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Abstract 
X-ray and neutron powder diffraction have been used to study the crystal chemistry of Fe doped mayenite (Ca12Al14-xFexO33). Solid-

state synthesis was used to prepare Ca12Al14-xFexO33 where x = 0, 0.1, 0.2, 0.5 and 0.6 and the citrate gel route was used to prepare 

Ca12Al14-xFexO33 where x = 0, 0.05, 0.1, 0.2, 0.3 and 0.4. X-ray powder diffraction data indicate that samples with the same 

composition but synthesized by the citrate gel route were more likely to be phase pure than samples obtained by traditional solid-

state synthesis. The refined lattice parameters were observed to increase with increasing Fe concentration, irrespective of the 

synthesis method. Refined neutron powder data confirm that Fe is going into Al site rather than Ca site. A 2-point probe was used 

to measure the electrical properties of the Fe doped citrate gel synthesized samples and showed that the resistivity increases for the 

Fe doped samples compared to the undoped mayenite.  
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1.0 INTRODUCTION 

The mineral mayenite, Ca12Al14O33, has been 

traditionally known as a constituent of Portland cements. 

It crystallizes with a body centered cubic crystal structure 

belonging to the I-43d (number 220) space group with a 

= 11.989 Å with 2 formula units per unit cell [1]. In recent 

decades mayenite’s interesting electrical, optical, and 

catalytic properties have been discovered [2-11]. These 

interesting physical properties result from its unique 

framework structure that allows various anions to be 

distributed among the cages formed by the framework [6, 

12, 13].   

Since many attractive physical properties are a 

result of point defects, it is of interest if cation 

substitutions can be made in the framework of mayenite 

and how these defects would affect the anion distribution 

inside the cages and ultimately the conductivity of 

mayenite.  Will the conductivity change by introducing 

point defects replacing either Ca2+ or Al3+ by Fe2+ or Fe3+ 

and if so how much of the Ca and/or Al can be replaced 

by Fe? A ternary phase diagram of the CaO-Al2O3-Fe2O3 

system, shown in Figure 1, indicates there is a limited 

range of Fe incorporation into the mayenite structure [14]. 

Boysen et al. [15] used neutron powder diffraction to 

characterize samples with 0.1 and 2.5 mol% Fe 

synthesized by the sol-gel method, and indicated that 

doping mayenite with Fe suppressed the incorporation of  
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extra anions while exhibiting large disorder in the crystal 

structure and predicted high anionic conductivity due to 

the large observed disorder at room temperature and 

extreme delocalization at high temperatures.  To date the 

effect of Fe on the electrical properties of mayenite has 

not been reported. 

     
Figure 1: CaO-Al2O3-Fe2O3 ternary phase diagram [1]. 

  

In this present work, pure and Fe substituted 

mayenite have been synthesized using both solid state and 

citrate gel techniques, and the resulting crystal structures 

characterized using X-ray and neutron powder diffraction. 

The electrical properties have been measured using a 2-

point probe. 
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2.0  MATERIALS AND METHODS 

2.1.  Synthesis 

Fe doped (Ca12Al14-xFexO33) mayenite was 

produced by both solid-state and citrate gel syntheses. 

Starting powders of CaCO3 (Fisher Chemicals, 99%), 

Al2O3, (Alfa Aesar, 99.5%) and Fe2O3 (Alfa Aesar, 

99.95%) were used as precursors for the solid-state 

synthesis where x = 0, 0.1, 0.2, 0.5 and 0.6. The samples 

were initially fired at 1200 ˚C for 16 hours. The final 

firing of the undoped mayenite was at 1350 ˚C for 23.5 

hours, while the Fe doped samples were fired at 1350 ˚C 

for 18 hours. To explore if the final firing temperature of 

Fe doped samples could be lowered, samples where x = 

0.2 and 0.6 were fired at 1200 and 1300 ˚C for 18 h.  

Ca(NO3)2•4H2O (Fisher Chemical, 99.5%), 

Al(NO3)3•9H2O (Fisher Chemical, 98.9%), 

Fe(NO3)3•9H2O (Acros, 98%) and citric acid (C6H8O7) 

(Alfa Aesar, 99%) were used as precursors for the citrate 

gel synthesis where x = 0, 0.05, 0.1, 0.2, 0.3 and 0.4. The 

resulting powder was divided in half and one half was 

used to press pellets and subsequently fired at 1000 ̊ C for 

4 h in air while the other half was pre-calcined at 600 ˚C 

as a loose powder and then pressed into pellets and fired 

in flowing 4% H2/96% Ar at 1200 ˚C for 6 h. Details of 

both syntheses techniques can be found in Ude et al. [15]. 

