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Low-temperature �-, �-, and �-Al2O3 polymorphs were studied by high resolution transmission electron
microscopy and x-ray powder diffraction along with computer simulation of the diffraction patterns. Planar
defects lying on the �111�, �110�, and �100� planes, which are the origin of the broadening of x-ray diffraction
peaks in different forms of aluminium oxide, were revealed. In addition to providing strong experimental
support for the imperfect character of the specimen structures, these results demonstrate the possibility of using
nanosized crystalline domains with a spinel-type arrangement, which are regularly shaped and have a specified,
developed face and bounding surfaces, for the description of the nanostructure of a whole variety of low-
temperature Al2O3 derivatives. It was found that different ways of domain packing in the oxide particles with
a subsequent formation of planar defects contribute to specific kinds of line-shape broadening observed in the
x-ray diffraction patterns of these materials. The mechanism of the vacancy generation upon propagation of the
shear-type defect in the �110� plane of the spinel structure, which changes the Al3O4 stoichiometry to Al2O3,
is also discussed.
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I. INTRODUCTION

Al2O3, traditionally referred to as alumina, is of great
technological importance since it is widely used for produc-
ing different ceramics, a wide set of catalysts for numerous
industrial chemical processes, adsorbents, coatings, soft
abrasives, etc.1 Owing to technological innovations, new
uses are found for alumina each year worldwide. The diver-
sity of applications for alumina can be explained by the sur-
prising range of its physical and chemical properties.2 This
material shows remarkable structural peculiarities and pro-
vides a set of different polymorphs. Among them, only
�-Al2O3 �corundum� is a stable oxide, while �, �, �, �, �,
and � derivatives are considered to be metastable. They are
formed gradually upon the dehydration of various hydrox-
ides and oxyhydroxides2 and occur in the following transfor-
mation sequences:

Al�OOH� �boehmite/pseudoboehmite�

⇒ �- ⇒ �- ⇒ �- ⇒ �-Al2O3,

Al�OH�3�bayerite� ⇒ �- ⇒ �- ⇒ �-Al2O3,

Al�OH�3�gibbsite� ⇒ �- ⇒ �- ⇒ �-Al2O3.

It is worth noting that the �, �, and � forms are called low-
temperature Al2O3 phases, whereas �-, �-, and �-Al2O3 are
regarded as high temperature polymorphs.

There has been much work done on these materials,2–20

especially in the past decade.10–17 However, debates over
their structure, stoichiometry, and crystal chemistry are still
continuing. Wolverton and Hass12 and Paglia et al.17 pro-
vided excellent reviews of the problem, but to make the
reader acquainted with situation, we will briefly outline key
points.

�-, �-, and �-Al2O3 are believed to possess a spinel struc-
ture with some vacancies distributed over the lattice, thus
providing a cation-anion ratio of 2:3. The same ratio in the
ideal spinel structure is 3:4. Therefore, the structures of these
polymorphs are based not on the ideal but on an imperfect
spinel arrangement. The ideal spinel of the Fd3̄m space
group is built up of cubic, close-packed arrays of oxygen
anions with aluminium cations occupying the tetrahedral
�Td� and octahedral �Oh� interstices related to the 8a and 16d
Wyckoff positions, respectively. Besides, there are additional
empty tetrahedra and octahedra in this structure. To give the
polymorphs the right Al2O3 stoichiometry, it is necessary to
introduce some vacancies into the regular lattice but the
question of which sites are predominant for them appears to
be much debated in the literature. Some authors give prefer-
ence to tetrahedral interstices,4,6 whereas other researchers
provide some evidence for the existence of vacancies on the
octahedral sites10,16 or consider the vacancy distribution over
both types of polyhedra.5,7 It is also not clear whether the
vacancy distribution is ordered or statistical. Moreover, some
authors5,7 report on the possible occupation of nonspinel sites
in the structure of �, �, and � phases that can lead to another
potential misunderstanding. The role of hydrogen and re-
sidual hydroxyl groups is also obscure. Several researchers
have proposed that the general formula for �- and �-Al2O3
can be written as Al2O3	nH2O.3,5,11 Ushakov and Moroz5

and Soled18 consider the replacement of some O2− with OH−

ions. De Boer and Houben3 postulated that �-Al2O3 is crys-
tallized as a hydrogen �proto�spinel of HAl5O8 type. Sohl-
berg et al.11 prefered to give H3mAl2−mO3 notation for
�-Al2O3 with a different content of H+ protons, but other
authors,12 also using first-principles total energy calculations,
ruled out this possibility, indicating that the hydrogen-
containing form was thermodynamically unstable. The re-
sults of other theoretical studies on the possible presence of
hydrogen in the bulk of aluminas and their phase transforma-
tion mechanisms appear just as contradictory14–16 though it
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seems likely that H+, OH− ions, or residual water might play
a role in the structural arrangement of these metastable
phases and influence the process of phase transition.11

Complicating the issue is a pronounced broadening of dif-
fraction peaks in the x-ray diffraction patterns of aluminas,
especially of the low-temperature polymorphs. On the one
hand, the small size of the coherently scattering domain
caused by poorly developed crystallinity in different Al2O3
polymorphs is believed to affect this broadening. On the
other hand, many researchers agree that the diffuse character
of diffraction patterns of transition aluminium oxides reflects
a high degree of disorder in their structure. Therefore, the
origin of the defect continues to be highly debated in the
literature. Lippens and de Boer19 reported the occurrence of
stacking faults in the structure of �-Al2O3, but without pro-
viding direct evidence. Other authors observed multiple
twinning in �-Al2O3,20 a zigzag arrangement of vacancies10

and interacting planar defects13 in the lattice of � alumina as
well as numerous grain boundaries9 in the same oxide. How-
ever, a systematic study of the microstructure of transition
forms of Al2O3 has not been made yet.

