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ABSTRACT 

 The reduction of NixMg1-xAl2O4 in H2 to form nickel metal and a remnant oxide 

was characterized by XRD, HTXRD, TGA, pycnometry, TEM, and SEM.  The aim of the 

work was to investigate the dynamics of the system to better understand its capabilities 

and limitations for catalysis applications.  ZrO2 was added to the majority of samples to 

discourage the transformation of metastable spinel phases to Ɵ or α-Al2O3. 

 As the reduction progresses, one O
2-

 is lost for each Ni
2+

 which reduces to Ni 

metal.  The temperature of the onset of reduction was shown to vary by composition in 

flowing 4% H2/Ar via TGA, with NiAl2O4 beginning to reduce at ~ 780 °C.  The onset 

temperature of lower nickel compositions were quite close to each other, starting at ~ 900 

°C for Ni0.75Mg0.25Al2O4.   

 Ni0.25Mg0.75Al2O4 and Ni0.5Mg0.5Al2O4 were shown to form Ni metal and a non-

stoichiometric spinel of the same Mg-Al ratio as the starting composition.  NiAl2O4 and 

Ni0.75Mg0.25Al2O4 were found to become unstable as full reduction was approached, and 

metastable spinel, Ɵ-Al2O3, and α-Al2O3 formed sequentially given sufficient time at 

temperature.   

 A phase diagram was constructed in a previously uninvestigated region of the 

NiAl2O4 – MgAl2O4-Al2O3 ternary phase diagram using the phase stability of the remnant 

spinel as indication of the edge of the spinel stability phase field.   

 Rietveld refinements were performed on all compositions reduced at temperatures 

from 650 to 1100 °C to quantify structural changes in the spinel and phase fraction, 

crystallite size and microstrain in all phases. 

 The formation of non-stoichiometric spinel upon reduction was confirmed by 

density measurements of the reduced specimens using helium pycnometry.   

 Significant progress was made towards understanding the dynamics of an 

important catalyst system.  The majority of nickel metal was present as faceted 

crystallites on the surface, explaining previously observed high catalytic activities.  

Subsequent studies can use the phase stability and kinetic results of this work to identify 

additives to stabilize the metastable spinel structures.  Good candidates were identified in 

ZrO2 and Nb2O5, and TiO2 was found to promote the formation of corundum.   
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INTRODUCTION 

A. The Importance of Spinel 

 Many compounds with the spinel structure possess technologically important 

electrical, magnetic, and refractory properties.  Spinel has also been widely used as a 

model system to examine the relative stabilities of tetrahedral versus octahedral 

coordination for different ions.
1
  Broad solid solution formation is possible with spinels, 

allowing site preferences to be examined as a function of gradual changes in chemistry. 

B. Properties of Spinel 

 Magnesium aluminate spinel (MgAl2O4) is noted both for its exceptional 

resistance to chemical attack, and its mechanical properties at high temperatures.  As 

such, magnesium spinel is a desirable refractory material, but is rarely used as such due 

to the costs brought on by the difficulties in its processing.  Spinel is a difficult material 

to sinter, with sintering temperatures of ~1800 °C necessary to obtain full mechanical 

properties by traditional ceramic manufacturing routes.  MgAl2O4 experiences a 5% 

volume expansion upon its phase formation from its starting oxides, reducing the density 

of the powder compact and retarding densification.  Due to this volume expansion, a 

calcination stage followed by extensive crushing and milling is required.  This extra 

processing, combined with the high temperatures required, is responsible for its high 

cost.
2
   

 Nickel aluminate spinel (NiAl2O4) has garnered attention because it can be 

reduced at high temperature to form a nickel metal reinforced corundum matrix 

composite, of particular interest for use in high temperature structural applications, or an 

oxide supported nickel metal catalyst.  It has also been of interest for its magnetic 

properties, high thermal stability, and for use as an anode in aluminum production 

because of its high resistance to alkalis and attack by molten aluminum.
3-7

  Nickel spinel 

is also difficult to sinter.   
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C. Spinel Structure 

 Spinels are generally regarded as a simple structure type, but they are actually 

quite complex due to the ability of the spinel to slightly rearrange its structure to 

accommodate non-stoichiometry, or allow site substitution of cations.  Spinels are 

typically oxides, but spinels with S, Se, and Te anions also exist.
8
  The spinel structure is 

space group Fd  m, International Crystallographic Tables number 227.  The Bravais 

lattice is face centered cubic, and the basis is two formula units.  Consequently, 8 formula 

units occupy each unit cell.   

 Described most simply, an oxide spinel is of general formula AB2O4, consisting 

of a nearly close packed oxygen sublattice, and a cation sublattice of 8 tetrahedral and 16 

octahedral sites.  Spinels of varying A-B valence pairs exist:  II – III spinels are the most 

common, where the A cation is 2+ and the B cation 3+, but IV – II, VI - I, and I - II 

spinels exist also, with the IV – II being by far the most common of the latter three.
9
  

Chemists refer to spinels as AB2O4 where the A site is tetrahedral, and the B site 

octahedral, whereas mineralogists define spinels as A2BO4 compounds, reversing the 

conventions.  The AB2O4 convention will be used throughout this work.  There are a total 

of 96 interstices within the 32 O
2-

 ions; 64 tetrahedral and 32 octahedral.  Of the 64 

tetrahedral interstices, 8 are occupied, and 16 of the 32 octahedral interstices are 

occupied.   
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Figure 1. Spinel unit cell viewed along the [010] and [100].   

 

 Many choices are possible for the origin, all of point symmetry   3m or   m.  The 

origin can also be assigned to a vacant point or an occupied site.  The most common 

choices are   3m on an occupied tetrahedral position, or   m on an octahedral vacancy, 

which is an inversion center.  The   m origin will be used in this work.  The   3m setting 

can be obtained by translating all   m lattice positions by (- a/8).   

 The tetrahedral and octahedral positions are special, located at x = 0.125, y = 

0.125, z = 0.125, and x = 0.5, y = 0.5, z = 0.5 respectively.  These positions correspond to 

Wyckoff 8a and 16d.
8
  The anion position is a general position, and must lie on the [111], 

Wyckoff general position 32e.  Tetrahedral sites are isolated from one another, sharing 

only corners with neighboring octahedra.  Six of the twelve edges of each octahedra are 

shared with neighboring octahedra. 
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Figure 2. Perspective image of the spinel structure showing the edge-sharing 

nature of the octahedral sites and the isolated nature of the tetrahedral sites.   

 

 Three degrees of freedom define the spinel structure:  the lattice parameter, a, the 

inversion parameter, i, and the anion parameter, u.  It is the simultaneous variation of 

these three parameters that allows spinel to accommodate so many changes.   

 The lattice parameter of spinels is large, with a = 8.80898 Å for naturally 

occurring MgAl2O4.  Inversion refers to the occupancy of the tetrahedral site by the 

majority cation.  There are twice as many B atoms as tetrahedral sites, so in a fully 

inverse spinel, all of the tetrahedral sites are occupied by the B ion, with half of the 

octahedral sites occupied by the rest of the B ions, and the other half of the octahedral 

sites being occupied by the A ion.  In a normal spinel, the A atoms reside on only the 

tetrahedral sites, with the B atoms on only the octahedral sites.  Most spinels lie 

somewhere between these two extremes, with the inversion parameter, i, defined as the 

fraction of the tetrahedral sites occupied by the B atom.  A completely random cation 

arrangement is described by i = 0.66, which in general all spinels tend toward at higher 

temperature, whether normal or inverse.  Inversion can come from maximizing 

configurational entropy, maximizing the Madelung constant, or can be due to a transition 

metal ion with a large octahedral site preference energy, originating from its d-orbital 

electrons.  Inversion has been shown to be an equilibrium function of temperature, 
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composition, pressure, ionic charge, ionic radii, crystal and ligand field effects, and anion 

polarization.
1
   

 Typical values for the anion parameter, u, are between 0.24 and 0.275.  In the   m 

setting, an oxygen parameter u = 0.25 is a perfectly close-packed oxygen sublattice, with 

deviation from 0.25 giving a less closely packed sublattice.  As u increases above 0.25, 

the tetrahedral site becomes enlarged at the expense of the octahedral site.
10

  Deviations 

in u have an important effect on bond lengths in spinel, which consequently have a 

significant causal link to the preferred diffusion modes.  O’Neill and Navrotsky
10

 have 

provided equations which express the tetrahedral-oxygen and octahedral-oxygen bond 

lengths in terms of a and u.   

 

              
 

 
      (1) 

 

                  
 

 
     (2) 

The oxygen parameter varies such that the volume of the tetrahedral and octahedral 

interstice matches the volume of each ion.  The variation of the inversion parameter, 

exchanging cations from the octahedral site to the tetrahedral site, will likewise alter the 

average cationic radii for each site.  The simultaneous variation of these three parameters 

will minimize the energy of the structure.   

 Sickafus et al. have computed empirical fits for a and u from a compilation of 

literature data, shown in Equations 3, 4, and 5.  Equation 3 computes the average cation 

radius to be used in Equation 4. Equation 4 gives a least squares fit value for the spinel 

lattice parameter in angstroms as a function of the average cation radii.  Equation 5 gives 

u as a function of the cation radius ratio, computed with knowledge of the inversion of 

the spinel.  The – 1/8 is to move u from the   3m point symmetry convention in which it 

was given to the   m point symmetry convention. 

                                (3) 
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                                           )  (4) 

 

      
 
          

      

      
 
        

              ) (5) 

 

D. NiAl2O4 - MgAl2O4 

 Table I provides relevant properties of NiAl2O4 and MgAl2O4.  The 8.083 Å 

lattice parameter of MgAl2O4 is larger than the 8.048 Å lattice parameter of NiAl2O4.  

This larger lattice parameter, along with the lower atomic weight of Mg relative to Ni, 

gives a much lower density for MgAl2O4.  The reported lattice parameter of NiAl2O4 

varies somewhat due to the length of time necessary for the cation distribution to reach 

equilibrium at low temperatures.  MgAl2O4 is a largely normal spinel, with typical i at 

room temperature reported from 0.05 to 0.33.
11

  NiAl2O4 is a largely inverse spinel, with 

typical i at room temperature reported from 0.86 to 0.9 The oxygen parameter for 

MgAl2O4 is reported by Hill et al.
12

 to be 0.2624 and 0.256 for NiAl2O4.   

 

 

Table I. Structural Parameters of the Solid Solution Endmembers 

 

Lattice 

Parameter
1,13

 
u

12,13
 i12,14 ρ9 (g/cm

3 
) 

MgAl2O4 8.083 0.2624 0.05 - 0.33 3.58 

NiAl2O4 8.045 - 8.048 0.254 - 0.256 0.86 - 0.9 4.50 

 

 Determination of i in NiAl2O4 is straightforward given the difference in the X-ray 

scattering power of Ni and Al.  Magnetic susceptibility methods have also been used as a 

supplementary means to assess inversion in NiAl2O4, although this method can measure 

relative changes only, not an absolute measurement.
1
  Several studies have looked at i in 

NiAl2O4 as a function of quench temperature, since it serves as a good model system for 

the validation of thermodynamic site mixing models due to the straightforward 

determination of inversion by X-ray diffraction.
1,3,13,15,16

  Accurate determination of i in 
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MgAl2O4 is exceedingly difficult due to the very similar X-ray scattering power of Al and 

Mg.  This results in large errors in the refined occupancies on each site, giving a large 

uncertainty in the inversion.   

E. Non-Stoichiometric Spinels 

 MgAl2O4 is capable of dissolving both excess MgO and Al2O3, although the total 

extent of dissolution of MgO is lower and requires a higher temperature.  Al2O3 

dissolution is charge compensated by cation vacancies, distributed on both octahedral and 

tetrahedral sites,
17

 and possibly by a small number of oxygen vacancies as well.
18

  MgO 

dissolution starts at 1800 °C.
19

  Al2O3 dissolution is possible at lower temperatures, with 

dissolution beginning at 700 °C, and MgO·2Al2O3 stable at 1600°C, and MgO·4Al2O3 

stable at 1800°C.  NiAl2O4 is not capable of dissolving excess NiO, but can dissolve 

excess Al2O3, but less than MgAl2O4.  Excess Al2O3 results in a smaller lattice parameter 

for both NiAl2O4 and MgAl2O4.
19-21

   

 The solubility limit for Al2O3 in NiAl2O4 lies between 55 and 58 mole percent 

Al2O3, with a minimum lattice parameter of 8.0272 Å, as reported by Rotan et al.
21

  The 

oxygen parameter was also seen to decrease with excess Al2O3, from 0.2558 at 

stoichiometric NiAl2O4, to ~ 0.2552 at the stability limit, although there was considerable 

scatter in the data over this range.  The inversion parameter was observed to remain 

substantially constant at 0.82, with nickel occupancy on both the octahedral and 

tetrahedral site decreasing uniformly as a function of increasing Al2O3.   

 Okuyama et al.
18

 have investigated the density of Al-rich nonstoichiometric 

MgAl2O4 using single crystals grown by the Verneuil method.  They found the 

dissolution of Al2O3 in MgAl2O4 to be charge compensated for by the formation of 

tetrahedral vacancies and a smaller number of oxygen vacancies, as shown in Equation 6. 

               
        

                
     (6) 

 The exact ratio of oxygen vacancies to Al2O3 dissolved is questionable however, 

as Okuyama determined the stoichiometry of the single crystals by comparison to the 

lattice parameter of polycrystalline non-stoichiometric spinels synthesized by 

conventional solid state techniques.  No allowances were made for differing anion 

parameter or inversion between the two sets of samples, which could be very different 
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given the synthesis method employed to create the single crystals, and would alter the 

lattice parameter for a given stoichiometry.  However, regardless of this detail, 

Okuyama’s data supports the formation of oxygen vacancies.  Oxygen vacancy formation 

is also supported by the work of Reddy and Cooper, who have shown the oxygen self-

diffusion coefficient to be higher in non-stoichiometric spinel than in stoichiometric 

spinel.
22

 

 No information is available in the literature as to the solubility of Al2O3 in the 

solid solution of NiAl2O4 – MgAl2O4.   

F. Reduction Process 

 Many instances of the reduction of NiAl2O4 are available in literature.
23-33

  These 

are typically for use as structural materials or catalysts, but little information is available 

on the reduction of NixMg1-xAl2O4.  Quenard investigated the reduction of CoxMg1-

xAl2O4 and NixMg1-xAl2O4, but the transition metal loadings were quite low, sufficient to 

give four weight percent metal at complete reduction. At sufficiently low oxygen partial 

pressures, Ni
2+

 will leave NixMg1-xAl2O4 to form Ni metal.  A corresponding number of 

O
2-

 leaves the spinel concurrently with the nickel, as demonstrated by thermogravimetric 

analysis in flowing hydrogen.   

 In previous work by our group at Alfred University, it was reported that both    
   

and   
   remained in the spinel until a high extent of reduction was achieved and 

metastable spinels formed.
34

  In conducting the present work, it was found that a 

calculation error had been made in extracting the spinel density from the density of the 

mixture of spinel and nickel metal.  The density of the spinel as calculated with this error 

appeared to support an equal number of    
   and   

  .  Rietveld refinement of X-ray and 

neutron diffraction data show no strong preference to one model or the other.  This is not 

surprising, as the switch from one model to the other maintains the same structure and 

stoichiometry, and only confines the spinel to a smaller volume.  When the error was 

corrected, the remnant spinel density was seen to match that of an increasingly Mg and 

Al rich spinel.   

 It has been conclusively shown that the spinel loses oxygen during reduction, but 

it is also clear that oxygen vacancies do not accumulate.  After forming,    
   and   
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would be free to move within the structure by the counter-diffusion of ions, though likely 

in a coordinated manner due to their charged nature.  Presumably the vacancies move to 

the surface or consolidate to form internal porosity to leave the spinel Mg and Al rich 

with full oxygen occupancy, as shown in Equation 7. 

                       
      

 

   
 
  

  
 

   
 
   (7) 

 From a practical standpoint, the extent of reduction that a sample undergoes in a 

closed system is determined by the reducible sample mass, the volume of the system, the 

temperature gradient in the system, and the starting moisture content.  At the start of the 

reaction, X moles of H2 are present in the furnace, along with Y moles of H2O.  Given 

that the furnace has been continuously pumped on by a roughing pump as it heats at 3 

K/min to the target reduction temperature, the amount of H2O present should be very low.  

The ratio between the partial pressures of H2 and H2O and the temperature of the furnace 

determine the PO2.  

                    (8) 

             
      

 

     
      

    (9) 

            
      

 

           
    (10) 

          
   

   
      

 

     
 
     (11) 

If the PO2 is below the dissociation pressure of any of the compositions present, Equation 

12 will progress to the right.  This consumes H2, forming H2O.   

          
      

   
 
             

     
   (12) 

The back reaction of 8 to re-establish equilibrium in the atmosphere will raise the PO2.  

For an isothermal reduction, the rate of the reaction will slow as the affinity for the 

reaction is decreased, due to the increasing PO2 and the change in the phase composition 

to be closer to that of equilibrium.  The reaction will further slow as the reaction interface 

advances into the spinel particle, increasing the necessary diffusion distances.  The 

reaction will continue to proceed at a continuously decreasing rate until the PO2 has risen 

such that it is in equilibrium with the current phase composition.  The X starting moles of 

H2 in the furnace are capable of reducing X moles of Ni metal out of the spinel, but only 
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if the H2O/H2 ratio remains low enough to keep the PO2 below the dissociation pressure 

of the spinel.  Whether or not there is enough H2 to meet this criteria depends on the 

reducible nickel mass and the moles of H2 in the furnace, with the number of moles of H2 

being determined by the pressure of H2 applied, the volume of the furnace, and its 

specific thermal gradient. 

 If there is an insufficient number of moles of H2 present to maintain a PO2 below 

the dissocation pressure of the compositions present, the reduction will proceed to an 

extent in each composition governed by its particular dissociation pressure.  The 

reduction will proceed the furthest in the composition with the highest dissocation 

pressure, and the least in the composition with the lowest dissocation pressure. 

