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Tetragonal structure model for boehmite-derivedg-alumina
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g-alumina (g-Al2O3) derived from boehmite has historically been described as having a cubic spinel

structure withFd3̄m symmetry, despite reports of tetragonal distortion in the structure. Based on neutron
diffraction, transmission electron microscopy, and magic angle spinning NMR data, we propose a tetragonal
model for the structure of boehmite-derivedg-Al2O3 with I41 /amd space group symmetry, a maximal

subgroup ofFd3̄m. It is also demonstrated that an accurate average structural model cannot be achieved if the
cations are restricted to spinel positions.
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I. INTRODUCTION

g-alumina (g-Al2O3) is a transition alumina reported t
occur at temperatures between 350 and 1000 °C.1,2 It is typi-
cally formed from an amorphous or boehmite precursor,
has remained present at temperatures as high as 1200
the former case.3 Industrially, it is extremely important. It is
used as a catalyst and catalyst support in the automotive
petroleum industries,4–7 in structural composites fo
spacecraft,8 miniature power supplies,9,10 and abrasive and
thermal wear coatings.11

Despite the industrial significance ofg-Al2O3 , contro-
versy still exists over its structure. A wide variety of expe
mental and computational methods have been used to
scribe the structure ofg-Al2O3 over the last half century
However, no definitive consensus has emerged on is
such as the arrangement of vacancies and the role of hy
gen in the structure. The mechanisms by whichg-Al2O3
behaves as a catalyst~or support! are not clearly understood
A clear understanding of the structure would aid in elucid
ing such mechanisms. The many variations of the struc
reported are understandable as it has a high degree of d
der and small coherently scattering domain~CSD! sizes, re-
sulting in diffuse diffraction patterns. There are also stro
structural similarities with other transition aluminas, o
served in the diffraction patterns, which can make it diffic
to distinguish between phases in the same transforma
sequence.

Initially g-Al2O3 was reported as having acubic spinel
structure,12 in accordance with theFm3̄m space group, with
a lattice parameter of 7.90 Å and Al sublattice occupations
70% in octahedral site positions and 30% in tetrahedral
positions.13,14 It was later determined that this type of stru
ture was more correctly described using theFd3̄m space
group, which is a maximal subgroup of theFm3̄m
group.15,16 The unit cell contains 32 oxygen ions in the W
ckoff 32e positions, which are approximately close packed
a face-centered-cubic~fcc! arrangement. The cation ratio i
g-Al2O3 is 2:3, as opposed to 3:4 for spinel structures, so
0163-1829/2003/68~14!/144110~11!/$20.00 68 1441
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3 aluminum cations

in the unit cell. This creates a defect spinel structure due
the vacancies imposed by such an arrangement. The co
eration of a spinel structure restricts the aluminum cation
occupying the 8a ~tetrahedral! and 16d ~octahedral! Wyckoff
positions, which are termed thespinelsites.

The greatest confusion surroundingg-Al2O3 concerns the
distribution of vacancies in the structure. Analysis of neutr
diffraction, x-ray diffraction ~XRD!, and electron micros-
copy data has led various workers to conclude that the
cancies are situated either entirely in octahedral17–20 or
tetrahedral21–23 sites, or distributed over both spine
sites.24–26 The ordering of the vacancies on octahedral si
is supported by several computational studies.27–31 Vacancy
ordering on tetrahedral sites is supported by a nuclear m
netic resonance spectroscopy32 ~NMR! and a molecular
dynamics33 study. However, the NMR and computation
work by Lee et al.34 supports vacancy distribution amon
both octahedral and tetrahedral positions. Ushakov
Moroz35 could not index XRD data with only spinel site
being occupied. A similar suggestion, for the occupation
more than just spinel sites, was made earlier forh-Al2O3 ,
which has an analogous structure tog-Al2O3 .36 Zhou and
Snyder37 reported cation occupation of a highly distorte
Wyckoff 32e site, coinciding with reports of pentahedral
coordinated Al in several NMR studies26,38–40and a molecu-
lar dynamics study.27

When derived from amorphous precursorsg-Al2O3 has
always been reported as having a cubic lattice.3,11,13,14,23,41–49

Boehmite-derivedg-Al2O3 has been reported as exhibiting
cubic lattice15,17,25,26,37,50,51and as having atetragonal
distortion2,21,22,24,52–55in the cubic lattice. Structural varia
tions may result from varied preparation history.24,55–57How-
ever, the most recent reports have either concluded or
sumed in favor of a cubic lattice.25,26,37,51There has also
been a suggestion thatg-Al2O3 has two phases, both cubi
and tetragonal.1,58

The reports of tetragonalg-Al2O3 found c:a ratios be-
tween 0.987 and 0.963.2,54 Yanagida and Yamaguchi54 and
©2003 The American Physical Society10-1
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Wilson24 found the degree of tetragonal distortion decrea
with increasing preparation temperature. Wilson24 also ob-
served reduced tetragonal distortion with increased hea
times. Tertian and Papee52 observed that rapid heating rate
result in a cubic structure. Yanagida and Yamaguchi54 per-
formedin situ XRD followed by room temperature measur
ments and found that the tetragonal distortion was reduce
room temperature. The tetragonality has been attribute
shrinkage anisotropy in thea andb axes of boehmite during
heating2 and the distribution of residual water or hydrox
ions.54

