electron BE. Elements emit electrons with specific BE peak(s) depending on the 

chemical state of the specific element and which orbital the electron was occupying. An argon 

bombardment of the surface can etch into the surface to obtain a depth profile or subsurface 

analysis. This was done before each analysis to remove surface contamination. Each sputtering 

remove ~5 nm of surface material. 
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3.2 Electrical Conductivity Testing 

3.2.1 Two-probe Resistance Measurement 

Conductivity (σ) and resistivity (ρ) of the samples were calculated using resistance (R), 

cross-sectional area (Ac), and sample thickness (t) using equations 3.4 and 3.5. 𝜌 = 𝑅 ∗ 𝐴𝑐 𝑡⁄    (3.4) 𝜎 = 1 𝜌⁄   (3.5) 

Two-probe resistance measurements were taken using a digital voltmeter (CEN TECH p37772) 

on the as-sintered samples. Removal of titanium or graphite foils adhered to the sample surface 

from SPS processing and subsequent polishing cause damages to the surface cages in the 

C12A7:e- material, leading to a loss in ohmic contact. As a consequence, the resistance readings 

are higher than the actual values or not available. Therefore, the thin foils on either face were left 

intact for resistance and thickness measurements. An advantage of using the two-probe method is 

its capability of quick determination of conductivity through the entire sample in a non-

destructive manner. Probes can also be easily moved to different locations to evaluate 

conductivity on a single surface to determine if there is limited to no conductivity through the 

bulk of a sample. However, the results of electrical conductivity obtained by this 2-probe method 

are preliminary and there are concerns about the accuracy of the values. Resistances are recorded 

to the deciohm with only one or two significant figures for highly conductive samples. 

Calculations depend on the accuracy of geometric measurements as well. Manual probe 

measurements cannot apply an identical amount of force per measurement causing variations in 

contact resistances. The loss of ohmic contact from polishing made evaluation of conductivities 

only relative to individual samples before and after processing or analyzing techniques were 
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performed. It is common that the electrical conductivity of the material is underestimated when a 

two-probe multimeter is used, due to the high probe-material surface contact resistance.  

3.3 Thermal Stability Characterization 

3.3.1 Thermal Gravimetric Analysis 

Mass change in samples as a function of temperature was evaluated using thermal 

gravimetric analysis (TGA) (Seiko Instruments Inc. RTG220 Robot TG/DTA). The onset of 

mass gain, total percentage of mass gained, maximum rate of mass gain, and stabilization after 

mass gain were all analyzed. TGA uses arm balances with an optical detector to sense changes in 

mass on the scale of micrograms from variations in the arm position. Mass change can occur due 

to many factors. Outgassing (dehydration) and oxidation are the two main causes of mass change 

in C12A7:e- when the tests are performed in air or other oxygen-containing atmosphere. At 

elevated temperatures, C12A7:e- oxidizes by replacing the free cage electrons with occluded 

oxygen anions. In undoped C12A7:e-, the maximum mass gain percentage (1.16 %) is associated 

with complete replacement of the electrons by divalent oxygen anions if the sample achieved 

maximum theoretical electron concentration. The mass gain percentage is often used for the 

estimation of electron concentration. Mass gain percentage that are lower than the theoretical 

maximum could result from the presence of secondary calcium aluminate phases in the C12A7:e- 

samples that were not fully reduced to 100% electride phase during processing. Dopants 

incorporated into the matrix and secondary phases that readily oxidize can cause higher 

percentages of mass gain. Therefore, calculation of electron densities for cationic doped 

C12A7:e- using TGA would be inaccurate. Thermal stability of the materials can be compared 

relative to one another based on the onset temperature of mass gain, which is attributed to the 

beginning of oxidation, and the maximum rate of mass gain, which is attributed to the rate of 
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oxidation. 10~50 mg samples were weighed then placed into a platinum crucible. The 

parameters for TGA were maximum temperature (1100 °C), heating rate (10 °C/min), gas type 

(N2 balanced - 5% O2 or Argon), and gas flow rate (50 ml/min). In other studies, there is a mass 

loss that occurs between 900 and 1350 °C attributed to the transition of occluded oxygen anions 

from superoxide ions (O- and O2
-) to divalent oxide ions (O2-) because it is more 

thermodynamically stable at elevated temperatures51. Material behavior in the higher temperature 

region between 1100 and 1400 °C could not be analyzed due to instrument constraints. 

3.3.2 Differential Thermal Analysis 

Exothermic and endothermic processes in a material during heating can be determined 

using differential thermal analysis (DTA). DTA and TGA can be ran concurrently using the 

same equipment. This technique uses thermocouples attached to stages with one holding the 

reference and the other containing the sample to detect differences in energy needed to heat the 

sample stage. These differences are represented by peaks. Various processes are associated with 

thermal changes such as evaporation of adhered water, oxidation, phase transformation, and so 

forth. Enthalpy can be determined by integrating the peaks. DTA equipment must be carefully 

calibrated using a material standard for quantitative analysis. 
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CHAPTER 4: EFFECT OF COPPER DOPING ON MAYENITE ELECTRIDE 

This chapter discusses the results of Cu doping mayenite electride (Cu-C12A7:e-). Phase 

and structural analyses revealed that Cu doping was successfully achieved by both furnace 

heating in argon atmosphere (F-type) and the in-situ SPS doping approach (S-type). Thermal 

analysis results suggested that Cu-doping effectively improved the electrical conductivity, 

oxidation resistance, and thermal stability compared to undoped C12A7:e-. Finally, the novel 

spark plasma sintering (SPS) diffusion process efficacy is addressed. 

4.1 Phase Constitution and Microstructure  

Fig. 4.1 displays the representative XRD patterns for select F-type and S-type Cu-

C12A7:e- samples in comparison to the undoped C12A7:e-. All patterns were normalized so that 

the peak intensity can represent the relative amounts of individual phases. Peaks corresponding 

to Cu metal phase were observed in F-type samples, suggesting that some Cu was present as a 

metal phase in these samples which can be seen in F3 and F4. Sample F4, processed in contact 

with Cu powder, exhibited a higher relative amount of Cu phase than F3, processed in contact 

with Cu foil. It is worth noting that F3 and F4 were processed simultaneously in the same 

furnace experiment. S-type Cu-C12A7:e- samples and undoped C12A7:e- presented as single 

phase C12A7:e- in diffraction patterns. Peaks for secondary calcium aluminate phases CA and 

C3A were also observed in F-type samples. Small peak shifts resulted from changes in lattice 

parameter and is to be discussed later. The presence of excess Cu disrupted local Ca/Al 

stoichiometric ratios causing the secondary calcium aluminate phase formation in Cu-rich 

regions. This would explain the presence of CA and C3A in samples that contain Cu metal phase 

(F3 and F4) and the presence of single phase C12A7:e- in the sample that does not show Cu 

metal phase, e.g., S2.  
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Figure 4.1: X-ray diffraction (XRD) patterns of undoped C12A7:e-, F3, F4, and S2. The 
unindexed peaks correspond to the C12A7:e- phase. 

 

The microstructure of all Cu-C12A7:e- samples were examined in optical microscope and 

SEM. Fig. 4.2 displays representative microstructure of the F-type Cu-C12A7:e- sample surface.  

Metallic copper was present on the sample surface after F-type processing. F3 and F5, which 

used Cu foil as the diffusion source, only exhibited formation of Cu regions at the edge of 

contacted faces. During sintering Cu foil bonded to the C12A7:e- samples and when removed left 

residue Cu metal on the edges. Fig. 4.2a shows the boundary between Cu and C12A7:e- formed 
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on F3 surface. The interface between metallic Cu (light grey) and the nominally Cu-C12A7:e- 

(dark grey) was clearly visible in SEM (Fig 4.2c).  Formation of Cu regions covered the entire 

contact surface of F2, F4, and F6 (Fig 4.2b), which used Cu powder as the dopant source.  

 

Figure 4.2: Optical images of the (a) F3 surface and (b) F4 surface, and SEM images showing (c) 
the Cu-C12A7:e- boundary on F3 and (d) the copper surface layer on F4 

 

Surface diffusion is the dominant mechanism of mass transport at moderate temperatures for a 

significant time length due to low heating rates (125 °C/hr) used in F-type processing. Both the 

Cu surface layer sintered from Cu powder and the bonding of Cu foil resulted from surface 

diffusion. As the furnace reached hold temperatures and provided a steady thermal energy, the 

sintered Cu regions continued to transport atoms into the bulk C12A7:e- by grain boundary and 

lattice diffusion. In comparison with the Cu powder - C12A7:e- contact interface, the Cu foil - 
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C12A7:e- interface had an ‘infinite curvature’ (relatively flat) attributed to mitigating Cu surface 

diffusion. The F4 cross-section SEM images (Fig. 4.3) showed Cu diffused up to a depth, or 

diffusion length, of ~ 100 μm from the surface Cu powder - C12A7:e- interface. Sub surface Cu 

atoms indicated grain boundary or lattice diffusion.  

 

Figure 4.3: SEM images and EDS maps of the cross-section of F4 

 

Cu-rich regions at the diffusion front were further analyzed with EDS line scans (Fig. 4.4). 

Concentration profiles across the visible particle – bulk interface displayed a gradual 

concentration gradient of each element. As the location approached the white regions, the Cu 

concentration increased while the concentrations of Ca, Al, and O decreased.  
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Figure 4.4: EDS line scans of Cu regions at the diffusion front 

 

A spread function given in Eq. 4.164 described the Cu concentration profile in the C12A7:e-. 

 𝑐(𝑥, 𝑡) = 𝑐̅ + ∆𝑐 ∙ erf ( 𝑥√4𝐷𝑡)   (4.1) 

For Eq. 4.1 c(x,t) is the concentration of Cu at a distance x from the average concentration at 

time t, 𝑐̅ indicated by black lines in Fig. 4.4. Δc is the initial concentration difference of Cu 

between the particle and bulk and D is the diffusion coefficient. Concentration gradients into the 

sample suggest Cu atoms undergo lattice diffusion into C12A7:e-, which is the main mechanism 

for solid state diffusion doping. 