Thus, one can see that there are huge amounts of conflict-
ing experimental data and a lack of consensus in the field of
transition aluminas. From our point of view, this situation
could not only be related to a varied preparation history of
the aluminium oxides, but could also account for the defi-
ciency of diffraction methods for the structural study of the
nanocrystalline materials with a high density of defects such
as different Al2O3 polymorphs. Numerous studies based on
the integrated intensities of x-ray and/or neutron powder dif-
fraction peaks or using the Rietveld refinement method have
been undertaken to propose a model of cation distribution in
the metastable aluminas and to refine their structure. Unfor-
tunately, the results obtained appear to be very conflicting.
However, it is obvious that use of a three-dimensional atomic
model for the structural refinement of compounds with an
imperfect arrangement looks inadequate. Structural disor-
ders, particularly planar defects, result in diffuse scattering
effects being exhibited as a specific broadening of the x-ray
diffraction peaks or a partial redistribution of their
intensity.21,22 In some special cases, even additional diffuse
scattering maxima appear in the spectra.23 Therefore, before
performing the structural refinement of low-temperature
Al2O3, it is imperative to have a knowledge of the possible
effect of the oxide micro�nano�structure on the spectral fea-
tures of the x-ray diffraction profile. Recently, an approach to
the investigation of highly imperfect nanocrystalline com-
pounds based on the simulation of an x-ray powder diffrac-
tion pattern and involving a model of one-dimensional �1D�-
disordered crystal23,24 has been developed. As a result, it has
become possible to perform x-ray diffraction �XRD� struc-
tural analysis of materials with planar defects.24 Therefore, a
new possibility to reexamine the microstructure of different
Al2O3 forms has emerged now, which would provide a basis
for reconciling various sets of seemingly contradictory ex-
perimental data available through the literature.

The present paper focuses on the study of the origins of
x-ray line broadening observed for low-temperature �-, �-,
and �-Al2O3 polymorphs. For this purpose, x-ray powder
diffraction with full profile simulation and systematic trans-

mission electron microscopic analysis of the microstructure
of these oxides were performed. A model comprising specifi-
cally shaped building nanoblocks of Al3O4 composition is
proposed and types of their stacking accompanied by the
formation of planar defects lying on the �100�, �110�, and
�111� planes were revealed. The results reported here provide
some understanding of the reasons for line broadening in the
x-ray diffraction patterns of the low-temperature aluminas
and adequately describe their nanostructure.

II. EXPERIMENT

Samples of low-temperature �-, �-, and �-Al2O3 were
prepared through thermal decomposition of the boehmite
��-AlOOH�, bayerite �Al�OH�3�, and hydrargillite
�Al�OH�3�, respectively. Pseudoboehmite, which is a low-
ordered hydroform of boehmite with an Al2O3:H2O molar
ratio equal to 1.5, was also used for the synthesis of �-Al2O3.
To obtain different alumina derivatives, parent hydroxides
were heated in air at 600 °C for 4 h. After calcinations, the
samples were cooled down to ambient temperature in the
furnace. The �-oxide synthesized from boehmite will be re-
ferred to as �-Al2O3 �B�, while that made from pseudoboe-
hmite will be referred to as �-Al2O3 �PB� throughout the
text. More details of the preparation procedure can be found
elsewhere25,26

High resolution transmission electron microscopy
�HRTEM� experiments were carried out on a JEM-2010
transmission electron microscope operating at 200 kV and
0.14 nm point resolution. For HRTEM analysis, samples
were prepared from suspensions in a methanol slurry. A drop
of suspension was placed on the holey-carbon copper grids.

XRD patterns of the samples were collected at room tem-
perature on a D8 Bruker diffractometer equipped with a
Cu K� x-ray source and a graphite monochromator with a
step size of 0.05°, 2
 and a count time of 30 s at each step.
For the XRD analysis, the samples were grounded in the
agate mortar and mounted onto the flat specimen holder.

III. RESULTS

Figure 1 shows XRD powder patterns of low-temperature
�-, �-, and �-Al2O3, exhibiting very diffuse spectra with an
extensive reflection overlapping and a profile asymmetry
typical for these materials. However, for the moment, let us
turn to the results of the HRTEM study to observe the simi-
larities and differences in their nanostructure.

A. High resolution transmission electron microscopy study

Two important points should be noted here. First, it seems
very likely that the type of defect characteristic of each poly-
morph is only a part of the overall defect structure of low-
temperature aluminas. However, in each case, this kind of
structural imperfection was the only major one observed
with the help of a bright-field image and a selected area
electron diffraction �SAED� at the resolution limit of the
electron microscope in use. Second, SAED patterns of all the

samples were indexed within a cubic Fd3̄m space group de-
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spite the fact that hexagonal notation is traditionally used for
the description of a �-Al2O3 structure.

1. �-Al2O3 (PB)

By morphology, this specimen represents aggregates of
more than 80 nm in size comprising fine �about 3–5 nm�
primary particles randomly oriented to each other in the ag-
gregate, as shown in Fig. 2�a�. The SAED pattern taken from
the aggregate and given in the inset of Fig. 2�a� exhibits
three rings at dhkl values of 0.198, 0.14, and 0.089 nm, cor-
responding to the 400, 440, and 840 reflections of �-Al2O3.
Major defects in the structure of this material are expected to
be grain boundaries.

2. �-Al2O3 (B)

In contrast to previous specimen, �-Al2O3 particles have a
plateletlike morphology with sizes of 100 and 60 nm along
and across the platelet, respectively. The thickness of this flat
particle does not exceed 15 nm. SAED patterns frequently
observed in this specimen correspond to the �110� zone axis
and Fig. 2�b� shows the HRTEM image along with a diffrac-
tion pattern of an �-alumina platelet oriented into the �110�
pole. Point reflections visible in SAED pattern reflect the
single crystalline character of the platelet structure. The most
significant observation of this material concerns the presence
of specific defects in the characteristic crystallographic mor-
phology marked by arrows in the micrograph. They look like
loops, having an almost regular hexagonal shape, and are
bounded by �111� and �100� type crystal planes. The ob-
served loops cannot not be considered as voids or pores since
a tilt of the oxide microcrystal in the microscope of several
degrees leads to their disappearance from the image, thus
indicating the dislocation nature of these defects.27,28 Similar
structures have been reported by Tsybulya et al. for
MgAl2O4 prepared by calcination of Mg-impregnated
boehmite29 and Mn-doped Al2O3.30 It was found that the
formation of such closed loops may occur only if the partial

dislocations lying on the �110� and �111� planes appear si-
multaneously in the oxide material and generate planar de-
fects associated with ordered vacancies located on the octa-
hedral sites which are usually occupied in a regular spinel.
Therefore, following an early observations,10,13 we suggested
that loops generated in the structure of �-alumina are due to
the process of coalescence of cation vacancies.