The tetragonally distorted structure ofg-Al2O3 has con-

tinued to be ascribed toFd3̄m symmetry.2,22 The tendency
has been to simply assert a cubic structure and highlig
contractedc axis upon observation of a tetragonal distortio
This is not the crystallographically correct approach. Le
and Brandon59 asserted that thetrue symmetry of the tetrago
nally deformed structures should be described by a tetra
nal space group, expectedly, a maximal subgroup ofFd3̄m.

It is well known that hydrogen is present at the surface
metal oxides; however, the role of hydrogen within the bu
structure ofg-Al2O3 is uncertain. This is an important topi
because water is a by-product of the dehydration of bo
mite. Several researchers since Dowden60 have considered
the presence of hydrogen, not bound in water form, wit
the bulk structure ofg-Al2O3 . Proton NMR results from
gel-derived alumina showed 0.009 g of hydrogen per gr
of alumina within the structure, with 36.8% residing with
the bulk.61 These passive protons have been suggeste
account for the catalytic properties of the transiti
aluminas.4,62 de Boer and Houben63 suggested a hydrogen
spinel ~protospinel! structure forg-Al2O3 analogous to the
lithium spinel described by Kordes.64 The protospinel ap-
proach is supported by several other researchers.35,65–67As a
result several researchers have proposed the stoichiom
formula for protospinel g-Al2O3 be written g-Al2O3
•nH2O, with n reported to be between 0 and 0.63.35,37,61,63

This representation implies an excess of oxygen atoms
thatg-Al2O3 is a crystalline hydrate, which it is not.67 Usha-
kov and Moroz35 could only account for XRD data by incor
porating residual hydrogen on nonspinel sites in the b
structure. However, it should be noted that hydrogen can
be distinctly seen by x rays. Hydrogen is better seen in b
structures by neutrons, most suitably after deuteri
exchange.68 Tsyganenkoet al.65 attributed infrared spectra o
O-H vibrations originating from the bulk to protons trapp
in octahedral and tetrahedral vacancies within the anion
tice. This work is supported by the results of Saniger,66 Wang
et al.,26 and Sohlberget al.67

Consideration of a protospinel structure may result in
idealized spinel structure, with no vacancies, represente
HAl5O8 , or Al2O3•0.2H2O. This is the same compositio
that was established for tohdite.69 Sohlberget al.67 proposed
an alternative stoichiometric notation for protospin
g-Al2O3 , H3mAl22mO3, where m52n/(n13), which al-
lows for a valid representation of the hydrogen content
opposed to the crystalline hydrate representation.

Contrary to the hydrogen-spinel-based structures repor
14411
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Zhou and Snyder37 found only small amounts of hydrogen i
g-Al2O3 , one OH per unit cell. From this they specifical
ruled out hydrogen spinel as a structural possibility. Th
finding is supported by the theoretical calculations
Wolverton and Hass,30 who found HAl5O8 to be thermody-
namically unstable with respect to boehmite and decomp
tion to an anhydrous defect spinel. While Soled70 has also
provided alternative notation to representg-Al2O3 , hydro-
gen was considered only to be prevalent at the surface w
considerable amount of amorphous content, most likely
the form of water, being implied. A series of molecular d
namics studies by A¸ lvarezet al.27,71,72supports postulations
of a well-ordered, anhydrous, bulk structure with a defe
riddled surface containing many hydrogen species.

It should be noted that Zhou and Snyder37 performed their
analysis ong-Al2O3 synthesized from highly crystalline
boehmite, as in the current work. This is in contrast to st
ies that have concluded in favor of considerable quantitie
hydrogen in the structure, such as Pearson61 and Wang
et al.,26 where gelatinous boehmite was the precursor. Fr
this it becomes clear that the preparation route is impor
to consider.

When hydrogen content is considered the structure
g-Al2O3 has been discussed using cub
symmetry.30,35,65,67,70Cubic symmetry is also assumed fo
computer simulated studies of the bulk structure
g-Al2O3 , whether the presence of hydrogen is considered
not.27–31,34,67,71,73

This paper assesses the bulk structural configuration
boehmite-derivedg-Al2O3 as part of ongoing research. I
previous work, we investigated structural models f
g-Al2O3 from the literature and newly created models bas
on findings from NMR studies.74 These models were show
to be inadequate for the boehmite-derivedg-Al2O3 data ob-
tained by us due to discrepancies between the calculated
fraction peaks and the diffraction data, or due to failing t
statistical Hamilton test.75 This was particularly true for
structural models that restricted Al to spinel positions. Ne
tron diffraction data contained what appeared to be s
peaks, suggesting that the structure could be either tetrag
or consist of two phases, rather than cubic. This was c
firmed by profile anaylsis.74 The Zhou and Snyder37 model~a
cubicFd3̄m representation ofg-Al2O3) provided the best fit
of these models investigated at that time. Here a tetrago
model is developed that provides a better fit to extend
experimental data and more accurately describes the s
ture of boehmite-derivedg-Al2O3 . The issue of hydrogen in
the bulk structure is also addressed.