Changes in the Ca/Al ratio were also observed, as shown in Fig 4.4b. The difference in 

Ca/Al ratio on either side of the Cu-rich region suggested a secondary calcium aluminate phase. 

The phase with a higher concentration of Al is presumed to be C12A7:e- while a higher Ca 

content indicated C3A phase presence. This observation was consistent with C3A peaks 

identified in the XRD pattern. Previous study on Cu-C12A7 reported the formation of other 

calcium aluminate phases 31. Maurelli et al. determined that Cu atoms occupy calcium sites as 

divalent cations. Excess Cu therefore increases the Ca(Cu)/Al ratio resulting in the observed 

C3A phase formation. The Cu foils were investigated due to coloration observed after thermal 

processing. Fig 4.5 displays SEM and EDS of calcium aluminate phase(s) on Cu foil. 
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Figure 4.5: Post processing (a) SEM image and (b) EDS maps of Cu foil surface 

 

The concentration gradients created by Cu-rich foil and Ca, Al, O-rich C12A7:e- are the main 

driving force for Cu diffusion into C12A7:e- , coupled with a flux of calcium ions, alumium ions, 

and oxygen ions from C12A7:e-. Cu atoms at the interface were oxidized to Cu ions, Cu →Cu+ 

or Cu2+, and then Cu cations diffuse into the C12A7:e- lattice site by substituting the Ca cations. 

The presence of Ca-rich regions on Cu foil post thermal process supported Cu cation occupation 

at Ca2+ cation sites and is consistent with Cu-C12A7 studies31, 32. To my knowledge, this was the 

first time that Cu-C12A7:e- was experimentally synthesized.  

In contrast, the S-type Cu-C12A7:e- samples did not exhibit large Cu-rich regions. 

Rather, the distribution of Cu element was scattered on the sample surface. Representative SEM 

and EDS mapping results are shown in Fig 4.6. Compared with F4 sample, Cu powder dopant 

source, the contact between the Cu-foil and the solid C12A7:e- disks in SPS provided more 

homogeneous diffusion paths for Cu, resulting in a uniform distribution of Cu across the sample. 

In addition, the relatively flat interface between the Cu foil and C12A7:e- along with the high 

heating rates of SPS limited surface diffusion. As a result, grain boundary and lattice diffusion 
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dominated during SPS diffusion, promoting incorporation of Cu into bulk C12A7:e- without 

forming a Cu metal region on the surface. Moreover, the thermal gradient and electrical field 

applied during SPS accelerated diffusion kinetics53, and thus, reduced the time length required 

for effective doping. Detection of Cu on the surface either visibly in an optical microscope, or in 

SEM/EDS maps does not guarantee Cu diffused into the C12A7:e- framework as a dopant. 

Therefore, the lattice parameter of C12A7:e- in both F-type and S-type Cu-C12A7:e- samples 

was calculated, to be discussed in next section.  

 

Figure 4.6: SEM image and EDS maps of S2 surface 

 

4.2 Structural Analysis 

 The lattice parameter of C12A7:e- in Cu-C12A7:e- and undoped C12A7:e- were 

determined from peak positions in XRD patterns. Peaks shifted to higher diffraction angles (see 

Fig. 4.7a) in F-type and S-type samples which confirmed reduced lattice parameters. It was 

found that the lattice parameter of C12A7:e- (a = 11.981 Å) is smaller than that of C12A7 (a = 

12.016 Å). Fig. 4.7b demonstrated that Cu-doping further reduced the lattice parameter of 

C12A7:e-. Particularly, S2 exhibited the smallest lattice parameter, 11.942 Å. Similar lattice 

parameters achieved by F3 (a = 11.943 Å) and F4 (a = 11.944 Å) suggested Cu doping was 
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successfully achieved in all three. The 0.039 Å decrease in lattice parameter was comparable to 

the Δ = -0.025 Å change reported for Cu-doped C12A731. 

 

 

Figure 4.7: (a) XRD pattern of C12A7:e- peaks for undoped C12A7:e-, F3, and S2 and (b) lattice 
parameters of the C12A7:e- in undoped and Cu-C12A7:e- samples 

 

             The nominal concentration of Cu in Cu-doped C12A7 in reference 31, was one atom per 

unit cell, corresponding to ~ 0.86 at%. A larger reduction in lattice parameter indicated the 

average Cu dopant concentration in the subsurface of S2, up to the diffusion depth, was higher. 

Ga and Co doped C12A7 derivatives are reported stable up to x = 1, corresponding to a dopant 

concentration of ~ 1.62 at %. Secondary calcium aluminate phases begin to form due to excess 

dopant concentrations34, 38, 44. The other S-type samples S1 (a = 11.971 Å) and S3 (a = 11.976 Å) 

did not show a significant decrease in lattice parameter. In comparison to S2, the conventional 

furnace heating method for F3 and F4 samples used higher temperature (900 °C) and took 16 

hours to obtain a similar lattice parameter. Extending the holding time via furnace heating 

indicated no further decrease in lattice parameter could be achieved. Despite the minimal 
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reduction in lattice parameter, S1 and S3 were included for further analysis as Cu-doping was 

successfully achieved.  

4.3 Electrical Conductivity  

 The electrical resistance was measured by a two-probe multimeter and four-probe 

physical property measurement system (PPMS). As-fabricated samples were first measured by 

two-probe multimeter as a quick and preliminary testing, then the electrical conductivity was 

calculated based on measured resistance and sample geometries. Subsequently, a more delicate 

four-probe method was utilized to measure the electrical conductivity via PPMS. Fig. 4.8a and 

4.8b shows a diagram of the two-probe and four-probe resistance analysis techniques, 

respectively. When a multimeter is used, two probes were placed on the opposite circular faces 

giving electrical resistance from point contacts. In contrast, the PPMS uses planar contacts along 

specimens machined into rectangular parallelepipeds then attached with four Cu leads equally 

spaced, giving more accurate electrical resistance measurements and conductivity calculations. It 

is important to note Cu leads were attached using an electrically conductive paste that improved 

ohmic contact. 

 

Figure 4.8: Electronic conductivity measurement diagram for the (a) two-probe and (b) four-
probe testing  

 
Based on measurement by a two-probe multimeter, as-sintered C12A7:e- had an electrical 

conductivity (σ = 0.106 S/cm), on the same order of magnitude as polycrystalline C12A7:e- 
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reported in other studies that used two-step solid-state synthesis and reduction15. Undoped 

C12A7:e- exhibited a comparable electrical conductivity (103.7 S/cm) to the maximum obtained 

using a similar synthesis method (138 S/cm) by four-probe measurements. Well-polished 

C12A7:e- samples showed an overload reading of electrical resistance when tested by a two-

probe multimeter due to loss of ohmic contact from mechanical polishing and limited point 

contact between the probe tips and sample. F-type samples had a resistance higher than the upper 

limit detectable by the multimeter. The formation of a thin Cu layer on the surface did not 

provide a sufficient pathway for ohmic contact to be restored. Possible reasons for this included 

(1) the secondary calcium aluminate phases, such as C3A and CA, formed at the interface 

between Cu-rich region and C12A7:e- cut off the electron conduction path; (2) the sintered Cu 

does not form a coherent interface with C12A7:e-, or (3) atmospheric molecules adsorb onto the 

sample surface causing an insulative behavior.  

The electrical resistance of S-type Cu- doped C12A7:e- samples were detectable using the 

multimeter, which was further converted to electrical conductivity, provided in Table 4.1. S2 

showed minimal change in electrical conductivity (σ = 0.127 S/cm) compared to the undoped 

counterpart. S1 and S3 had a lower conductivity (σ = 0.017 S/cm and σ = 0.042 S/cm) compared 

to undoped C12A7:e-. We do not know the concentration or diffusion length of copper atoms 

within Cu-doped C12A7:e-, however it is assumed that only a thin surface layer of Cu-doped 

C12A7:e- is achieved during the short (< 40 minutes) hold time. The inner bulk sample remained 

undoped C12A7:e-. Therefore, a minimal change in electrical conductivity was anticipated. It is a 

promising sign that the Ohmic contact was sustained after copper incorporation into the 

C12A7:e- cage structure via SPS doping, indicating a leap toward industrial production and use 

of M-doped C12A7:e- materials. The RT conductivities from PPMS measurement of S-type Cu-
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doped C12A7:e- samples are also provided in Table 4.1. In general, the conductivities from 

PPMS were higher than those values obtained from a multimeter. This is because of the 4-probe 

set-up in PPMS and larger planar contact area, in contrast to the 2-probe point contact when a 

multimeter is used (Fig. 4.8). The important point to take away was that S2 showed an increase 

in electrical conductivity. The primary goal of this study was to improve the thermal stability of 

the C12A7:e- by cationic doping. Therefore, the thermal stability of the Cu- doped C12A7:e- 

samples was investigated by thermal analysis and the results is to be discussed in next section. 

Table 4.1: Electrical conductivities of C12A7:e- and Cu-C12A7:e- at room-temperature 
SAMPLE TWO-PROBE CONDUCTIVITY 

[S/cm] 
PPMS CONDUCTIVITY 

[S/cm] 
C12A7:e- 0.106 103.7 

F1 Overloaded resistance 2.4 
S1 0.017 6.5 
S2 0.127 389.4 
S3 0.042 61.9 

 

4.4 Thermal Stability 

Fig. 4.9 shows the TG and DTA curves of S-type doped samples compared to the 

undoped C12A7:e-. Three distinct regions were observed below 1050°C. Region I is 

characterized by a steady mass gain at a low rate up to ~500°C with a mass gain percentage of  

0.165% , 0.181%, and 0.133% for S1, S2, and S3, respectively. Undoped C12A7:e- samples 

experienced a mass gain less than 0.1% in this region. Region II is characterized by linear mass 

gain behavior with a relatively constant rate, higher than the rate in Region I. It was observed 

that the mass gain rate followed an order of S1<S2<S3<undoped C12A7:e- in this region. 