 If using a flowing reducing gas rather than a closed system, the H2O formed from 

the reduction will be continuously swept away from the sample and the PO2 will remain 

constant for any fixed temperature.  The reaction rate will still slow as the reaction 

progresses due to the lowered affinity for the reaction as the change in phase composition 

approaches the equilibrium phase assemblage.  The advancement of the reaction interface 

into the powder will also slow the reaction rate, but the PO2  will not increase.   

 The use of both flowing gas and closed system reductions can yield valuable data, 

but they have very different characteristics.  Unless atmospheres and sample masses are 

chosen with great care and extensive knowledge of the system, a reduction performed for 

a certain time and temperature under flowing gas is unlikely to yield the same results if 

performed in a closed system.  The possibility of reactions of system components with 

the atmosphere to alter PO2 is an additional complication.   

 The PO2 equilibrium phase diagram for NiAl2O4 was determined by Elrefaie and 

Smeltzer
35

 between 1123 and 1423K with the use of a galvanic cell and a calcia-

stabilized zirconia electrolyte.  They found the dissociation pressure of the Ni-NiO 

equilibria and the NiAl2O4 + NiO – NiAl2O4 + Ni to be very similar, within one order of 

magnitude in PO2, 3.8 x 10
-11

 at 1000 °C.  The Ni + corundum phase field is ~ 2 orders of 

magnitude lower, 4.9 x 10
-13

 at 1000 °C.  At very low PO2, ~ 10
-23

 at 1000 °C, a small 

amount of Al will reduce from corundum, forming a Ni-Al alloy.   
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G. Nucleation, Growth, Diffusion 

 The final microstructure of the reduced composite is dependent upon both the 

starting microstructure and the reduction conditions.  A small initial grain size or a small 

particle size will result in a composite with a greater number of small metal crystallites 

due to the greater number of nucleation sites.  A small particle size will also yield a 

greater fraction of metal crystallites on the surface as compared to a larger particle size 

due to the reduced diffusion distance to the surface.  Short circuit diffusion effects could 

also play a role given the right combination of microstructure and reduction temperature, 

affecting metal particle shape and distribution.  The reduction of Ni
2+

 to Ni
0
 requires the 

diffusion of H2 and the Ni
2+ 

to bring the two species together.  Lattice diffusion is 

typically the slowest diffusion process.  Imperfections in the crystal, whether grain 

boundaries or dislocations, offer a much faster diffusion pathway.  In temperature 

regimes where lattice diffusion is sufficiently slow, the bulk of the reduction reaction will 

be concentrated around these fast diffusion pathways.  Given that dislocations, and grain 

boundaries in specific areas, tend to be straight, this results in long, narrow metal 

crystallites reduced from the ceramic.  Rogers and Trumble have examined reduction 

reactions in the system (Mg,Ni)O as a function of stoichiometry and treatment 

temperature.
36

  Their own work and analysis of published work supports the appearance 

of uniform reduction microstructures at reduction temperature above 0.5 of the 

homologous melting temperature, and non-uniform microstructures below 0.5 of the 

homologous melting temperature.  This trend was observed for (Mg,Ni)O, single crystals 

and polycrystals, (Mn,Fe)O polycrystals, and in single crystals of (Mg,Cu)O and 

(Mg,Co)O.  This threshold was seen to vary somewhat with composition. 

 The reduction parameters used also greatly affect the final microstructure.  Lower 

PO2 and higher temperature both increase the kinetics of the reaction.  At higher reaction 

rates, inhomogeneous nucleation is likely to be preferred to homogenous nucleation.  

This would concentrate the metal crystallites around defects and result in larger 

crystallites as there are fewer nucleation sites available.  Higher reduction temperatures 

would also shift crystallites to larger sizes due to Ostwald ripening processes.
37
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H. Addition of Zirconia 

 Transition aluminas are frequently used as metallic catalyst supports, as they are 

high surface area materials, and also provide beneficial catalyst-support interactions.
38

  A 

constant difficulty in working with transition aluminas is the possibility of a phase 

transformation to Ɵ or α-Al2O3.  This results in a catastrophic loss of porosity, and can 

severely reduce or entirely eliminate the activity of the catalyst.  To circumvent this, 

reaction temperatures are controlled to a temperature low enough such that the transition 

alumina maintains its structure for the necessary time period,
39

  However, some reactions 

require higher temperatures, and others would enjoy greater efficiencies with a higher 

reaction temperature.   

 A current research project at Alfred University aims to utilize reduced spinels as 

an internally reforming fuel cell anode, which can be oxidized then re-reduced to burn off 

coke deposits or certain compounds which are poisonous to the catalytic activity.  A 

performance benefit would be realized for this application if the anode could operate at 

higher temperature or for longer times without sacrificing performance by forming less 

catalytically active oxide phases.  For this reason, a search was conducted for additives 

that would allow the use of higher nickel compositions by discouraging the formation of 

Ɵ phase metastable spinel or corundum.   

 Üstündag et al.
31

 reduced monolithic NiAl2O4 samples without ZrO2 and with 

various ZrO2 loadings, at 1100, 1300, and 1350 °C in a CO/CO2 mixture to control PO2.  

After reduction, the ZrO2 samples showed a tendency to retain greater amounts of defect 

spinel and form less corundum.  For this reason, phase stability studies of NixMg1-xAl2O4 

+ 2.5 weight percent ZrO2 were conducted.  

I. Metastable Phases Based on the Spinel Structure 

 Several groups have reported observations of metastable phases related to the 

spinel structure which contain greater amounts of alumina than the solubility limit of 

alumina in spinel.
40-44

  At very high temperatures, ~1900 °C, the spinel phase field 

extends almost to pure Al2O3.  Upon cooling from the melt, different mixtures of NiO or 

MgO and Al2O3, metastable phases form as precipitates, or crystallize upon annealing.  

This is contrary to the mixture of Al2O3-rich non-stoichiometric NiAl2O4 and corundum 
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the equilibrium phase diagram predicts.  Metastable phases have been observed at 

stoichiometries of NiAl6O10, NiAl10O16, NiAl26O40, and NiAl32O49 and a poorly 

characterized phase with 
     

   
   .  There also exists a high temperature phase of a 

structure continuous between that of the “A” and ε phases.  Upon annealing for periods of 

~ 150 hours at 1050 °C, the metastable phases transition to a mixture of spinel and 

corundum.
41

 

 The Ɵ phase has been reported to be isomorphic with β-Ga2O3, as is the 

metastable Ɵ-Al2O3 phase.  However, the reported space group of the metastable spinel Ɵ 

is P2/m, which is not equivalent with C2/m, the space group reported for β-Ga2O3 and Ɵ-

Al2O3.
45

   

 The remaining A, B, ε, and δ3 phases have been shown to be periodic antiphase 

boundary (PAPB) structures built on the spinel phase.  The PAPB structures induce a 

slight distortion in the oxygen sublattice and paired octahedral vacancies are in the 

vicinity of the twin domain boundaries.  Unit cells have been assigned to all the PAPB 

phases, but a space group has been assigned only to NiAl10O16, the B phase, by Bassoul 

and Gilles, as P21/b.  They have asserted that accurate space group determination for 

these structures can be made only by single crystal or electron diffraction techniques.  

Known information on these metastable phases is compiled in Table II.   
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Table II.  Structural Parameters of the Metastable Nickel Spinel Phases
40-43

 

 

Phase 
Name 

Stoichiometry 
Bravais 
Lattice 

Space 
Group 

a (Å) b  (Å) c  (Å) β γ 

A NiAl6O10 Monoclinic 
      

B NiAl10O16 Monoclinic P21/b 7.98 15.75 7.95 - 91.1° 

ε NiAl10O16 Monoclinic 
      

δ3 NiAl26O40 Tetragonal P12/m1 7.958 7.958 11.768 - - 

φNi NiAl32O49 Monoclinic 
 

9.305 5.631 12.098 100.9 - 

ΘNi 
     
   

    Monoclinic P2/m 5.62 2.91 11.78 104.09 - 
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J. Transition Aluminas 

 Alumina possesses a host of metastable polymorphs distinct from the stable 

polymorph, corundum, or α-Al2O3.  These metastable polymorphs are described as 

transition aluminas, as they are phases present during the transition from an aluminum 

hydroxide (boehmite) or aluminum oxyhydroxide (bayerite) to corundum.
46

  The 

dehydration of boehmite follows the series: 

                         

The dehydration of bayerite follows the series: 

                      

 Corundum is based on the hexagonal close packing of oxygen, whereas γ, η, δ and 

Ɵ are all based on face centered anion packing.  All but Ɵ are based on the spinel 

structure, with their specific cation arrangement differentiating them from one another.  

Theta alumina has been assigned a monoclinic cell with the space group C2/m, with four 

formula units per cell.
45

   

 The γ-alumina phase is described as a disordered, defective member of the spinel 

structure.  Written as a spinel typically is, the formula of γ-alumina is Al(8/3)O4.  Some 

manner of charge compensation is necessary for Al(8/3)O4 to be in the spinel structure, 

typically ascribed to     
  .  The exact structure of γ-alumina is controversial.  Various 

methods show that the occupancy of non-spinel sites is necessary to reproduce the 

characteristics of γ-alumina.  However other methods give satisfying results while only 

occupying spinel sites, usually showing a preference for tetrahedral vacancies over 

octahedral vacancies.
47

  The structure of δ-Al2O3 is poorly understood, usually described 

as γ-Al2O3 with a degree of vacancy ordering which produces superstructure lines in a 

diffraction pattern.
47

   

 The structures of all the transition aluminas but Ɵ are regarded as highly 

controversial.  Much of the controversy arises from the fact that by their very nature, the 

transition aluminas are poorly crystalline, making exact structure solutions difficult.  

Also, phase progression from one transition alumina to another is a continuous, rather 

than a discrete process.  It has been shown that there is not one exact temperature of 
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transition to move from one polymorph to another, but a lower temperature sustained for 

a longer time will still produce a transformation.
48

 

K. Connection Between Metastable Spinels and the Transition Aluminas 

 An understanding of transition aluminas is important as it is a system similar to 

the transformation of a metastable spinel to Ɵ-Al2O3 and corundum.  In particular, γ-

Al2O3 assumes the spinel structure, with poor crystallinity and a large number of defects, 

with δ-Al2O3 believed to be closely related to the structure of γ-Al2O3 but with ordered 

vacancies that result in superstructure lines.  The “A”, “B”, ε, δ3 and φ metastable spinels 

may be regarded as a family of structures similar to δ-Al2O3 in that they are the transition 

structures between a spinel structure and corundum.  The manner of defects in δ-Al2O3 

are not completely clear, while the metastable spinels contain well-defined, but complex 

periodic antiphase boundaries, which essentially impart a superstructure of vacancy pairs.   

L. Nickel Crystallite Shape 

  The shape of the nickel metal crystallites is important for catalytic applications.  

Points on a crystal are known to be more catalytically active than facet edges, which are 

more active than crystal planes.   

 Surface faceting is a means of surface energy minimization, whereby planes with 

low surface energy take up a greater surface area of the particle, reducing or eliminating 

entirely the area taken up by planes with a greater surface energy.  Meltzmann et al.
49

 

investigated the equilibrium crystal shape of nickel metal by dewetting a nickel metal 

thin film deposited on a sapphire substrate via annealing at 1300 or 1350 °C in a H2 

atmosphere to form equilibrated nickel crystallites.  The (111) and (100) planes were 

found to be the lowest energy surfaces by their extent in the equilibrium morphology.  

The equilibrium shapes obtained were not too different from spherical, with the closest 

descriptor being an under inflated soccer ball.   

. 
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EXPERIMENTAL PROCEDURE 

A. Spinel Synthesis 

 Appropriate amounts of NiO (97%, Acros Organics), Mg(OH)2 (99%, Fisher 

Scientific), α-Al2O3 (99%, Fisher Scientific), ZrO(NO3)2·6H2O (99%, Aldrich 

Chemistry). were batched to form NiAl2O4, Ni0.75Mg0.25Al2O4, Ni0.5Mg0.5Al2O4, 

Ni0.25Mg0.75Al2O4, and MgAl2O4, all with 2.5 weight percent ZrO2.  TiO2 and Nb2O5 

containing NiAl2O4 compositions were also synthesized.  The TiO2 and Nb2O5 were both 

added as oxides to give 2.5 wt% of the total batch.  This gives 3.55, 5.36, and 1.68 mole 

percent of ZrO2, TiO2, and Nb2O5 respectively.  Thermogravimentric analysis was 

performed on each raw material to determine loss on ignition, which was then accounted 

for in batching calculations.  Each batch was vibratory milled for 30 minutes in deionized 

H2O with Al2O3 media in plastic jars.  Zirconyl nitrate is water soluble, so deionized 

water was chosen as the milling medium to ensure a homogenous distribution throughout 

the batch.   

 After milling, the slurry was dried overnight in an oven, mixed in an alumina 

mortar and pestle, and then calcined for 8 hours at 1500 °C in an electric furnace, using a 

heating rate of 5 K/min.  After an 8 hour dwell, the furnace was allowed to cool to room 

temperature at a rate no faster than 5 ºC/min.  The calcined powders were then hand 

ground in an alumina mortar and pestle and passed through a U.S. number 50 sieve, with 

an opening size of 297 µm.  X-ray diffraction analysis showed the calcined batches to 

consist of single phase spinel with small amounts of tetragonal and monoclinic ZrO2, 

with the exception of a small amount of NiO, ~ 0.5 wt%, detected in the NiAl2O4 + 2.5 

wt% ZrO2 composition.   

B. Closed System Reduction 

 In early sample reductions, the sample mass in the alumina tube furnace was not 

strictly controlled.  This led to inconsistencies with regard to the refined nickel metal 

content of the reduced samples due to the depletion of H2.  To eliminate possible sources 

of variation, strict process controls were instituted for all reduction runs from which data 
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is reported.  A mass of 3.30g ± 0.001g, for each composition x = 0.25, 0.50, 0.75, and 1, 

for NixMg1-xAl2O4 was placed in the furnace for every run, in high alumina crucibles 

(CoorsTek), on an alumina setter plate.  The position of the samples in the furnace was 

reproduced from run to run by means of a measuring stick.  The furnace was then closed 

and a vacuum started.  When the pressure reached the lower limit of the capacitance 

manometer used (0.1 Torr), the furnace began heating at 3K/min to the target reduction 

temperature.  When the target reduction temperature was reached, 300 ± 3 Torr of ultra-

pure H2 gas was applied to the system, monitored by means of a capacitance manometer.  

The furnace temperature was regulated by an S-type thermocouple in an alumina tube 

placed just above the sample position.  The thermocouple was pushed into the tube 

snugly at the beginning of the temperature dwell to ensure that the thermocouple bead 

was tight against the alumina tube.  A dwell time corresponding to each reduction 

temperature was then started after the H2 was introduced to the system, per Table III.  In 

the absence of any strong indicators to suggest appropriate dwell times for each reaction 

temperature, HTXRD measurements were performed in 20 ml/min flowing 4% H2/N2.  

The reduction times chosen were the amount of time until the nickel metal reflection 

stopped increasing in intensity.  These times were determined in an earlier study using 

the NixMg1-xAl2O4 solid solution series without a ZrO2 additive.
34

   

 

 

Table III.  Dwell Times Used for Each Reduction Temperature 
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 At the end of the dwell, the furnace was allowed to cool to room temperature at a 

rate no greater than 3 K/min, with no change made to the furnace atmosphere.  Upon 

cooling to room temperature, the furnace was opened, and the samples were removed.  

The powder packs tended to be lightly consolidated, with the degree of consolidation 

increasing with the total amount of reduction experienced.  In all cases, light pressure 

with a metal spatula was sufficient to pulverize the powder pack.  The reduced spinels 

were then hand ground in an alumina mortar and pestle and passed through a U.S. 

number 50 sieve.  Only as much grinding as was necessary to pass the reduced spinels 

through the sieve was done.  Two sets of samples were reduced at both 800 ºC and 950 

ºC to assess the reproducibility of the reduction.   

C. Isothermal TGA/DTA 

 Isothermal thermogravimetric analysis, differential thermal analysis 

measurements were carried out in a Setaram SETSYS Evolution, capable of 0.002 µg 

resolution and 0.03 µg noise RMS.  The SETSYS Evolution uses background subtraction 

to provide more accurate results.  To do this, a measurement is made with empty 

crucibles under the exact same conditions that will later be used with a sample.  The mass 

and DTA signals from this measurement are then subtracted from subsequent 

measurements to remove any minor experimental artifacts from the data.   

 To avoid damaging the platinum components of the system with hydrogen, 

optional equipment was used.  A W-Re TGA/DTA rod and furnace control thermocouple 

was used, along with 85 µl W crucibles.  The standard alumina furnace tube was replaced 

with an amorphous carbon tube.  Powder, 76.1 – 80.2 mg, was loaded into one W 

crucible, leaving the other crucible in the instrument empty.  The system was then 

evacuated with a roughing pump to approximately 0.40 mbar, then filled with ultra-pure 

helium at a flow rate of 200 ml/min.  Once the pressure in the furnace had risen to 

atmospheric, the flow of helium was reduced to 20 ml/min.  Once the mass signal had 

stabilized from the change in flow rate, the measurement began.  The system ramped at 

15 K/min to 150 ºC, and dwelled for 20 minutes to remove any adsorbed moisture.  After 

that dwell, the furnace was ramped at 10 K/min to 1000 ºC, with the sample temperature 

tending to overshoot by 7 ºC and remain there.  After a one hour hold at 1000 ºC in 
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20ml/min flowing helium, the gas flow was switched to 20ml/min of 4% H2 in argon.  

Dwell time at 1000 °C was 16 or 40 hours.  A 16 hour dwell time experiment was 

conducted for every sample composition, with an additional experiment with a 40 hour 

dwell time being used for NiAl2O4 + 2.5 wt% ZrO2 and Ni0.75Mg0.25Al2O4 + 2.5 wt% 

ZrO2, as their mass losses did not reach a constant minimum mass during the 16 hour 

dwell, as the other compositions had.  A mass of 126.7 and 109.2 mg was used for 

NiAl2O4 + 2.5 wt% ZrO2 and Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 respectively, so the 

reaction rates cannot be directly compared to those of the 16 hour dwell time 

experiments, which used a smaller sample mass.  Argon was used for the diluent gas in 

this experiment rather than nitrogen as in the HTXRD measurements, due to the concern 

of forming carbonitride on the amorphous carbon furnace tube.   