The SAED pattern taken along the �110� zone axis shows
different reflection shapes as well. While the 440 reflection
has a relatively high intensity and a symmetrical shape, the
220 reflection, which is low in intensity, is streaked in the
�001� direction that indicates some disorder in stacking be-
tween the �001� planes.

3. �-Al2O3

Aggregates shaped like a sand clock and composed of
numerous platelets with sizes ranging from 50 to 600 nm
have been found to be the predominant morphological type
in this specimen. According to the SAED pattern shown in
the inset of Fig. 2�c�, most developed plane of the individual
platelet is of the �111� type. This figure also represents the
HRTEM image of the platelet in plane view along with the
side view inserted into the upper right corner of the micro-
graph. The individual platelet consists of domains of 4 nm in
size terminated by planes of the �110� type with an angle of
120° in between that can be clearly seen near the platelet
edge in this image. The packing of the nanosized domains in
the �111� plane appears to be almost coherent since the
SAED pattern taken from the crystal exhibits a regular spot-
like character. At the same time, the shape of the first- and
second-order reflections in this pattern looks different. While

the 44̄0 reflection is sharp and pointlike, the reflection with a

22̄0 indices looks homogeneously broadened. This may be
due to the possible presence of a structural disorder in the
direction perpendicular to the �111� developed face of the
oxide particle, i.e., along the �110�. In this case, the faults
would be seen “edge-on” and appear as a line in the image
that is consistent with well defined contrast of the boundaries
between nanodomains clearly visible in the HRTEM micro-
graph. The structure, viewed in the lateral projection of the

platelet along the �11̄1̄� zone axis, exhibits some dislocations
which arise upon stacking the �111� planes, as arrowed in
Fig. 2�c�. It should be noted that some faults may appear as
well if isolated plateletlike crystals are joined into big aggre-
gates with an increased thickness from 20 to 400 nm.

4. �-Al2O3

Oxide particles in this specimen are crystallized in the
shape of thin isolated platelets without any aggregation. The
sample has a broad size distribution and particle sizes are in
a range of 10–100 nm. Likewise, �-Al2O3, the most devel-
oped plane of the platelet, was found to be the �111� accord-
ing to the SAED pattern shown in Fig. 2�d�. Again, each
plateletlike crystal consists of several domains. Their pack-
ing inside the crystal body seems to proceed almost coher-
ently since the electron diffraction pattern shows a spotlike
character. However, in contrast to � alumina, this pattern
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FIG. 1. Experimental x-ray powder diffraction patterns of the
low-temperature Al2O3 polymorphs. Strip diagram denotes posi-
tions of the characteristic spinel reflections with the following
indices.
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looks more complicated. Although indexed as coming from
the �111� zone axis, it exhibits additional, very weak but
recognisable spots located between the main reflections and
marked by arrows in the inset of Fig. 2�d�. Such a compli-
cated pattern may be attributed to the superposition of two
identical diffraction motives rotating around each other at
30°, as schematically drawn in the same figure. The struc-
tural mechanism that best satisfies the observed diffraction
behavior seems to be twinning. We suggested that the crys-
talline domain is moving around a sixfold axis at 30° inside
the �111� plane, thus providing a kind of twin-related frag-
ment with respect to the underlying oxide layer, and a rota-
tional shift between nanocrystalline blocks dominates in the
structure of this oxide.

Summarizing the results of HRTEM analysis, we can con-
clude that the low-temperature alumina derivatives possess
numerous defects which are specific for each polymorph.

Now, let us look at how these defects may influence the
broadening of the diffraction peaks in the XRD patterns of
these materials.

B. X-ray diffraction analysis and simulation
of the diffraction profile

Comparing all XRD patterns represented in Fig. 1, one
can see distinct differences in

�a� the formation of a very peculiar shape of the 111 re-
flection with a broadened base and sharp top only for the �
phase,

�b� a shape resemblance of the 220 reflection for �, �, and
even � polymorphs and an anomalous broadening of this
peak in comparison with the 440 reflection, and

�c� a shift of the 311 reflection to a lower angle exclu-
sively for both �-alumina specimens compared with calcu-
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FIG. 2. Structural characterization of the low-temperature alumina polymorphs by HRTEM. �a� �-Al2O3 �PB� image with the SAED
pattern. �b� �-Al2O3 �B�. Insets show the SAED pattern and the magnified image of the hexagonally shaped defect �left-hand bottom�. �c�
�-Al2O3 image with the SAED pattern. Right-hand inset shows the lateral projection of the same particle with a dislocation �arrowed�. �d�
HRTEM image of the �-Al2O3 nanoparticle and corresponding SAED pattern �top� with an additional reflections �arrowed� uncharacteristic
of the spinel structure. Inset shows also a possible rotation shift between identical diffraction motives with the designation of the rotational
angle.
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lated and experimental positions of the same reflection for
the � and � forms.

Here, it should also be noted that a light splitting of the
400 reflection for boehmite-derived �-Al2O3 indicates, ac-
cording to previously published results,7 a tetragonal distor-
tion of the spinel structure.

How can this x-ray line-shape information be bounded
with faulting on different planes observed by HRTEM? A
simulation of XRD patterns by using an imperfect spinel
with specific planar defects as a model could provide an
answer. Details of the computational approach for full profile
simulation of XRD powder patterns are described
elsewhere.24,31 Here, we will only briefly outline basic prin-
ciples.