However, S1 exhibited a transition at about 850°C to another subregion that had a higher mass 

gain rate. Region III exhibited steady mass gain again, with a low rate up to 1050°C, the 

maximum testing temperature. S2 had the lowest percentage of final mass gain (0.928%) 
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followed by S3 (1.058%), C12A7:e- (1.113%), and S1 (1.326%) shown in Fig 4.9a. All mass 

gains during the thermal analysis were attributed to the uptake of oxygen from the testing 

medium, air. In other words, oxidation occurred to the specimens during the heating in all 

specimens. However, the onset temperatures at which the rapid oxidation started were varied 

among the samples. The transition from the steady region I to the rapid oxidation region II is also 

reflected as an exothermic peak in the DTA curve (Fig. 4.8b). For the undoped C12A7:e- 

specimen, this exothermic peak occurred at 575°C, while all three S-type Cu-C12A7:e- samples 

exhibit the first exothermic peak at 625°C. Initial slow mass gain in Region I resulted from the 

adsorption of oxygen from the surrounding environment onto the material surface. The first 

inflection into a rapid mass gain accompanied by the 1st exothermic peak in DTA represented 

that oxygen molecules adsorbed on the surface reacted with the encaged electrons in C12A7:e- to 

form O2- anions per Reaction 4.5 which caused a phase change. 𝑂2 + 4𝑒− → 2𝑂2−  (4.5) 

Consequently, rapid oxidation occurred to the C12A7:e-. Undoped C12A7:e- has the largest 

initial exothermic peak followed closely by S3, then S2 and S1, which exhibited significantly 

smaller peaks. The peak intensity is proportional to the degree of inflection in the mass gain rate. 

Increase of the reaction onset temperature by ~ 50°C indicated improvement in the oxidation 

resistance. The second change in mass gain rate (a decrease in oxidation rate highlighted by 

circles in Fig. 4.9a), signaling transition from region II to region III, also corresponded to an 

exothermic peak in the DTA curves (Fig. 4.9b), which occurred at different temperatures for the 

various samples. The order of the peak temperatures, from higher to lower, was S1 (950°C), S2 

(800°C), S3 (790°C) and C12A7:e- (655°C).  
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Figure 4.9: (a) Thermalgravimetric mass gain and (b) differential thermal peaks of S-type 
samples in comparison to an undoped counterpart. The dash lines match the 1st exothermic peaks 
in DTA curves for the various samples with the first change in mass gain rates in TG curve; the 

various circles in TG curve correspond to the 2nd exothermic peaks in DTA curves for the 
various samples. 

 

 Subsequently, an equilibrium proceeded through region III with a constant mass gain rate 

lower than that in region II, resulting from the adsorption of oxygen from the environment and 

subsequent conversion. Xiao et al tested C12A7:e- by TG/DTA up to 1350 °C in 70% argon 30% 

oxygen, where a maximum mass gain was achieved after a second influx of oxygen51. This was 

attributed to the formation of superoxide anions via the equilibrium reaction below51, 65. [𝐶𝑎24𝐴𝑙28𝑂33]4+(2𝑂2−) + 𝑂2 ↔ [𝐶𝑎24𝐴𝑙28𝑂33]4+(2𝑂−) + [𝐶𝑎24𝐴𝑙28𝑂33]4+(𝑂22−) (4.6) 
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 After an apex was reached the specimen started to decrease in mass as temperature continued to 

increase, indicating a shift to the left in reaction 4.6. It should be noted that the maximum 

temperature tested in this study is lower than the temperature mass loss was observed. At the 

upper temperature limit (1350°C) a mass gain of 1.178% was achieved, corresponding to the 

theoretical maximum gain for oxidation of fully reduced C12A7:e- given by Reaction  4.7. [𝐶𝑎24𝐴𝑙28𝑂33]4+(4𝑒−) + 𝑂2 → [𝐶𝑎24𝐴𝑙28𝑂33]4+(2𝑂2−)  (4.7) 

 The delay in the oxidation onset and peak temperatures for S-type specimens suggested 

that copper doping on the C12A7:e- surface retarded the reaction between adsorbed oxygen and 

extra-framework electrons in C12A7:e-, and thus improved thermal stability compared to 

undoped C12A7:e-. Lower mass gain rates in Region II and lower overall mass gain percentages 

at 1050°C further supporting an increase in the oxidation resistance was achieved.  

To further understand the oxidation behavior at the transition from region I to region II, 

C12A7:e- specimens were heat treated in the TG to 550°C, 600°C, and 650°C then taken out for 

characterization of the surfaces (Fig. 4.10). It was observed that one face of the C12A7:e- 

specimens was fully oxidized at 550°C, which was near the onset of the exothermic peak. At 

550°C, oxygen adsorbed to the surface started to react with the anionic electrons in the C12A7:e-

, creating oxide anions, which replaced the encaged electrons as extra-framework anions to 

maintain the neutral charge. As a result, C12A7:e- transformed to oxy-C12A7. The specimen 

heated to 600°C showed a diffusion front from the original sample surface (Fig. 4.10b). The 

distinct color change in the side view represented the oxidation front, with white (bright) 

corresponded to oxy-C12A7 and black (dark) corresponded to C12A7:e- (or limited oxidized 

electride). An oxidation front originated from one surface indicated that certain surface areas 

were preferrable for either oxygen adsorption from the atmosphere or oxygen – electron 
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interaction to produce O2- anions. This preference most likely stemmed from some surface 

characteristics, such as damaged cages or defect-rich (e.g., O-vacancies) regions or favorable 

adsorption onto the smooth surface, that promoted oxygen adsorption or oxygen diffusion. It 

should be noted that the surface from which the diffusion front originated was well-polished 

while the sides of specimen were roughly cleaved from brittle fracture.  

 

Figure 4.10: C12A7:e- specimens thermally analyzed to (a) 550°C, (b) 600°C, and (c) 650°C 

 

The specimen heated up to 650°C, near the peak temperature of the exothermic reaction 

corresponding to the highest rate of mass gain for all C12A7:e- specimens, also exhibited a 

uniform oxidation front (Fig. 4.10c). In addition, a translucent layer was observed between the 

top white oxidized region and the dark C12A7:e- region. Since diffusion length increases as 

temperature increases as the reaction continues, eventually the low concentration of electrons 

and long diffusion path slow the reaction causing a transition from region II to region III. 
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To provide insight into the thermal stability of C12A7:e- and the associated oxidation or 

phase transformation, C12A7:e- specimens were also heat treated in air using a furnace. The 

color change, which was commonly used as a preliminary judgement on phase transformation in 

the field of C12A7 and C12A7:e-, of the same sample for the full temperature range, room 

temperature to 1350°C, with a 50°C increment, was examined.  The thermal stability of the 

C12A7:e- was to be used as a baseline to compare with the doped samples. While the TG 

analysis recorded the mass change (gain or loss), it did not provide the real-time examination of 

the sample color change. In contrast, furnace heating allowed for optical characterization of the 

sample surface at select temperatures during the heating process where the surrounding air was 

stagnant. The same specimen was taken out from the furnace for observation then quickly placed 

back in the furnace to minimize fluctuations in the heating/cooling profile. The top surface of the 

specimen was exposed to the air while the bottom surface was in contact with a Ti foil placed 

inside the Al2O3 crucible.   

Fig. 4.11 showed the color evolution of the C12A7:e- specimen during the furnace 

heating. Visible white regions started to form on the bottom surface at 550°C. At 600°C, 

oxidation was indicated by white a mostly white bottom surface and the oxidation continued to 

900 °C. The top surface started to show clear oxidation (white regions) at the edge at 400 °C 

while the majority of the sample remained a dark color. The color of one edge of the top surface 

became completely white at 700 °C, showing a diffusion front similar to what was observed in 

post-TG-tested sample (Fig. 4.9c). Except the edge, the majority of the top surface did not show 

visible change until 750 °C at which the color started to turn brown which spread throughout the 

surface. Subsequently, the top surface turned to the previously observed translucent status when 

temperature was increased to 900 °C. XRD analysis (Fig. 4.12) showed that the white color 
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corresponded to oxy-C12A7 containing some secondary calcium aluminate phases (CA and 

C3A) and the tan color corresponded to single phase oxy-C12A7. 

 

Fig. 4.11: Photos of the two surfaces of C12A7:e- at different temperatures showing the color 
evolution during heating in air in a furnace 

 

 

Figure 4.12: XRD pattern of the (a) white and (b) tan surfaces of C12A7 

 

When the temperature was increased to 1000°C and above, the specimen surfaces 

maintained the two observed colors (Fig. 4.13a). After being held at 1350°C for 10 minutes, the 

specimens were quickly put under vacuum in a desiccator to avoid undesired reactions from air 

cooling such as oxygen or hydroxide adsorption that occurred between 500°C and 900°C. These 
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specimens completely crystallized into the translucent tan status shown in Fig 4.13b. This color 

change from white to tan suggested that the secondary calcium aluminate phases formed 

previously were mitigated or they reacted to reform almost pure oxy-C12A7 when the 

temperature increased from 1000°C to 1350°C.  

 

 

Figure 4.13: Optical images of the specimen bottom surface after being held at (a) 1000°C and 
(b) 1350°C 

 

It was not completely clear yet why the bottom surface displayed formation of the white 

regions, oxy-C12A7 containing CA and/or C3A phases, while the majority of top surface (except 

one edge) only exhibited tan regions (pure oxy-C12A7 with little other calcium aluminate 

phases).  However, it was correlated to the contact with another solid media (Ti foil or Al2O3 

crucible) at the bottom surface of the specimen, while the top surface was just exposed to air. 