 The mass change that occurred prior to the introduction of hydrogen was added to 

the initial sample mass such that samples were normalized to 100% mass at the time of 

the introduction of the hydrogen.  This was done to account for any non-spinel or zirconia 

mass (adsorbed moisture or gas) in the sample at the time of loading so that mass loss 

percentages would be accurate.  The amount of this correction was always small, never 

exceeding 0.5 mg (0.65 mass %).  The final mass measurement while under helium was 

used for this calculation rather than the first measurement under hydrogen, as the 

switching of gases sometimes caused a momentary disturbance in the mass signal.   

 The samples from the isothermal TGA/DTA measurements were retained for 

analysis by He pycnometry and X-ray diffraction on a zero background holder, such that 

extent of reduction as determined via weight loss and Rietveld refinement and density 

could be known simultaneously to give a better understanding of the behavior of the 

material. 

 Spinels which had already been somewhat reduced were also subjected to the 

previously mentioned isothermal schedule.  Spinels of each ZrO2-containing composition 

reduced at 950 and 1100 °C for 12 hours in the closed system furnace in 300 Torr pure H2 

were reduced such that the observed weight loss could be compared to that of the as-

synthesized spinels to calculate their extent of reduction and their consequent nickel 

metal phase fraction.  This was done to assess the accuracy of using the Rietveld 

refinement of the X-ray diffraction patterns to determine the nickel metal phase fraction.   
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D. Nonisothermal TGA/DTA 

 Nonisothermal TGA measurements were performed on NiO and the spinel solid 

solution compositions.  Between 102 and 108 mg of sample was loaded into one W 

crucible, leaving the second crucible in the instrument empty.  The process of pumping 

down the instrument and filling with helium was identical to the isothermal TGA 

measurements.  The system ramped at 15 K/min to 200 ºC and dwelled for 40 minutes to 

remove any adsorbed moisture or gases.  After the 40 minute hold at 200 ºC in 20ml/min 

helium, the gas flow was switched to 20ml/min of 4% H2 in argon.  The furnace was then 

ramped at 2.5 K/min to 1100 ºC.  Again, the mass change that occurred prior to the 

introduction of hydrogen was added to the initial sample mass such that masses were 

normalized to 100% mass at the time of the introduction of the hydrogen.  Nonisothermal 

TGA experiments with a 1 K/min ramp rate were also performed on the spinel samples to 

assess if their apparent reduction onset temperature shifted with ramp rate.  The 1 K/min 

experiments used a 15 K/min ramp rate to 750 ºC and dwelled for 40 minutes.  The 4% 

H2 in argon flow was then started, and the furnace was ramped at 1 K/min to 1100 ºC.  

The two heating programs are illustrated in Figure 3.  Background subtraction was also 

used for both the 2.5 K/min and the 1 K/min ramp rate nonisothermal reductions by 

performing a measurement with both sample crucibles empty. 

 Temperature calibration of the instrument was performed with the use of the 

NIST DTA temperature standards K2SO4, BaCO3, SrCO3, and KClO4, covering a 

temperature range of 295 to 925 °C. 
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Figure 3. Heating programs used in the nonisothermal TGA measurements.  He 

was flowing until the end of the dwell, 20 ml/min 4% H2/Ar was started 

thereafter.   

 

E. Helium Pycnometry 

 Density measurements were performed using a Micromeritics AccuPyc II 1340 

gas displacement density analyzer with a 1 cm
3
 sample chamber.  To perform the helium 

pycnometry measurement, a quantity of powder was weighed and inserted into the 

analysis chamber.  The analysis chamber was evacuated and purged with helium five 

times, then raised to a set pressure with helium.  When stability in the pressure reading 

was achieved, the analysis chamber was opened to an evacuated reference volume.  The 

volume of the sample can then be calculated, and used to calculate the sample density.  

After the first measurement, the chamber was evacuated and the process repeated for a 

total of five measurements, which were then averaged.   

 The densities of the spinel samples isothermally reduced in the TGA for 40 or 16 

hours at 1000 ºC in 20 ml/min flowing 4%H2/Ar were measured using an insert in the 

chamber to reduce its volume to 0.1 cm
3
.  The smaller chamber volume allows for more 

accurate density determinations when using the small amounts of sample.   
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 A calibration procedure was performed by making a volume measurement with 

the chamber empty, and with a steel ball of a well determined volume in it.  The pressure 

determinations from these two measurements define the zero volume pressure and the 

pressure at the volume of the steel ball.  The 0.1 cm
3
 insert is calibrated by performing a 

volume measurement on the insert after the pycnometer has been calibrated by the above 

process.  The measured volume of the insert is then subtracted from the sample chamber 

volume, giving the free volume of the chamber with the insert in place. 

 Initially, samples were dried overnight in an oven prior to pycnometric 

measurement, but it was found that drying the samples made no difference to the 

measured density.  Later samples were not dried.   

F. Room Temperature X-ray Diffraction 

 X-ray diffraction was performed in Bragg-Brentano geometry on unreduced and 

reduced spinel samples using thick mount powder specimens.  Patterns were obtained on 

a Bruker D8 Advance diffractometer using Cu-Kα radiation, a 2.5º Soller slit, a 15 mm 

incident beam variable slit, 30 rotations per minute in-plane spinning, a Ni foil Kβ-filter, 

and a LynxEye position sensitive detector with a range of 2.946º 2Θ, using a step size of 

0.014 º2Ɵ, and a count time of 1.5 seconds from 10 to 140 º2Ɵ.   

 X-ray diffraction measurements were performed on the spinels reduced in the 16 

and 40 hour dwell 1000 ºC isothermal TGA experiments using the same parameters, 

except a zero background sample holder and 5mm incident beam variable slit were used 

due to the smaller amount of sample. 

 

G. High Temperature X-ray Diffraction in Flowing 4% H2/N2 

 High temperature X-ray diffraction in flowing 4%H2/N2 was performed in a 

modified Siemens D5000 diffractometer.
50

  Cu-Kα radiation was used, with a VÅntec-1 

position sensitive detector, covering 12º 2Θ.  Samples were ground with a YSZ mortar 

and pestle in isopropanol and deposited onto platinum coated sapphire sample holders.  

Scan parameters were 15 to 80º 2Ɵ, with a scan rate of 5.86º 2Ɵ/minute.  A step size of 

0.022º 2Ɵ was used with a count time of 0.23 s/step, for a time of 11 minutes and 5 
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seconds per pattern.  A 20 ml/min flow of 4% H2/N2 was used throughout the 

measurement.  A pattern was recorded at 30 °C, followed by heating the furnace at 10.2 

K/min to 600 °C, followed by a 30 minute dwell, then a pattern was recorded.  The same 

heating rate and dwell time were used for subsequent measurements, stepping 50 °C at a 

time to 1100 °C.  After the 1100 °C pattern, the furnace was allowed to cool at a rate of 

60 K/min.  During cooling, the furnace was equilibrated at 900, 700, 500, and 300 °C to 

record a pattern, and a final pattern was recorded after cooling to 30 °C.  These 

parameters were used for the NiAl2O4 + 2.5 wt% additive series.   

 Patterns were obtained for the NixMg1-xAl2O4 series starting at 700 °C and 

stepping 100 °C to a maximum temperature of 1300 °C.  The first pattern obtained, 

NiAl2O4 + 2.5 wt. % ZrO2, used Co radiation before the system was switched to Cu 

radiation permanently.  This set of experiments used a flow rate of 200 ml/min of 4% 

H2/N2.   

H.  Rietveld Refinement with TOPAS 

 Rietveld structure refinements were performed with Bruker Total Pattern Analysis 

Solution software (TOPAS).
51

  Diffraction patterns for the unreduced spinels, closed 

system reduced spinels, and isothermally reduced in TGA spinels were collected on the 

Bruker D8 Advance with the use of a variable incident beam slit and a position sensitive 

detector.  TOPAS software is only capable of correcting for one of these factors, so the 

intensities were converted to simulated fixed slit intensities by using a filter in the JADE 

software package (Materials Data Inc.).  Each data set was also adjusted by reducing all 

intensities by a factor sufficient give a realistic value for Rexp, the statistically expected 

residual.   

 The fundamental parameters peak shape approach was used.  An eight term 

Chebychev polynomial was used to fit the background.  The Linear PSD instrumental 

effects were used, with a 2Θ angular range of the PSD of 2.946, and a virtual Fixed 

Diffraction Slit angle of 0.472918, which was determined by refinement of SRM 640d.  

The Simple Axial Model was used for the Axial Convolution, with a fixed value of 5.50 

mm, as that value suitably matched the low angle peak shape of all collected patterns.  

Sample displacement was refined for all patterns.  Lorentz polarization effects were 
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accounted for with a value of 0 for the LP factor, corresponding to no monochromator.  

No preferred orientation, absorption, or surface roughness corrections were found 

necessary.  If any pattern exhibited a reflection at the 140 º2Θ upper limit collected, that 

region was excluded from the refinement. 

 Lattice constants were refined for all phases, as were Lorentzian crystallite size 

and microstrain broadening terms.  A maximum crystallite size constraint of 2000 nm, 

and a minimum constraint of 20 nm were used for all phases.  Above approximately 2000 

nm, a further increase in crystallite size was found to have no perceptible effect on the 

calculated peak broadening.  It was seen as desirable to enter a maximum crystallite size 

constraint such that seeing a refined crystallite size at that value made it apparent that the 

upper limit had been reached, rather than having an arbitrarily large value with a large 

standard deviation and no real physical significance.  A 20 nm minimum constraint was 

used to prevent the Ni metal phase from refining to a value where it became so broad that 

it was really only contributing to the background.  This constraint was used as it was 

desirable to have the Ni metal phase refining for all reduced spinel samples, including 

those where the extent of reduction was low enough such that the Ni metal peak had not 

yet distinguished itself from the background.  A minimum constraint of 0 and a 

maximum constraint of 1 were applied for microstrain broadening to prevent the 

refinement from arriving at values with little physical significance. 

1. NixMg1-xAl2O4 Model 

 The spinel model used space group Fd  mZ, International Crystallographic Tables 

number 227.  The model for the reduced spinel began with the lattice parameter, 

crystallite size, strain, and O parameter of the resultant refinement of the unreduced 

specimen of the same composition. 

 The tetrahedrally and octahedrally coordinated cation positions were not refined, 

as they are special positions located at x = 0.125, y = 0.125, z = 0.125, and x = 0.5, y = 

0.5, z = 0.5, respectively.  The oxygen parameter, u, was refined, constrained to be along 

the [111] direction in keeping with the general position, via the constraint x = y = z.  The 

oxygen parameter would sometimes refine to the very unrealistic value of ~ 0.02, giving 

a very poor refinement, but the refinement was unable to correct itself, and a manual 

adjustment was needed to continue with the refinement.  To avoid this, a minimum 
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constraint of 0.22 was placed on the oxygen parameter.  A value of 0.22 is unrealistically 

low, but the refinement was able to recover by itself if it reached that value.  No 

maximum constraint was deemed necessary, as the oxygen parameter never rose to such a 

value that the refinement failed. 

 Thermal parameters were refined for the spinel sites, with all tetrahedral site 

atoms constrained to have the same thermal parameter, and the thermal parameter of all 

octahedral atoms likewise constrained to be the same. 

 Atomic occupancies for the spinel were refined with the use of constraints.  The 

occupancy of any atom on the tetrahedral site was allowed to refine freely.  The 

octahedral nickel occupancy was also allowed to refine freely.  The octahedral Al and Mg 

occupancies were constrained via the total nickel occupancy accounting for multiplicity, 

and the value for Al or Mg respectively on the tetrahedral site.  The total Al and Mg were 

constrained to give a constant ratio with respect to each other, and to increase their 

occupancies accordingly to charge compensate for a decrease in the total nickel 

occupancy, keeping the oxygen site occupancy constant at 1.  Figures 4 and 5 illustrate 

the allowed values of spinel stoichiometry under the constraint equations shown in Table 

IV.  Although the lines for each composition are shown ending at x in NixMg1-xAl2O4 for 

each composition, no maximum constraint was used for the total amount of nickel.  Any 

such maximum constraint would be circular given the other requirements of the model.   

 Table IV shows the equations used to constrain the octahedral site occupancies.  

The constraints account for the octahedral site having twice the multiplicity of the 

tetrahedral site, 16 and 8 respectively 
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Figure 4. Illustration of the allowed combinations of nickel and aluminum per 

formula unit for each spinel composition.  These allowed combinations were 

used to constrain the spinel stoichiometry to maintain charge neutrality and a 

constant Mg/Al ratio.   
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.  

Figure 5. Illustration of the allowed combinations of nickel and magnesium per 

formula unit for each spinel composition.  These allowed combinations were 

used to constrain the spinel stoichiometry to maintain charge neutrality and a 

constant Mg/Al ratio.   
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Table IV.  Occupancy Constraints Used in the Refinement of NixMg1-xAl2O4 

  Tetrahedral Site Octahedral Site Oxygen 

Multiplicity 8 16 32 

Ion Ni2+ Mg2+ Al3+ Ni2+ Mg2+ Al3+ O2- 

Occupancy 
Constraint 

“Ni” “Mg” “Al” “Ni2” 
      

 

   
   

     
 

     

   
               

 
 

  
 

   
   

 
 

     

   
               

 
 

Fixed 
at 1 
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2. Nickel Metal Model 

 The nickel metal model used space group Fm-3m, International Crystallographic 

Tables number 225.  The starting lattice parameter used was 5.250Å, with 200 nm 

crystallite size, and 0.1 Lorentzian microstrain broadening.  The atomic position and 

occupancy were not refined.  The thermal parameter was fixed at 1. 

 In the samples with a higher extent of reduction, a shoulder on the low angle side 

becomes evident on the nickel metal reflections, as can be seen in Figure 6.  In the 

absence of an adequate physical model to account for this intensity, a tangent Ɵ 

dependent hat function convolution was added to the nickel metal structure refinement.  

The hat function was chosen solely for its ability to fit the shoulder more accurately than 

alternative choices.  It was necessary to satisfactorily fit the peak shape in order to 

include all the intensity from the nickel in the model, so other refined structural changes 

could accurately be indexed against the extent of reduction.  If the low angle shoulder 

was not included in the model, the refined nickel metal phase fraction would become 

progressively less accurate with the higher extent of reduction samples. 
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Figure 6. Room temperature XRD patterns from NiAl2O4 + 2.5 wt% ZrO2 

reduced at temperatures 650 ºC to 1100 ºC in 300 Torr H2. The (111) reflection 

of Ni metal is shown to demonstrate the low angle shoulder, which was present 

on all the nickel metal reflections. 

 

3. Zirconia Models 

Reflections from both monoclinic ZrO2, referred to as baddeleyite, and tetragonal ZrO2 

were present in the unreduced and reduced spinels.  Starting lattice parameters used in the 

refinement for the ZrO2 phases are given in Table V.  Thermal parameters were fixed at 1 

for both ZrO2 models.  Only the lattice parameters, Lorentzian crystallite size broadening, 

and Lorentzian microstrain broadening were refined for the ZrO2 models.  No atomic 

positions, occupancies, or thermal parameters were refined. 
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Table V.  Starting Structural Parameters Used in the ZrO2 Models 

 
Baddeleyite 

Tetragonal 
ZrO2 

Space Group P121/c1 P42/nmc 

a 5.149 3.599 

b 5.219 - 

c 5.318 5.196 

β 99.05 - 

Crystallite Size 200 1216 

Microstrain 0.25 0.125 

 

I. Standard Voltage Scanning Electron Microscopy 

 All standard voltage electron micrographs were obtained with an FEI Quanta 

200F Environmental Scanning Electron Microscope.  All samples were dispersed onto 

carbon planchets with acetone and carbon coated.   

 

J. Low Voltage Scanning Electron Microscopy 

 Low-voltage electron micrographs were obtained on a Hitachi S-3400 variable 

pressure SEM, from 0.2 – 6 kV.  No conductive coating was necessary.   

 

K. TEM 

 TEM investigations were performed using a Hitachi HF-3300 cold FE-

STEM/TEM at the ShaRE User facility at Oak Ridge National Lab.  One initial sample 

was reduced powder, which was too thick to be electron transparent, but EDS maps were 

collected.  Subsequent specimens were made electron beam transparent via cutting them 

into thin sections with a focused ion beam.   
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L. Powder Cross Sections 

 Powder cross sections were obtained by suspending a portion of reduced powder 

in thermoset epoxy, approximately five volume percent.  The sample mounts were then 

ground and polished, starting with 300 grit SiC paper, and using progressively smaller 

sizes, ending with a 1 µm polycrystalline diamond suspension.  Mounts were then 

cleaned with acetone and carbon coated prior to imaging in the FEI Quanta 200F ESEM.   

 

 



 

34 

RESULTS AND DISCUSSION 

A. Rietveld Refinement of X-ray Diffraction Data 

 As shown in Figure 7 the lattice parameters of the intermediate members of the 

solid solution series, Ni0.75Mg0.25Al2O4, Ni0.5Mg0.5Al2O4, Ni0.25Mg0.75Al2O4, deviate from 

Vegard’s Law behavior.  However, this is not unexpected, as the degree of inversion of a 

spinel will cause deviations in the lattice parameter away from Vegard’s Law behavior.  

In fact, the variation of the lattice parameter of the spinel with composition closely 

resembles that seen by Porta et al.,
1
 who used X-ray diffraction to examine the variation 

of inversion with composition.   

 

 

 

Figure 7. Refined lattice parameters for NixMg1-xAl2O4.  Error bars of one 

standard deviation are smaller than the data marker. 
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 Figures 8 and 9 illustrate the complex changes in the spinel peak shape at 

different reduction temperatures.  Of the patterns shown, metastable spinel phases are 

present in the NiAl2O4 + 2.5 wt% ZrO2 reduced at 950, 1000, and 1100 °C, and in 

Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 reduced at 900, 950, 1000, and 1100 °C.  These results 

are summarized in Table VI.  Although Ni0.75Mg0.25Al2O4 is not stable after reduction at 

900 °C while NiAl2O4 is stable at 900 °C, this should not be misconstrued that 

Ni0.75Mg0.25Al2O4 is less stable than NiAl2O4.  This is instead due to the faster reduction 

kinetics of Ni0.75Mg0.25Al2O4, which achieved a greater extent of reduction in the 900 °C 

reduction sample set than did NiAl2O4.  This is discussed in greater depth in the 

following sections.   