 

2.2.  Characterization 

Samples characterized using X-ray and neutron 

diffraction were ground into fine powders. For the X-ray 

powder diffraction measurements, powders were back 

loaded into deep welled sample holders and spun during 

the data collection to improve sampling statistics. Data 

were collected on a PANalytical X’Pert PRO MPD θ-θ 

diffractometer equipped with an X’celerator Real Time 

Multiple Strip (RTMS) detector allowing fast data 

collection.  

The instrument was operated at 45 KV and 40 mA 

and data were collected using Cu Kα radiation over a 2θ 

range of 5-140˚ with a count time set so that each data 

collection lasted approximately 20 minutes. X-ray powder 

diffraction data were analyzed using Jade [Jade 6.0, 

Materials Data Inc.] and HighScore [X’Pert HighScore 

Plus 3.0, PANalytical, Inc.] software packages for phase 

identification; and Rietveld refinements were performed 

using the EXPGUI graphical interface [16] for the 

General Structure Analysis System (GSAS) [17].  

Neutron powder diffraction data were collected 

on samples synthesized using the citrate gel method 

where x = 0 and 0.3. The diffraction measurements were 

carried out using the high resolution powder 

diffractometer (POWGEN) at the Spallation Neutron 

Source at Oak Ridge National Laboratory [18]. Samples 

were loaded in 6 mm diameter V cans and data were 

collected at room-temperature, using wavelength bands 

centered at 1.066 and 1.599 Å covering a d spacing range 

of 0.3 – 4.3 Å. Rietveld refinements on the collected data 

were performed using the GSAS software package [18] 

and the EXPGUI interface [17]. 

Electrical resistance measurements were 

collected on the citrate gel samples that were pressed 

into pellets and fired in reducing atmosphere where x = 

0, 0.05, 0.1, and 0.3. The measurements were carried out 

using a 2-point probe between 0 to 20 V at a step size of 

0.5 V and 0.1 compliance. 

 

3.0  RESULTS AND DISCUSSION 

3.1. Physical properties 

General physical observations of the pellets after 

firing included color changes.  For both synthesis 

techniques the sample without Fe was white after firing in 

air compared to the samples containing Fe which were 

light green and became darker with increasing Fe content. 

Samples synthesized using solid-state method where x = 

0.1 and 0.6 are shown in Figure 2a. Samples prepared 

using citrate gel method and fired in flowing 4% H2/96% 

Ar turned black, as shown for x = 0.1 and 0.4 in Figure 

2b. As the Fe content increased the samples were easier to 

grind. It has been noted that Fe increases the porosity 

thereby reducing their strength [19]. 

 

(a)  

(b)  
Figure 2: Ca12Al14-xFexO33 (a) where x = 0.1 (left) and 0.6 

(right) synthesized using solid state techniques and fired in air 

and (b) where x = 0.1 (left) and 0.4 (right) synthesized using 

citrate gel techniques and fired in 4%H2/96%Ar. 

 

3.2. X-ray diffraction 

Figure 3 compares the X-ray powder diffraction 

data for the Ca12Al14-xFexO33 samples prepared using the 

citrate gel route and fired at 1000 ˚C. Samples with x = 0, 

0.05, 0.1, and 0.3 were single phase while the samples 

where x = 0.2 and 0.4 contained a minor amount (less than 

0.1 wt%)  
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of the meta-stable phase Ca5Al6O14. The double peaks 

belonging to Ca5Al6O14 are seen at 2θ = 30.58 and 

31.02.  

  

 
Figure 3: Powder X-ray diffraction data of Ca12Al14-xFexO33 

synthesized using the citrate gel method and fired at 1000˚C. 

 

Figure 4 compares X-ray powder diffraction data 

for the Ca12Al14-xFexO33 samples prepared using solid-

state synthesis and fired at 1350 ˚C.  Only the sample 

without Fe was single phase, all samples with Fe 

contained Ca3Al2O6 (major peak position 2θ = 33.21) as 

a secondary phase and the refined weight fractions are 

given in table 1. The samples where x = 0.5 and 0.6 had 

small amounts of Ca2Fe0.7Al1.3O5 (two major peaks 

located at 2θ = 45.5 and 34.1 [21]) as an extra phase in 

addition to Ca3Al2O6. The presence of Ca2Fe0.7Al1.3O5 in 

both samples, suggests that incorporation of Fe beyond x 

= 0.4 cannot yield single-phase solid solution of mayenite. 