This phenomenon of different colors on the two surfaces was also observed in the samples after 

thermogravimetric test as shown in Fig 4.10. It appeared that the formation of white color 

regions resulted from the contact with different solid media (Al2O3, platinum, carbon, and 

titanium). Any interdiffusion occurring at the solid/solid interface disrupted the stoichiometric 

12:7 ratio of Ca to Al in the C12A7:e- or partially oxidized mayenite, finally leading to the 

formation of CA or C3A phases. 
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 The S-type Cu-doped C12A7:e- samples also exhibited color change after the TG/DTA 

testing (Fig. 4.14). A representative specimen (cut from S3) without evidently visible Cu regions 

on the surface exhibited a solid white layer, representing oxy-C12A7 containing C3A phase, on 

the surface that contacted the Pt pan in the sample holder in TG equipment, and several black 

spots were present on this surface (Fig. 4.14a). The black spots corresponded to copper oxide 

CuO, the peaks for which was observed in XRD pattern of the post-TG sample. The rest of the 

post-TG specimen turned to the translucent tan color, representing oxy-C12A7 with minimal 2nd 

phases.  Fig. 4.14b displayed the color change for a representative specimen that contained 

evident Cu regions on the surface. The surface containing the visible Cu regions, which was also 

the surface exposed to the air flow during testing, exhibited a small amount of white regions. In 

contrast, the other surface that was in contact with the Pt pan of the sample holder turned to a 

layer of solid white after the thermal exposure of TG test. The rest bulk of this specimen turned 

to the translucent tan color, i.e., oxy-C12A7 with minimal other calcium aluminate phases. The 

visible Cu regions in the pre-testing sample turned to became black regions due to the formation 

of CuO, which was confirmed by XRD analysis as shown in Fig. 4.15. 
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Figure 4.14: Pictures of specimens cut from S3 after TG test in air (a) a representative specimen 
without evident Cu-region on surface; and (b) a representative specimen with evident Cu-region 

on surface.  
 

 

Figure 4.15: XRD pattern for S3 specimen post thermal analysis 

 

A visible difference in the oxidation characteristics was also visibly observed. Fig 4.16 displays 

optical images of an S2 specimen incrementally heated in a furnace. 

 

Figure 4.16: Optical images of thermally analyzed S2 specimen via furnace heating 

 

The Cu-doped C12A7:e- showed slight oxidation from 600°C to 700°C. Significant changes 

were not visible on the Cu-doped C12A7:e- surface until temperature exceeded 750°C compared 

to undoped C12A7:e- which had complete white coloration of a similar surface at 600°C. The 

presence of a black phase in the Cu-doped specimen at 900°C suggested that the electride phase 

had not been fully oxidized. Hence, Cu-doping reduced the rate of oxidation. 
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4.5 Efficiency of doping by SPS Diffusion 

 S-type samples were produced via SPS as a novel method for solid state diffusion to 

achieve doping. The distribution of Cu observed in SEM combined with EDS confirmed that Cu 

diffused into C12A7:e- despite the holding time in SPS was on the order of a few minutes in 

contrast to several hours for F-type samples. The reduction in lattice parameter and the improved 

oxidation resistance, as discussed in previous sections, suggested lattice diffusion was the 

dominant mechanism and Cu-doping was achieved during SPS diffusion. The flat interface 

between the Cu foil and the preformed C12A7:e- disk samples decreased the energy reduction 

that can be achieved by surface area reduction to a negligible level. High heating rates and the 

applied electrical field in SPS accelerated diffusion kinetics and promoted grain boundary and 

lattice diffusion shortly after the processing started. Diffusion doping achieved in this relatively 

short time (< 40 minutes) using this method can be attributed to factors previously mentioned in 

section 1.4. Thermal-activated diffusion and electromigration are two different concepts in SPS, 

but both assisted the diffusion mechanisms. Thermodiffusion would have the highest impact 

during the heating portion of S-type experiments due to large thermal gradients resulted from 

high heating rates54. When the electrical currents did not uniformly flow through the sample, the 

temperature distribution in the sample exhibited a gradient (shown in Fig. 4.16) The Cu foils 

underwent a higher temperature than the internal bulk C12A7:e- at any given time during the 

heating. When the sample was held at the select diffusion temperatures, the thermal difference 

between the Cu foils and the internal bulk C12A7:e- was reduced as with increasing holding 

time. Both Cu and C12A7:e- are electrically conductive though C12A7:e- has a significant lower 

conductivity than Cu and the graphite tooling. Some electrical current flew through the C12A7:e- 

sample during SPS, which would reduce the temperature gradient limiting thermodiffusion, 
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promoted electromigration. Electromigration was an active mechanism through entire SPS 

diffusion doping as the electrical current was applied during the whole process. Nominally, 

higher temperatures should lead to more diffusion, i.e., it was anticipated that S3 should achieve 

more significant diffusion and thus a higher Cu dopant concentration in the C12A7:e- lattice than 

S2. However, S2 exhibited a smaller lattice parameter and better improvement in thermal 

stability (oxidation resistance) than S3. It is imperative to determine the optimal dopant 

concentration for C12A7:e- to enhance its thermal stability and oxidation resistance, which is yet 

unknown and being explored.   

 

Figure 4.17: SPS measurement set-up and thermal gradient model54 

 

 The key finding to take away from this section was that novel SPS diffusion doping 

successfully resulted in a Cu-doped  C12A7:e- surface layer, which subsequently improved the 

stability of C12A7:e-. Compared to traditional diffusion doping in a furnace, doping can be 

achieved more efficiently, i.e., shorter holding time, in SPS diffusion. The optimal temperature 

for copper doping into C12A7:e- via SPS diffusion was found to be 800 °C out of three select 

temperatures in this study.  
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4.6 Cu Doping Summary 

 Cu-doped C12A7:e- synthesis was successfully achieved by both conventional furnace 

diffusion (F-type) and SPS diffusion (S-type). Secondary calcium aluminate phases like CA and 

C3A and a surface Cu layer were observed in F-type samples while S-type samples exhibited 

primarily C12A7:e- phase except that S3 displayed small amount of visible Cu regions on the 

surface. All doped samples showed a reduction in lattice parameter of C12A7:e- with S2 showing 

the largest decrease in lattice parameter (i.e., smallest lattice parameter). The distribution of Cu 

on the S2 sample surface was uniform in contrast to the presence of local Cu-rich regions 

observed in F-type samples. All S-type Cu-doped samples exhibited better oxidation resistance 

and thermal stability than the un-doped counterpart, represented by the higher onset and peak 

temperatures for oxidation, lower mass gain rates, and overall lower mass gain percentage. The 

mass gain during TG testing started with adsorption of oxygen on the specimen surface, which 

reacted with the extra-framework electrons to form oxide anions when the temperature was 

increased. The modification of sample surface by Cu-doping either retarded the oxygen 

adsorption or the reaction between the adsorbed oxygen and the anionic electrons in the 

C12A7:e- lattice, giving rise to the improved oxidation resistance and thermal stability to higher 

temperatures. S2 exhibited the best combination of electrical conductivity, oxidation resistance, 

and thermal stability, corresponding to the smallest lattice parameter and minimal presence of 

second phases. Diffusion doping via SPS was proved to be a much more efficient way to achieve 

effective Cu-doping. And the effect of Cu-doping on C12A7:e- was experimentally investigated, 

which showed that Cu-doping was an effective approach to improve the thermal stability of 

C12A7:e-. 
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CHAPTER 5: NIOBIUM DOPING OF MAYENITE ELECTRIDE  

This chapter discusses the results of Nb-doping of C12A7:e-. Phase and structural 

analyses revealed that Nb doping was successfully achieved via two methods: (1) the SPS of the 

preformed mixture of C12A7 and Nb2O5 and simultaneous reduction (C-type) and (2) the 

subsequent reduction of preformed Nb-C12A7 produced from SSR (D-type). Thermal analysis 

results suggested Nb-doping successfully increased the oxidation resistance of C12A7:e- by 

increasing the onset temperature of the oxidation. However, catastrophic pest oxidation occurred 

during thermal analysis, which is attributed to the presence of metallic niobium phases. 

5.1 Nb-C12A7:e- Phase and Microstructural Analysis 

Uniform distribution of the niobium species is ideal for in-situ doping. It would allow for short 

diffusion lengths and ideally have a similar distribution to aluminum site vacancies in the 

C12A7:e- cage structure. 

5.1.1 Analysis of Plan A samples  

 Ball milling precursor materials successfully created a well distributed powder mixture to 

be used in SPS processing shown in Fig. 5.1. It was anticipated that uniform distribution of the 

Nb particles would allow for short diffusion lengths and promote the substitution of Al site 

vacancies by Nb in the C12A7:e- cage structure. 

 

Figure 5.1: SEM and EDS images of the mixed C12A7:e- + Nb powder for Plan A 
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Fig 5.2 displays the XRD pattern, SEM images, and EDS maps of sample A1. The 

presence of Nb metal peaks (Fig 5.2b) and separated Nb particles (Fig 5.2c) suggest the 

combination of C12A7:e- with Nb metal for doping using SPS (A-type) resulted in a Nb – 

C12A7:e- composite. There was not a source that could oxidize Nb metal into a higher valence 

state, therefore little to no Nb-doping was achieved. 

 

Figure 5.2: (a) SEM image of A1 surface, (b) XRD pattern of A1 surface, and (c) SEM image 
and EDS maps of Nb particle on the surface of A1 

 

Reaction 5.1 represents the phase evolution undergone by the sample A1. [𝐶𝑎24𝐴𝑙28𝑂64]4+(4𝑒−) + 𝑁𝑏0 → [𝐶𝑎24𝐴𝑙28−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + (1 − 𝑥)𝑁𝑏0 + 𝐶3𝐴 (5.1) 
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Nb metal particles would indicate x < 1. C3A formation has been shown to occur due to 

cationic doping of C12A715, 38, which indicated some Nb-doping may have taken place (x > 0). 

But the majority of the Nb was present as the metal phase.  

5.1.2 Analysis of Plan B samples 

 The ball milled C12A7:e- with Nb2O5 powder (B-type) turned green (Fig 5.3c). It is 

important to note that green C12A7:e- indicates an electron density less than the maximum (< 

2.3×1021 cm-3)66. 