Simulations are performed with the model of the 1D dis-
ordered crystal described as a statistical sequence of a finite
number of different two-dimensional �2D� periodic layers.
The calculation program31 is based on the Kokinoki-Komura
matrix algorithm.32 The x-ray intensity distribution for the
sequence of infinite layers is given by

ihk�l� =
1

��
	Tr FW + 2 Re


n

N−1
N − n

N
Tr FWQn� ,

where h and k are integer Millers indices, l is a continuous
variable, W, F, and Q are square matrices determined by the
layer structural factors and some probability parameters re-
sponsible for the layer appearance in the stack, and � and �
are some normalization factors.

Assuming that each 2D layer has a regular arrangement, a
stacking fault or other planar defect can be simulated simply
by shifting or rotating these layers with respect to each other,
and alternatively, by alternating their sequence in the stack.
A mathematical approach to the problem of the calculation of
the scattering intensity from such a fault is reduced to the
calculation of probabilities of the appearance of any layer in
a given position inside the layer stack. Additional probability
parameters are introduced as factors showing how 2D layers
alternate and/or displace each other in the stack. The prob-
ability process comprises a Markov chain of order m �m
1� if the probability of a new state depends only on the m
number of the former states preceding the new one. As a
result, randomly distributed or correlated planar defects may
be specified, and the total distribution of the scattering inten-
sity from imperfect structure can be calculated with correc-
tions for some instrumental parameters such as line broaden-
ing, adsorption, and background. The effects of the finite size
and the shape of layers on the diffraction profile are also
taken into account. The calculation involved reads

ihk�s� = ihk�l�G��h,�k� ,

where s is a reciprocal space vector and G��h ,�k� depends on
the size and shape of the layer in the �xy� plane. To deter-
mine the quality of the fit between theoretical and experi-
mental profiles of the XRD pattern, a visual inspection and
the numerical Rp factor are used.

The choice of the model used for our simulations begins
with the spinel structure described in the framework of the
cubic unit cell with a lattice parameters. In generalized crys-
talline chemistry analysis, a light tetragonal distortion of this
lattice can be neglected. To perform the simulation of the
diffraction pattern from the spinel structure with defects ly-
ing on the specified plane system, it is imperative to choose
a new basis with the c� axis perpendicular to the analyzed
plane system. The configuration of the stacking fault strongly
affects the type of the single or several layers which are the
building units for the simulation. In a separate series of com-
putations, we studied the effects of different planar defects
on the spinel diffraction patterns. However, we will not now
discuss a huge massive of calculation results, but only those
which help to explain some peculiarities of the diffraction
profiles of low-temperature alumina polymorphs.

1. Faulting on the {111}: Shape of the (111) reflection

The 111 peak in the XRD pattern of � oxide comprises
the superposition of two components, one sharp and one
broad, while a similar peak in the ��B� polymorph looks
very diffuse. However, this is not due to the size effect since
the 222 peak is the narrowest and the calculation of the par-
ticle size obtained with half-width at half maximum
�HWHM� of this reflection provides a value equal to 12 nm.
For � oxide, the particle size calculated with HWHM of the
sharp component of the 111 peak was about 35 nm, very
close to the dimension of platelet in the lateral projection that
has been directly measured in the HRTEM micrograph. The
HRTEM also confirmed that faulting occurs on one of the
four plane systems of the �111� type in the structure of the �
polymorph. Therefore, one �111� plane system appears as
specified, compared with the remaining three �111� planes.

Usually, stacking fault defects are bounded by partial dis-
locations. Figure 3 shows the scheme of the mechanism of
the dislocation splitting in the spinel structure as it was de-
scribed by Fadeeva et al.33 According to this scheme, a
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FIG. 3. Scheme of the mechanisms of the dislocation splitting
inside the �111� plane of the spinel structure, based on Fadeeva et
al. �Ref. 33�.
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bounding half dislocation lying along the �110� direction
does not disturb the oxygen sublattice in this structure. Vice
versa, a quarter dislocation in the �112� has a pronounced
effect on the coherency of the oxygen closed packing.33–35

Theoretical patterns calculated with quarter and half disloca-
tions are given in Fig. 4. As one can see from this figure,
both models lead to the complicated shape of the 111 reflec-
tion owing to the superposition of two sharp, unaffected
components from scattering over the single fault-included
�111� plane system and six broad components from scattering
over the remaining three undisturbed plane systems of a
similar type. However, in the case of the model with quarter
dislocations, a very broad 400 reflection appears in the cal-
culated XRD pattern, in contrast to a relatively narrow peak
in the experiment. Therefore, we concluded that stacking
faults appearing on the �111� plane in the structure of
�-Al2O3 are bounded by half dislocations.

Compared to �-Al2O3, the shape of the 111 reflection in
�-Al2O3 �B� strongly differs, as shown in Fig. 1. The specific
shape of this substantially broadened reflection without a re-
solved narrow component originates from the presence of
faulting not on the single but on the two plane systems of the
�111� type. It is obvious that the sharp component of the 111
peak caused by individual stacking defects lying on one
plane of a given family, e.g., �111�, will transform into a
broadened line if the interconnecting faults appear on differ-

ent planes such as the �111̄� and �1̄11�. It became evident
that the 1D model used as the basis in our structural ap-
proach inevitably introduces some limitations.36 It is possible
to calculate full diffraction profiles for a structure with faults
lying only on a single plane system, but in the case of inter-
acting defects that appear simultaneously on several plane
systems, such a calculation fails. To overcome this limitation,
the theoretical shape of the 111 reflection rather than a whole
diffraction profile was calculated for both polymorphs. Ex-
perimental and theoretical shapes are given in Figs. 5�a� and

5�b�. For this single reflection, computations accounted for
the superposition of eight components, each being a convo-
lution of the broadening function that arises owing to defects

on the �111̄� and �1̄11� planes. As one can see in Fig. 5, a
good fitting between theoretical and experimental shapes of
111 reflections for �-Al2O3 and �-Al2O3 �B� was obtained
that confirms the proposed defect configuration.

