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Abstract: Despite the fact that metastable aluminum oxides are actively used in industry, there is
a discrepancy in the literature regarding their crystal structure. All this leads to difficulties in data
interpretation and, as a consequence, classification problems. This work is aimed at solving these
tasks. The main features of powder X-ray diffraction of typical samples of three Al2O3 polymorphs (γ-
, χ-, η-) are analyzed. Specifics and fundamental differences in X-ray scattering and their relationship
with the structural organization at the nanostructure level are clearly shown. The work demonstrates
the possibilities of analyzing experimental powder X-ray diffraction data using a modern approach
based on the Debye Scattering Equation for studying the organization of such complex systems.

Keywords: 3D nanostructure; metastable aluminum oxides; XRD; Debye Scattering Equation;
planar defects

1. Introduction

Metastable alumina phases are extremely important technological materials. They
are highly dispersed materials with a high specific surface area and pronounced acid-base
surface properties. This leads to the widespread use of them as catalysts, carriers for
catalysts and adsorbents [1–9]. A variety of metastable polymorphs makes it possible to
vary widely the structure and, consequently, the properties of the materials obtained. At the
same time, a large number of factors affect the features of structure formation: precursors,
trace impurities, temperature and time of calcination, etc. The metastable aluminum oxides
are transitional phases formed at calcination of aluminum hydroxides at temperatures
insufficient for the formation of a stable corundum phase α-Al2O3 [10,11] (Table 1).

Table 1. The solid-state transformations of aluminum hydroxides and aluminas at different temperatures.

Temperature, ◦C
0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300

Bayerite Al(OH)3 η θ α-Al2O3
Boehmite AlOOH γ δ θ α-Al2O3

Gibbsite Al(OH)3 χ κ α-Al2O3

This work is focused on the low-temperature η-, γ- and χ-Al2O3 polymorphs (formed
at 500–850 ◦C). Their unique physicochemical properties are determined by the fact that
they exist only in the nanocrystalline state.

It is necessary to have fundamental knowledge of not only their structure but also
nanostructure for the targeted synthesis of new materials and control of functionally
important characteristics.

X-ray powder diffraction is the main tool for the qualitative differentiation of three-
dimensionally ordered phases because it is sensitive to differences in the crystal structure of
the compounds under study. In addition to the standard X-ray diffraction (XRD) analysis,
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the main criteria for differentiating the low-temperature Al2O3 polymorphs are also such
diffraction features as the kind of anisotropic broadening of peaks, changes in their profile
or the appearance of additional diffuse scattering. The reason is that the nanoparticles of
transitional Al2O3 phases exhibit planar structural defects and are composed of crystallites
of several nanometers in size. Standard methods of XRD phase analysis and crystal
structure refinement based on the concepts of Bragg diffraction (the Rietveld method, etc.)
are not applicable for such objects.

The crystal structure of the low-temperature polymorphs (γ-, η-Al2O3) is usually
described within the framework of a unified structural model of nonstoichiometric spinel
with different distribution of cations over octahedral and tetrahedral positions [11–15].
The structure of χ-Al2O3 polymorph has been studied to the least degree, there is no
unambiguous opinion even about the symmetry group of the crystal lattice [11].

However, it is well known that the standard crystallographic model cannot describe
the distinctive features of powder XRD patterns associated with the presence of diffuse
scattering due to crystal structure disorder.

The work [16] became the starting point of a new concept of the structure of the
metastable Al2O3 polymorphs. The concept is based not on differences in the crystal
structure parameters (distribution of cations over cationic positions), but on the specifics of
particle nanostructure: the polymorph of primary nanoscale crystal blocks, ways of their
stacking along different faces. Notice that the nanoparticle topology is determinant for the
mechanical properties of nanomaterials [17,18]. Analysis of the effects of planar defects
in different crystallographic planes on diffraction was performed based on simulation of
XRD profiles for statistical model of a one-dimensional (1D) disordered crystal with taking
into account electron microscopy data [16].