 

Figure 5.3: Powders of (a) C12A7, (b) preformed Nb-C12A7, (c) starting material for Plan B, 
and (d) C12A7:e- 

 

Fig. 5.4 displays the optical image and XRD pattern of B1. Nb2O5 reacted with C12A7:e- 

to form two Nb-containing oxide compounds(Ca4Nb2Al2O12 and AlNbO4). Ca4Nb2Al2O12 is a 

CaO:Nb2O5:Al2O3 stoichiometric compound and is the only ternary compound that has been 

identified67. The blue coloration presented in Fig 5.4a is attributed to Ca4Nb2Al2O12. 
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Figure 5.4: Sample B1 (a) optical image and (b) XRD pattern 

 

Reaction  5.2 represents the phase evolution undergone by sample B1. [𝐶𝑎24𝐴𝑙28𝑂64]4+(4𝑒−) + 𝑁𝑏2𝑂5 → [𝐶𝑎24𝐴𝑙28−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + 𝐶𝑎4𝐴𝑙2𝑁𝑏2𝑂12 + 𝐴𝑙𝑁𝑏𝑂4 + 𝐶𝑎𝐴𝑙2𝑂4  (5.2) 

 The presence of Nb-containing oxides suggests there are excess oxygen atoms 

introduced by Nb2O5 without an efficient oxygen sink. Nb atoms are pentavalent in all Nb-

containing compounds formed in Plan B samples, which indicated Nb-doping can occur.  

5.1.3 Analysis of Plan C samples 

The use of C12A7 with Nb2O5 precursor powder as the starting material in Plan C, 

followed by concurrent reduction and doping in SPS, resulted in a partially reduced sample. Fig 

5.5 displays optical imaging and the XRD pattern for sample C1. Peaks for metal Nb were 

identified in the diffraction pattern (Fig 5.5b). Secondary calcium aluminate phase peaks suggest 

C3A and CA also formed during SPS. 
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Figure 5.5: Sample C1 (a) optical image and (b) XRD pattern 

 

Reaction  5.3 demonstrates the phase evolution undergone by C1. [𝐶𝑎24𝐴𝑙28𝑂64]4+(2𝑂2−) + 𝑁𝑏2𝑂5 + 𝑇𝑖𝑓𝑜𝑖𝑙 → [𝐶𝑎24𝐴𝑙28−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + (2 − 𝑥) 𝑁𝑏0 + 𝐶𝑎3𝐴𝑙2𝑂6 + 𝑇𝑖𝑂𝑥 𝑓𝑜𝑖𝑙 (5.3) 

The white and green regions observed throughout the sample suggest that conversion of Nb2O5 

into Nb metal, partial reduction of C12A7, and potentially Nb-C12A7:e- (or Nb-C12A7) 

occurred during the SPS. As mentioned in section 5.1.1, C3A formation has been shown in other 

M-C12A7 samples. The potential of Nb-doping was supported by that some Nb atoms existed in 

a pentavalent state by XPS, which is to be discussed in section 5.2. Fig 5.6 displays the 

microstructure of C2. Nb-rich region and several separate Nb-deficient regions were observed.  
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Figure 5.6: Microstructure of Sample C2. (a) SEM image of the sample surface and (b) SEM 
image showing a clear boundary between Nb-rich and Nb-deficient regions with (c) EDS maps 

 

The Plan C method was modified to achieve better reduction of C12A7 to C12A7:e-. The first 

modification was reduction of initial powder particle size by grinding the powder mixture with a 

mortar and pestle. Smaller particle size creates greater homogeneity in the precursor mixture to 

mitigate Nb-rich areas previously observed. Fig 5.7 displays an optical image and XRD pattern 

for sample C4. This sample presents a blue surface with a scattered black phase Fig 5.7a). Peaks 

for Ca4Nb2Al2O12 and AlNbO4 were identified in the XRD pattern. This was observed in B1 as 

well, which also showed some blue regions, indicating one or both of the Ca4Nb2Al2O12 and 

AlNbO4 phases caused the color change.  
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Figure 5.7: Sample C4 (a) optical image and (b) XRD pattern 

 

Reaction  5.4 represents the phase evolution undergone by sample C4. [𝐶𝑎24𝐴𝑙28𝑂64]4+(2𝑂2−) + 𝑁𝑏2𝑂5 → [𝐶𝑎24𝐴𝑙28−𝑥𝑁𝑏𝑥𝑂64]4+(2𝑂−) + 𝐶𝑎4𝐴𝑙2𝑁𝑏2𝑂12 + 𝐴𝑙𝑁𝑏𝑂4 + 𝐶𝑎𝐴𝑙2𝑂4 (5.4) 

Color change can occur due to a metal-oxide surface layer on metals68, 69. Blue coloration of the 

surface and unreduced bulk suggested a Nb-oxide formed a surface layer and inhibited oxygen 

diffusion which slowed or prohibited further reduction of the C12A7 to its electride phase in C4. 

Based on the results observed in C2 and C4, the holding temperature in SPS was increased from 

1300 °C to 1350 °C, close to the stability of Ca-Nb-O phases (1375 °C)67. Increasing the 

temperature of SPS resulted in near completely reduced Nb-C12A7:e- with no Nb-containing 

oxide formation, demonstrated by the formation of a grey bulk with dark particles (Fig 5.8a), and 

the XRD pattern (Fig 5.8b). In addition, the electrical conductivity of C5 is significantly 

increased compared to C1 to be discussed in Section 5.3, also supported that better reduction was 

achieved in C5.  
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Figure 5.8: Sample C5 (a) optical image, (b) XRD pattern, and (c) SEM image with EDS maps 
of a dark particle on the surface 

 

5.1.4 Analysis of Plan D samples  

 Plan D was performed by two-step processing, solid state reaction followed by reduction 

in SPS. Fig 5.9 displays XRD patterns of Nb-C12A7 powders produced from CaCO3, Al2O3, and 

Nb2O5 mixture by SSR in open air in a high temperature furnace (D-type step 1). The high 

relative peak intensity of CA and C3A in Nb-C12A7 (Fig 5.9a) indicated insufficient processing 

for single phase formation. Therefore, the hold temperature was increased from 1300 °C to 1350 

°C and the hold time was extended from 10 hours to 12 hours in SSR to mitigate CA and C3A 

phases. Resulting Nb-C12A7 exhibited predominant C12A7 with much less C3A phase (Fig. 

5.9b).  
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Figure 5.9: XRD patterns of Nb-C12A7 powders produced by SSR at (a) 1300 °C, 10 h and (b) 
1350 °C, 12 h 

 

Fig 5.10 displays an optical image, SEM image with EDS maps, and the XRD pattern of sample 

D1. D1 was made by using the Nb-C12A7 powders produced by SSR at 1300 °C. Nb metal 

formed during reduction of Nb-C12A7 (D-type step 2), evidenced by the XRD peaks (Fig 

5.10b). Nb-rich particles were homogenously distributed across the sample surface (Fig 5.10c). 
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Figure 5.10: Sample D1 (a) optical image of the surface, (b) XRD pattern, and (c) SEM image 
with EDS maps of the surface  

 

The phase evolution during D-type process are presented as (5.5) and (5.6) for step 1 and 

step 2, respectively. 12 𝐶𝑎𝐶𝑂3 + 6.5 𝐴𝑙2𝑂3 + 0.5 𝑁𝑏2𝑂5 → [𝐶𝑎24𝐴𝑙27𝑁𝑏𝑂64]4+(2𝑂2−) + 𝑂𝑢𝑡𝑔𝑎𝑠 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 (5.5) [𝐶𝑎24𝐴𝑙27𝑁𝑏𝑂64]4+(2𝑂2−) + 𝑇𝑖𝑓𝑜𝑖𝑙 → [𝐶𝑎24𝐴𝑙28−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + (1 − 𝑥)𝑁𝑏 + 𝐶3𝐴 + 𝑇𝑖𝑂𝑓𝑜𝑖𝑙  (5.6) 

The formation of Nb metal in reaction (5.6) is similar to the formation of metal Ga and 

C3A during reduction of Ga-doped C12A7 that was produced by SSR in a previous studey38. The 

white regions observed in Fig 5.10a indicated D1 was not fully reduced.   

D4 was made using the Nb-doped C12A7 powders produced by SSR at 1350 °C. 

Mitigation of large white regions (Fig 5.11a) and increased electrical conductivity compared to 

D1, to be discussed in Section 5.3, suggested greater reduction was achieved. Peaks 

corresponding to metal Nb and C3A in sample D4 (Fig 5.11b) indicated separation of Nb from 

the C12A7 framework.  

 

Figure 5.11: Sample D4 (a) optical image and (b) XRD scan 
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5.1.5 Analysis of Plan E samples  

           Plan E samples encountered melting issue during the processing and formed amorphous 

glassy materials, as shown in Fig. 5.12. Reduction of the processing temperature resulted in little 

to no changes compared to undoped C12A7:e-.  

 

Figure 5.12: Resolidified C12A7:e- on Nb metal cap 

 

In contrast to efficient Cu-doping of C12A7:e- via SPS diffusion doping discussed in Section 4.5 

in Chapter 4, Nb-C12A7:e- was not successfully synthesized via diffusion doping of Nb using 

SPS with Nb metal caps. The absolute processing temperature for Nb doping was higher 

compared to Cu doping. However, the homologous temperatures (TH) used in Cu-doping (0.717, 

0.79, and 0.864), given by equation 5.7, could not be achieved for Nb doping.  𝑇𝐻 = 𝑇(𝐾)𝑇𝑚(𝐾) (5.7) 

where T(K) is absolute processing temperature and Tm(K) is absolute melting temperature of the 

material. 