 

 

 

Figure 8. Room temperature X-ray diffraction patterns showing the (311) 

reflection of NiAl2O4 after reduction at 850 – 1100 °C in 300 Torr H2 for 12 or 

24 hours.   
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Figure 9. Room temperature X-ray diffraction patterns showing the nickel (111) 

and the (311) reflection of Ni0.75Mg0.25Al2O4 after reduction at 900 – 1100 °C in 

300 Torr H2 for 12 hours.  The complex change in the spinel peak shape with 

increasing reduction is shown. 

 

Table VI.  Closed System Reduction Observed Phase Stability 

Reduction 
Temperature 

(°C) 
NiAl2O4 Ni0.75Mg0.25Al2O4 Ni0.5Mg0.5Al2O4 Ni0.25Mg0.75Al2O4 

650 Stable Stable Stable Stable 

700 Stable Stable Stable Stable 

750 Stable Stable Stable Stable 

800 Stable Stable Stable Stable 

850 Stable Stable Stable Stable 

900 Stable Unstable Stable Stable 

950 Unstable Unstable Stable Stable 

1000 Unstable Unstable Stable Stable 

1100 Unstable Unstable Stable Stable 
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 Figure 10 shows the goodness of fit, Rwp/Rexp, of the Rietveld refinements of the 

closed system reduced spinels.  Overall, good fits were obtained.  The GOF of some of 

the refinements are less than 1 due to the scaling procedure used to reduce the maximum 

counts from the 200,000 – 400,000 which was obtained to the 20,000 – 30,000 for which 

the refinement statistics are designed.  The high GOFs for Ni0.75Mg0.25Al2O4 + 2.5 wt% 

ZrO2 result from the peak splitting of the spinel phase in the 900 and 950 °C reductions.  

The high values for NiAl2O4 + 2.5 wt% ZrO2 are a result of a large amount of metastable 

spinel phase present, which was not modeled in the refinement.   

 Figures 11 through 14 show the refinement and difference pattern for one of the 

higher quality, and two of the lower quality fits respectively, with Figure 14 being a close 

up to show the spinel peak shape which resulted in a less satisfactory fit in the refinement 

shown in Figure 13. 

 

 

 

Figure 10. Goodness of fit for the Rietveld refinements of the closed system 

reduced spinels.   
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Figure 11. Refinement of NiAl2O4 + 2.5 wt% ZrO2 reduced at 750 °C for 29 hours 

in 300 Torr H2, showing a high quality fit. 

 

 

Figure 12. Refinement of NiAl2O4 + 2.5 wt% ZrO2 reduced at 900 °C for 12 hours 

in 300 Torr H2.  A lesser quality fit was obtained due to difficulties with 

adequately modeling the peak shapes.   
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Figure 13. Refinement of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 reduced at 900 °C for 

12 hours in 300 Torr H2.  Fit is relatively poor due to peak splitting in the spinel. 

 

 

 

Figure 14. Refinement of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 reduced at 900 °C for 

12 hours in 300 Torr H2.  Fit is relatively poor due to peak splitting in the spinel. 

 

 Figure 15 shows the refined total site occupancies for the tetrahedral and 

octahedral site in NiAl2O4 + 2.5 wt% ZrO2.  The behavior of the site occupancies in 

NiAl2O4 + 2.5 wt% ZrO2 is typical of all compositions.  It was not possible to place a 

maximum site occupancy constraint due to technical reasons involving the spinel model 

used.  The refined values of the total octahedral site occupancy start slightly higher than 

1, and the total tetrahedral site occupancy starts slightly under 1.  Both totals decrease as 
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the reduction proceeds, as the total number of cations decreases due to the relative 

increase of Al
3+

 and the formation of charge compensating cation vacancies. 

 

 

 

Figure 15. Refined total site occupancy of the octahedral and tetrahedral site for 

the closed system reduced NiAl2O4 + 2.5 wt% ZrO2.  This behavior is typical of 

the other compositions 

 

 Sickafus et al. have shown that there is good agreement when comparing the 

average cationic radii of a binary spinel to its lattice parameter,
8
 but this agreement is 

shown over the lattice parameter range of 8Å to 9.2Å.  Over the lattice parameter range 

of MgAl2O4 to NiAl2O4 of 8.048 to 8.082 Å, the observed lattice parameter variation fits 

well within the scatter shown by Sickafus.  This comparison is made in Figure 16.  It is 

tempting to ascribe the deviation of the solid solution compositions from Sickafus’s fit to 

the error in the determination of the inversion of the spinel.  Since tetrahedral and 

octahedral radii differ,
12

 the inversion of the spinel affects the average cation radii.  It is 

likely that the refined values of the spinel are correct, and this solid solution series 

deviates slightly from the behavior of the larger population of spinels.   
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Figure 16. As-synthesized spinel lattice parameters and comparison to an 

empirical fit for an array of binary spinel compositions by Sickafus et al.  The 

axis ranges shown match those in Sickafus et al.
8
 

 

 A comparison to the work of Porta et al.
1
 in this respect is not possible, as they 

assumed the fraction of Mg ions on tetrahedral sites to be constant at 1 while determining 

the distribution of Ni between the octahedral and tetrahedral sites.  This assumption 

precludes an accurate determination of the average cation radii.  The tetrahedral and 

octahedral cation radii used in this calculation are taken from the work of O’Neill and 

Navrotsky,
10

 who performed a procedure like that used by Shannon and Prewitt in 

developing the cation radii tables, but instead used only spinel structures in the fitting 

procedure.  This revealed small but significant differences in the radius assumed by 

cations in spinels versus their radii in other structures.   
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Figure 17. Refined nickel metal weight percent reduced from each composition as 

a function of reduction temperature.  Error bars of one standard deviation are 

shown, but most are smaller than the data marker. 

 

 Figure 17 shows the nickel metal weight percent present after reduction for the 

time corresponding to each reduction temperature.  The presence of nickel metal is barely 

detectable by X-ray diffraction in the 650 and 700 °C reduced spinels, but the crystallites 

can readily be seen in the SEM in the NiAl2O4 + 2.5 wt.% ZrO2 samples, as shown in 

Figures 18 and 19.   
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Figure 18. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 650 

°C in 300 Torr H2 for 94 hours.  50 kX original magnification. 

 



44 

 

Figure 19. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 700 

°C in 300 Torr H2 for 71 hours.  50 kX original magnification. 

 

 Only Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 reached full reduction at any of the 

reduction temperatures employed, indicating that the number of moles of H2 present in 

the furnace was insufficient given the reducible nickel mass present.  Kinetic effects are 

also apparent, as the phase fraction of nickel metal in Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 

is equal to or greater than the nickel metal phase fraction in NiAl2O4 + 2.5 wt% ZrO2 

from 750 °C to 1000 °C, despite containing less nickel.  This can be explained by the 

isothermal and nonisothermal TGA results discussed later, where Ni0.75Mg0.25Al2O4 + 2.5 

wt% ZrO2 consistently shows a faster rate of weight loss than does NiAl2O4 + 2.5 wt% 

ZrO2.  The Rietveld refinement results suggest that the Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 

composition consumes a large proportion of the H2 in the furnace.  This would continue 

until the PO2 rose to the dissociation pressure of the Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2, at 
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which point the NiAl2O4 + 2.5 wt% ZrO2 would consume the remaining H2 until the PO2 

rose to its dissociation pressure.   

 There is apparently a shifting in the kinetics of the reduction of NiAl2O4 + 2.5 

wt% ZrO2 at 1100 °C, as Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 ends with less nickel metal 

than it did at 1000 °C.  The reduction of NiAl2O4 + 2.5 wt% ZrO2 is not necessarily faster 

than that of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 at 1100 °C, as they could reduce at nearly 

the same rate until the PO2 reached the dissociation pressure of Ni0.75Mg0.25Al2O4 + 2.5 

wt% ZrO2, at which point the NiAl2O4 + 2.5 wt% ZrO2 would be able to consume a little 

more of the H2.  It is possible that this is a thermodynamic effect rather than a kinetic one.  

Nothing is known of the dissocation pressures of the solid solution compositions, and if 

the dissociation pressures of the compositions shift different relatively to one another 

with temperature, the dissociation pressure limits could also explain this behavior given 

that this is reduction in a closed system.  The same effect is observed for Ni0.5Mg0.5Al2O4 

+ 2.5 wt% ZrO2, as it contains less nickel metal after reduction at 1100 °C than after 

reduction at 1000 °C.  This is also seen for Ni0.25Mg0.25Al2O4 + 2.5 wt% ZrO2 at 1000 °C 

and 1100 °C.   Given that the 1100 °C do not fit earlier trends, that reduction was 

repeated.  The results originally seen were reproduced, but are not reported.   

 Figure 20 shows the refined lattice parameter for each composition in the as-

synthesized form, and at each reduction temperature used.  There is very little change in 

the lattice parameter of any composition until the 800 or 850 °C reduction.  This agrees 

well with the refined weight percent nickel shown in Figure 17, where no significant 

amount of nickel is reduced from the spinel until 800 °C.  The strange results seen in 

Figure 17 as to the lowered weight percent nickel metal at higher temperatures are also 

reproduced in the spinel lattice parameter.  It should be noted that the refined spinel 

lattice parameter and the refined nickel metal phase fraction are two completely 

independent results of the Rietveld refinement that show the same trend.   
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Figure 20. Observed spinel lattice parameter versus the temperature of reduction.  

Error bars of one standard deviation are smaller than the data marker.   
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Figure 21. Observed spinel lattice parameters as a function of refined nickel metal 

weight percent.  Error bars are smaller than the data markers. 

 

 Figure 21 shows the refined spinel lattice parameters plotted as a function of the 

refined weight percent of nickel metal.  Plotted in this manner, it can be seen that the odd 

trends seen in Figure 17 and Figure 20 are in agreement with one another.  Each set of 

data follows the trend well except the NiAl2O4 + 2.5 wt% ZrO2 sample reduced at 1100 

°C.   

 Figure 22 plots the refined oxygen parameter as a function of the refined weight 

percent nickel metal.  All compositions show a reasonable trend.  The lowest value of the 

oxygen parameter refined by Rotan et al.
21

 in studying Al2O3 excess in NiAl2O4 was 

0.255.  One of the refined values of the oxygen parameter of NiAl2O4 + 2.5 wt% ZrO2 is 

at 0.255, while four others are below it.  This may be an indication that the remnant 

spinel remaining in those four samples, the two 950 °C samples, and the 1000 and 1100 

°C samples may not be stable, and may transform to metastable spinel if heated to a 

suitable temperature.   
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Figure 22. Oxygen parameter in the spinel as a function of the refined weight 

percent nickel metal.  Error bars of one standard deviation are shown, but are 

smaller than most of the data markers.   
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Figure 23. Refined weight percent nickel metal versus the combined octahedral 

and tetrahedral nickel spinel refined site occupancies.  Solid lines show 

conservation of mass for nickel.  Data points show the results of refinements, of 
which the total nickel in the spinel and the refined nickel metal phase fraction 

are independent quantities.   

 

 Figure 23 shows a comparison between total nickel conservation and the results of 

the refinement.  The solid lines show a mass balance of nickel, illustrating the concept 

that if nickel leaves the spinel, it must become nickel metal.  The mass loss of oxygen 

from the sample is accounted for in the mass balance between the spinel and the nickel 

metal.  Agreement between the nickel occupancy in the spinel and the refined nickel 

metal phase fraction was not enforced in the refinement, as attempting to do so created a 

circular constraint.  The low reduction temperature Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2 

sample’s refinements yield too much nickel in the spinel, but the agreement is quite good 

for the rest of the samples.   

 Figures 24 and 25 show refined microstrain broadening in the nickel metal and 

the spinel respectively, plotted as a function of the refined weight percent of nickel metal.  

No real trend is seen for microstrain in the nickel, but a general trend of increasing 
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microstrain with increasing nickel metal phase fraction can be seen, though some very 

high values are seen for Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 due to the peak splitting that 

occurs in the 900 and 950 °C reduction samples, as can be seen in Figure 9.  An increase 

in the microstrain of the spinel with increasing nickel metal phase fraction agrees with the 

model system, as the removal of Ni
2+

 from the spinel creates cation vacancies to charge 

compensate for the increasing Al
3+ 

content.  Cation vacancies are crystalline 

imperfections, and would contribute to microstrain broadening, so this result is consistent 

with expectations.   

 

 

 

Figure 24. Microstrain in nickel metal as a function of the refined weight percent 

of nickel metal.   
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Figure 25. Microstrain in the spinel as a function of the refined weight percent of 

nickel metal.   

 

 The shape of the nickel metal reflections which necessitate the use of the tan theta 

dependent hat function convolution to fit is shown in Figure 6.  Figures 26 and 27 show 

the magnitude of the hat function convolution plotted as a function of the reduction 

temperature used, and the refined weight percent of nickel metal respectively.  Neither 

plot is particularly more convincing than the other.  The behavior of the 

Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2 sample does not fit with the rest of the data set plotted 

against either variable, but visual inspection of the patterns confirms that its nickel metal 

peak looks more normal with increasing reduction temperature.  Weight percent nickel 

metal and reduction temperature are highly correlated in this data set, making 

discrimination difficult.  Three causes for the observed nickel metal peak shapes were 

hypothesized.  The first was the peak shape was due to a reflection of slightly lower d-

spacing from a metastable spinel-based phase.  Second, the asymmetry was due to 

thermal expansion mismatch between the spinel and the nickel metal upon cooling from 

the reduction temperature.  Nearly all of the nickel metal is on the surface of the spinel 
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particles, and the coefficient of thermal expansion of spinel is roughly half of that of the 

nickel metal.  The portion of the nickel metal crystallite nearest the interface would be 

constrained from contracting as much as the rest of the nickel metal crystallite, giving a 

higher lattice spacing in the vicinity of the spinel.  Thirdly, the low angle shoulder could 

be due to a small amount of Ni-Al alloy, which has a higher lattice parameter than pure 

nickel metal.   

 

 

 

Figure 26. Value of the tan-Ɵ dependent hat function convolution used in fitting 

the nickel metal reflections, as a function of reduction temperature.   

 

0 

0.1 

0.2 

0.3 

0.4 

0.5 

0.6 

600 700 800 900 1000 1100 

H
at

 F
u

n
ct

io
n

 C
o

n
vo

lu
ti

o
n

 

Reduction Temperature (ºC) 

Ni1    +    ZrO2 

Ni0.75 + ZrO2 

Ni0.5  +  ZrO2 

Ni0.25 + ZrO2 



53 

 

Figure 27. Value of the tan-Ɵ dependent hat function convolution used in fitting 

the nickel metal reflections, as a function of the refined weight percent of nickel 

metal.   

 

 High temperature X-ray diffraction was deemed the best tool for investigating the 

nickel metal peak shape, as it could inform as to the accuracy of hypotheses one and two.  

To conduct this investigation, NiAl2O4 + 2.5 wt.% ZrO2 reduced at 1000 °C for 12 hours 

in 300 Torr H2 was placed in the high temperature diffractometer under a flow of N2 so 

the sample would not reduce further, and patterns were recorded at 30 °C, and at intervals 

of 100 °C to 1000 °C.  If the root cause of the peak shape were thermal expansion 

mismatch, the peak shape should alter from a distorted shape at room temperature, 

towards a normal peak shape at the reduction temperature.  If a metastable spinel 

polymorph were the cause of the peak distortion, the differences in the coefficient of 

thermal expansion between the spinel and the nickel metal would cause the peaks to 

separate as higher temperatures were reached.  If too slow a heating rate were used, the 

metastable phase could transform to another metastable phase or corundum, but that new 

set of peaks would be seen in the diffraction pattern.   

 The resolution of the high temperature diffractometer was somewhat lower than 

for room temperature scans, and as such it was somewhat difficult to discern the peak 
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shape distortion visually; however, Rietveld refinement was able to quantify the 

distortion.  When a sample of NiAl2O4 + 2.5 wt% ZrO2 previously reduced at 1000°C for 

12 hours in 300 Torr H2 was heated in N2, the magnitude of the hat function convolution 

is seen to decrease monotonically upon heating.  The magnitude of the convolution 

reached 0 at 900 and 1000 °C, but returns upon cooling to 30 °C, as seen in Figure 28.  As 

can be seen in Figure 26, the hat function convolution reaches a maximum in the 950 °C 

reduced samples for all but the Ni0.25Mg0.75Al2O4 composition.  This suggests that ~ 900 

– 950 °C is a strain free temperature for the Ni metal and the spinel, such that the thermal 

expansion mismatch only affects them upon cooling below this temperature. 

 

 

 

Figure 28. Refined hat function convolution of nickel metal during HTXRD in 

flowing N2 of NiAl2O4 + 2.5 wt% ZrO2 reduced at 1000 °C for 12 hours in 300 

Torr H2.  The peak shape distortion disappears upon heating, and reappears 

upon cooling.   
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 An inert atmosphere of flowing N2 was used to preclude further reduction that 

would complicate the results.  Given that the mixture of nonstoichiometric spinel and 

metastable spinel and nickel metal is not a thermodynamically stable mixture at any PO2, 

some of the nickel metal was resorbed by the spinel during the measurement, as can be 

seen in Figure 29, which complicates the analysis of this result somewhat.  Nonetheless, 

the hat function convolution is seen in Figure 28 to go to 0 at high temperature and return 

upon cooling, which strongly supports the assertion that the nickel metal peak shape 

distortion results from thermal expansion mismatch between the nickel metal and the 

spinel.   

 

 

 

Figure 29. Refined weight percents of nickel and spinel during the HTXRD 

measurement in flowing N2 of NiAl2O4 + 2.5 wt% ZrO2 reduced at 1000 °C for 

12 hours in 300 Torr H2.  Resorption of some nickel by the spinel is seen.   