However, the 3D nanostructures could not be checked by used approach for simulation
of powder XRD patterns from 1D disordered crystal. Further study of the nanostructure
of the low-temperature Al2O3 polymorphs was suspended due to the lack of tools for
modeling the 3D nanostructure of particles and verifying the models for compliance with
experimental diffraction data. We have recently proposed to use a method for calculating
diffraction patterns from atomic models of 3D nanostructures using the Debye Scattering
Equation (DSE). A model of a coherent 3D nanostructure of anisotropic particles of the
tetragonal modification of γ-Al2O3, which adequately describes the experimental powder
X-ray diffraction pattern, was first proposed by us [19]. Later, Rudolph et al. reported
a study of γ-Al2O3 oxide for the presence of antiphase boundaries and nanostructuring,
which was also performed with the use of DSE [20].

For other low-temperature polymorphs of aluminum oxide, such 3D models of the
nanostructure are still missing. For their construction in the future, it is necessary to
perform some preliminary analysis of the reproducible characteristic features of X-ray
powder diffraction patterns of the different Al2O3 polymorphs. As a basic tool, an original
approach was used to generate atomic models of 3D nanostructured Al2O3 particles,
to calculate corresponding diffraction patterns with use of DSE and to compare of the
calculated XRD profiles with experimental ones.

Briefly, there are considerable discrepancies in the literature concerning the crystal
structure of the different low temperature Al2O3 polymorphs that leads to significant
difficulties and mistakes in interpretation of the diffraction data. In this work, we demon-
strate how the features of formation of 3D nanostructures lead to characteristic diffraction
effects. Description of these diffraction effects allows one to solve problem of unambigu-
ous identification and classification of the metastable Al2O3 polymorphs on the base of
diffraction data.

2. Materials and Methods

The samples were obtained by dehydration of the corresponding hydroxide precursors,
i.e., the γ-Al2O3 polymorph was obtained from boehmite (pseudoboehmite), η-Al2O3 from
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bayerite, χ-Al2O3 from gibbsite (600 ◦C, 4 h). More details of the preparation procedure
can be found elsewhere [16,21,22].

The experimental X-ray powder diffraction patterns were obtained on a X’TRA diffrac-
tometer (Switzerland). The data were obtained in the range of 10–75◦ with a step of 0.1◦

in 2θ (accumulation time per point was 10 s) at the CuKα radiation wavelength (average
λ = 0.15418 nm), tube current 35 mA, voltage 40 kV.

2.1. Basic Crystallographic Model of the Structure

The structure of metastable phases of aluminum oxide is considered on the basis of a
defective (nonstoichiometric) spinel structure with a distribution of cations over octahedral
and tetrahedral positions [13,16,23–28].

The spinel cubic structure of the AB2O4 compounds is described in a space group
Fd3m (fcc lattice) where oxygen anions form a cubic close packing (Figure 1). A cations
occupy tetrahedral positions (8a) and B cations occupy octahedral positions (16d). In an
ideal spinel structure, cation A is divalent, cation B is trivalent, so the ratio of cations and
anions is 3:4.
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Figure 1. Unit cell of the AB2O4 spinel structure used for calculations (rendered in the Vesta
program [29]).

In the case of aluminum oxide having cations only in the oxidation state 3+, the
stoichiometric ratio is 2:3. Vacancies should appear in the cation sublattice of the spinel
structure type since the stoichiometric ratio is 2.67:4. An important issue is the distribution
of the vacancies. Thus, some authors give preference to vacancies in the tetrahedral
positions [24,25], while others believe that the vacancies are located in the octahedral
positions [26,27] or have some distribution over the both positions. Moreover, several
authors assume the presence of “non-spinel” cationic positions of tetrahedral A* (8b) and
octahedral B* (16c) types [13,23,30]. Until now, there is no consensus on how the vacancies
are located: statistically or orderly.

The parameters of the crystallographic model of Al2O3 structure used for our calcula-
tions of diffraction patterns are given in Figure 1.