            Cu diffusion doping using SPS was found to be most effective at TH = 0.79. The 

maximum TH that could be achieved for Nb diffusion doping below the melting temperature of 
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C12A7:e- (1415 °C) was 0.61. The Nb diffusion doping attempted at 1350 °C resulted in a 

C12A7:e- melt in the die. Due to local overheating and the inability to directly measure absolute 

temperature of a sample in SPS, a temperature above 1415 °C at certain locations caused 

melting. Processing temperature was decreased to TH = 0.54, which resulted in no significant 

changes to the phases or thermal resistance compared to undoped C12A7:e-. Electrical 

conductivity of E2 (0.0063 S/cm) was orders of magnitude lower than that of undoped C12A7:e-.  

Hence, Nb diffusion doping using SPS (Plan E) was not pursued further. The lack of doping 

effects at TH lower than 0.6 indicated the diffusivity of Nb cations is too low for sufficient 

doping during the short (< 45 minutes) processing time even with the accelerated diffusion 

provided by the applied electrical field in SPS. 

5.1.6 Niobium-doping Process Summary 

 Plan A, B, and E processes were determined to be not suitable for synthesis of Nb-

C12A7:e-. Plan A process lacked a driving force to oxidize Nb0 to Nb cations, and it caused the 

formation of a composite rather than Nb-doping. Plan B process lacked an oxygen sink for the 

Nb2O5 in the precursor, leading to the formation of Ca4Nb2Al2O12 and AlNbO4. The ternary 

oxide compound Ca4Nb2Al2O12 led to the blue coloration observed in B1 and C4, which 

suggested a side reaction between C12A7 or C12A7:e- and Nb2O5 given in Reaction  5.8.  [𝐶𝑎24𝐴𝑙28𝑂64]4+(2𝑂2−) + 𝑁𝑏2𝑂5 → 𝐶𝑎4𝑁𝑏2𝐴𝑙2𝑂12 + 𝐴𝑙𝑁𝑏𝑂4 (5.8) 

The XRD patterns for B2, C1, or C5 did not exhibit prominent peaks for the Ca4Nb2Al2O12 

phase. Increased processing temperature to 1350°C in Plan C and Plan D resulted in near fully 

reduced Nb-C12A7:e- samples, C5 and D4. The NbAl3 in C5 and Nb metal in D4 demonstrated 

reduction of Nb atoms from Nb2O5 in C5 or Nb-C12A7 from D4 to a lower valence status. 

Although Sample D4 contained C3A that has been shown to form concomitantly with the dopant 



   
 

70 
 

metal phase during reduction of cationic doped C12A738, Plan C and Plan D processes were 

identified to be potential approaches to achieve Nb-doping of C12A7:e-. The C-type and D-type 

samples were investigated further to verify if Nb doping was successful. 

5.2 Niobium Speciation in Nb-C12A7:e- 

 X-ray photoelectron spectroscopy (XPS) was utilized to determine the bonding 

environments of atoms in Nb-C12A7:e- samples. Fig 5.13 displays the XPS spectra of C2. The 

binding energy (BE) for Nb 3d5/2 electron (206.91 eV) indicates some Nb atoms are pentavalent 

with Nb-O-Ca bonding. The BE for Nb electrons identified by XPS (Fig 5.13e) indicated a 

similar binding environment to that of CaNb2O6 or Ca2Nb2O7 (Fig 5.13f), suggesting C2 contains 

Nb-O-Ca bonding. The bonding environment of Nb atoms and lack of diffraction peaks for Nb-

containing oxides suggested Nb-doping of C12A7:e- was achieved in C2. The fully reduced C-

type sample, C5, exhibited the Nb-doping of C12A7:e- as well. 
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Figure 5.13: XPS spectrum of (a) C, (b) O, (c) Ca, (d) Al, and (e) Nb in sample C2 including (f) 
standard BE for Nb 3d5/2 electrons. Note that the black dotted lines in (e) and (f) correspond to 

Nb 3d5/2 peak BE 
 

 Atomic percentages of Ca, Al, and Nb were obtained at points surrounding the Nb-rich 

regions using EDS. Standard Ca/Al and Ca/Nb atomic ratios for unit cells with 0, 1, or 2 Nb 

atoms are given in Table 5.1. Fig 5.14 displays the SEM of a Nb-rich particle in sample C5 with 

EDS spectra scan points. It is important to note that EDS is a semi-quantitative analysis method. 

Ca/Al and Ca/Nb atomic ratios at positions 1, 2, and 6 (Table 5.2) indicated Nb-C12A7:e- with 

an average concentration near x = 1 or x = 2. The Ca/Nb ratio at positions 1 and 2 suggest an 

average concentration of two Nb atoms per unit cell and the Ca/Nb ratio for position 6 suggests 

one Nb atom per unit cell. 

 

Table 5.1: Standard Ca/Al and Ca/Nb atomic ratios for undoped and doped C12A7:e-  
Nb atoms 0 1 2 

Ca/Al ratio 0.857 0.889 0.923 
Ca/Nb ratio - 24 12 
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Figure 5.14: SEM image of an Nb-rich particle on the C5 surface with yellow dots representing 
EDS scan points 

 
Table 5.2: Ca/Al and Ca/Nb atomic ratios of points in Fig 5.14 

Position 1 2 3 4 5 6 7 
Ca/Al ratio 0.886 0.787 0.718 0.333 0.348 0.837 0.869 
Ca/Nb ratio 12.933 9.118 0.529 0.03 0.033 21.25 n/a 

  

5.3 Electrical Conductivity 

 The electrical conductivity of select Nb-C12A7:e-. samples were determined using the 

same method described in Section 4.3 in Chapter 4 for the Cu-doping. Table 5.3 provides the 

electrical conductivities calculated from two-probe and four-probe resistivity measurements for 

undoped, C-type, and D-type samples. The higher conductivity achieved by D1 and D4 than 

those of C1 and C5 suggested D-type processing was the most effective Nb doping method.  

Table 5.3: Electrical conductivities of C12A7:e- and Nb-C12A7:e- at room-temperature 
SAMPLE TWO-PROBE CONDUCTIVITY 

[S/cm] 
FOUR-PROBE CONDUCTIVITY 

[S/cm] 
C12A7:e- 0.106 103.7 

C1 0.0887 0.1 
C5 0.0295 6.9 
D1 0.182 17.7 
D4 0.0545 63.2 

 

Electrical conductivity obtained from the four-probe method revealed an increasing trend from 

C1 to C5 and from D1 to D4. The increases in electrical conductivity suggested greater reduction 

was achieved by increased processing temperature. Nb-doping did not increase electrical 

conductivity, which is contrary to what has been reported for other high valence cation-doped 

C12A7:e-, but is consistent with H- anion substituted Mg-C12A770. Sample D4 exhibited a 

comparable electrical conductivity to undoped C12A7:e-. The primary goal was to improve the 

thermal stability and oxidation resistance of C12A7:e-, which is the focus of the next section. 



   
 

73 
 

5.4 Thermal Stability 

 Samples from Plan A, B, C, and D (A1, B2, C2, and D1) were tested in 

thermogravimetric and differential thermal analysis (TG/DTA) up to 550°C and 600°C to 

compare with the undoped C12A7:e- discussed in Section 4.4 in Chapter 4. Nb- doped C12A7:e- 

disintegrated into white powder when heated to 1050°C. Specimen from C5 and D4 were 

sequentially heated in a furnace and analyzed in the same method as C12A7:e- in section 4.4. 

In general, Nb- doped C12A7:e- specimens displayed three regions with distinct 

characteristics in thermal analysis results. Region I exhibited mass gain less than 0.1% with low 

rates of mass gain. A sudden increase in the rate of mass gain transitioned into region II that 

exhibited rapid mass gain. A sudden decrease in the rate of mass gain transitioned into region III 

that exhibited a low rate of mass gain similar to region I. In region III mass gain stabilized at a 

maximum mass gain percentage in contrast to undoped C12A7:e- and Cu-doped C12A7:e-. It is 

important to note all mass gain has been attributed to oxidation from oxygen uptake by 

specimens from the surrounding environment. Analysis of specific samples are provided below.  

Fig 5.15 presents the TG and DTA curves of A1 and B2. A1 specimen experienced three 

mass gain rate fluctuations which indicated three oxidation events. In comparison, undoped 

C12A7:e- exhibited two mass gain rate fluctuations attributed to oxygen reacting with extra-

framework electrons to form oxide anions (O2-) that occupy cages and superoxide anion (O- and 

O2
-) equilibrium51. The third mass gain event in A1 is attributed to Nb oxidation, further 

evidenced by a final percent mass gain (3.784%) above the theoretical percent mass gain (1.16%) 

for undoped C12A7:e- with maximum electron density. DTA peaks accompanied each mass gain 

event. It was observed that DTA peak intensity correlated with the rate of mass gain which 

supported the assumption that all events resulted from oxygen molecules to oxide anion 
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conversion. B2 exhibits two mass gain events compared to A1. The third mass gain event, 

greater percent of final mass gain, and presence of Nb metal in A1 suggested Nb oxidation 

occurs. The oxidation of Nb is further evidenced by the lack of a third exothermic peak and 

lower percent of final mass gain (0.827%) for B2 which did not contain Nb metal. 

 

Figure 5.15: TG and DT curves of (a) A1 and (b) B2 

 

 Fig 5.16 presents mass gain percentage and normalized differential thermal curves for 

C2, C5, D1, and D4. The higher mass gain percentage of C5 (4.214%) compared to C2 (1.459%) 

and that of D4 (3.133%) compared to D1 (2.238%) indicated a greater concentration of Nb atoms 

in a metal phase or greater reduction of C12A7 to the electride phase in SPS or a combination of 

both. The lower mass gain percentage of D4 compared to C5 indicated a lower Nb metal phase 

concentration which suggested Nb did not completely separate from the C12A7:e- framework, 

leaving some Nb atoms present as dopants. It is important to note that the nominal concentration 

of Nb is the same for all Nb-C12A7:e- samples. It should also be noted that the electride phase in 

C5 and D4 is assumed to have achieved full reduction. C-type and D-type specimens 

experienced a greater rate of mass gain in region II compared to undoped C12A7:e- indicated by 

higher percentages of mass gained in shorter temperature ranges. Three exothermic peaks 
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observed in DT data for C5 were consistent with results from A1 which confirmed three oxygen 

conversion events occur in Nb-C12A7:e- specimen. The first exothermic peak was distinguished 

as the onset point for rapid oxidation. The onset temperature of oxidation peaks for Nb-C12A7:e- 

specimens were all above 650°C with the highest temperature onset points achieved by C5 

(745°C) and D4 (770°C). Oxidation onset at higher temperatures compared to undoped C12A7:e- 

represent the improvement of oxidation resistance.   