 

 Of the three possibilities (thermal expansion mismatch, a metastable spinel, or 

some Ni-Al alloy), the presence of a Ni-Al alloy was deemed the least likely based on 

available literature.  From the work of Elrefaie and Smeltzer
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temperature dependence of the reduction of NiAl2O4, the formation of a Ni-Al alloy 

requires an oxygen partial pressure of ~ 10
-22

 atm at 1000°C.  For reference, that is below 

the stability limit of SiO2, MnO, and Cr2O3.  However, EELS maps obtained in the TEM 

strongly suggest at least some Al is present in the needle-like nickel particles in the 

interior of grains, shown in Figure 30.  The TEM image of this crystallite can be seen in 

Figure 77.  Despite the low oxygen partial pressure reported by Elrefaie and Smeltzer 

necessary to form a Ni-Al alloy, its existence in these samples and its contribution to the 

nickel metal peak shape cannot fully be discounted.   

 

 

 

Figure 30. Ni L and Al K EELS maps from a needle-like nickel particle from the 

interior of a spinel grain in NiAl2O4 + 2.5 wt% ZrO2 reduced at 850 °C for 24 

hours in 300 Torr H2.   

 

 The distorted nickel peak shape is not observed when highly reduced samples 

obtained in the HTXRD or TGA are run in the Bruker D8 high resolution X-ray 

diffractometer.  This could be viewed as evidence of the formation of a Ni-Al alloy in the 

pure H2 reduced samples, as the atmosphere in the HTXRD and TGA experiments was 

kept constant with a flowing stream of 4% H2, while the closed system reductions started 

with pure H2, which would then become an H2/H2O mixture as the reduction commenced.  

The pure H2 used would give a much lower oxygen partial pressure at the start of the 



57 

reduction than that seen by the samples reduced in the TGA or HTXRD, perhaps low 

enough to form a Ni-Al alloy with a small amount of aluminum.   

 

 

 

Figure 31. Refined Baddeleyite and tetragonal ZrO2 weight percents in the 

reduced spinel composites.  Error bars show one standard deviation. 

 

 Figure 31 shows the refined monoclinic and tetragonal ZrO2 phase fractions for 

each refinement.  The refined values are impressively consistent given the very small 

amounts.   

 In the refinements of samples containing metastable phases, the refined nickel 

metal phase fraction should be regarded as no more than an estimate, as many reflections 

of the metastable phases are not accounted for by the spinel model.  The metastable 

phases share all the reflection lines of spinel, making exact determination of the 

appearance of metastable phases somewhat challenging.  Inclusion of metastable phases 

in the refinement is impractical and not particularly useful.  Structures are not available 

for any of the metastable phases.  Even if structures were available, adding them to the 
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refinement in an attempt to determine the amount of nickel metal present by refinement 

would be inaccurate, as very little is known about the solubility limits of the phases.   
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B. High Temperature X-ray Diffraction – NixMg1-xAl2O4 

 Figures 32 through 35 show HTXRD of the solid solution series in 200 ml/min 

flowing 4% H2/N2 at 30 °C, then 600, 700, 800, 900, 1000, 1100, 1200, and finally 1300 

°C.  Ni metal formation is visible in all samples in the 900 °C pattern.  Upon reaching a 

temperature of 1300 °C, both NiAl2O4 + 2.5 wt% ZrO2 and Ni0.75Mg0.25Al2O4+ 2.5 wt% 

ZrO2 form corundum, which is not seen in either sample when reduced for 40 hours at 

1000 °C in the TGA.  Theta-Al2O3 is seen in the NiAl2O4 + 2.5 wt% ZrO2 composition 

after reducing for 40 hours in the TGA.  However, no alumina phases are seen in 

Ni0.75Mg0.25Al2O4+ 2.5 wt% ZrO2 after 40 hours in the TGA. 

 Ni0.5Mg0.5Al2O4 + 2.5 wt% ZrO2 and Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2  show 

only nickel metal, the zirconia phases, and spinel; the same phases present after reduction 

at 1000 °C for 16 hours in the TGA. 
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Figure 32. HTXRD of NiAl2O4 + 2.5 wt% ZrO2 in flowing 4% H2/N2.  Room 

temperature to 1300 °C.  Co-Kα radiation.  Nickel metal is clearly seen at 900 

°C, and corundum at 1300 °C.   
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Figure 33. HTXRD of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 in flowing 4% H2/N2.  

Room temperature to 1300 °C.  Nickel metal is clearly seen at 900 °C, and 

corundum at 1300 °C.   
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Figure 34. HTXRD of Ni0.5Mg0.5Al2O4 + 2.5 wt% ZrO2 in flowing 4% H2/N2.  

Room temperature to 1300 °C.  Nickel metal is clearly seen at 900 °C, and no 

corundum formation is seen.   
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Figure 35. HTXRD of Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2 in flowing 4% H2/N2.  

Room temperature to 1300 °C.  Nickel metal is clearly seen at 900 °C, and no 

corundum formation is seen.   
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C. High Temperature X-ray Diffraction – NiAl2O4 + Additives 

 High temperature X-ray diffraction experiments up to 1100 °C in 20 ml/min 

flowing 4% H2/N2 were conducted to evaluate the effects of 2.5 weight percent ZrO2, 

TiO2 and Nb2O5 on the kinetics of the transformation of metastable spinel phases to Ɵ-

Al2O3 or α-Al2O3.  Figures 36 through 39 show the HTXRD patterns, starting at 30°C, 

then 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 900, 700, 500, 300, and 

finally 30 °C. 

 Undoped NiAl2O4, and the samples doped with ZrO2 and Nb2O5 formed 

metastable spinels phases after substantial reduction, shown in Figures 36 through 38.  

The metastable spinel peaks in both the ZrO2 and Nb2O5 sample appear to be less 

developed than in the undoped NiAl2O4.  There is no clear difference between the 

behavior of the ZrO2 and Nb2O5 doped samples.   

 The behavior of the TiO2 doped sample shown in Figure 39 is, however, very 

different.  Corundum is seen at 1100 °C, and its phase fraction increases during cooling to 

900 °C before the next pattern is obtained.  A very small amount of TiO2 is seen to have a 

very large effect to hasten the formation of corundum from metastable spinel phases.  A 

comparison of the patterns obtained upon cooling for all samples is shown in Figure 40. 
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Figure 36. HTXRD of NiAl2O4 in flowing 4% H2/N2.  Room temperature to 1100 

°C.   

 

 

Figure 37. HTXRD of NiAl2O4 + 2.5 wt% ZrO2 in flowing 4% H2/N2.  Room 

temperature to 1100 °C.   
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Figure 38. HTXRD of NiAl2O4 + 2.5 wt% Nb2O5 in flowing 4% H2/N2.  Room 

temperature to 1100 °C.   
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Figure 39. HTXRD of NiAl2O4 + 2.5 wt% TiO2 in flowing 4% H2/N2.  Room 

temperature to 1100 °C.  Corundum formation is seen at 1100 °C.   
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Figure 40. Final room temperature patterns of the NiAl2O4 + additives HTXRD 

series.   

 

D. Isothermal TGA/DTA 

 Figure 41 shows the results of the isothermal TGA experiments at 1000 °C.  The 

dashed lines show the limit of weight loss for each composition on the basis of the loss of 

one oxygen ion for each nickel ion present.  NiAl2O4 + 2.5 wt% ZrO2 and 

Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 did not reach their full weight loss during the 16 hour 

hold, so the measurement was repeated with the dwell time extended to 40 hours, for 

those two compositions only,  which is shown in Figure 42.  The 40 hour dwell time 

samples, rather than the 16 hour dwell time samples were used for NiAl2O4 + 2.5 wt% 

ZrO2 and Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 for X-ray diffraction and helium pycnometry.   

 The reduction kinetics of Ni0.75Mg0.25Al2O4 are the fastest on a mass percent loss 

basis at 1000 °C, which explains results seen in the closed system reductions where at 

several temperatures, the Ni0.75Mg0.25Al2O4 sample contains more nickel metal than does 

NiAl2O4.  The kinetics of NiAl2O4 and Ni0.5Mg0.5Al2O4 are very similar, with 

Ni0.25Mg0.75Al2O4 being the slowest.  The differences in kinetics are likely due to the 



69 

specific phase formed at the surface in a very thin layer.  Diffusion of reactants and 

products in this surface layer would likely be the controlling factor in the kinetics.  Larger 

changes in the surface area caused by changes in volume, such as porosity or cracking 

would also affect the kinetics, but images of all compositions throughout the reduction 

are not available to make this comparison. 

 

 

 

Figure 41. TGA at 1000 °C in 20 ml/min flowing 4% H2/Ar.  All samples 

contained 2.5 wt% ZrO2. 
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Figure 42. TGA at 1000 °C in 20 ml/min flowing 4% H2/Ar for an extended dwell 

for NiAl2O4 and Ni0.75Mg0.25Al2O4.  Both samples contained 2.5 wt% ZrO2. 

 

 The good agreement between the mass losses predicted by the stoichiometry of 

the compositions and the observed mass losses demonstrates that the spinels are of the 

targeted stoichiometries, which is always of concern when synthesizing spinels due to 

their ability to incorporate many different elements with only a small resultant lattice 

parameter change.  In this particular instance, the volatilization of Ni would also affect 

the weight loss.  One could argue that if the sample contained unreacted NiO, the 

observed weight losses would still agree with that of the stoichiometric spinels.  This 

concern can be eliminated by examining the nonisothermal TGA experiments shown in 

Figure 46, where a 475 ºC difference is seen in the onset temperature of reduction 

between NiO and the spinels.  No weight loss is observed in the spinels at the onset 

temperature of reduction for NiO.   

 These results also show that Ni volatilization under these reaction conditions is 

insignificant, as the samples would lose more mass than that predicted by the defect 
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equation if Ni volatilization were to occur.  Rather, a steady state is developed upon full 

reduction.   

 The DTA signal was small in magnitude compared to the DTA background due to 

the long time required to complete the reaction.  The DTA signal was of little aid in 

sample characterization. 

 

E. Nonisothermal TGA/DTA Experiments Motivation 

 Early in the project, some reductions were performed with reducible masses 

greater than the controlled 3.30g of each composition used during later study.  Upon 

examination of these powders after removing them from the furnace, there would 

sometimes be large differences in their appearance.  Figure 43 shows the appearance of 

the spinels before reduction.  A typical result of the preliminary reductions is shown in 

Figure 44.  The x = 1 and x = 0.75 compositions were black, showing more than a small 

degree of reduction.  The x = 0.5 was a pale grayish color, and the x = 0.25 composition 

remained the same shade of blue as before it was placed in the reduction furnace.  This 

suggested that the final PO2 reached in the furnace was too high to reduce 

Ni0.25Mg0.75Al2O4, but was low enough to reduce the higher nickel compositions 

somewhat.  X-ray diffraction patterns from the samples supported this, showing large 

nickel metal reflections for the x = 1 and x = 0.75 compositions, a small, broad peak just 

above background for the x = 0.5 composition, and no nickel metal reflections from the x 

= 0.25 composition.  This suggests that the dissociation pressure necessary to form nickel 

metal decreases when MgO is substituted for NiO in NixMg1-xAl2O4.   
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Figure 43. Appearance of the spinel after calcination.  From left to right:      

NixMg1-xAl2O4, x = 1, 0.75, 0.5, 0.25, and 0. 

 

 

 

Figure 44. Common reduction result during early experiments when a larger 

reducible mass was used in the furnace.  

 

 In performing a nonisothermal (ramped) TGA experiment, the PO2 is varied with 

temperature at a constant atmospheric composition.  The PO2 during the experiment is 

determined by the ratio of partial pressure of the flowing H2 purposefully introduced into 

the instrument, and the small level of contaminating water vapor present.  If the partial 

pressure of H2O is assumed to be constant for all temperatures, the PH2O/PH2 ratio can 

be determined by measuring the temperature of the onset of reduction, as determined by 

the onset of weight loss, of one or more well characterized metal oxides.  By determining 
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the PH2O/PH2 ratio, the PO2 at any temperature for the system could be determined from 

phase equilibria calculations. 

 

F. Nonisothermal TGA Experiments 

 Unfortunately, using the reduction of NiO as a standard to determine the H2/H2O 

ratio in the furnace was unsuccessful, as it was necessary to use a very unrealistic value 

of PH2O to match the PO2 to the temperature at which the NiO started to reduce.  This 

could be due to a reaction with the amorphous carbon furnace tube, altering the PO2, 

essentially meaning that the H2/H2O ratio is not solely responsible for the PO2 in the 

furnace.  Alternatively, the observed temperature of reduction of the NiO could be due to 

kinetic effects preventing the reduction of NiO until a temperature significantly above the 

equilibrium point is reached.  In the absence of a means to determine the PO2 dependence 

of the reduction of NixMg1-xAl2O4, the temperature dependence will be examined instead, 

with the understanding that it is the combination of the temperature dependence of the 

PO2 and temperature which control the onset of reduction.   

 Figures 45 and 46 show the nonisothermal TGA measurements at a ramp rate of 

2.5 and 1 K/min respectively.  The gradual nature of the onset of reduction, even at the 

very slow ramp rates of 1 K/min and 2.5 K/min, also makes the determination of an exact 

onset of reduction temperature difficult.  A stoichiometry dependent stability limit was 

demonstrated, but not as quantitatively as originally hoped.  However, it can be noted that 

the onset of reduction temperature of Ni0.75Mg0.25Al2O4, Ni0.5Mg0.5Al2O4, and 

Ni0.25Mg0.75Al2O4 are much closer to each other than to that of NiAl2O4, which is 

noticeably lower.   
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Figure 45. Non-isothermal TGA measurement began at 750 ºC in 20 ml/min 

flowing 4% H2/Ar.  Ramp rate was 1 K/min.  Ni0.75 measurement was ended 

early. The slight dip at the beginning of the measurement is a disturbance from 

the gas flow switching from He to 4% H2/N2. 
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Figure 46. Non-isothermal TGA measurement began at 200 ºC in 20 ml/min 

flowing 4% H2/Ar.  The ramp rate was 2.5 K/min.   

 

 The much lower onset of reduction temperature of NiO should also be noted.  

NiO begins reduction at ~ 275 ºC, whereas NiAl2O4 does not begin to reduce until ~ 750 

ºC.  This appears to conflict with the work of Elrefaie and Smeltzer
35

 who determined the 

temperature and PO2 dependence of the equilibria in the Ni-Al system by electrochemical 

means.  They found that the PO2 dependences of the Ni-NiO and NiAl2O4 – Al2O3 + Ni 

equilibria were very similar, i.e. within one order of magnitude.  Given that 

electrochemical means should more accurately determine the thermodynamic equilibria 

than the method used here, the observed differences in the onset of reduction temperature 

are most likely due to kinetic effects.   

 Differences in the kinetics of reduction are also easily seen between NiAl2O4 and 

the other compositions.  The rate of reduction of Ni0.75Mg0.25Al2O4 is very rapid 

compared to NiAl2O4.  These kinetic differences are likely the result of differing rates of 

gas transport through their respective reaction layers.  This is likely due to the differing 
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composition of their reaction layers, as similar microstructures form upon reduction for 

each microstructure, as observed by SEM.  NiAl2O4 appears to form Θ-Al2O3 more 

readily upon reduction, while Ni0.75Mg0.25Al2O4 tends to retain metastable spinel phases.   

 

G. Verification of Refined Nickel Phase Fraction by TGA 

 In order to verify the nickel metal phase fractions determined by Rietveld 

refinement, samples of each composition reduced at 950 and 1100 °C were reduced in the 

Setaram SETSYS Evolution TGA in an isothermal hold at 1000 °C in 4% H2/Ar, for 16 

hours for Ni0.5Mg0.5Al2O4 and Ni0.25Mg0.75Al2O4, and 40 hours for NiAl2O4 and 

Ni0.75Mg0.25Al2O4.  The weight loss that the already somewhat reduced samples 

underwent during the isothermal hold was compared to the total weight loss to calculate 

the nickel metal phase fraction.  The comparison between the two methods of 

determination is shown in Figure 47.  Very good agreement is seen for all samples - 

within ~ 2.5 wt%.   
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Figure 47. Comparison of nickel metal phase fraction as determined by Rietveld 

refinement of X-ray diffraction data and by an isothermal TGA run at 1000°C in 

4%H2/Ar.  The Ni0.75Mg0.25Al2O4 reduced at 950 °C refinement and TGA data 

markers are on top of one another. 

 

 Volatilization of nickel from the reduced samples in the closed system furnace or 

the TGA would greatly complicate matters, but this was not expected to be a problem, as 

the vapor pressure of nickel metal at the highest temperature of reduction used, 1100 °C, 

is only 6.7 x 10
-4

 atm.  Furthermore, no sign of nickel deposition onto the furnace tube 

was detected after reducing a total of 145 grams of spinel in the furnace.   

 

H. Spinel Density 

 As the reduction proceeds, the spinel density decreases due to the loss of the 

heavy Ni
2+

 ion and the relative gain of the lighter Mg and Al.  The lattice parameter 

decreases, decreasing the unit cell volume, but not enough to maintain its density.  

Despite the lowered density of the spinel, the composite increases in density due to the 
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gain of dense nickel metal.  These trends are shown in Figure 48 for the various 

compositions.  The composite density and the spinel density do not meet at the y-axis due 

to the 2.5 weight percent ZrO2 in the mixture.   

 

 

 

Figure 48. Composite and spinel density assuming the model of decreasing nickel, 

constant Mg/Al ratio, and full oxygen occupancy.   

 

 Figures 49 and 50 show the composite density of the closed-system reduced 

spinels, and the reduced in the TGA samples respectively, as measured by helium 

pycnometry.  The nickel metal phase fraction for the ex-situ reduced samples was 

determined by Rietveld refinement.  Weight loss in the TGA experiment was used to 

determine the nickel metal phase fraction for the reduced in the TGA samples.  

Agreement with the model is more satisfactory for the close-system reduced spinels than 

3 

3.2 

3.4 

3.6 

3.8 

4 

4.2 

4.4 

4.6 

4.8 

5 

0 5 10 15 20 25 30 35 40 

D
e

n
si

ty
 (g

/c
m

3
) 

Weight % Nickel Metal 
Ni1Z Spinel Ni0.75Z Spinel Ni0.5Z Spinel 

Ni0.25Z Spinel MgZ Spinel Ni1Z Composite 

Ni0.75Z Composite Ni0.5Z Composite Ni0.25Z Composite 



79 

for the reduced in the TGA spinels.  This is due to the greater amount of sample available 

for the pycnometry measurement for the closed-system reduced spinels, 1g vs. ~ 0.1 g.  