2.2. Modeling Technique

In this work, features of diffraction patterns of the low-temperature Al2O3 polymorphs
will be considered from the concept of their structural organization as coherent nanostruc-
tures [16], consisting of crystalline blocks of certain morphology stacked coherently along
certain crystallographic faces.

It is impossible to determine planar defects violating the conditions of Bragg diffrac-
tion with use of standard XRD methods. They appear as diffuse scattering of X-rays,
which requires the use of special analytical approaches. To analyze diffraction effects at
the work [16] the method for calculating X-ray scattering for 1D disordered objects was
used [31,32]. However, this method does not allow one to calculate the complete diffraction
patterns for 3D nanostructures, since it does not make it possible to stack simultaneously
the crystal blocks in three different crystallographic directions.
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As mentioned above, we have demonstrated the fundamental possibility of calculating
diffraction patterns from 3D models of nanostructured particles by the Debye scattering
equation (DSE) [33–35] by the example of γ-Al2O3 [19]. The method allows calculating
the full XRD profiles from any set of atoms using the relationship of X-ray scattering
with interatomic distances within the kinematic theory. It is applicable to any structure
including non-crystalline and nanostructured materials. The intensity values are calculated
at each point of the diffraction pattern (not only at Bragg angles) with taking into account
diffuse scattering and without artificial broadening of reflections in contrast to the Rietveld
method. DIANNA software was used to calculate diffraction patterns by DSE (Diffraction
Analysis of Nanopowders) [36]. Calculations were performed for a monochromatic CuKα

wavelength λ = 0.15418 nm.

3. Results and Discussion

Comparison of the diffraction patterns of the samples with the bar diagram of reflec-
tions characteristic to spinel structure is shown in Figure 2.
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Figure 2. Experimental powder X-ray diffraction patterns of the Al2O3 samples [16]. Bar diagram of
characteristic spinel reflections is depicted.

It can be seen that the diffraction corresponds to the spinel structure with the exception
of the peak at 42.8◦ in 2θ (interplanar distance 0.211 nm) for χ-Al2O3 (Figure 2). This peak
cannot be in the XRD pattern of cubic spinel. Diffraction pattern of η-Al2O3 differs from
others in the shape and broadening of the 111 reflection.

An important feature of all the diffraction patterns of the metastable aluminum
oxides is the different broadening of the peaks corresponding to the same crystallographic
direction [110]. Reflection 220 is much wider than 440 and this feature indicates the presence
of nanostructuring in all three polymorphs. Since the spinel structure has a cubic close
packing of oxygen atoms along {111} directions, crystallites of a polyhedral shape with cut-
off planes (101), (110), (111) were used for modeling. It should be noted that for different
polymorphs of aluminum oxides, different shapes of crystallites were suggested [16,19].
However, in this work, in order to show the fundamental differences in the organization of
nanostructures of γ, η and χ polymorphs, diffraction effects will be shown in the frame of
the chosen habit.
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3.1. Nanostructure-Related Diffraction Effects by the Example of γ-Al2O3

At the beginning, the experimental powder X-ray diffractogram of the γ-Al2O3 sample
was described by the superposition of Pseudo-Voight functions (Figure 3) using the Fityk
software [37].
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Figure 3. Decomposition of the experimental powder X-ray diffraction pattern of γ-Al2O3 by the
Pseudo-Voight functions.

It is possible to estimate the lattice parameter (a = 0.786 nm) and the coherent scattering
regions (CSR) sizes corresponding to different crystallographic directions. The CSR sizes
were calculated using the Scherrer formula [38] (k = 0.9). The parameters of the described
peaks are presented in Table 2.

Table 2. Parameters of the described diffraction peaks and the calculated CSR sizes.