 

Figure 5.16: TG and DTA curves of (a) C2, (b) D1, (c) C5, and (d) D4 

 

The Nb-doped C12A7:e- specimens disintegrated into white powder substances during 

thermal testing. White coloration indicated full oxidation of the specimen. Disintegration of 

intermetallic compounds in an oxidizing environment is known as ‘pest’ oxidation or ‘pesting’71. 
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The expansion coefficient of a unit cell from Nb metal to Nb2O5, also known as a Pilling-

Bedworth ratio, is 2.68 which suggests high stress rates due to rapid expansion of dispersed Nb 

metal particles caused specimens to break apart into powder. Oxidation behavior of initially 

synthesized Nb-C12A7:e- samples was investigated between the onset oxidation temperatures for 

undoped C12A7:e- (575°C) and Nb-C12A7:e- (650°C). 

             Samples A1, B2, and D1 were analyzed in TG/DTA up to 600°C and 650 °C. Fig 5.17 

presents the percentages of mass gained by Nb-C12A7:e- and undoped C12A7:e- specimens. Fig 

5.18 displays surface images of A1, B2, and D1 before and after TG/DTA. Nb-C12A7:e- 

specimen displayed minimal surface oxidation at 600°C with percentages of mass gain below 

0.1%. Pest oxidation in B2 at 650°C was evidenced by white powder formation leaving craters 

(Fig 5.18b). An increasing mass gain rate suggested B2 underwent an onset of rapid mass gain. 

This was the lowest observed transition temperature for Nb-C12A7:e-. No significant change in 

the rate of mass gain for A1 and D1 confirmed the onset of rapid mass gain is above 650°C for 

those specimens. The onset temperature for rapid mass gain for undoped C12A7:e- is 550°C 

meaning Nb-doped C12A7:e- demonstrated an increased resistance to the onset of oxidation. At 

650 °C, A1, B2, and D1 gained 0.177%, 0.176%, and 0.160% of mass, respectively, suggesting 

that the oxidation resistance at intermediate temperatures (400°C to 700°C) was increased 

compared to undoped C12A7:e- that gained 0.498% percent mass.   
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Figure 5.17: Thermogravimetric curves for Nb-C12A7:e- specimens and undoped C12A7:e- from 
400°C to 650°C 

 

 

Figure 5.18: Microscope images of (a) A-type specimens, (b) B-type specimens, and (c) D-type 
specimens before thermal analysis and when held to 600°C or 650°C 

 

To observe oxidation behavior in Nb-doped C12A7:e-, specimens of C5 and D4 were further 

studied by conducting thermal holds in a furnace at temperatures ranging from 400°C to 900°C 
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in 50°C increments. Specimens were held at each temperature for 5 minutes. Fig 5.19 displays 

images of C5 after being held at different temperatures. The breaking of C5 specimen at 750°C 

with no visible surface oxidation up to 700 °C indicated oxidation was initiated in the range of 

700-750°C, which is consistent with the TG/DTA results. Nb-doped C12A7:e- experienced pest 

oxidation in that temperature range which was associated with the first exothermic peak in the 

C5 DT curve. The specimen had been near completely oxidized at 800°C evidenced by the 

transformation into white powder and maximum percentage of mass gain observed in the TG 

curve.  

 

Figure 5.19: C5 specimen after being held at 700°C, 750°C, and 800°C in a furnace with an air 
atmosphere 

 

Fig 5.20 displays the photos of specimens of D4 after heat treatment at different 

temperatures. At 700 °C, D4 experienced minimal surface oxidation, less than 0.1% determined 

by TGA. Cracking and the formation of white regions at 750°C resulted from pest oxidation, also 

observed in the C5 specimen, and further evidenced pest oxidation is initiated between 700-

750°C. The specimen had been near completely oxidized at 850°C evidenced by the 

transformation into white powder and maximum percentage of mass gain observed in the TG 

curve. 
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Figure 5.20: D4 specimen after being held at 700°C, 750°C, and 850°C in a furnace with an air 
atmosphere 

 

Nb-doped C12A7:e- experienced four oxygen uptake events causing rapid mass gain: (1) 

oxygen from the surrounding environment (air), was adsorbed onto the sample surface and then 

started to react with Nb; (2) oxidation of Nb metal phase occurred at a high rate and caused high 

internal stress inside the sample, leading to cracking; (3) the electride phase experienced a phase 

change to the oxy-C12A7 phase; and (4) remaining Nb oxidized. These events occurred rapidly 

within a small temperature range, approximately 725-770°C for C5 and 725-825°C for D4 

(shown in Fig. 5.16), indicated by the large sudden increases in mass gain rate, nearly 

instantaneous mass gain up to 4.21%, followed by an abrupt decrease in mass gain rate and mass 

stabilization below 1050 °C.  

           Fig 5.21 displays the XRD patterns of the specimen from C5 and D4 after being held at 

900°C. The primary phase identified in as-synthesized C5 (Fig 5.8b) and D4 (Fig 5.11b) was 

C12A7:e-. Peaks for NbAl3 (Fig 5.8b) revealed the intermetallic as the only secondary phase 

present in C5. Peaks for Nb metal and C3A (Fig 5.11b) demonstrated Nb-C12A7:e- separation in 

D4 which is consistent with D1. After the thermal hold at 900°C,  NbAl3 peaks disappeared in 

C5 and the Nb metal peaks disappeared in D4. Meanwhile, CaNb2O6 (CN) appeared in both 

post-thermal-hold samples, suggested that CaNb2O6 was the Nb-containing oxide byproduct 

from pest oxidation.  
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Figure 5.21: XRD patterns of C5 and D4 powders after TG/DTA  

 

Reaction 5.9 and 5.10 represent the phase transition occurred in C5 and D4, respectively, 

during heating in TG.  [𝐶𝑎24𝐴𝑙27−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + 𝑁𝑏3𝐴𝑙 → [𝐶𝑎24𝐴𝑙27−𝑥𝑁𝑏𝑥𝑂64]4+(2𝑂2−) + 𝐶𝐴 + 𝐶𝑁 (5.9) [𝐶𝑎24𝐴𝑙27−𝑥𝑁𝑏𝑥𝑂64]4+(4𝑒−) + 𝑁𝑏0 + 𝐶3𝐴 → [𝐶𝑎24𝐴𝑙27−𝑥𝑁𝑏𝑥𝑂64]4+(2𝑂2−) + 𝐶3𝐴 + 𝐶𝑁 (5.10) 

 Fig 5.22 presents a flow diagram detailing the products that resulted from each process 

step in C5 and D4. In Nb-doped C12A7:e-, represented by [Ca24Al27-xNbxO64]4+ (4e-), x 
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represents the average Nb concentration per unit cell in doped samples. The nominal 

concentration for C5 and D4 is x = 1. For these processes where the x value is 0 < x < 1. It is 

important to note that xC ≠ xD. The presence of NbAl3 in C5 confirmed xC ≠ 1 and the presence 

of Nb metal in D4 confirmed xD ≠ 1. EDS analysis of C5 indicated successful Nb doping, i.e., xC 

> 0. Though D4 has some Nb separation during reduction by SPS, some Nb remained as dopants, 

i.e, xD > 0, indicated by the lower final percent mass gain compared to C5 with an assumed 

homogenous distribution of Nb and the same nominal concentration for both samples. 

 

Figure 5.22: Phase evolution during the process flow for the C5 and D4 

 

The important result to focus on from this section is Nb-doped C12A7:e- showed an 

increase in the onset temperature of oxidation. Pest oxidation caused Nb-doped C12A7:e- 

specimens to disintegrate when oxidized but was attributed to the presence of NbAl3 and Nb 

metal secondary phases. 

5.5 Nb Doping Summary 

 Nb-doping of C12A7 and C12A7:e- was achieved in this study. Nb-doped C12A7:e- was 

successfully synthesized by the SPS of the preformed mixture of C12A7 and Nb2O5 and 
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simultaneous reduction (Plan C) and the reduction of preformed Nb-doped C12A7 produced 

from SSR of CaCO3, Al2O3, and Nb2O5 mixture (Plan D). Highly reduced Nb-doped C12A7:e- 

samples were obtained when the SPS processing temperature increased to 1350°C. Despite that 

none of the Nb-doped C12A7:e- samples had a higher electrical conductivity than undoped 

C12A7:e-, sample D4 exhibited a same level of electrical conductivity to that of undoped 

C12A7:e-. NbAl3 secondary phase formed in the highly reduced C-type produced sample and Nb 

metal phase formed in the highly reduced D-type produced sample. Nb-doped C12A7:e- 

specimens exhibited an increased oxidation onset temperature up to 200°C higher than that of 

undoped C12A7:e-. Pest oxidation caused Nb-doped C12A7:e- specimens to disintegrate into 

white powder during thermal testing. The pest oxidation was attributed to high internal stress 

originated from the oxidation of the NbAl3 and Nb metal phases. 
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CHAPTER 6: CONCLUSION 

In this work, the cationic doping of mayenite electride (C12A7:e-) using Cu and Nb as the 

dopant candidates was attempted with  the aim of improving the thermal stability of C12A7:e-. 