Even when using a chamber insert to reduce the volume of the cell, measurement of the 

smaller sample mass was more sensitive to errors due to drift between the time the 

pycnometer was calibrated and the measurement was performed.   

 

 

 

Figure 49. Composite density of spinels reduced in the closed system, plotted as a 

function of the refined weight percent nickel metal.  Higher nickel metal content 

Ni0.5Mg0.5Al2O4 compositions were produced, but not measured by pycnometry.   
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Figure 50. Unreduced mixture densities, and densities after reduction in the TGA 

as a function of nickel metal phase fraction as determined by weight loss.  The 

NiAl2O4 and Ni0.75Mg0.25Al2O4 samples were reduced for 40 hours at 1000 °C in 

4% H2/Ar, the other compositions for 16 hours.  Measured by helium 

pycnometry with a 0.1 cm
3
 chamber insert. 

 

 The density of the spinel can be extracted from the composite density via the rule 

of mixtures
52

. 

      
 

  
  

   
  
  

  
  
  

    (13) 

Where ρc is the composite density, Mi is the mass fraction of the ith component, and ρi is 

the density of the ith component.  Solving for the density of component 1: 

      
  

 

  
   

   
  

   
  
  

    (14) 

As the sample loses mass during the reduction, the mass fraction of ZrO2 increases from 

its starting 2.5 %.  This varies in a predictable manner and can be accounted for.  Thus 
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with a measured composite density, a nickel mass fraction from Rietveld refinement of 

X-ray diffraction data or weight loss in a TGA experiment, and the known densities of 

8.908 g/cm
3
 for nickel metal and 5.68 g/cm

3
 for ZrO2, the remnant spinel density can be 

calculated.   

 Figure 51 shows the spinel densities extracted from the composite density as a 

function of nickel metal phase fraction.  Very good agreement is seen between the 

calculated densities and that predicted by the Al and Mg rich, full oxygen occupancy 

spinel model, confirming the conclusions of the Rietveld refinements of the X-ray 

diffraction data.   

 

 

 

Figure 51. Remnant spinel density of samples reduced in the closed system, 

calculated from the composite density and the refined nickel metal phase 

fraction.  Higher nickel metal content Ni0.5Mg0.5Al2O4 compositions were 

produced but not measured by pycnometry.   
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 Samples containing metastable spinel phases also show good agreement with the 

nonstoichiometric spinel model, which is indicative that the density of the metastable 

spinel phases is close to that of Al2O3 rich spinels of the same composition, which is as 

expected.   

 Confirmation of the claim by Okuyama as to the presence of a small number of 

oxygen vacancies, one   
   for every 17 excess Al2O3 in Al2O3-rich MgAl2O4, cannot be 

made.  Such a small difference cannot be detected by this method due to the uncertainty 

in the spinel density brought on by uncertainty in the phase fractions of nickel metal and 

ZrO2.   

I. X-Ray Diffraction of TGA-Reduced Samples 

 Samples reduced in the TGA for 16 or 40 hours were examined by X-ray 

diffraction to determine their phase compositions, as shown in Figures 52 through 56.  

MgAl2O4 + 2.5 wt% ZrO2 reduced for 16 hours at 1000 °C contained only baddeleyite, 

tetragonal ZrO2, and MgAl2O4, shown in Figure 52.  Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2 

and Ni0.5Mg0.5Al2O4 + 2.5 wt% ZrO2 were found to contain only nickel metal, 

baddeleyite, tetragonal ZrO2, and spinel, shown in Figures 53 and 54 respectively.   
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Figure 52. X-Ray diffraction pattern and phase identification of MgAl2O4 + 2.5 

wt% ZrO2 after 16 hours at 1000 °C in 4% H2/Ar.  Reflections are shown for 

baddeleyite, tetragonal ZrO2, and spinel 
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Figure 53.  X-Ray diffraction pattern and phase identification of Ni0.25Mg0.75Al2O4 

+ 2.5 wt% ZrO2 after 16 hours at 1000 °C in 4% H2/Ar.  Reflections are shown 

for nickel metal baddeleyite, spinel and tetragonal ZrO2. 
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Figure 54. X-Ray diffraction pattern and phase identification of Ni0.5Mg0.5Al2O4 + 

2.5 wt% ZrO2 after 16 hours at 1000 °C in 4% H2/Ar.  Reflections are shown for 

nickel metal, baddeleyite, spinel and tetragonal ZrO2. 

 

 Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 was found to contain nickel metal, baddeleyite, 

tetragonal ZrO2, a very small amount of spinel, and either NiAl10O16 or NiAl32O49, as 

shown in Figure 55.  The specific defect spinel phase was present could not be 

distinguished by powder diffraction.  Single crystal diffraction or in-depth TEM 

investigations are sometimes necessary to distinguish one metastable spinel phase from 

another
41

.   

 NiAl2O4 + 2.5 wt% ZrO2 was found to contain nickel metal, baddeleyite, 

tetragonal ZrO2, Ɵ-Al2O3, and NiAl32O49, as shown in Figure 56.   
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Figure 55. X-Ray diffraction pattern and phase identification of Ni0.75Mg0.25Al2O4 

+ 2.5 wt% ZrO2 after 40 hours at 1000 °C in 4% H2/Ar.  Reflections are shown 

for nickel metal, spinel, NiAl32O49, baddeleyite, and tetragonal ZrO2. 
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Figure 56. X-Ray diffraction pattern and phase identification of NiAl2O4 + 2.5 

wt% ZrO2 after 40 hours at 1000 °C in 4% H2/Ar.  Reflections are shown for 

nickel metal, NiAl32O49, baddeleyite, tetragonal ZrO2, and theta alumina.   

 

J.  (Ni,Mg)O·xAl2O3 Phase Stability 

 A phase diagram for the NiAl2O4 – MgAl2O4-Al2O3 was constructed to provide 

information on the phase stability of the ternary system.  Pseudo-binary phase diagrams 

are available for NiAl2O4 – Al2O3 and MgAl2O4 – Al2O3 in Phase Equilibria 

Diagrams,
53,54

 numbers 2323 and 9908 respectively.  The Al2O3 solubility of the NiAl2O4 

– MgAl2O4 solid solution is not well determined.  Figure 57 constructs the compositional 

space containing the compositions of interest.  Blue tie lines show the path the 

composition of the remnant spinel takes as nickel is reduced from the spinel.  Movement 

towards the MgO – Al2O3 pseudo-binary along the tie line gives a constant Mg-Al ratio.   
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Figure 57. Al2O3 – NiO – MgO phase diagram showing the NixMg1-xAl2O4 

compositions x = 0.75, 0.5, and 0.25 used in this study.  Tie lines show the 

development of the remnant spinel composition as nickel ions in the spinel are 

reduced to nickel metal.   

 

 Figure 58 shows the Al2O3 stability limits for the pseudo-binary systems; the 

NiAl2O4 and NiAl2O4 + Corundum boundary being from Rotan et al.
21

  The MgAl2O4 – 

Al2O3 pseudo-binary system has been studied more extensively, and a temperature 

dependence of Al2O3 solubility is available,
19

 and is projected onto the 1-D phase 

diagram of Figure 58.   
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Figure 58. NiAl2O4 – MgAl2O4 – Al2O3 phase stability diagram.  Stability limit 

between NiAl2O4 and NiAl2O4 + Corundum from Rotan et al. is shown
21

.  The 

MgAl2O4 – Al2O3 pseudo-binary system has been studied more extensively, and 

a temperature dependence is available.
19

   

 

 Figure 59 shows which calculated remnant spinel compositions contained only 

spinel, and which contained metastable spinel or transition aluminas.  Samples produced 

by both closed system reduction and by TGA are included in the plot.  Nickel metal 

content was determined by Rietveld refinement for the closed-system reduced samples 

and by weight loss for the reduced in the TGA samples.   
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Figure 59. Derived phase stability diagram, showing the remnant spinel 

compositions which were stable after reduction as blue dots, and the unstable 

compositions as red X’s.   

 

 The remnant spinel composition was calculated using the refined nickel metal 

content rather than the spinel stoichiometry, which was also refined.  The nickel metal 

phase fraction is a more reliable measure, as confirmed by TGA analysis of the spinels 

reduced at 950 and 1000 °C.  Refinement of the spinel stoichiometry is complicated by 

correlating variables such as the thermal parameters, inversion, and oxygen parameter.  

The calculated remnant spinel compositions are given in Appendix 2. 

 The emergence of lines belonging to a metastable spinel phase was taken as 

evidence that the remnant spinel composition was no longer in the spinel phase stability 

region, but instead in the spinel + corundum phase stability region, as given sufficient 

time to reach equilibrium, a metastable spinel phase will transform to corundum and 

spinel at the limiting composition.   
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 Unfortunately, no temperature dependence can be deduced via this method.  

Al2O3 solubility is known to increase with increasing temperature in both the NiAl2O4 – 

Al2O3 and MgAl2O4 – Al2O3 pseudobinary systems, and as such, the room temperature 

measurements should approximate a minimum in the Al2O3 solubility.  It is possible that 

some of the remnant spinel compositions were stable at the reduction temperature, but 

passed into the spinel + corundum region upon cooling and formed metastable spinel 

phases as a result.  Uncertainties in composition are greater using this method than those 

typically used when determining a phase diagram, but this method does provide valuable 

information as to the shape of the spinel phase stability boundary line, which was not 

available previously.   

 

K. Spinel Surfaces 

 The morphology of the spinel phase undergoes drastic changes as the reduction 

proceeds.  Figures 60 and 61 show the highly stepped, angular nature of the as-

synthesized NiAl2O4.  ZrO2 appears to be preferentially located at grain boundaries, and 

some ZrO2 can be seen on top of the grains.  As the spinel is reduced, the stepped nature 

diminishes with higher treatment temperature, or extent of reduction, which are 

effectively linked in this study.  Microstructures of reduced spinels can be seen in Figures 

63 through 73, spanning reduction temperatures of 750 to 1100 °C.  NiAl2O4 reduced at 

650 and 700 °C were previously shown as Figures 18 and 19.  As can be seen in the 

LVSEM image of Figure 67, substantial amounts of material are missing in the vicinity 

of the steps, suggesting preferential mass transport from the steps.  This cannot be seen 

by SEM at 900 or 950°C, but is apparent in Figure 70, which was reduced at 1000 °C.  

By 1000 °C, the stepped microstructure has largely disappeared, and there is no trace of it 

remaining at 1100 °C.   
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Figure 60. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, calcined for 8 

hours at 1500 °C.  10 kX original magnification. 
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Figure 61. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, calcined for 8 

hours at 1500 °C.  The highly stepped surface of the oxide is easily seen, which 

is lost as the oxide is reduced at higher temperatures.  50 kX original 

magnification. 
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Figure 62. Secondary electron image of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2, 

reduced at 850 °C in 300 Torr H2 for 24 hours.  10 kX original magnification.   
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Figure 63. Low-voltage secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, 

reduced at 750 °C in 300 Torr H2 for 29 hours. 0.45 kV, 30 kX original 

magnification.   
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Figure 64. Low-voltage secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, 

reduced at 750 °C in 300 Torr H2 for 29 hours. 0.45 kV, 200 kX original 

magnification.   
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Figure 65. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 850 

°C in 300 Torr H2 for 24 hours.  50 kX original magnification.   
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Figure 66. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 900 

°C in 300 Torr H2 for 12 hours.  50 kX original magnification.   
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Figure 67. Low-voltage secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, 

reduced at 900 °C in 300 Torr H2 for 12 hours. 0.40 kV, 30 kX original 

magnification.   
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Figure 68. Low-voltage secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, 

reduced at 900 °C in 300 Torr H2 for 12 hours. 0.40 kV, 100 kX original 

magnification.   
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Figure 69. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 950 

°C in 300 Torr H2 for 12 hours.  20 kX original magnification.   
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Figure 70. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 1000 

°C in 300 Torr H2 for 12 hours.  20 kX original magnification.   
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Figure 71.  Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 

1000 °C in 300 Torr H2 for 12 hours.  50 kX original magnification.   
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Figure 72. Secondary electron image of NiAl2O4 + 2.5 wt% ZrO2, reduced at 1100 

°C in 300 Torr H2 for 12 hours.  20 kX original magnification.   
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Figure 73. Secondary electron image of Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2, 

reduced at 850 °C in 300 Torr H2 for 24 hours.  50 kX original magnification.   

 

L. Nickel Crystallite Size, Shape and Distribution 

1. Nickel Particle Distribution 

 The relative distribution of nickel metal on the surface of the spinel, or inside the 

grains is important to many potential applications, such as catalysis.  Ni metal crystallites 

are observed on both the spinel and the ZrO2 particles, as shown in Figure 74, which is 

not particularly surprising.  Y2O3 stabilized cubic ZrO2 has been shown to dissolve up to 

2 mole percent Ni, so it is quite possible that the monoclinic and tetragonal ZrO2 phases 

present in these samples are also capable of dissolving some amount of Ni.  The Ni metal 

crystallites on the surface of the ZrO2 particles upon reduction are likely reducing from 

the ZrO2.  
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Figure 74. STEM EDS maps of an agglomerate of spinel and ZrO2 particles, 

NiAl2O4 + 2.5 wt% ZrO2 reduced at 850 °C for 24 hours in 300 Torr H2.  An 

abnormally high number of ZrO2 particles happen to be in this agglomerate.  

Nickel metal crystallites can be seen on both ZrO2 and spinel grains.   

 

 Quenard et al.
55

 performed work on CoxMg1-xAl2O4 and NixMg1-xAl2O4 at low Co 

and Ni stoichiometries such that the fully reduced oxide would contain 4 wt% Ni or Co.  

They performed TGA measurements in an oxidizing atmosphere on their reduced 

powders and noted discrete weight gains at ~ 340 °C and ~ 950 °C, which they attributed 

to the oxidation of metal particles on the surface and in the interior, respectively.  They 

also performed measurements where the powders were boiled in 1 molar HCl prior to the 

measurement to remove any Co or Ni on the surface.  These powders lacked the weight 

gain at ~ 340 °C seen in the unboiled samples.  By analysis of the relative weight gains of 

the HCl-boiled and unboiled powders, they determined that ~ 66% of the metal particles 

were in the interior of the particles.  Their powders were reduced at 700 – 1000 °C in dry 
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hydrogen for one hour, and the reduced powders had a surface area of 1 m
2
/g as 

measured by nitrogen adsorption.   

 As can be seen from the FIB TEM specimens and the SEM powder cross section 

images, Figure 75 and Figures 77 through 81, the percentage of nickel in the grains of the 

samples produced in this work is certainly much lower than 66%, more likely ~ 5%.  The 

temperatures used by Quenard et al. were similar to those used in this study, though their 

treatment duration was much shorter.  Quenard used only one nickel stoichiometry, 

sufficient to yield 4 wt% Ni in the fully reduced composite.  The lowest nickel containing 

composition used in this study, Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2, yields 9.73 wt% 

nickel upon full reduction.  Quenard’s powders had an unusually small particle size, at a 

surface area of 16 m
2
/g, whereas the surface area of the solid state synthesis derived 

powder in this work is likely ~ 0.5 – 1 m
2
/g given the high 1500 °C calcination 

temperature used.  Any of the factors of stoichiometry, particle size, or the presence of 

ZrO2 could be the cause of the differences in observed behavior.   

 The high concentration of nickel metal crystallites on the surface is supported by 

gas adsorption data.  When measured by N2, Ni0.75Mg0.25Al2O4 + 2.5 wt% ZrO2 reduced 

at 900 °C for 12 hours in 300 Torr H2 showed a surface area of 1.19 m
2
/g, as calculated 

by the BET method.  When measured by H2 adsorption, which would be specific to the 

Ni metal surfaces, the sample showed a surface area of 0.37 m
2
/g, showing that 31% of 

the sample surface area is due to the nickel metal.   
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Figure 75. Back scatter SEM image of a cross section of NiAl2O4 + 2.5 wt% ZrO2 

reduced at 900 °C for 12 hours in 300 Torr H2.  The high concentration of 

nickel metal crystallites on the surface of the particle can be viewed through the 

epoxy.   

 

2. Refined and Observed Nickel Crystallite Sizes, and Crystallite Shape 

 Figure 76 shows a comparison between the nickel metal crystallite sizes, as 

determined by Rietveld refinement, and as measured from SEM images.  The very good 

agreement between the two strongly suggests that the nickel metal crystallites are 

monocrystals.  If the nickel metal crystallites were twinned or made up of multiple grains, 

the refined crystallite sizes would be a fraction of the observed sizes.  The data is 

tabulated in Table VII, including the range of sizes observed in the SEM. 

 As is best shown in Figure 64, the (111) faces of the nickel and spinel appear to 

be coplanar, as suggested by the triangle on triangle morphology.   
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Figure 76. Comparison of refined nickel crystallite sizes to those observed in the 

SEM for NiAl2O4 + 2.5 wt% ZrO2.  Error bars show one standard deviation in 

the refined values.  Error bars are not shown for the measurements from SEM 

images, but ranges are given in Table VII.  SEM of the 800 °C reduced sample 

is not included as it was sent for neutron diffraction.  The 1100 °C sample is not 

included as it is difficult to distinguish the ZrO2 crystallites from the Ni 

crystallites in that sample.   
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Table VII.  Comparison of Observed and Refined Nickel Crystallite Sizes 

Reduction 
Temperature 

(°C) 

Refined 
Crystallite 
Size (nm) 

Refined 
Error 
(nm) 

Observed 
Size (nm) 

Observed 
Range (nm) 

650 92.5 105.8 43 20-60 

700 61.8 45.9 64 50-70 

750 58.7 27.1 62 45-70 

800 153.6 122.0 † † 

800 #2 99.2 33.1 † † 

850 107.8 32.8 150 100-260 

900 127.1 31.8 150 100-250 

950 176.3 40.5 200 140-300 

950 #2 131.1 23.5 * * 

1000 217.8 57.2 380 200-840 

1100 1615.8 2176.7 Ψ Ψ 

 

† - Sent for neutron diffraction before SEM could be performed. 