X-ray powder diffraction data on samples with x = 0.2 and 

0.6 fired at 1200, 1300 and 1350 ˚C did not change, 

suggesting that equilibrium can be reached at 1200 ˚C 

when mayenite is doped with Fe as compared to 1350 ˚C 

when undoped. 

 

 
Figure 4: X-ray powder diffraction data of Ca12Al14-xFexO33 

synthesized using solid-state techniques. 

 

 

 

Table 1: Phases identified using X-ray powder diffraction and refined wt%. 

Synthesis Technique Fe (x)  Phases Present (wt %) 

Solid-State 

 

 

 

0 C12A7 

0.1 C12A7 (99.7), C3A (0.3) 

0.2 C12A7 (96.4), C3A (3.6) 

0.5 C12A7 (95.9), C3A (3.4), C2AF (0.7) 

0.6 C12A7 (96.6), C3A (less than 0.1), C2AF (3.4) 

Citrate Gel 

 

 

 

 

0 C12A7 

0.05 C12A7 

0.1 C12A7 

0.2 C12A7 

0.3 C12A7 

0.4 C12A7, C5A3 (less than 0.1) 
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3.3. Neutron Powder Diffraction  

Figure 5 compares the lattice parameters, 

obtained from Rietveld refinements on the X-ray powder 

diffraction data collected on samples synthesized by both 

techniques.  The mayenite structure reported by Bartl et al 

[20] was used as the starting structural model. For both 

synthesis techniques the lattice parameter showed an 

increase with increasing Fe concentration. For 

coordination number of 4 the ionic radius for Al3+ is 0.39 

Å, for Ca2+ the ionic radius is 1.00 Å or greater depending 

on the coordination number, and for Fe the ionic radius 

can be anywhere between 0.49 and 0.77 depending on the 

valence (di- or tri-valent), coordination number and spin 

[Shannon and Prewit]. Based on the ionic radii the Fe will 

most likely replace the Al and expand the unit cell. The 

defect reaction of Fe3+ and replacing Al3+ in mayenite 

represented by Kroger-Vink notation is shown in equation 

4-1 below.  

        ( 1)          

 

 
Figure 5: Plot of lattice constant versus Fe content for (a) 

solid state and (b) sol-gel synthesized samples. 

 

The presence of the secondary phase Ca3Al2O6 in 

some of the samples as Fe content increases supports that 

the quantity of Al decreases while Ca increases as the 

reaction moves towards CaO rich region in the CaO – 

Al2O3 binary phase diagram.   Results of the structural 

details refined from the neutron powder diffraction data, 

discussed below, provide additional evidence that Fe 

replaces the Al and does not go into Ca site.  

Figure 6 shows the neutron powder diffraction 

data (Iobs) collected at 298 K for the citrate gel base 

mayenite (x = 0), along with the calculated neutron 

powder diffraction pattern (Icalc), and the difference 

pattern (Iobs – Icalc). The structure proposed by Bartl and 

Scheller [22], with only one Ca site (24d) and the O atom 

located on the 24d site only partially occupied, was used 

as the starting model for the calculated pattern.  Using this 

structural model full refinement on both the atomic 

positions and atomic displacement parameters was not 

possible.  Using the structure proposed by Boysen et al. 

[21], with two partially occupied Ca atoms on different 

24d sites and the O atom, that Bartl and Scheller [23] 

suggested was on the 24d site, moved slightly to occupy a 

12a site, was used to model the calculated pattern and 

refinements using the two partially occupied Ca positions 

resulted in one of the Ca atom’s atomic displacement 

parameters going non-positive definite.  Moving the O 

from the 24d site to the 12a site and having only one Ca 

position resulted in improved fit.  A total of 36 variables 

were refined including all atomic positions, atomic 

displacement parameters, the site occupancy for the O on 

the 12a site and resulted in a 2  = 1.704 (Rwp = 4.8% and 

Rexp = 3.71%). Refining on the site occupancy factor 

(sof) of the O atom in the 12a site revealed the site was 

about ¼ occupied resulting in a chemistry of Ca24Al28O67, 

slightly oxygen rich. 