# Peak hkl Center FWHM CSR, nm

1 111 19.56 3.3 2.4
2 220 32.11 6.6 1.3
3 311 37.58 4.8 1.7
4 222 39.73 0.9 9.0
5 400 45.78 2.5 3.5
6 511 61.03 5.3 1.7
7 440 66.81 2.6 3.7

It can be seen from the table, the reflections 220 and 440 are differently broadened
despite the fact that they are reflections from the same crystallographic system of planes.
Scattering by the oxygen anionic sublattice is mainly responsible for the 440 reflection
(this can be estimated by analyzing the contributions of different sublattices to the corre-
sponding structural amplitude). Hence, we can assume the presence of planar defects that
violate the scattering coherence only in the cation sublattice. The broadening of the 220
and 440 reflections is described by crystallites with average size of about 1.5 and 4 nm,
respectively. Diffraction patterns for crystallites with theses sizes were calculated and
presented in Figure 4.
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Figure 4. Experimental powder X-ray diffraction pattern in comparison with calculated diffraction
patterns from crystallites with dimensions of 1.5 nm × 1.5 nm × 1.5 nm and 4 nm × 4 nm × 4 nm for
γ-Al2O3. The arrows depict the main differences in 220 and 440 reflections.

Thus, we can conclude that there are coherently scattering regions of 1.5 and 4 nm in
length. If we assume that the oxygen sublattice is responsible for CSR of 4 nm, then the
1.5 nm region can be obtained by violating the coherence in the arrangement of aluminum
ions by mutual shifting the Al2O3 crystallites. The schematics of the displacement defect at
which the anionic oxygen sublattice is retained, but the cationic one is violated, is shown in
Figure 5.
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Figure 5. Schematics of modeling a planar defect with preservation of the oxygen sublattice and
disruption of the cation sublattice.

A particle of 4 nm in size can be obtained from 12 blocks (nanostructure elements):
3 blocks in the [111] direction and 2 in the perpendicular direction (Figure 6). Offsetting
the blocks is equivalent to reselecting the origin. Coordinates (0.25, 0.25, 0.25), (0.25, 0.75,
0.25), (0.5, 0.5, −0.25) and (0, 0.75, 0) were used as the origin in calculations.

It can be seen that the model well describes the considered diffraction effect of different
broadening of 220 and 440 peaks (compare Figures 4 and 6). Since this effect is observed in
the diffraction patterns of all the Al2O3 polymorphs under study (Figure 2), this indicates
that all the Al2O3 samples have similar way of joining crystal blocks. The following detailed
studies are required to clarify the predominant crystallographic planes along which the
blocks are stacked with partially coherent interfaces.
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3.2. Diffraction Feature of χ-Al2O3, Which Is Not Typical for the Spinel Structure

The diffraction pattern of the χ-Al2O3 retains most of the features inherent in the
diffraction pattern of the γ-Al2O3, with the exception of additional scattering at 42.8◦.
Dependence of the peak intensity on the synthesis conditions and the used precursors
suggests that the peak is related to presence of planar defects. The authors [16,39] associated
it with stacking faults in the anion sublattice of the spinel structure.

So, S.V. Tsybulya and G.N. Kryukova in [16], with use of the model of 1D disordered
crystal considered structure in which the sequence of oxygen layers changed statistically,
forming either hexagonal (ABABAB) or cubic (ABCABC) packing of oxygen. The results
suggested that the appearance of this additional “non-spinel” peak is related to faults in
anion close packing. The broadening of the 220 reflection with the preservation of the
440 width was suggested to be explained by displacement defects in the {110} planes.
Indeed, our DSE calculations for atomic models of nanoparticles with different packing of
oxygen atoms confirm these conclusions. If along the [111] direction we add to the crystal
blocks with cubic (ABC) packing of oxygen layers, blocks with hexagonal packing (AB),
a diffuse scattering peak (which is not typical for the space group Fd3m) appears in the
region of 43◦ in 2θ (Figure 7).