* - Only one 950 °C sample was analyzed by SEM 

Ψ – ZrO2 and Ni particles could not be distinguished from one another. 

 

3.  Needle-Like Particles in the Interior of Grains 

 Needle-like metallic nickel crystallites (likely plate-like in three dimensions) are 

observed in both the SEM images of the polished powder cross sections and the FIB’ed 

TEM specimens, Figure 75, Figure 77, and Figures 79 through 81.  These particle shapes 

are most likely the result of short circuit diffusion.
36

  Reduction temperatures used in this 

study are given in Table VIII as a fraction of the 2110 °C homologous melting 

temperature of NiAl2O4. 

 

 

Table VIII.  Reduction Temperatures as a Fraction of the Homologous Melting 

Temperature of NiAl2O4. 

Reduction Temperature (°C) 650 700 750 800 850 900 950 1000 1100 

Fraction of Homologous Melting 
Temperature of NiAl2O4 

0.39 0.41 0.43 0.45 0.47 0.49 0.51 0.53 0.58 
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 The samples examined in the TEM investigation which were cut with a focused 

ion beam were NiAl2O4 + 2.5 wt% ZrO2 reduced at 850 °C for 24 hours, and 900, and 

950 °C for 12 hours.  Needle like nickel crystallites were observed in the FIB slices of the 

850 and 950 °C reduced samples, Figures 77 and 79, but not in the 900 °C reduced 

sample, Figure 78, which was mostly a near surface region.   

 

 

 

Figure 77. TEM image of a specimen cut from NiAl2O4 + 2.5 wt% ZrO2 reduced 

at 850 °C for 24 hours in 300 Torr H2 with a FIB.  A needle-like nickel 

crystallite is visible at the center of the specimen.   
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Figure 78. TEM image of a specimen cut from NiAl2O4 + 2.5 wt% ZrO2 reduced 

at 900 °C for 12 hours in 300 Torr H2 with a FIB.  No needle-like nickel 

crystallites are visible in the specimen.   
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Figure 79. TEM image of a specimen cut from NiAl2O4 + 2.5 wt% ZrO2 reduced 

at 950 °C for 12 hours in 300 Torr H2 with a FIB.  A needle-like nickel 

crystallite is visible at the center of the sample.  The light vertical streak is an 

artifact from the FIB process.  The tip of the crystallite has fallen out of the 

specimen. 

 

 Powder cross-sections were made from the NiAl2O4 + 2.5 wt% ZrO2 samples 

reduced at 900 and 950 °C.  These powder cross sections were examined in the SEM, as 

shown in Figures 80 and 81, and both samples contained numerous needle-like nickel 

particles. 

 All samples examined were reduced at a temperature near or below half of the 

homologous melting temperature of NiAl2O4, with 950 °C being 0.51 of the 2110 °C 

homologous melting temperature of NiAl2O4.  Observation of needle-like nickel metal 

crystallites in all observed specimens agrees with the rule of thumb proposed by Rogers 

and Trumble.
36

  The intragrain inhomogoneous crystallites seen in Figure 81 are parallel 

to one another.  This was seen in many particles in the cross sections of the reduced 

powders.  The parallel nature of the crystallites strongly suggests a crystalline orientation 

relationship with the spinel matrix.   
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 Üstündag et al.
31

 reduced monolithic NiAl2O4 samples without ZrO2, and with 

various ZrO2 loadings, at 1100, 1300, and 1350 °C.  In both ZrO2 containing and ZrO2 

frees samples, needle-like particles were observed at 1100 °C, but none at 1300 or 1350 

°C.  This agrees with the principles set forth by Trumble and Ross, although at 0.58 of 

the homologous melting temperature, 1100 °C is a bit high.  However, monolithic 

samples were used, which would likely increase the transition temperature of the 

behavior, as monolithic samples increase the diffusion distance to the surface. 

 

 

 

Figure 80. Back scatter SEM image of a cross section of NiAl2O4 + 2.5 wt% ZrO2 

reduced at 900 °C for 12 hours in 300 Torr H2.  Many needle-like nickel 

crystallites are visible in the sample.   
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Figure 81. Back scatter SEM image of a cross section of NiAl2O4 + 2.5 wt% ZrO2 

reduced at 950 °C for 12 hours in 300 Torr H2.  Needle-like nickel crystallites 

are visible in the sample.   

 

M. Suggestions for Assessing Extent of Reduction 

 The long durations necessary to completely reduce the spinels shows the 

importance of accurately assessing and reporting the extent of reduction in any study 

examining the catalytic properties, microstructure, or crystal structure of any reducible 

spinel.  Controlling factors for the extent of reduction of a given composition include the 

treatment time, PO2, and temperature.  For reductions in a closed system, the system 

volume and sample mass also contribute, as the PO2 in the atmosphere will increase as 

the reduction proceeds.  At a given reducible sample mass, a larger system volume would 

experience a smaller rise in PO2 than would a system of a smaller volume.   
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 While performing the reduction in the TGA and using that sample for subsequent 

analyses works well for some techniques, this method is not feasible with the amount of 

sample necessary for some experiments, particularly catalysis testing, chemisorptions 

measurements, and surface area analysis.  If a TGA is used to produce samples at degrees 

of reduction less than complete, the mass signal must be monitored during cooling, as 

reduction will continue to occur if the reducing atmosphere is not removed from the 

sample.   

 Simply weighing the mass of powder before and after reduction to obtain a mass 

loss is a poor choice because powder can sometimes be lost from the crucibles during 

loading, pumping down, and unloading, although a porous crucible lid could possibly 

avoid those problems.  Reducing an easily weighted solid pellet and crushing it afterward 

is also problematic.  The resulting powder would not be homogeneously reduced unless 

the reduction were complete, since the reduction proceeds from the outer surface inward.  

Also, the SEM images of reduced powder and cross-sectioned reduced powder, Figures 

63 to 81, show very high metal concentrations on the powder surfaces, a catalytically 

important feature that would be lost by reducing a pellet and subsequently crushing it.   

 The recommended procedure is to use TGA experiments to identify a reaction 

time, temperature, and atmosphere capable of fully reducing the desired composition at 

the synthesized particle size distribution.  Reductions can then performed either in a 

closed or flowing gas system at the desired reaction parameters.  Representative samples 

of the same mass previously run in the TGA can then be taken from the reduced powder 

and reduced in the TGA, using the reaction parameters previously found able to 

completely reduce the parent powder.  By comparing the weight loss of the unreduced 

powder to the weight loss of the powder reduced in the closed system, the extent of 

reaction can be accurately assessed, and reduction methods more amenable to large 

volumes can be used.  Conversely, a weight gain upon oxidation of a reduced powder 

could also be used to assess the extent of reduction. 
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SUMMARY AND CONCLUSIONS 

 The reduction of NixMg1-xAl2O4 + 2.5 wt% ZrO2 in H2 was characterized by room 

temperature X-ray diffraction, high temperature X-ray diffraction, thermogravimetric 

analysis, pycnometry, TEM, and SEM.  Upon full reduction, all samples lost a percentage 

of their mass corresponding to one O
2-

 for every Ni
2+

 in the starting composition.  

Ni0.25Mg0.75Al2O4 + 2.5 wt% ZrO2 and Ni0.5Mg0.5Al2O4 + 2.5 wt% ZrO2 were shown to 

form Ni metal and a non-stoichiometric spinel of the same Mg-Al ratio as the starting 

composition.   

 The spinel phases of NiAl2O4 + 2.5 wt% ZrO2 and Ni0.75Mg0.25Al2O4 + 2.5 wt% 

ZrO2 were found to be unstable as full reduction was approached, and metastable spinel 

phases, Ɵ-Al2O3, and α-Al2O3 formed sequentially given enough time at temperature.  

From the data a phase diagram was constructed in a previously uninvestigated region of 

the NiAl2O4 – MgAl2O4-Al2O3 ternary phase diagram, using the phase stability of the 

remnant spinel as an indication of the edge of the spinel stability phase field, shown in 

Figure 59.  The constructed phase diagram shows excellent agreement with the 

pseudobinary diagrams where a comparison is possible.   

 The formation of a non-stoichiometric spinel upon reduction was confirmed by 

density measurements of the reduced specimens using helium pycnometry.  Very good 

agreement with the model was seen for the samples produced in the closed system 

reduction.   

 The onset of reduction temperature was shown to vary with composition in 

flowing 4% H2/Ar, with NiAl2O4 beginning to reduce at ~ 780 °C.  The onset of reduction 

temperatures of the other compositions were much closer to each other than to that of 

NiAl2O4, but were consistently different from one another, beginning at ~ 900 °C for 

Ni0.75Mg0.25Al2O4.  The reduction kinetics of Ni0.75Mg0.25Al2O4 were the fastest on a mass 

percent loss basis at 1000 °C, which explains results seen in the closed system reductions 

where at several temperatures, the Ni0.75Mg0.25Al2O4 samples contain more nickel metal 

than do the reduced NiAl2O4 samples.  The kinetics of NiAl2O4 and Ni0.5Mg0.5Al2O4 were 

very similar, with Ni0.25Mg0.75Al2O4 being the slowest, shown in Figures 41 and 42.   
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 The lattice parameter of the spinel decreases as nickel is reduced from all 

compositions, and microstrain in the spinel increases.  A distorted nickel metal peak 

shape was observed in the X-ray diffraction patterns for all compositions.  The magnitude 

of the distortion increased with temperature for all compositions, except in 

Ni0.25Mg0.75Al2O4, in which it decreased with increasing temperature.  The cause of this 

peak shape distortion is likely a mismatch of coefficient of thermal expansion between 

the nickel and the remnant spinel, but exact determination of the root cause of the 

distortion is difficult given the dynamics of the system.  The presence of a small amount 

of Ni-Al alloy is also a possible cause of the distortion. 

 Comparison of the refined nickel metal crystallite size and the particle diameters 

observed in the SEM indicate that the crystallites are likely predominantly monocrystals.  

A very high portion of the nickel metal crystallites are on the spinel surfaces, comprising 

31% of the sample surface area in one sample measured by both N2 and H2 adsorption.   

  Significant progress was made towards understanding the dynamics of a 

catalytically important system, including the reduced spinel stability limits, kinetics, and 

crystallite size dependencies.  Subsequent studies can use the phase stability and kinetic 

results of this work to identify additives to stabilize the metastable spinel structures.  

Good candidates were identified in ZrO2 and Nb2O5.  In addition TiO2 was found to 

promote the formation of corundum.  This will be of aid in the development of a highly 

active fuel cell anode which can be regenerated after coking.   
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FUTURE WORK 

 Now that the stability limit of the spinel has been defined, more detailed studies to 

investigate the effects of additives on the rate of decomposition of the metastable phases 

can be conducted.  Spinels reduced to near their stability limit can be used for HTXRD 

experiments in flowing 4% H2 at a temperature where the reduction kinetics are 

sufficiently slow to allow the phase changes to be monitored, ~ 900 to 950 °C.  The rate 

of phase change through the metastable defect spinels to transition alumina to corundum 

could then be quantified in the undoped spinels and in the presence of different additives.   

 The possibility of the formation of a Ni-Al alloy could be explored by performing 

reductions in flowing pure H2 to further investigate the root cause of the nickel metal 

peak shape distortion seen in XRD.  Flowing pure H2 would maintain throughout the 

reduction the PO2 which was seen by the furnace reduced samples at the start of the 

reduction.  According to the phase diagram by Elfrefaie and Smeltzer,
35

 if this PO2 is in 

fact low enough to form a Ni-Al alloy, all metal reduced would be of this composition.  

This would result in an observable shift in the lattice parameter that could be easily 

quantified.   

 In the closed system reductions as currently configured, the moles of H2 applied 

to the furnace vary with the reduction temperature employed when one pressure is 

applied for all temperatures used.  A method to ensure that a constant number of moles of 

H2 were applied to the system for every temperature would be to add a reservoir of a 

given volume to the gas manifold, and add a valve separating the gas manifold from the 

furnace.  When the H2 is applied, the valve to the furnace would be closed after it had 

been pumped down to vacuum, and a given pressure of H2 would be added to the 

manifold.  The valve to the furnace would then be opened.  The pressure in the system 

would vary with reduction temperature employed, but the number of moles of H2 would 

be consistent.   

 An additional means of characterizing the reduction of the system would be to use 

flowing hydrogen at a range of temperatures to achieve full reduction at each 

temperature.  The dependence of nickel metal crystallite size could then be determined as 
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a function of temperature only, with the extent of reduction a constant.  In the current 

work, reduction temperature and extent of reduction are correlated, preventing the 

determination of a true dependency on reduction temperature. 
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APPENDIX 1 – REFINED STRUCTURAL PARAMETERS 

 

Spinel 

 

x 

Reduction 

Temperature 

(°C) 

Crystallite 

Size (nm) 
Microstrain 

Refined 

Weight % 
a (Å) 

Oxygen 

Positional 

Parameter 

1 - 442(9) 0.044(1) 97.7(4) 8.04766(1) 0.25688(8) 

1 650 277(5) 0.020(1) 97.83(7) 8.04636(2) 0.25685(9) 

1 700 389(6) 0.0229(9) 97.7(6) 8.04614(1) 0.25701(8) 

1 750 378(6) 0.0309(9) 97.3(6) 8.04610(2) 0.25681(7) 

1 800 385(8) 0.061(1) 96.23(7) 8.04529(2) 0.25597(8) 

1 800 480(16) 0.089(2) 95.27(8) 8.04483(3) 0.25546(1) 

1 850 945(79) 0.137(2) 93.8(1) 8.04326(4) 0.2556(1) 

1 900 1400(230) 0.182(3) 91.5(1) 8.04029(5) 0.2551(1) 

1 950 2000(620) 0.217(4) 87.2(2) 8.03439(7) 0.2548(2) 

1 950 1050(180) 0.208(4) 86.90(4) 8.03308(7) 0.2546(2) 

1 1000 391(51) 0.232(8) 80.0(5) 8.0284(1) 0.2538(3) 

1 1100 47(6) .99(7) 70(1) 7.9673(5) 0.2511(5) 

       
0.75 - 500(14) 0.080(1) 97.5(1) 8.05544(2) 0.25721(8) 

0.75 650 450(11) 0.084(1) 96.4(1) 8.05544(2) 0.25768(8) 

0.75 700 395(11) 0.087(2) 97.9(1) 8.05593(3) 0.25704(9) 

0.75 750 480(14) 0.095(1) 95.9(1) 8.05533(2) 0.25743(7) 

0.75 800 560(16) 0.124(1) 96.27(5) 8.05421(2) 0.25732(8) 

0.75 800 471(17) 0.146(2) 94.93(7) 8.05429(3) 0.25732(8) 

0.75 850 780(100) 0.248(4) 90.9(2) 8.05033(8) 0.2577(1) 

0.75 900 2000(1400) 0.46(1) 86.6(4) 8.0390(2) 0.2576(2) 

0.75 950 1400(930) 0.63(1) 76.8(4) 8.0070(2) 0.2566(2) 

0.75 950 490(94) 0.54(1) 77.5(3) 8.0102(2) 0.2563(2) 

0.75 1000 430(74) 0.33(1) 70.9(4) 8.0006(2) 0.2567(2) 

0.75 1100 400(45) 0.220(7) 71.9(4) 7.9992(1) 0.2566(2) 
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Spinel - continued 

 

x 

Reduction 

Temperature 

(°C) 

Crystallite 

Size (nm) 
Microstrain 

Refined 

Weight % 
a (Å) 

Oxygen 

Positional 

Parameter 

0.5 - 540(20) 0.100(2) 97.5(3) 8.06550(3) 0.25874(8) 

0.5 650 500(15) 0.091(2) 97.1(1) 8.06536(3) 0.25869(8) 

0.5 700 500(15) 0.092(2) 96.4(2) 8.06578(3) 0.25855(8) 

0.5 750 460(15) 0.095(2) 95.0(3) 8.06589(3) 0.25873(8) 

0.5 800 450(13) 0.096(2) 95.9(1) 8.06464(3) 0.25879(8) 

0.5 800 485(17) 0.097(2) 97.24(7) 8.06583(3) 0.25860(8) 

0.5 850 450(12) 0.113(1) 96.6(6) 8.06403(3) 0.25895(6) 

0.5 900 770(60) 0.193(2) 94.26(9) 8.06039(5) 0.25887(8) 

0.5 950 2000(1000) 0.376(6) 87.4(2) 8.0353(1) 0.2592(1) 

0.5 950 2000(740) 0.308(5) 89.2(2) 8.04246(9) 0.2592(1) 

0.5 1000 1200(200) 0.251(4) 84.7(2) 8.02535(7) 0.2598(1) 

0.5 1100 950(120) 0.207(3) 85.9(1) 8.02975(6) 0.25907(9) 

              

0.25 - 250(5) 0.041(2) 97.77(6) 8.07633(3) 0.26125(8) 

0.25 650 290(6) 0.052(1) 97.39(6) 8.07646(3) 0.26103(8) 

0.25 700 325(7) 0.058(1) 97.79(5) 8.07637(3) 0.26107(7) 

0.25 750 320(7) 0.055(1) 97.79(5) 8.07617(3) 0.26092(7) 

0.25 800 300(6) 0.059(2) 97.49(6) 8.07441(3) 0.26068(7) 

0.25 800 240(5) 0.054(2) 97.53(6) 8.07582(3) 0.26087(8) 

0.25 850 350(8) 0.084(1) 96.40(5) 8.07333(3) 0.26083(6) 

0.25 900 430(15) 0.121(2) 95.48(5) 8.07160(4) 0.26079(7) 

0.25 950 550(35) 0.151(3) 93.90(6) 8.06478(6) 0.26116(9) 

0.25 950 380(14) 0.106(2) 95.70(6) 8.07027(4) 0.26091(9) 

0.25 1000 240(5) 0.066(2) 94.27(6) 8.06450(4) 0.26096(8) 

0.25 1100 280(6) 0.046(2) 95.10(6) 8.0680(3) 0.26104(8) 

              

0 - 630(32) 0.111(2) 97.66(4) 8.08309(3) 0.26255(7) 
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Nickel 

 

x 
Reduction 

Temperature 
(°C) 

Crystallite 
Size (nm) 