II. EXPERIMENT

A. Materials

Powderedg-Al2O3 was obtained from several highl
crystalline boehmite precursors and used for neutron stud
Hydrogenated boehmite was obtained from the Alumina a
Ceramics Laboratory, Malakoff Industries, Arkansas, US
Deuterated boehmite was prepared by hydrothermal tr
ment of synthesized deuterated gibbsite with D2O for 10
0-2
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days at 158 °C in a Barc bomb. A further deuterated bo
mite precursor was prepared by hydrothermal treatmen
Alcoa C31 hydrogenated gibbsite with D2O for 10 days at
158 °C in a Barc bomb. Each boehmite precursor was
cined at 600 °C, 7 hours for the deuterated samples an
hours for the hydrogenated sample. The calcined sam
obtained were confirmed asg-Al2O3 by matching its XRD
pattern with ICDD pattern PDF 10-0425.

B. Neutron diffraction

Neutron diffraction data were collectedin situ during cal-
cination using the medium-resolution powder diffractome
~MRPD! at the High Flux Australian Reactor~HIFAR!, op-
erated by the Australian Nuclear Science and Technol
Organization~ANSTO!, Lucas Heights Laboratories, Syd
ney, Australia. Neutron diffraction data, using MRPD and t
high-resolution powder diffractometer~HRPD! were also ob-
tained at room temperature for hydrogenated boehm
which had been precalcined to 600 °C for 7 hours.

C. Rietveld analysis and the starting structure models

Rietveld analysis76,77 of the neutron diffraction data from
powderedg-Al2O3 was performed using theLHPM Rietveld
code with the Rietica 1.7.7 interface.78 Four structural mod-
els were used in Rietveld refinements of the neutron diffr
tion data. The quality of the fit of the refined structure mo
els to the data was determined by visual inspection of
difference plot and statistically by figures of merit of th
estimated standard deviation of individual parameters.
figures of merit provided here are the profile factor (Rp),
goodness of fit (x2), and Bragg factor (RB), defined by Eqs.
~1!–~3!:79

Rp5
( uyio2yicu

( yio

, ~1!

x25
( wi~yio2yic!2

N2P
, ~2!

wherewi is the weight assigned to each observation,yio and
yic are the observed and calculated intensities at thei th step,
respectively,N is the number of observations, andP is the
number of least-squares parameters refined~these parameter
provide an indication of the fit between the calculated d
fraction pattern and the data!, and

RB5
( uI ko2I kcu

( I ko

, ~3!
14411
-
of

l-
13
es

r

y

e

e,

-
-
e

e

-

whereI ko and I kc are the observed and calculated intensit
for Bragg reflectionk, respectively. The Bragg factor repre
sents how well a particular phase in the structural model
to the data.

D. Nuclear magnetic resonance

A 27Al magic angle spinning~MAS! NMR spectrum was
recorded from theg-Al2O3 calcination product of hydroge
nated boehmite at ambient temperature using a Bruker M
400 spectrometer~9.4 T! operating at a27Al frequency of
104.23 MHz. The solid sample was spun around an a
inclined at 54°448 ~the magic angle! with respect to the mag
netic field, at an MAS rate of 15 kHz using a Bruker 4 m
double-air-bearing probe. The NMR spectrum was obtain
after a 3ms 90, and a 0.6ms 90 pulse length on the solutio
and sample, respectively. A 1.0M Al(NO3)3 solution was
employed as the chemical shift reference~set to 0.0 ppm!,
and for calibrating the experimental pulse lengths.

The baseline of the NMR spectrum was corrected bef
peak integration and peak deconvolution to obtain the co
dination distribution of Al. This baseline correction was r
peated 20 times to obtain an indication of its contribution
the uncertainty in the measurements.

E. Transmission electron microscopy

Dispersed samples ofg-Al2O3 on carbon film were inves-
tigated using a Philips 430 transmission electron microsc
~TEM! fitted with a LaB6 filament and operated at 300 kV
Selected area electron diffraction~SAED! patterns were ob-
tained using a 660 mm camera length. The camera len
was calibrated by comparison with diffraction patterns fro
pure gold. The absence of Kikuchi bands, attributable to
disorder in the structure, made it difficult to discern zo
axes and thus difficult to obtain useful information usi
convergent beam electron diffraction~CBED!.