The resulting model is not the best approximation, but it qualitatively shows the
features of the formation of χ-Al2O3. This is the only polymorph of aluminum oxide in
which planar defects exist not only in the cationic but also in the anionic sublattice. To
describe all the features of the full diffraction profile of χ-Al2O3, it is necessary to go from
1D to 3D nanostructure, with joining nanocrystalline blocks along several crystallographic
planes, as was demonstrated for γ-Al2O3. Moreover, understanding of structural factors
affecting intensity of the additional peak is required. However, this will be a separate work.
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3.3. Nanostructure-Related Diffraction Features for η-Al2O3

The diffraction pattern of η-Al2O3 retains many of the features characteristic of γ-
Al2O3, but it is characterized by an unusual shape of the 111 reflection (Figure 2). As can be
seen from Figure 8, the peak represents a superposition of wide and narrow components
(wide base-narrow top). It is well known that this feature is reproducible for Al2O3 samples
obtained by dehydration of bayerite. This effect arises from the {111} plane system due to
the anisotropy of the crystallite shape.
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Figure 8. Experimental powder X-ray diffraction pattern of η-Al2O3 and calculated diffraction
profiles for the model of nanostructured particle with coherent oxygen sublattice consisting of
6 blocks of 2 nm × 2 nm × 20 nm in size and model of defect-free particle of 4 nm × 6 nm × 20 nm
in size. Insert-superposition of wide and narrow components of 111 reflex. The arrow indicates the
broadening 220 reflection, which is caused by nanostructuring.
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All 6 directions {111} are equivalent for the isotropic crystallites, the shape anisotropy
violates this equivalence. According to the Scherrer formula, the narrow and wide com-
ponents of the 111 reflection correspond to the CSR size of 40 and 2.5 nm, respectively.
Therefore, blocks with dimensions of 2 nm × 2 nm × 20 nm elongated in the 111 direction
were chosen as base elements of the nanostructure. Six staggered blocks with the origin of
coordinates (0.25, 0.25, 0.25) (0, 0.75, 0) and (0.5, 0.5, −0.25) were used for the 3D nanostruc-
ture. Similarly, to γ-Al2O3 oxide, the observed broadening of 220 reflection was explained
by planar defects leading to the nanostructuring. The resulting DSE calculations are shown
in Figure 8.

It can be seen that the resulting model of nanostructured particle qualitatively de-
scribes the experiment and confirms the presence of a coherent nanostructure consisting of
the elongated blocks. A more detailed description is beyond the scope of this work.

4. Conclusions

The aim of this work was to analyze the difference between the three polymorphs
of the low-temperature metastable aluminum oxides (γ-, χ-, η-Al2O3) with regard to 3D
coherent nanostructure. The main intention was to show how certain features of the 3D
nanostructure lead to the appearance of reproducible characteristic features in the X-ray
powder diffraction patterns. Some conclusions that can be drawn based on our calculations:

• The observed diffraction features are related to the presence of coherent nanostructures
in which the primary crystalline blocks are joined to each other with maintaining the
mutual orientation and parallelism of the atomic planes. All the violations of the ideal
crystal structure are associated with a slip in the joining planes.

• The possibilities of DSE for determining the various nanostructures inherent in all the
low-temperature Al2O3 polymorphs are shown.

• It is shown that the observed diffraction differences between the analyzed Al2O3
polymorphs are primarily associated with the peculiarities of the nanostructure (the
ways of mutual joining primary crystalline blocks). The atomic structure of individual
Al2O3 crystalline blocks corresponds to a spinel-type structure.

• The primary crystalline blocks in particles of the low-temperature Al2O3 polymorphs
(γ-, χ-, η-) are joined in a partially coherent way with preserved atomic order in the
oxygen sublattice and planar defects disrupting the cationic sublattice.

• It is shown that the characteristic peak at 2θ~42.8◦ in XRD pattern of χ-Al2O3 is
associated with the presence of fragments (domains) with a hexagonal close packing
of oxygen atoms coherently joined along the (111) planes with domains with a cubic
structure.

• Primary crystallites of η-Al2O3 have an anisotropic acicular shape due to their larger
size in the preferred direction [111].

The obtained data are useful for accurate classification of the low-temperature Al2O3
polymorphs on the base of diffraction data. The elaborated models are rather basic. The
development of detailed models of 3D nanostructures for the low-temperature Al2O3
polymorphs is the subject of further investigations.
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