2. Faulting on the {110} and {100}: Shape of the 220 reflection
and shift of the 311 peak

Introducing faulting on the �111� enabled us to explain
why the 111 reflection undergoes broadening but could not
provide an explanation of the origin of specific shapes of
other reflections in the experimental XRD patterns. First of
all, it concerns the shape of the 220 peak. If we only take
defects lying on the �111� into account, this would lead to
misleading results unless the presence of faulting on the oth-
ers, the �110� and �100� planes, is not considered. For both
cases, all possible types of faults were outlined earlier34 and
gliding systems in the spinel that do not disturb the anion
close packing but affect the cation sublattice are summarized
in Table I. All theoretical results shown below were obtained
using the listed configurations of defects.

For the simulations, the particles had the shape of a regu-
lar cylinder with a diameters and heights ranging from
5 to 50 nm. The concentration of the stacking defects
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FIG. 4. Experimental �1� x-ray diffraction pattern of the
�-Al2O3 and theoretical profiles calculated for a spinel with defects
lying on the plane system of the �111� type and bounded by �2� half
and �3� quarter dislocations at the defect density equal to 20%.
Cylindrical shape of the particle with 6 nm diameter and 35 nm
height was used for the calculations. These values were determined
with HWHM of 440 reflection and the narrow component of the 111
peak, respectively.
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FIG. 5. Theoretical �bold line� shapes of the 111 reflection cal-
culated for a spinel with �a� defects lying on the single plane of the
�111� family and bounded by the half-dislocation and with �b� in-

tersecting defects on the �11̄1� and �1̄11� planes bounded by the
half-dislocations at the dislocation density equal to 20%. Dots de-
note experimental shapes of the same reflection for �a� �-Al2O3 and
�b� �-Al2O3 �B�.
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changed from 10% to 30%. Two main conclusions could be
derived from the theoretical results shown in Fig. 6. First,
any defect mentioned in Table I, similar to faulting on the
�111� associated with half dislocations, does not broaden the
400 and 440 reflections at low defect concentrations as evi-
dent from Fig. 6�a�. Therefore, these peaks are useful for the
determination of the particle size in spinels if the stacking
fault defects which influence the closed packing of oxygen
sublattice do not appear in the spinel structure. Second, all
defects listed in Table I are not responsible to the shift of the
311 peak. Additionally, they do not smear all the components
of the 220 reflection. It is interesting to note that a line shape
of theoretical patterns calculated with a small particle size
and 10% density of planar defects may be formally attributed
to the peak-broadening effect of the nanosized crystals �see
Fig. 6�b��. However, the theoretical profile changes drasti-
cally when the defect density rises above 10% since addi-
tional peaks of diffuse scattering, originating from the accu-
mulating phase shift of the scattering wave across numerous
faults, appear in the vicinity of some Bragg reflections, as
indicated with arrows in Fig. 6�c�. As the particle size de-
creases, the stronger overlapping between Bragg reflections
and additional maxima can be seen in the theoretical profiles
�Fig. 6�d��. Hence, we note that experimental diffraction
peaks observed in the XRD patterns of low temperature
polymorphs and usually attributed to the broadened “111,”
“220,” “311,” and “511” spinel reflections actually comprise
the superposition of Bragg maxima with additional peaks of
diffuse scattering if the regular spinel arrangement trans-
forms into a strongly distorted—situation typical for the im-
perfect alumina derivatives.

The computation also provided the evidence that the pres-
ence of stacking faults lying on the �100� with �100� dis-
placement vectors gives rise to the formation of an additional
maximum of diffuse scattering at the angle region of �36°,
2
. With a small �less than 10 nm� particle size and a low
�around 10%� density of these defects, the 311 Bragg reflec-
tion strongly overlaps this additional peak and the superim-
posed peak shifts to the lower angle region of the theoretical
diffraction profile. This effect appears to be more pro-
nounced with the increase of the defect density up to 30%.
As can be seen in Fig. 7�a�, curve 2, the shift of the gravity
center of the 311 resulting peak is as strong as 0.3°, 2

compared to the position of the same reflection in the experi-
mental XRD pattern of �-Al2O3.

Earlier, as reported by Zhou and Snyder,7 the displace-
ment of the 311 reflection in �-Al2O3 to a lower angle region
was accounted for by a pronounced tetragonal distortion of

the structure of this material. Indeed, splitting the 400 reflec-
tion can be observed in the experimental XRD pattern of the
�-Al2O3 specimen that may initially be assigned to the lattice
distortion. The lattice parameters calculated with accounting
for this splitting appear as follows: a=0.7941 and c
=0.7876 nm. However, in contrast to the experiment, the
shift of the 311 peak, which might possibly occur due to such
a splitting, is practically unrecognizable in the theoretical
diffraction pattern, as shown in Fig. 7�b�. The profile with
narrow peaks plotted in the same figure denotes the calcu-
lated XRD pattern of the regular spinel structure without any
defect. Therefore, our computation indicates that the faulting
on the �100� plane is the origin of the observed diffraction
effect.

Additional computations revealed that anomalous broad-
ening of the 220 reflection caused by the faulting of the
�110��110� type is generally attributed to two factors: �i� the
inherent smearing of all components of this peak and �ii� the
appearance of an additional diffuse scattering with the maxi-
mum located at �28°, 2
, as can be seen in Fig. 6�c�, curve
3. However, if a planar defect lies perpendicular to the single
specified direction from the �110� family, some components
of the 220 peak do not undergo broadening and only the
particle size affects the HWHM of this reflection, as illus-
trated in Fig. 8�a�. By optimizing the particle size and den-
sity of a planar defect of this type, it is possible to get a
reasonable fitting between theoretical and experimental pro-
files of the 220 peak for ��PB� alumina with their fine par-
ticles �Fig. 8�b��. Alternatively, for �-Al2O3�B� as well as for
�-Al2O3, such a comparison fails as is evident from Fig.
8�a�. Obviously, the reason is similar to the case of the
broadening of the 111 peak: we must account for several
interacting planar defects lying on different plane systems
that are consistent with the HRTEM evidence on the various
kinds of faults lying on several plane families in the structure
of alumina polymorphs. How can the mutual presence of
these defects affect the shape of the 220 reflection? To ad-
dress this problem, additional simulations have been per-
formed.