III. RESULTS AND DISCUSSION

To date the best model describing the structure
g-Al2O3 is that by Zhou and Snyder.37 The key difference

FIG. 1. MAS-NMR spectrum ofg-Al2O3 prepared from hydro-
genated boehmite precursor; the octahedral peak is at 7.189
and the tetrahedral peak is at 65.398 ppm.
0-3
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FIG. 2. Refinements for cubic models again
neutron data obtained from deuterated boehm
heatedin situ to form g-Al2O3 ; ~a! Cubic-1, in-
corporating onlyspinel site positions;~b! Zhou
and Snyder~Ref. 37!, ~c! Cubic-16c. The solid
lines in the diffraction patterns represent the c
culated fit.
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between the Zhou and Snyder37 model and others is the in
corporation of anonspinel site position in the structura
model, which follows from the work of Shirasukaet al.36

and Ushakov and Moroz.35 However, there are two discrep
ancies between the Zhou and Snyder37 model and the data
obtained here. The first relates to the report of the spe
Wyckoff 32e site position. The reported occupation of th
highly distorted Wyckoff 32e site represents;25% of the Al
sublattice,37 and ;32% when refined for the data analyze
here.74 Only one NMR study ofg-Al2O3 derived from
highly crystalline boehmite has reported pentahedrally co
dinated Al, and this constituted no more that 6.5% of the
sublattice.40 The appearance of a peak representingpentahe-
dral Al in such data can be debated. The occurrence o
‘‘fivefold-coordinated peak’’ in NMR spectra ofg-Al2O3 is
typically found for highly porous material made from poor
crystalline boehmite,26,80 or boehmitethat is well ground,39

where higher surface areas result. From the literatur
seems that the appearance of obvious pentahedral pea
NMR spectra predominantly occurs forg-Al2O3 where there
is a high content of amorphous material, or when there
much surface cleavage resulting from milling.

The NMR spectrum~Fig. 1! obtained for theg-Al2O3
sample examined herein shows two peaks, representin
cation sublattice with octahedral and tetrahedral coord
tion. There is no evidence of a fivefold-coordinated, or p
tahedral, Al peak. What can only be said with certainty co
cerning this issue is that the asymmetric tailing of the pe
is indicative of short-range disorder in the structure.81–85The
spectrum is of similar appearance to those reported by
et al.34 and Pecharromanet al.40 Peak area integration of th
data yields a distribution of 69~2!% octahedral and 31~2!%
tetrahedral Al cation coordination, in excellent agreem
with Lee et al.34

Distorted octahedra, such as those described by Zhou
Snyder,37 which may be regarded as pentahedral, have a
been observed fork-Al2O3 .86,87 This was the result of a
slight distortion in the neighboring region of the oxygen su
lattice. These distortions have not been found to result
peak between the octahedral and tetrahedral peaks in
NMR spectra.88 The greatest significance of the distorted o
tahedra ink-Al2O3 is that the Al remains in an octahedr
site position, which is consistent with the space group sy
14411
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metry. In theFd3̄m space group these can only be the 16c or
16d site positions. From crystallographic consideratio
cleavage of the oxygen sublattice across an octahedra re
in Al with a coordination number of five at a surface.89 These
cations, distorted or not, remain effectively in an octahed
position, which is more energetically favorable than t
highly distorted 32e position. The proportion of Al in octa-
hedral positions for the Zhou and Snyder37 model is;44%,
well below the quantity given by NMR studies. Added to th
quantity of Al in the Wyckoff 32e site position, this yields a
proportion of Al sublattice equivalent to;69%. Hence, we
believe it is more appropriate to incorporate the 16c position
for Al in the model as opposed to the 32e. This belief is
supported by Wolverton and Hass,30 who found some spon
taneous nonspinel occupation on the 16c site for some of the
theoretical structures they optimised.

Figure 2 illustrates the Rietveld refinements of the Zh
and Snyder37 model and a cubic structural model incorpora
ing the Wyckoff 16c site position in the Al sublattice, desig
nated the Cubic-16c model. A cubic structural model with
Al’s restricted to the spinel site positions, designat
Cubic-1,74 is also shown to illustrate the misfit between t
calculated pattern and the data. The Zhou and Snyder37 and
Cubic-1 models were refined with background parame
incorporated rather than fixed.74 When considering only spi-
nel sites in the structural model, the vacancies were orde
on tetrahedral sites. In all other cases, the occupied site
sitions were all partially occupied. Table I displays the r
sults of these refinements. The Zhou and Snyder37 model,
when refined here, yields an increase in the 32e occupancy at
the expense of the 16d position and a slight change in th
32e position Al from x50.027 tox50.019. Refinement of
the 32e position tended to make the refinement unstab
with its coordinates approaching eitherx50 ~the coordinates
of the 16c position! or x50.25 ~the coordinates of the O
sublattice!. The refinement fits to the data of the Zhou a
Snyder37 and Cubic-16c models are very similar. However
the statistical indicators~Table I! indicate a slightly better fit
for the latter model. Hence we conclude that the Cubic-1c
model is equally as plausible as the Zhou and Snyd37

model for representation of the average bulk structure
boehmite derivedg-Al2O3 .
0-4
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TABLE I. Refinement results for cubic models against neutron data obtained from deuterated bo
heatedin situ to form g-Al2O3 . Uncertainties are to three standard deviations.