Microstrain 
Refined 
Weight 

% 
a (Å) 

1 650 93(105) 0.03(30) 0.47(5) 3.5260(5) 

1 700 62(46) 0.04(26) 0.58(5) 3.5259(5) 

1 750 59(27) 0.07(17) 1.00(5) 3.5263(3) 

1 800 154(122) 0.24(12) 2.00(5) 3.5275(2) 

1 800 99(33) 0.11(8) 2.91(6) 3.5282(1) 

1 850 108(83) 0.13(7) 4.42(7) 3.5283(1) 

1 900 127(31) 0.10(5) 6.8(1) 3.52879(8) 

1 950 176(40) 0.07(3) 11.1(2) 3.52924(6) 

1 950 131(24) 0.06(3) 11.5(2) 3.52993(6) 

1 1000 218(57) 0.07(3) 18.4(5) 3.52989(7) 

1 1100 1600(2200) 0.12(2) 28(1) 3.5302(2) 

            

0.75 650 2000(650000) 0(4) 1.4(1) 3.536(6) 

0.75 700 150(121000) 1(126) 0.006(90) 3.5(2) 

0.75 750 2000(260000) 0(2) 1.8(1) 3.718(3) 

0.75 800 57(14) 0.06(11) 1.58(4) 3.5291(2) 

0.75 800 97(30) 0.17(7) 2.90(5) 3.5296(1) 

0.75 850 190(70) 0.12(4) 6.5(1) 3.52909(8) 

0.75 900 300(126) 0.13(3) 11.4(3) 3.52905(8) 

0.75 950 2000(2400) 0.16(1) 21.2(3) 3.52959(7) 

0.75 950 380(81) 0.11(1) 20.5(3) 3.53156(6) 

0.75 1000 2000(2200) 0.14(1) 26.7(4) 3.53087(6) 

0.75 1100 1100(590) 0.11(1) 25.9(3) 3.53112(5) 
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Nickel – continued 

 

x 
Reduction 

Temperature 
(°C) 

Crystallite 
Size (nm) 

Microstrain 
Refined 
Weight 

% 
a (Å) 

0.5 650 1800(770000) 0(5) 0.5(1) 3.631(8) 

0.5 700 420(56000) 0(8) 1.3(1) 3.65(1) 

0.5 750 700(84000) 0(4) 2.6(3) 3.598(5) 

0.5 800 2000(50000) 0(3) 1.7(1) 3.660(4) 

0.5 800 2000(280000) 0(2) 0.42(5) 3.557(3) 

0.5 850 400(1000) 0.2(1) 1.12(4) 3.5283(2) 

0.5 900 500(390) 0.13(4) 3.43(5) 3.52859(7) 

0.5 950 120(1400) 0.15(2) 10.1(2) 3.52897(6) 

0.5 950 800(730) 0.16(3) 8.4(1) 3.52995(6) 

0.5 1000 2000(2800) 0.14(2) 12.8(1) 3.52863(3) 

0.5 1100 400(100) 0.09(1) 11.8(1) 3.52913(4) 

            

0.25 650 1900(1000000) 0.4(6.0) 0.03(3) 3.399(8) 

0.25 700 2000(60000) 0.05(30) 0.07(2) 3.5124(6) 

0.25 750 2000(71000) 0.08(38) 0.09(2) 3.5128(7) 

0.25 800 2000(100000) 0.49(57) 0.38(4) 3.5229(9) 

0.25 800 1800(90000) 0.54(65) 0.34(4) 3.526(1) 

0.25 850 140(73) 0.21(8) 1.39(3) 3.5266(2) 

0.25 900 170(63) 0.20(5) 2.29(3) 3.5271(1) 

0.25 950 385(300) 0.28(4) 3.83(4) 3.52696(9) 

0.25 950 210(140) 0.26(7) 2.16(4) 3.5279(1) 

0.25 1000 500(500) 0.27(4) 3.51(4) 3.52640(8) 

0.25 1100 380(250) 0.18(4) 2.76(3) 3.52630(7) 
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Baddeleyite 

 

x 
Reduction 

Temperature 
(°C) 

Refined 
Weight 

% 
a (Å) b (Å) c (Å) β (°) 

1 - 1.34(4) 5.149(1) 5.212(1) 5.318(1) 99.13(1) 

1 650 1.48(5) 5.151(2) 5.213(2) 5.317(1) 99.14(2) 

1 700 1.46(4) 5.153(1) 5.210(1) 5.318(1) 99.16(1) 

1 750 1.50(4) 5.153(1) 5.208(1) 5.320(1) 99.18(1) 

1 800 1.50(4) 5.152(9) 5.206(1) 5.3218(9) 99.20(1) 

1 800 1.75(5) 5.151(1) 5.207(1) 5.3232(9) 99.25(1) 

1 850 1.65(5) 5.154(1) 5.197(1) 5.326(1) 99.30(1) 

1 900 1.54(6) 5.152(1) 5.204(2) 5.327(1) 99.19(1) 

1 950 1.53(6) 5.152(1) 5.201(1) 5.328(1) 99.19(1) 

1 950 1.54(6) 5.150(1) 5.200(2) 5.330(1) 99.19(1) 

1 1000 1.40(9) 5.148(3) 5.134(2) 5.405(2) 99.37(2) 

1 1100 1.8(1) 5.146(2) 5.131(3) 5.405(3) 99.37(2) 

              

0.75 - 2.06(5) 5.150(1) 5.217(1) 5.317(1) 99.09(1) 

0.75 650 2.04(5) 5.152(1) 5.216(1) 5.318(1) 99.10(1) 

0.75 700 1.86(5) 5.151(1) 5.218(1) 5.318(1) 99.12(1) 

0.75 750 2.07(4) 5.1529(9) 5.213(1) 5.3188(8) 99.128(9) 

0.75 800 1.98(3) 5.1539(6) 5.205(7) 5.3208(6) 99.241(7) 

0.75 800 2.16(4) 5.1543(7) 5.2027(8) 5.3227(7) 99.328(8) 

0.75 850 2.31(7) 5.150(1) 5.195(1) 5.323(1) 99.50(1) 

0.75 900 2.0(1) 5.139(2) 5.190(2) 5.323(2) 99.61(2) 

0.75 950 1.85(6) 5.150(1) 5.204(1) 5.317(1) 99.22(1) 

0.75 950 1.90(6) 5.1514(9) 5.205(1) 5.3194(9) 99.23(1) 

0.75 1000 2.08(6) 5.150(1) 5.203(1) 5.321(1) 99.27(1) 

0.75 1100 1.90(6) 5.150(1) 5.204(1) 5.322(1) 99.27(1) 

 

 

 

 

 

 

 

 

 



131 

Baddeleyite - continued 

 

x 
Reduction 

Temperature 
(°C) 

Refined 
Weight 

% 
a (Å) b (Å) c (Å) β (°) 

0.5 - 2.08(5) 5.151(1) 5.218(2) 5.318(1) 99.04(1) 

0.5 650 2.17(5) 5.152(1) 5.216(1) 5.320(1) 99.10(1) 

0.5 700 2.06(5) 5.151(1) 5.221(1) 5.319(1) 99.05(1) 

0.5 750 2.07(5) 5.153(1) 5.219(1) 5.319(1) 99.06(1) 

0.5 800 2.13(5) 5.153(1) 5.215(1) 5.320(1) 99.08(1) 

0.5 800 2.09(5) 5.152(1) 5.215(1) 5.3205(9) 99.10(1) 

0.5 850 2.12(4) 5.1532(8) 5.2103(9) 5.3196(7) 99.180(9) 

0.5 900 2.11(5) 5.1557(8) 5.2037(9) 5.3208(8) 99.304(9) 

0.5 950 2.16(6) 5.155(1) 5.197(1) 5.319(1) 99.39(1) 

0.5 950 2.15(6) 5.1542(9) 5.201(1) 5.3191(9) 99.35(1) 

0.5 1000 2.18(5) 5.1561(9) 5.201(1) 5.3190(9) 99.23(1) 

0.5 1100 2.03(4) 5.1561(9) 5.205(1) 5.3191(9) 99.18(1) 

              

0.25 - 1.68(5) 5.152(2) 5.205(3) 5.322(2) 99.06(2) 

0.25 650 1.47(5) 5.152(2) 5.205(2) 5.322(2) 99.10(2) 

0.25 700 1.53(4) 5.152(1) 5.205(2) 5.322(2) 99.16(2) 

0.25 750 1.47(4) 5.152(2) 5.203(2) 5.322(2) 99.14(2) 

0.25 800 1.35(4) 5.153(2) 5.203(2) 5.321(2) 99.12(2) 

0.25 800 1.44(4) 5.149(2) 5.218(2) 5.321(2) 99.07(2) 

0.25 850 1.40(3) 5.153(2) 5.206(2) 5.321(1) 99.11(2) 

0.25 900 1.44(4) 5.152(2) 5.209(2) 5.322(1) 99.11(2) 

0.25 950 1.54(5) 5.151(2) 5.209(2) 5.321(2) 99.05(2) 

0.25 950 1.38(5) 5.144(2) 5.228(2) 5.319(2) 98.99(2) 

0.25 1000 1.42(4) 5.153(2) 5.206(2) 5.323(2) 99.03(2) 

0.25 1100 1.35(4) 5.154(2) 5.205(2) 5.323(2) 99.06(2) 

              

0 - 1.25(3) 5.150(2) 5.213(2) 5.323(2) 99.08(2) 
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Tetragonal ZrO2 

 

x 
Reduction 

Temperature 
(°C) 

Refined 
Weight % 

a (Å) c (Å) 

1 - 0.28(2) 3.5988(9) 5.196(2) 

1 650 0.22(2) 3.599(1) 5.197(3) 

1 700 0.23(2) 3.5994(7) 5.192(2) 

1 750 0.20(2) 3.601(1) 5.192(3) 

1 800 0.25(2) 3.599(1) 5.196(3) 

1 800 0.06(2) 3.601(3) 5.201(8) 

1 850 0.14(2) 3.595(2) 5.211(4) 

1 900 0.16(2) 3.595(2) 5.206(5) 

1 950 0.16(3) 3.581(2) 5.239(6) 

1 950 0.10(3) 3.580(3) 5.240(7) 

1 1000 0.21(4) 3.594(1) 5.202(3) 

1 1100 0.23(5) 3.607(3) 5.177(7) 

          

0.75 - 0.18(2) 3.599(1) 5.187(3) 

0.75 650 0.18(2) 3.597(1) 5.192(4) 

0.75 700 0.26(2) 3.5987(8) 5.185(2) 

0.75 750 0.24(2) 3.5977(9) 5.190(2) 

0.75 800 0.16(1) 3.600(1) 5.184(3) 

0.75 800 0.00(2) - - 

0.75 850 0.20(3) 3.595(1) 5.212(4) 

0.75 900 0.07(3) 3.594(5) 5.22(1) 

0.75 950 0.08(2) 3.630(4) 5.089(9) 

0.75 950 0.13(2) 3.631(3) 5.090(7) 

0.75 1000 0.23(3) 3.597(2) 5.188(6) 

0.75 1100 0.19(3) 3.551(3) 5.34(1) 
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Tetragonal ZrO2 - continued 

 

x 
Reduction 

Temperature 
(°C) 

Refined 
Weight % 

a (Å) c (Å) 

0.5 - 0.20(2) 3.598(1) 5.188(3) 

0.5 650 0.25(2) 3.598(1) 5.188(3) 

0.5 700 0.19(2) 3.598(1) 5.188(4) 

0.5 750 0.22(2) 3.598(1) 5.188(3) 

0.5 800 0.31(2) 3.5979(8) 5.188(2) 

0.5 800 0.24(2) 3.5971(8) 5.190(2) 

0.5 850 0.15(1) 3.599(1) 5.186(4) 

0.5 900 0.19(2) 3.616(2) 5.138(6) 

0.5 950 0.22(3) 3.611(2) 5.156(5) 

0.5 950 0.22(2) 3.612(1) 5.155(3) 

0.5 1000 0.31(2) 3.634(2) 5.089(4) 

0.5 1100 0.24(2) 3.618(1) 5.140(3) 

          

0.25 - 0.83(2) 3.638(1) 5.083(2) 

0.25 650 0.68(2) 3.6363(9) 5.083(2) 

0.25 700 0.61(2) 3.6361(9) 5.082(2) 

0.25 750 0.65(2) 3.6360(9) 5.082(2) 

0.25 800 0.78(2) 3.6361(9) 5.082(2) 

0.25 800 0.68(2) 3.5994(4) 5.186(1) 

0.25 850 0.80(2) 3.6367(5) 5.083(1) 

0.25 900 0.78(2) 3.6366(6) 5.082(1) 

0.25 950 0.72(2) 3.6397(9) 5.072(2) 

0.25 950 0.76(2) 3.5986(3) 5.1890(9) 

0.25 1000 0.79(2) 3.6386(8) 5.076(2) 

0.25 1100 0.79(2) 3.6392(8) 5.079(2) 

          

0 - 1.09(2) 3.6017(3) 5.1803(8) 
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APPENDIX 2 - REMNANT SPINEL COMPOSITIONS USED IN FIGURE 59 

 

Remnant Spinel Composition in Terms of Formula Unit 

 
NiAl2O4 + ZrO2 Ni0.75Mg0.25Al2O4 + ZrO2 Ni0.5Mg0.5Al2O4 + ZrO2 Ni0.25Mg0.75Al2O4 + ZrO2 

Reduction 

Temperature (°C) 

Weight 

% Nickel 
Ni Al 

Weight 

% Nickel 
Ni Mg Al 

Weight 

% Nickel 
Ni Mg Al 

Weight 

% Nickel 
Ni Mg Al 

30 0.12 1.00 2.00 0.27 0.74 0.25 2.00 0.18 0.49 0.50 2.00 0.10 0.25 0.75 2.00 

650 0.47 0.99 2.01 1.43 0.72 0.25 2.02 0.50 0.49 0.50 2.01 0.03 0.25 0.75 2.00 

700 0.58 0.99 2.01 0.01 0.75 0.25 2.00 1.34 0.47 0.50 2.02 0.07 0.25 0.75 2.00 

750 1.00 0.98 2.02 1.76 0.71 0.25 2.03 2.68 0.43 0.51 2.04 0.09 0.25 0.75 2.00 

800 2.01 0.95 2.03 1.59 0.71 0.25 2.02 1.67 0.46 0.51 2.02 0.38 0.24 0.75 2.01 

800 2.91 0.93 2.05 2.90 0.68 0.26 2.04 0.42 0.49 0.50 2.01 0.34 0.24 0.75 2.00 

850 4.42 0.89 2.07 6.50 0.59 0.26 2.10 1.12 0.47 0.50 2.02 1.39 0.22 0.76 2.02 

900 6.85 0.83 2.11 11.41 0.46 0.27 2.18 3.43 0.41 0.51 2.05 2.29 0.19 0.76 2.03 

950 11.15 0.73 2.18 21.23 0.18 0.29 2.35 10.18 0.23 0.54 2.15 3.83 0.15 0.77 2.05 

950 11.46 0.72 2.19 20.50 0.20 0.29 2.34 8.42 0.28 0.53 2.12 2.16 0.20 0.76 2.03 

1000 18.39 0.53 2.32 26.75 0.01 0.31 2.46 12.82 0.16 0.55 2.20 3.51 0.16 0.77 2.05 

1100 27.89 0.23 2.51 25.93 0.03 0.31 2.44 11.76 0.19 0.54 2.18 2.76 0.18 0.76 2.04 

TGA - 1000 33.12 0.06 2.63 26.28 0.02 0.31 2.45 18.20 0.00 0.57 2.28 9.13 0.02 0.80 2.12 
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Remnant Spinel Composition in Mole Percent 

 

 

NiAl2O4 + ZrO2 Ni0.75Mg0.25Al2O4 + ZrO2 Ni0.5Mg0.5Al2O4 + ZrO2 Ni0.25Mg0.75Al2O4 + ZrO2 

Reduction 

Temperature (°C) 

Weight 

% Nickel 
Ni Al 

Weight 

% Nickel 
Ni Mg Al 

Weight 

% Nickel 
Ni Mg Al 

Weight 

% Nickel 
Ni Mg Al 

30 0.12 0.33 0.67 0.27 0.25 0.08 0.67 0.18 0.16 0.17 0.67 0.10 0.08 0.25 0.67 

650 0.47 0.33 0.67 1.43 0.24 0.08 0.68 0.50 0.16 0.17 0.67 0.03 0.08 0.25 0.67 

700 0.58 0.33 0.67 0.01 0.25 0.08 0.67 1.34 0.16 0.17 0.68 0.07 0.08 0.25 0.67 

750 1.00 0.33 0.67 1.76 0.24 0.08 0.68 2.68 0.15 0.17 0.68 0.09 0.08 0.25 0.67 

800 2.01 0.32 0.68 1.59 0.24 0.08 0.68 1.67 0.15 0.17 0.68 0.38 0.08 0.25 0.67 

800 2.91 0.31 0.69 2.90 0.23 0.09 0.69 0.42 0.16 0.17 0.67 0.34 0.08 0.25 0.67 

850 4.42 0.30 0.70 6.50 0.20 0.09 0.71 1.12 0.16 0.17 0.67 1.39 0.07 0.25 0.67 

900 6.85 0.28 0.72 11.41 0.16 0.09 0.75 3.43 0.14 0.17 0.69 2.29 0.06 0.26 0.68 

950 11.15 0.25 0.75 21.23 0.06 0.10 0.83 10.18 0.08 0.18 0.74 3.83 0.05 0.26 0.69 

950 11.46 0.25 0.75 20.50 0.07 0.10 0.83 8.42 0.10 0.18 0.72 2.16 0.07 0.25 0.68 

1000 18.39 0.19 0.81 26.75 0.00 0.11 0.89 12.82 0.05 0.19 0.76 3.51 0.05 0.26 0.69 

1100 27.89 0.08 0.92 25.93 0.01 0.11 0.88 11.76 0.06 0.19 0.75 2.76 0.06 0.26 0.68 

TGA - 1000 33.12 0.02 0.98 26.28 0.01 0.11 0.88 18.20 0.00 0.20 0.80 9.13 0.01 0.27 0.72 

 

 