The results are summarized in Table II. They show that
defects of the �110��110� type presented simultaneously on
three symmetrically identical �110�, �101�, and �011� planes
affect all components of the 220 reflection and make them
smear. Moreover, computations definitely confirm that each
component of the 220 peak is broadened by two defect sys-
tems, i.e., faults on the �101� and �011� with displacement

vectors parallel to the �101̄� and �011̄� directions, respec-
tively. These defect configurations influence the width of the
220 /002 component. Such a situation is characteristic of
�-Al2O3 particles with their well developed faces belonging
to the �111� family. Concerning �—Al2O3 �B�, we suggested
that the mutual occurrence of the defect on the �110� and two

different faults on the �111̄� and �11̄1� planes causes broad-
ening of all components of the 220 peak.

3. Peculiarities of x-ray powder diffraction pattern of �-Al2O3

Regarding faults, it seems likely that �-Al2O3 is no ex-
ception. First of all, for this polymorph, like other low-

TABLE I. Gliding systems in the �100� i �110� planes that pre-
serve ordering of the oxygen sublattice but introduce some distor-
tions into the cation sublattice in the spinel structure.

Plane Gliding direction Vector

1 �100� �100� 1 /2a1

2 �100� �110� 1 /4a1+1 /4a2

3 �110� �110� 1 /4a1+1 /4a2

4 �110� �100� 1 /2a1
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temperature forms of alumina, the anomalously broadened
220 reflection is clearly visible in the XRD pattern. As it was
shown for �- and �-Al2O3, the simultaneous presence of
several interacting systems of planar defects gives rise to this
kind of peak broadening. At the same time, contrary to
�-Al2O3, the shift of the 311 reflection was not observed in
the XRD spectrum. According to the HRTEM analysis, the

most developed plane of the �-Al2O3 microcrystal is the
�111�, similar to �-Al2O3. Therefore, this form looks closer
to the � derivative than to the � oxide. The distinctive fea-
ture of � alumina is associated with an additional peak that
appears exclusively at 42.8°, 2
 in the experimental XRD
pattern of this material. Many authors2,3,9 have related this
characteristic diffraction effect to the faulting, which is so
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strong that the cubic closed packing of the anion sublattice
transforms into hexagonal one. However, we could not agree
with this hypothesis since, if accepted, the close resemblance
between XRD patterns of all low-temperature polymorphs
would inevitably be ignored. Moreover, a spinel model could
not be used for the description of their structure.

The observed diffraction effect may have another origin
since the HRTEM provides some evidence for the possible
twinning in the structure of �-Al2O3. Therefore, it was par-
ticularly interesting to determine whether spinel-comprising
twin-related domains lying on the �111� plane may be con-
sistent with the appearance of an additional diffraction peak
in the XRD pattern of this polymorph. For our simulation,
we purposely used a model of twinned nanodomains statis-
tically rotated at the angle of 30° with respect to each other
as was proposed on the basis of HRTEM observations. In the
spinel structure, such a rotational shift results in the change
of the oxygen stacking sequence of the ABCABCABC¯
type for ABCABABC¯. The computations showed a rela-

tively good agreement with experiment. As can be seen in
Fig. 9, the theoretical XRD pattern exhibits a whole set of
spinel reflections plus a single additional maximum caused
by diffusion scattering over multiple faults. In this figure, an
asterisk marks this diffraction feature. Obviously, the calcu-
lation results have not been optimized because we were un-
able to take the twins on the �111� and faults arising upon
domains stacking along �110� lateral faces into account si-
multaneously. Nevertheless, the calculated profile looks simi-
lar to the experimental diffraction pattern of this polymorph.
This strongly supports a spinel concept for the description of
the �-Al2O3 structure.

IV. DISCUSSION

A combined experimental and computational approach
used in this study allowed us to describe some peculiarities
of XRD patterns of different low temperature alumina de-
rivatives. This method provided possibilities for the discrimi-
nation of diffraction effects caused by different types of
faulting. Though the model of 1D disordered crystal could
not account for numerous cases of lattice distortions, particu-
larly the interacting defects in the structure of low-
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temperature Al2O3, the principal conclusion of this study is
that we were able to identify major types of the structure
faulting in these materials and to relate them to the specific
shapes of diffraction profiles.

The computation of the full diffraction profile involved a
model of regular spinel and unambiguously showed that the
presence of the stacking faults of a /2�100��100� type result
in the shift of the 311 reflection, while the mutual appearance
of several intersecting faults lying on the �111� and/or �110�
planes causes a broadening of all components of the 220
diffraction peak. The complicated shape of the 111 reflection,
with a broad base and a sharp top, seems to be associated
with the individual, noninteracting defects lying on one of
four plane systems of the �111� type.

During this study, it also became evident that we should
take into account the orientation relationships between most
developed faces of the oxide particles, planes, and directions
of faulting. Thus, particles of � alumina prepared from
pseudoboehmite do not possess a preferable faces; therefore,
the types of defects could not be specified in this specimen.

Faulting may occur on any plane belonging to the definite
plane family. Alternatively, defects in �-Al2O3 �B� and faults
in �-Al2O3 are strongly specified owing to the well-
developed �110� and �111� faces of their particles. Regarding
diffraction peculiarities, �-Al2O3 shows a similarity with
�-Al2O3 but, in contrast to the latter, has twins in the struc-
ture that introduce distortions into the oxygen sublattice. Ac-
cordingly, Table III shows indices of those plane families
where the faulting appears.

An additional, important conclusion concerns the novel
information about the nanostructural architecture of the low-
temperature Al2O3. We can get calculation results by formu-
lating the structural unit common to all low-temperature alu-
minas. Despite some variation in the microstructure of these
materials, it seems likely that units, which are similar in
composition and crystal arrangement but different in shape,
could be served as building blocks for the structural descrip-
tion of the whole row of the alumina derivatives. Interacting
planar defects may act as boundaries which enclose some
minimal volumes �domains� with an internal, regular struc-
ture of the spinel type. Plateletlike nanosized domains
bounded by different faces and shown in Fig. 10�I� can be
considered to be such primary blocks. Variants “a” and “b”

TABLE II. Effect of the stacking fault configuration on the broadening of components of the 220 reflec-
tion. �: Component is broadened in the case of this defect configuration and �: Component is not broadened
in the case of this defect configuration.