Model

Lattice
parameters

~Å!
Al site

positions Occupancy Rp

Goodness of
fit Bragg factor

Cubic-1 a57.952(2) 8a 0.83~1! 3.45 4.40 2.48
16d 1.00~1!

Zhou and a57.952(2) 8a 0.83~2! 3.18 3.42 1.65
Syndera 16d 0.53~1!

32e 0.20~1!

Cubic-16c a57.953(2) 8a 0.78~2! 3.07 3.16 1.35
16c 0.34~1!

16d 0.60~1!

aReference 37.
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Although the fits of the Zhou and Snyder37 and Cubic-16c
models are similar, the unit cell structures are considera
different. The 16c positions in the Cubic-16c structure are
uniformly dispersed, whereas the Zhou and Snyder37 model
depicts a distribution of the 32e site positions in eight group
of four positions uniformly throughout the unit cell. The A
atoms are distributed isotropically among these sites. E
group of four 32e positions closely surrounds an oxyge
atom. The close proximity of these sites to the neighbor
oxygen, and each other, suggests that it is only possible
one Al ion to be present among a group of four 32e posi-
tions, which yields a maximum possible occupancy of 0
Al’s in this site position.

The second discrepancy between the Zhou and Snyd37

model and the data examined here more specific
relates to the consideration of a cubic space group in gen
All of the peaks in the diffraction pattern, with the exceptio
of the peak at 2u;44°, appear to be split. This was observ
for all the neutron diffraction patterns collected fro
every sample. This splitting is most obvious for the pe
at 2u;51° ~see Fig. 3!. Profile analysis shows a much bett
goodness-of-fit when multiple peaks are considered
opposed to one peak.74 The appearance of these sp
peaks, exhibiting an improved profile when considering t
or more peaks, is characteristic of a structure of lower sy
metry than cubic, such as atetragonal structure. Rietveld
refinement of both tetragonal and dual-phase structure m
els ~discussed later! provides better profile fits to the peak
than the cubic models~Fig. 3!.
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A. Space group identification from TEM

A systematic TEM examination revealed a granular m
phology consisting of layered triangular and rhombohed
like plates, consistent with previous observations.2,22 Se-
lected area electron diffraction of individual plates show
only one type of pattern, indicative of a single-phase ma
rial. The diffraction patterns observed are depicted in Fig
Figure 4~a!, imaged from the plate surface, is consistent w
the diffraction patterns observed by Lippens and de Bo2

and Saalfeld and Mehrotra.22 Lippens and de Boer2 observed
that the electron diffraction patterns of boehmite-deriv
g-Al2O3 contained more spots than expected from the sp
structure and a contractedc lattice parameter. Irrespective o
the obvious tetragonal nature of boehmite-derivedg-Al2O3 ,
researchers have continued to index the structure in ac
dance with theFd3̄m space group. Thetetragonal I41 /amd
space group is a maximal subgroup ofFd3̄m, with acubic
'&atetragonal. These patterns can be described byI41 /amd
symmetry as opposed toFd3̄m ~Fig. 4!. In the I41 /amd
representation thea parameter is equivalent tod110
(;5.62 Å) in the cubic representation. Using this repres
tation the data yielda;5.60 Å andc;7.83 Å, which is
consistent with the Rietveld data. Indexing byI41 /amd
symmetry satisfies the reflection conditions of the sp
group16 and remains consistent with the three types of refl
tions described by Lippens and de Boer.2 The significance of
the types of reflections observed have been discus
previously.2,22,24A conversion table from reflections based o
Fd3̄m to I41 /amd symmetry is provided in Table II.
er
FIG. 3. Resulting profiles of the peak at 2u;51° generated by refinement of structure models;~a! cubic, based on the Zhou and Snyd
~Ref. 37! and Cubic-16c models,~b! tetragonal, based on the model designated Tetragonal-8c, ~c! dual phase, based on Cubic-16c combined
with Tetragonal-8c models.
0-5
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B. Proposed tetragonal model

I41 /amd symmetry was first suggested by Liet al.,19

who proposed a structure with Al restricted to spinel si
and vacancy ordering on octahedral sites. In this space g
the site positions analogous to the spinel sites in its su
group are the 4a ([8a) and 8d ([16d) sites.16 This space
group was utilized in a new structural model for Rietve
analysis, adopting the same approach as Cubic-16c, and des-
ignated Tetragonal-8c. The resulting unit cell has 16 oxyge

ions, on the 16h site position, and 1023 aluminum cations to
maintain 2:3 stoichiometry. The starting occupancies u
for the Tetragonal-8c model were those resulting from th
refinement of the Cubic-16c model. Results of the refine
ments of this model are summarized in Tables III and
with an example of the fit illustrated in Fig. 5. In every ca
a significantly better fit resulted for the Tetragonal-8c model
than for any of the cubic models examined. Table III illu
trates consistency of the model data for all specimens ex
ined, with the spread in the occupancy no greater than 0
between all samples. The distribution of the Al ions betwe
octahedral and tetrahedral positions agrees with the N
data in every case. Consistency of the model also perva
through the interatomic distances, which showed a devia
no larger than 0.1 Å for any equivalent distance between
samples.