 
(a) 
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(b) 

Figure 6: Refined neutron diffraction data collected at room 

temperature (298 K) for (a) undoped and (b) 0-3 Fe mayenite. 
 

Samples were synthesized according to Ca12Al14-

xFexO33 indicating the Fe was substituting for the Al as 

suggested by Boysen [16].  To confirm this, neutron 

powder diffraction data were collected on a sample with x 

= 0.3. The initial refinement used the model with one Ca 

position and the O in the 12a position partially occupied 

and then a series of additional refinements were 

undertaken the Fe in all of the different framework cation 

sites. Without adding Fe to the structure and refining on 

34 variables including all the atomic positions and atomic 

displacement parameters resulted in a 2 = 1.593 (Rwp = 

5.71% and Rexp = 4.55%).  Next the site occupancy 

factors of all atoms were refined and resulted in a slightly 

lower 2 and statistically significant vacancies on sites 

with the exception of the Al on the 16c site.  Creating a 

model where the Ca and Fe shared a site while 

constraining the atomic positions and the atomic 

displacement parameters to be equal and refining on the 

site occupancies resulted in negative sof for Fe and a value 

greater than one for Ca and the refinement diverged. 

When Fe was placed on the Al sites separately the 

refinements did not diverge and slightly lower 2s were 

obtained (2 = 1.587 when Fe replaced the Al on the 16c 

position and 2 = 1.592 when Fe replaced the Al on the 

12b site). Based on the refined compositions a more 

significant amount of Fe was located on the 16c position.   

Two additional refinements were attempted one with Fe 

substituting on both Al sites and one with Fe substituting 

on all three cation sites. Both of these refinements 

resulting in slightly but not significantly lower 2, 

especially given the fact that more variables were 

introduced using these models. Based on all these 

refinements it appears that Fe is substituting on to the Al 

16c site, however the calculated formula based on the 

refinement results was slightly low in Al and high in Fe. 

For the samples with x = 0 and x = 0.3 the refined lattice 

constants were a = 11.9884(3) and 11.9934(3) Å, 

respectively, agreeing with the lattice parameters refined 

using the x-ray powder diffraction data. 

3.4. Conductivity 

Resistance versus voltage for citrate gel 

synthesized mayenite samples with x = 0, 0.05, 0.1 and 

0.3 is shown in Figure 7. The undoped sample showed a 

resistance of about 1.0 x 106 , which was fairly constant 

at increased voltage. The contact resistance arising 

between the metal probe and the sample may have 

contributed to the somewhat high resistance observed in 

this sample. This is usually the case when using a 2-point 

probe. The Fe doped samples showed higher resistance 

increasing linearly with voltage. The higher resistance 

observed in the Fe doped samples could be a result of 

mobile electrons being trapped by the oppositely charged 

impurity centers created by Fe. The crystal structure of 

mayenite consists of a positively charged framework 

[Ca12Al14O32]2+ and free oxygen O2- distributed randomly 

within the cages of the framework to maintain the charge 

neutrality of the entire crystal. When the free oxygen ions 

are removed from the cages through reduction process, 

electrons are introduced to the cages to keep the charge 

neutrality of the crystal. These electrons bring about 

conductivity and conductivity changes from ionic to 

metallic as the electron concentration goes from low to 

high. But in a case where a dopant creates a dopant center 

or well that is deep, the electrons became electro-statically 

bound to these centers and become immobile. 

 

 
Figure 7:  Graph of resistance versus voltage for citrate gel 

synthesized mayenite samples with x = 0, 0.05, 0.1 and 0.3.  

4.0  CONCLUSIONS  

Fe was introduced into mayenite using both solid-

state and citrate gel syntheses. Samples prepared using 

citrate gel were able to incorporate more Fe while 
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maintaining phase purity compared to samples prepared 

using solid-state synthesis. It was observed that beyond 

0.4 atomic %, Fe started to precipitate out of samples 

using the citrate gel method. It was observed from the 

neutron data refinement that Fe occupies the Al positions 

instead of Ca position. The lattice parameter of mayenite 

was observed to increase with increased Fe content as a 

result of Fe, with a larger ionic radius, compared to Al. 

There was a decrease in conduction from the undoped to 

the doped mayenite, suggesting that Fe is not an 

appropriate dopant in enhancing the electrical properties 

of mayenite.   
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