Defect type

Reflections in cubic/orthorombic axes

220 /002 202 /211 022 /21̄1 22̄0 /020 202̄ / 2̄11 02̄2 /211̄

�110��11̄0� � � � � � �

�110��101̄� � � � � � �

�011��011̄� � � � � � �

Reflections in cubic/hexagonal axes

220 /01̄4 202 / 1̄14 022 /104 22̄0 / 2̄10 202̄ /110 022̄ / 1̄20

�11̄1��1̄10� � � � � � �

�1̄11��11̄0� � � � � � �
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FIG. 9. Experimental XRD pattern of the �-Al2O3 �dots� and
theoretical profile �bold line� calculated with the model of twins on
the �111� with a rotational shift of 30° at 30% density of the twin
boundaries in the spinel structure. Additional peak of the diffuse
scattering that appear due to the twinning is marked with an
asterisk.

TABLE III. Main types of the stacking fault defects in the low-
temperature alumina polymorphs.

Gliding
system �-Al2O3 �B� �-Al2O3 �PB� �-Al2O3 �-Al2O3

�111��110� �11̄1��1̄10� �111��110� �111��1̄10� Twins on
�111� plane

�111��110� �1̄11��11̄0�
�100��100� �001��100� �100��100�
�110��110� �110��11̄0� �110��110� �1̄10��110� �1̄10��001�
�110��100� �110��001� �110��001� �1̄10��001� �1̄10��001�

�101̄��101� �101̄��101�

�101̄��010� �101̄��010�
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are not identical since, in both cases, platelets have faces of
the �110� and �111� types, however, only “a” particles have
also faces of �100� type. Thus, the �-Al2O3 �B� domains of
the a type could be joined on several planes, namely, �001�,
�1̄11�, �11̄1�, and �110�. According to HRTEM, most devel-
oped face of the �-oxide particle was found to be �110�.
Variant b suits both �- and �-Al2O3 because their crystals
have the most developed plane of the �111� type.

Important to this concept is a suggestion that domains
should be arranged into an extended oxide structure through
the generation of planar defects specific for each polymorph.
This process is schematically drawn in Figs. 10�II� and
10�III�. If one a platelet is gliding with respect to the other in
the �110� direction, stacking faults of the �110� �110� type are
produced leaving the oxygen cubic packing undisturbed but
inducing some distortions into the cation sublattice of
�-Al2O3. �-Al2O3 particles with �111� developed planes can

be built up by stacking b-type blocks along the �1̄10� and

�101̄� faces. This leads to the generation of stacking faults
bounded by half dislocations. A similar shape of the nanob-
locks is expected for �-Al2O3, but the structure growth pro-
ceeds here by twinning on the �111� plane followed by the
generation of stacking fault defects in the anion sublattice.

Present evidence allows us to propose a generalized struc-
tural model based on the concept of building blocks for all
low-temperature alumina polymorphs. In this approach, the
microstructures of different transition forms of Al2O3 are
considered to consist of sets of the nanosized domains, each
with the shape specific for a definite polymorph, and each
with the potential to interact with neighboring domains
through a generation of defects, thus forming the continuous
oxide structure. For the explanation of the reasons for broad-

ening of x-ray diffraction peaks in these materials, we pur-
posely used a model comprising the regular Al3O4 �spinel�
inside the building block. Defects appeared in the process of
assembling these blocks into an extended crystalline struc-
ture may yield specific ratios of vacancies necessary for
maintaining the Al2O3 stoichiometry. HRTEM observations
definitely support this suggestion since the formation of va-
cancy loops bounded by half-dislocations was found in the
�-Al2O3 specimen under study, as shown in Fig. 2�b�. The
presence of the vacancy chains in the nonstoichiometric
Mg-Al and Mn-Al spinels has been also reported in our pre-
vious papers.29,30

Now, we will attempt to interpret how a planar defect
formed at the contact zone between two domains with an
Al3O4 composition can affect the charge balance and nons-
toichiometry of the resulting oxide structure. The faulting on
the �110�, which is observed rather frequently in low-
temperature Al2O3, will be considered below as one of the
examples. Other planar faulting, in particular, models of the
stacking fault defects on the �111�, resulted in the formation
of vacancy walls in the spinel one can find elsewhere.24,29

As was considered above, the stacking of two crystalline
blocks on the �110� planes may proceed through their mutual
shift on the half-translation vector along the �100� or �110�
directions. With the crystalline chemistry approach, this pro-
cess can be described as follows. In the �110� direction, the
ideal spinel structure consists of the sequence of flat atomic
sheets of the ABO2BO2ABO2BO2ABO2¯ type where A
and B represent cations in the tetrahedral and octahedral en-
vironments coordinated by oxygen atoms, respectively.
ABO2 layers appear to be linked through bridging corner-
shared BO2 in such a way that edge-shared octahedra form
infinite chains along the �110� direction. The projection of

-Al2O3

from boehmite

-Al2O3

from

pseudoboehmite

-Al2O3 -Al2O3
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FIG. 10. The structural hierarchy in the alumina polymorphs showing �I� two basic shapes of the primary nanodomains, �II� different
ways of their stacking along the �110� plane, and �III� the resulting microstructure.
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the ABO2 layer into the �1̄10� plane is schematically depicted
in Fig. 11�a�. For simplicity, shaded triangles and rohmbs
denote the tetrahedral and octahedral filled sites, respec-
tively, while projected oxygen atoms sit at the line intersec-
tions. Since the spinel possesses cubic symmetry, the atomic
sheets isostructural to ABO2 appear in the direction perpen-
dicular to the �110�, below and above the layer drawn in Fig.
11.

If we shift one block of spinel structure with respect to the
other along the ABO2 layer on the 1 /2a �001� vector, the
anion closed packing will be restored since the oxygen posi-
tions from both parts coincide with each other after this op-
eration. At the same time, A cations located just at the defect
zone will move from the previously occupied tetrahedral
sites to the similar, but earlier empty positions, as arrowed in
Fig. 11�b�. Consequently, corner-shared tetrahedra appear be-
tween two adjacent ABO2 layers. It is obvious that the octa-
hedral position nearby the fault could not be occupied due to
a possible but energetically unfavorable edge-sharing contact
between octahedron and tetrahedron. These vacant positions
are marked with dashed circles in Fig. 11�b�.