For all models examined, the Al ions were linked wh
they were refined to maintain the 2:3 ratio required by
formula Al2O3 . However, to test the stability of th
Tetragonal-8c model, the Al ions were also refined unlinke
Individual occupancies deviated less than 0.5% from th
linked counterparts and the overall stoichiometry remain

FIG. 4. TEM diffraction patterns, with tetragonal,I41 /amd,
indexing diagrams below, looking down the~a! @0k0# and~b! @00l#
zone axes. Dashed lines indicate the axis if the traditional cu
representation were followed.
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within 1% of the ideal 2:3 ratio for alumina. A summary o
the structure is presented in Table IV.

The consistency of the structural model betweenin situ
heating and room temperature data strengthens the argu
against a special pentahedral Al. It is also indicative of
stability of the phase at both ambient and calcination te
peratures. The disorder evident in the NMR data indica
that a good fit to the diffraction data can be difficult
achieve. However, the structural model accounts for this
using larger thermal parameters than seen in a more ord
structure such asa-alumina.

A dual-phase model was also refined against the d
This approach was first suggested by Gan1,58 and investi-
gated previously.74 Here, the Tetragonal-8c and Cubic-16c
models were combined to form the dual-phase model.
though the refinement was successful as opposed to prev
attempts58,74 the figures of merit were higher than for an
single-phase Tetragonal-8c refinement, with a profile factor
of 2.79, a goodness of fit of 2.39, and Bragg factors of 1
and 0.56 for the tetragonal and cubic phases, respectiv
This is in spite of the greater number of parameters refi
for the dual-phase model, which usually result in better fi
ures of merit. The dual-phase refinement also demonstr
unrealistic instability in site occupancy parameters due
high correlation between the phases. Based on these re
and the observations from TEM, a dual-phase model is
counted for the boehmite-derivedg-Al2O3 examined here.
Consistency of the Tetragonal-8c model for all data sets
strengthens the argument for one phase as opposed to
phases.

C. Consideration of hydrogen

From the literature it appears that the occurrence of
drogen within the bulk structure is dependent on the prec
sor material used. For all the refinements attempted ab
there remains some differences between the data and the
culated pattern, particularly at 2u;44°. This difference also
remains in the refinement determined by Zhou and Snyde37

This is the peak that draws the greatest intensity contribu
from the oxygen sublattice. From suggestions in the lite
ture that there is some hydroxyl substitution for oxygen
the bulk structure,26,65it was decided to consider hydrogen
Rietveld refinements to investigate if this would account
the intensity mismatch at 2u;44°. This was done by mea
suring the amount of hydrogen in the samples and incor
rating this amount as deuterium in refinements of deutera
samples. Deuterated samples were used for the refinem
instead of hydrogenated samples due to the high incohe
background caused by hydrogen. In the following discuss
concerning the Rietveld refinements the word hydrogen
used instead of deuterium for clarity.

To determine the amount of hydrogen in the sample
amined here, one-shot ignition loss was performed on
hydrogenatedg-Al2O3 sample. For the ignition loss th
sample was initially heated to 200 °C for 2 hours to drive
surface-adsorbed water and cooled in a desiccator.
sample was then weighed to61 mg precision, heated to
1200 °C for 1 hour to drive off all residual hydroxyl ion
from the bulk, cooled, and weighed again. From this pro

ic
0-6
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dure the residual amount of hydrogen species in the bulk
determined to be 2.26~3! wt %. This is assumed to be in th
form of water from the decomposition reaction
boehmite.57 From the ignition lossn50.131(2), giving the
traditional protospinel stoichiometry as g-Al2O3
•0.131H2O, which equates to 1.39~8! hydrogens per tetrag
onal unit cell. The treatment of Sohlberget al.67 gives
H0.251Al1.916O3 .

The incorporation of the measured amount of hydrogen
the sample via Rietveld refinement followed two approach

TABLE II. Equivalent Miller indices for the cubic and tetrago
nal, I41 /amd, representations of the structure ofg-Al2O3 .