Cu-doping and Nb-doping of C12A7:e- was successfully achieved. Diffusion doping via SPS 

was the effective and efficient method to produce Cu-doped C12A7:e-. In-situ doping of 

C12A7:e- via SPS with concurrent reduction of precursor C12A7 with Nb2O5 and reduction of 

preformed Nb-doped C12A7 successfully synthesized Nb-doped C12A7:e-. In this chapter, key 

findings are summarized. Finally, remaining scientific questions are discussed and an outlook of 

future research directions is provided. 

6.1 Thermal stability of mayenite electride 

 Cu-doping and Nb-doping increased the onset temperature of oxidation compared to 

undoped C12A7:e-. Therefore, increased thermal stability of C12A7:e- can be achieved by 

cationic-doping. The thermal stability of undoped C12A7:e- was analyzed using TG/DTA. The 

oxidation onset temperature was determined to be 570°C. Oxidation was found to initiate on the 

surface and then propagated through the bulk. The formation of white regions was observed on 

oxidation surfaces and then transitioned into translucent tan regions. Oxy-mayenite (C12A7), as 

well as secondary calcium aluminate phases such as C3A or CA or both, were identified in the 

white regions, while the translucent bulk material was determined to be single phase of C12A7. 

Undoped C12A7:e- held at 1000°C was translucent with a white surface layer. When the hold 

temperature was increased to 1350°C, the sample turned to completely translucent, which 

suggested that the secondary CA and C3A phases reacted to form C12A7. Results of undoped 

C12A7:e- were used as a baseline to investigate the effect of Cu-doped C12A7:e- and Nb-doped 

C12A7:e-. 
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6.2 Copper Doping Experiments 

 The synthesis of Cu-doped C12A7:e- was achieved via solid-state diffusion via two 

methods: diffusion doping in a conventional furnace (F-type) and SPS diffusion doping (S-type). 

A reduction of the lattice parameter compared to the undoped C12A7:e- was achieved. F-type 

processing led to formation of Cu metal onto the surface of C12A7:e-, forming a metal-ceramic 

composite of Cu-C12A7:e- rather than solely Cu-doping. F-type methods also resulted in C3A 

formation. Cu-doping was effectively and efficiently achieved via the novel SPS diffusion 

doping method. S-type samples experienced little if any secondary phase formation. S1, S2, and 

S3 increased in onset temperature for oxidation to 625°C and peak temperatures to the range of 

800-900°C, while S2 and S3 exhibited lower oxidation rates and lower total mass gain 

percentages at 1050°C, compared to the undoped C12A7:e-. SPS diffusion doping of Cu at 800 

°C gave rise to a minimum lattice parameter (a = 11.942 Å) of C12A7:e-, the lowest oxidation 

rate, and the smallest mass gain percent at 1050 °C. The electrical conductivity significantly 

increased to 389.4 S/cm in S2 compared to the undoped C12A7:e- (103.7 S/cm). In conclusion, 

Cu-doping was experimentally proved to be an effective approach to improve the thermal 

stability of C12A7:e- and meanwhile increase the electrical conductivity.  

 

6.3 Niobium Doping Experiments 

 Five different processing routes were investigated with the goal of achieving Nb-doping 

of C12A7:e-. Nb-doped C12A7:e- was successfully synthesized via two methods: (1) the SPS of 

the preformed mixture of C12A7 and Nb2O5 and simultaneous reduction (C-type) and (2) the 

subsequent reduction of preformed Nb-C12A7 produced from SSR (D-type). Thermal analysis 

results suggested Nb-doping successfully increased the oxidation resistance of C12A7:e- by 
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increasing the onset temperature of the oxidation. However, catastrophic pest oxidation occurred 

during thermal analysis, which is attributed to the presence of metallic niobium phases. 

Increased processing temperatures for C-type and D-type processing resulted in better reduction 

of the oxy-C12A7 to the electride phase and simultaneously Nb-doping. The Nb doping methods 

that used a precursor mixture of C12A7:e- with Nb metal (A-type process) and a precursor 

mixture of C12A7:e- with Nb2O5 (B-type process) were determined to be ineffective for Nb 

doping. The C-type samples contained a Nb rich bulk region and Nb deficient particles that could 

be visibly identified. Successful Nb-doping of C12A7:e- was confirmed in C2 and C5 by 

combination of XPS and EDS results. Sample D4 contained homogenously dispersed Nb metal 

particles that separated from Nb-doped C12A7, which caused C3A secondary phase formation.  

 Improvement in resistance to rapid oxidation was demonstrated in Nb-doped C12A7:e- 

samples compared to the undoped counterpart. The onset temperature of rapid oxidation was 

increased to 745°C and 770°C for the fully reduced Nb-doped C12A7:e- (C5 and D4). The 

thermal stability of the C12A7:e- was significantly improved by the increase in oxidation onset 

temperature by 150°C to 200°C. The first oxidation event was attributed to pest oxidation that 

caused disintegration of Nb-C12A7:e- specimens. The CaNb2O6 was the Nb-containing 

compound formed during pest oxidation of NbAl3 and Nb metal secondary phases. Nb-doped 

C12A7 and CA also formed due to Nb-doped C12A7:e- oxidation.  

           The essential findings of this study are the increased onset temperature for rapid oxidation 

for Nb-doped C12A7:e- and Cu-doped C12A7:e- when compared to undoped C12A7:e-. Cu-

doping is the preferable method due to high amounts of secondary phases resulted from Nb-

doping and pest oxidation of Nb-doped C12A7:e- samples. These results will intrigue additional 

studies of cation doped C12A7:e- materials with increased stability of the electride phase.  
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6.4 Future Research Directions 

Cationic Doped Mayenite Electride 

Cationic doping of C12A7:e- is a growing field of research that has gained high interest 

in some industries including electronics and aeronautics. A limited number of cationic dopants 

have been researched in C12A7:e- and thermal stability had not been the primary goal. Creating 

cation doped C12A7:e- with greater thermal stability would allow the material to be used in 

applications that require high processing temperatures such as thermionic cooling devices. The 

findings of my work will encourage more research effort to look into the effect of cationic 

doping on the thermal stability of C12A7:e-.  

Cationic Dopant Selection 

 In this study, Cu-C12A7:e- and Nb-C12A7:e- exhibited greater thermal stability 

compared to undoped C12A7:e-. Optimization of the dopant concentration would maximize 

thermal stability of the electride phase. Nominal concentrations of cationic dopant elements can 

be used to synthesize cation-doped C12A7:e- which has been outlined in previous studies to test 

electrical conductivity changes. Based on the results of this study, Cu was the preferred dopant. 

Other divalent cationic dopants can be pursued in the future research. Table 6.1 displays 

properties of some dopant candidates that could potentially increase the thermal stability of 

C12A7:e-. It should be noted that Mg and Sr have been doped into C12A7:e- but thermal 

stability was not investigated. 

Table 6.1: Element properties of possible dopants72 

Element Valence States Metal Melting Point 
[°C] 

Oxide Melting Point 
[°C] 

Covalent Radius 
[Å] 

Mg 2+ 650 2852 1.5 
Zr 3+ , 4+ 1855 2715 1.55 
Sr 2+ 777 2531 2.0 
Pd 2+ , 4+ 1555 750 1.4 
Cd 2+ 321 1427 1.55 
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Zn 2+ 419 1975 1.35 
Ni 2+ , 3+ 1455 600 1.35 
Co 2+ , 3+ 1495 895 1.35 

 

Modeling can predict the thermal stability for C12A7:e- with potential dopants. Elements with 

and high oxide phase melting temperatures, like Mg, Zr, Sr, Cd, or Zn, could increase thermal 

stability compared to the undoped C12A7:e-. High thermal stability of the oxide phase can 

decrease the oxide ion mobility in C12A7:e- lowering the rate of oxidation. Transition metals in 

the same period of the periodic table as Cu have comparable valence states, ionic radii, and 

covalent radii. The elements Zn, Ni, and Co fit that description and have been previously used to 

dope oxy-mayenite. In contrast to the findings of this study, Zn-doped C12A7:e- resulted in 

expansion of the lattice36, while it was hypothesized that reduction of lattice parameter 

contributed to the increased thermal stability in the Cu-doped C12A7:e-. However, cationic 

dopants that occupy Ca sites in the C12A7 framework, such as Mg, have been shown to affect 

anion mobility70, which has the potential to reduce oxidation rate. The optimal homologous 

temperature (TH) for Cu diffusion doping using SPS found in this study corresponds to a TH ≈ 

0.8. Elements with metal melting temperatures near C12A7:e- would allow high dopant cation, 

native cation, and vacancy mobility. Those elements would be potential candidates for the novel 

SPS diffusion doping method introduced in this study. It will be time-consuming and cost 

ineffective if the cationic dopants were selected just by try-and-error experimentally. Therefore, 

computational and modeling work, such as density functional theory calculations and 

thermodynamic stability prediction, on the C12A7:e- rather than just on the oxy-mayenite, are 

also in demand to guide the dopant selection. 

SPS Diffusion Process 
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The effect of SPS on the cation mobility are not yet well understood. The general trend of 

the effect of the applied field, high heating rate, and applied pressure can be predicted from 

models and verified by relevant experiments. However, direct measurement of diffusion path 

during SPS is impossible to achieve. The SPS diffusion method has potential in industry to apply 

surface coatings or improve other processes that utilize diffusion. Surface layers applied by SPS 

could potentially have a semi-coherent interface with underlying materials compared to coatings 

that adhere to the surface, which would reduce adverse effects such as electrical conductivity 

losses. Multiple driving forces applied in SPS increase the cation mobility, allowing for faster 

diffusion compared to the conventional furnace heating methods. Diffusion bonding of two 

dissimilar materials, formation of intermetallic materials, and reinforcement of a material with a 

secondary phase (incorporation of carbon in iron to form cementite to make stainless steel) are a 

few examples. Both processes differ from the cationic doping of C12A7:e-. Neither process uses 

ion diffusion so mobility effects might be decreased or eliminated due to the lack of atomic 

charge. Further investigation should be put to elucidate the effects from SPS on diffusion 

kinetics to promote the application of this novel diffusion method in industry.  
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