Thus, in contrast to the regular spinel structure, the glid-
ing of ABO2 along the planes of the �110� type causes two
adjacent filled tetrahedra to be sheared through corners,
while vacancies are generated in the BO2 octahedral posi-
tions at the interface. With these newly formed vacancies or
vacancy walls, AB2O4 stoichiometry should inevitably
change. In other words, the stacking of two similar but
slightly mismatched crystalline blocks of an �Al3O4�+ struc-
ture leaves behind the layer of empty octahedra previously
filled with cations and transforms the spinel arrangement of
¯BO2ABO2BO2ABO2BO2¯ into ¯�BO2��ABO2�
	�� ,O2��A*B*O2��B*O2�¯ �here, asterisk denotes the
crystalline block moved on the half-dislocation vector with
respect to the other�. This scenario involves the additional
chain of oxygen ions just at the interface, which is very
similar to the crystallographic shear defect in some transition
metal oxides,37 except for the fact that in the latter case the
additional cation rather than anion positions appear and bring
the nonstoichiometry to the resulting structure.

With respect to the nanodomain or building unit assumed
for the description of low-temperature Al2O3, the above for-
mulation produces the following consequence. The con-

straints of stoichiometry and the charge balance necessitate
the mean thickness of the nanodomain to be not higher than
two �Al3O4�+ spinel blocks, i.e., 2�Al3O4�+�2O2−�2�Al3O4�+,
which implies the Al2O3 stoichiometry. However, such a
situation seems to be valid only for the fully dexydroxylated,
high-temperature alumina polymorphs. For low-temperature
Al2O3, it is quite reasonable to suggest that hydroxyl ions
may occupy the newly formed anion positions between
nanosized domains. If one gradually exchanges OH− for O2−

in the intermediate layer formed between two mutually
shifted spinel blocks, the density of such defects should in-
evitably grow to compensate for the charge mismatch of the
hydroxyl ions. In the limited case, when the hydroxyls are
fully exchanged for oxygen atoms, we arrive at the modified
formulation of �Al3O4�+2�OH�−�Al3O4�+ or �Al3O4�+�OH�−.

Thus, the proposed mechanism for the realization of non-
stoichiometry in alumina, based on the shear defects genera-
tion, enables us to widely vary the chemical composition of
alumina, which are by nature the oxyhydroxides with differ-
ent concentrations of hydroxyl groups.5,18 In a simplified
way, this process can be described by

�Al3O4�OH ⇒ �Al3−�1/3�xO4�OH1−x ⇒ �Al2�2/3�O4� � Al2O3.

However, the crystalline chemistry representation proves
more useful, namely,

2�Al3O4�OH � �Al3O4�2�OH�2 ⇒ �Al3O4�2�OH�2−2xOx

⇒ �Al3O4�2O � Al2O3.

This formulation implies that the structure and composition
of the �Al3O4�+ nanodomain do not change during dehydra-
tion and retain the ideal spinel arrangement, while hydroxyl
groups associated with faults between nanodomains diffuse
gradually toward the surface of the alumina particles, par-
ticularly at elevated temperatures.

Undoubtedly, formulating the low-temperature alumina
derivatives as imperfect oxyhydroxides as previously pro-
posed by Soled,18 we could not ignore the relatively high
amount of surface hydroxyl groups in these materials since
prior work demonstrated this experimental fact. The struc-
tural model based on the shear defect approach considered
above holds the greatest promise of clarifying the reason for
the high degree of surface hydroxylation in Al2O3. As in the
case of defect interface, the surface termination of the non-
electroneutral �Al3O4�+ blocks could be represented by the
anion layer where oxygen atoms have been exchanged for
the hydroxyl ions. As a result, the surface appears populated
with OH− ions. It seem likely that these surface hydroxyls,
together with OH groups associated with defects in the vol-
ume of oxide particles, may speak favorably for maintaining
the electrical neutrality of the low-temperature Al2O3
polymorphs.

V. CONCLUDING REMARKS

This study contributes to the understanding of the reasons
for the specific shapes of diffraction reflections in x-ray dif-
fraction patterns of �-, �-, and �-Al2O3. We have presented
high resolution transmission electron microscopy, x-ray pow-
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a b

FIG. 11. Projection of the spinel structure into the �1̄10� plane.
�a� A regular spinel arrangement with the shaded triangles and ro-
hmbs that denote the filled tetrahedrally and octahedrally coordi-
nated sites, respectively. Oxygen atoms are projected at the line
intersections. �b� The same structure after the defect propagation.
Dashed circles designate the newly formed vacant positions.
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der diffraction, and the simulation of the full profile diffrac-
tion patterns of low-temperature alumina polymorphs. Ex-
perimental and theoretical data are consistent with a strong
faulting on the �111�, �110�, and �100� in the spinel-like
structure of these materials. Stacking faults, which are the
origin of the broadening of x-ray diffraction peaks, occur as
individual and/or interconnecting defects on different plane
families. The data obtained confirm a rather complicated mi-
crostructure of aluminas and provide strong experimental
support for the description of alumina derivatives as com-
posed of similar nanocrystalline domains comprising spinel
structure. It was found that �-, �-, and �-Al2O3 differ from
each other according to the crystallographic shapes of these
building blocks, their way of mutual stacking, and the types
of faulting arising from their assembly in an extended oxide
structure. Vacancies, which are not statistically distributed
point defects but ordered chains associated with the planar

faulting of the crystallographic shear type that brings Al2O3
stoichiometry, are generated in the metastable aluminum ox-
ides. It is highly probable that oxygen atoms are partially or
completely exchanged with the hydroxyl ions in the vicinity
of such defects as well as on the particle surface of low-
temperature aluminas. Therefore, these materials could be
considered as oxyhydroxides with variable compositions.
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