From Fig. 4~a!: @0k0# zone axis From Fig. 4~b!: @00l# zone axis
Cubic
h k l

Tetragonal
h k l

Cubic
h k l

Tetragonal
h k l

0 0 4 0 0 4 222 0 0 2 0
0 0 8 0 0 8 2 2 0 2 0 0
0 0 12 0 0 12 4 0 0 2 2 0
1 1 1 1 0 1 424 0 0 4 0
1 1 3 1 0 3 4 4 0 4 0 0
1 1 5 1 0 5 626 0 0 6 0
1 1 7 1 0 7 622 0 2 4 0
2 2 0 2 0 0 6 2 0 4 2 0
2 2 2 2 0 2 6 6 0 6 0 0
2 2 4 2 0 4 828 0 0 8 0
2 2 6 2 0 6 824 0 2 6 0
2 2 8 2 0 8 8 0 0 4 4 0
3 3 1 3 0 1 8 8 0 8 0 0
3 3 3 3 0 3 8 4 0 6 2 0
3 3 5 3 0 5 1026 0 2 8 0
3 3 7 3 0 7 1022 0 4 6 0
4 4 0 4 0 0 10 2 0 6 4 0
4 4 2 4 0 2 10 6 0 8 2 0
4 4 4 4 0 4 1224 0 4 8 0
4 4 6 4 0 6 12 4 0 8 4 0
4 4 8 4 0 8 12 0 0 6 6 0
5 5 1 5 0 1 1422 0 6 8 0
5 5 3 5 0 3 14 2 0 8 6 0
5 5 5 5 0 5 16 0 0 8 8 0
5 5 7 5 0 7
6 6 0 6 0 0
6 6 2 6 0 2
6 6 4 6 0 4
6 6 6 6 0 6
6 6 8 6 0 8
7 7 1 7 0 1
7 7 3 7 0 3
7 7 5 7 0 5
7 7 7 7 0 7
8 8 0 8 0 0
8 8 2 8 0 2
8 8 4 8 0 4
8 8 6 8 0 6
8 8 8 8 0 8
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designated approach 1 and approach 2. Approach 1 invo
sampling the hydrogen in various interstitial octahedral a
tetrahedral positions, consistent with space group symme
following from the findings of Tsyganenkoet al.65 and Sohl-
berget al.67 Approach 2 was more generic; the hydrogen w
given starting coordinates which placed it at a physica
reasonable distance from oxygen, using the same symm
position used for oxygen. These two procedures were s
tematically employed for all structural models tested, wh
included the cubic and tetragonal models with Al’s restrict
to spinel site positions, in addition to those where Al’s we
refined on nonspinel site positions.

The Rietveld refinements carried out for approaches 1
2 were conducted under two further conditions. The first w
to maintain Al2O3 stoichiometry and incorporate the hydro
gen as additional material within the bulk, consistent w
g-Al2O3•nH2O representation. The second was to incorp
rate the hydrogen according to the resulting stoichiometry
the Sohlberget al.67 representation.

For refinements where Al2O3 stoichiometry was main-
tained, refinements were more favorable when using
proach 2. Sustaining a stable refinement was extremely
ficult when the occupancy of hydrogen was fixed
physically reasonable values for approach 1. When c
strophic divergence in the refinement was avoided the res
ing fit was poor with high figures of merit relative to any o
those obtained from the corresponding models that did
incorporate hydrogen~the anhydrous models!. When the oc-
cupancy of hydrogen was refined, negative values alw
resulted, indicating that the hydrogen did not prefer any
the assigned interstitial occupations. Unstable thermal
rameters also resulted.

This was not the case for approach 2. Refinements w
stable for hydrogen occupancy fixed to physically reasona
values. Moreover, hydrogen occupancy generally remai
physically reasonable when allowed to refine. Only in so
cases did the hydrogen occupancy tend to become unrea
ably large. The thermal parameters tended to become e
uncharacteristically large, suggesting considerable migra
of hydrogen through the structure, or negatively unstable
all cases, the best results were obtained when the hydro
was incorporated in the Tetragonal-8c model, as opposed to
any other tetragonal, cubic, or dual-phase model. The b
stable refinement yielded a profile factor of 2.75, a goodn
of fit of 2.50, and a Bragg factor of 2.42.

Refining using the stoichiometry implied by the Sohlbe
et al.67 representation also resulted in the best fits being
tained for incorporation of hydrogen in the Tetragonal-c
model. Maintaining Al1.916O3 stoichiometry results in 10.21

Al’s in the unit cell as opposed to 102
3 , to allow for the

residual hydrogen. The same trends in instabilities, includ
the greater success in refining using approach 2 were
served, as per the refinements where Al2O3 stoichiometry
was maintained. When the parameters were maintai
within physically reasonable limits the best stable refinem
yielded a profile factor of 2.68, a goodness of fit of 2.32, a
a Bragg factor of 2.04. These results suggest that
0-7
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TABLE III. Refinement results for the Tetragonal-8c model ofg-Al2O3 from the various precursors: 1
deuterated boehmite prepared hydrothermally from deuterated gibbsite and calcinedin situ; 2, deuterated
boehmite prepared hydrothermally from hydrogenated gibbsite and calcinedin situ; 3, hydrogenated boeh
mite calcinedin situ; 4, precalcined hydrogenated boehmite with data collected at room temperatur
refinements were made for MRPD data except where indicated. Uncertainties are to three estimated
deviations.

Precursor

Lattice
Parameters

~Å!
Al site

positions Occupancy Rp x2 RB

1 a55.652(1) 4a 0.78~2! 2.47 1.96 0.99
c57.871(5) 8c 0.36~1!

8d 0.58~1!

2 a55.660(2) 4a 0.78~2! 3.12 2.59 0.90
c57.866(5) 8c 0.35~1!

8d 0.59~1!

3 a55.639(2) 4a 0.77~2! 2.94 2.25 0.97
c57.867(2) 8c 0.36~1!

8d 0.58~1!

4 a55.616(3) 4a 0.75~2! 3.08 2.06 1.28
c57.836(6) 8c 0.37~1!

8d 0.59~1!

4 ~HRPD! a55.615(2) 4a 0.79~2! 3.35 1.73 1.34
c57.835(4) 8c 0.35~1!

8d 0.59~1!
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protospinel representation of Sohlberget al.67 is more appro-
priate than the traditionalg-Al2O3•nH2O representation.

The figures-of-merit of the best protospinel refineme
for theg-Al2O3 examined here show fits that are not as go
as those obtained for either the anhydrous Tetragonac
~Table IV.! model or the Zhou and Snyder37 and Cubic-16c
models. In addition there were significant residual diff
ences between calculated peaks and the data. These
reflected in poor profile fits when compared to the anhydr
Tetragonal-8c model and, in some cases, additional calc
lated peaks were present with none corresponding to
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data. It was also found that none of the tested protosp
models improved the calculated to data intensity mismatc
2u;44°.

To further test the stability of the most success
protospinel refinement models tested for the present d
they were allowed to refine with the Al ions unlinked, as p
the anhydrous Tetragonal-8c model. This improved the vi-
sual appearance of the peaks but at the expense of the
tallographic integrity of the models. In cases where the
ions were restricted to spinel positions the overall stoichio
etry deviated up to 40% below the ideal stoichiometry. F
of

TABLE IV. Structural parameters of boehmite derivedg-Al2O3 for space groupI41 /amd, a

55.652(1), c57.871(5), Rp52.47,x251.96,RB50.99. Data taken from the refinement of neutron data
deuterated boehmite prepared hydrothermally from deuterated gibbsite and calcinedin situ. Uncertainties are
to three standard deviations.

Site x y z B (Å 2) Occupancy

O (16h) 0 0.0076~30! 0.2516~40! 1.4~3! 1.0
Al (4a) 0 0.75 0.125 2.2~3! 0.78~2!

Al (8c) 0 0 0 2.3~3! 0.36~1!

Al (8d) 0 0 0.5 2.3~3! 0.58~1!

Core geometries~distances in Å, angles in deg! around Al ions
Al (4a)-O 1.764~33!

Al (8c)-O 1.981~33! 2.029~18!

Al (8d)-O 1.956~32! 1.968~18!

O-Al(4a)-O 111.23~1.47! 108.60~72!

O-Al(8c)-O 180.00 91.22~1.26! 88.78~1.26!
O-Al(8d)-O 180.00 91.27~1.35! 88.73~1.35!
0-8
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FIG. 5. Rietveld refinement of
the Tetragonal-8c model for
g-Al2O3 prepared by heatingin
situ from deuterated boehmite pre
cursors.
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nonspinel site Al occupation in the protospinel models,
deviation from ideal stoichiometry was up to 30%. This is
distinct contrast to the anhydrous Tetragonal-8c model tested
above.

The results from the protospinel trials suggest that ther
no interstitial hydrogen within the crystalline bulk structu
of the boehmite-derivedg-Al2O3 examined here. Its pres
ence appears to be limited to the surface, as expected, a
the form of water within the amorphous content of the m
terial. Prompt gamma activation analysis90–92 ~PGAA! and
inelastic neutron scattering93 ~INS! is being conducted to fur
ther investigate the presence of water and hydroxide gro
within the structure.94

IV. CONCLUSIONS

Boehmite-derivedg-Al2O3 , where a tetragonal distortio
is observed, is best described using theI41 /amd space
group rather thanFd3̄m. This is evident from peak splitting
in neutron powder diffraction data and from TEM. The stru
ture could not be accurately modeled by restricting the
ions to spinel positions. As a result, occupation of thec
Wyckoff position in addition to the 4a and 8d is proposed.
No evidence of fivefold-coordinated Al atoms within th
structure was found in the NMR data obtained in this stu
This and the subsequent Rietveld analysis suggest that th
ions can only be situated in octahedral or tetrahedral p
tions. The Tetragonal-8c model ~Table IV! accommodates
the observed peak splitting better than all other models
vestigated. The distribution of Al ions determined from t
proposed Tetragonal-8c structural model is in agreemen
with the distribution obtained from NMR data. Consisten
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of this model for all data sets strengthens the argument
one phase as opposed to two phases. In this model the
ordering of vacancies on all the site positions, tetrahedral
octahedral. From this we can see why ambiguity has ari
in early work as to which sites the vacancies prefer to res
in. It also appears that, for the material examined here,
drogen is not interstitially present within the crystalline bu
structure, but rather is in the form of water, within the amo
phous content. There still remains some differences betw
the data and the calculated pattern, particularly at 2u;44°,
which, to date, no model has been able to accommodate
hope to elucidate this by computer simulations in the futu
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