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Tetragonal structure model for boehmite-derived y-alumina
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v-alumina (y-Al,O3) derived from boehmite has historically been described as having a cubic spinel
structure withFd3m 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-derivedAl,O; with 14,/amd space group symmetry, a maximal
subgroup ofFd3m. Itis also demonstrated that an accurate average structural model cannot be achieved if the
cations are restricted to spinel positions.

DOI: 10.1103/PhysRevB.68.144110 PACS nunider61.66—f, 61.12—q, 61.14-x

|l INTRODUCTION maintain stoichiometry there must beX2aluminum cations

. ) N . in the unit cell. This creates a defect spinel structure due to
y-alumina (y-Al;0s) is a transition alum'nazfePOfted 10 the vacancies imposed by such an arrangement. The consid-
occur at temperatures between 350 and 10_06’ istypi-  eration of a spinel structure restricts the aluminum cations to
cally formed from an amorphous or boehmite precursor, an@ccypying the @ (tetrahedraland 1@l (octahedralWyckoff
has remained present at temperatures as high as 1200 °C dgsitions, which are termed ttspinelsites.
the former casé.Industrially, it is extremgly important. I_t is The greatest confusion surroundipgAl ,O; concems the
used las a ca_ltacljlyst gr%chaftalyst Supporlt in the aut_omotnf/e aNfistribution of vacancies in the structure. Analysis of neutron
petro eun;% in _u?tne - In struT.t}Je%r% c(;)mgosn_es odr diffraction, x-ray diffraction (XRD), and electron micros-
fﬁ;ﬁ;{ aé;"g:)aaﬁ:%s{mwer SUppIiES,~and abrasive an copy data has led various workers to conclude that the va-
) : C cancies are situated either entirely in octahédra! or
Despite the industrial significance oF Al,0s, conlro- o op o 2123 gjtes o distributed over both spinel
versy still exists over its structure. A wide variety of experi- 0225 The or derirylg of the vacancies on octahedral sites

mental and computational methods have been used to d : 7 31
scribe the structure of-Al,O5 over the last half century. is supported by several computational studfes: vacancy

; é)gdering on tetrahedral sites is supported by a nuclear mag-

However, no definitive consensus has emerged on iSsues-. 3y (NMR d lecul
such as the arrangement of vacancies and the role of hydrG€liC_resonance spectroscopyNMR) ‘and ‘a molecular
dynamic$® study. However, the NMR and computational

en in the structure. The mechanisms by whigtAl,O L
g y Whieh'2 s work by Lee et al®* supports vacancy distribution among

behaves as a cataly&r support are not clearly understood. i

A clear understanding of the structure would aid in elucidat-POth zg)sc:tahtalgral tap% tet)r(ar\tigdcrialt pO.StIrt]IOHSI. Us.haI|<0\{t and
ing such mechanisms. The many variations of the structur oroz— could not Index ata with only Spinél Sites
reported are understandable as it has a high degree of dis €ing OCCUP'Ed' A. 5|m|I§1r suggestion, for th_e occupation of
der and small coherently scattering domé@SD) sizes, re- More than just spinel sites, was made earlier #oAl,0;,

; 36
sulting in diffuse diffraction patterns. There are also strongWh'Ch has an analogous structure eAl 0. Zhou and

7 . . . .
structural similarities with other transition aluminas, ob- Snyder reported cation occupation of a highly distorted
served in the diffraction patterns, which can make it difficult WYCKOff 32 site, coinciding with reports of pentahedrally

i i 26,3840
to distinguish between phases in the same transformaticfPrdinated Al in several NMR studiés®®~*°and a molecu-
sequence. lar dynamics stud§’

" ; ; ; When derived from amorphous precursorsAl, O3 has
Initially y-Al,O5; was reported as having @bic spinel 203
y ¥-Alals P — g P always been reported as having a cubic latfite!31#2341-49

stlrut?[iturel, |rn r?qccto:da;r;cgowgh ;ZEATS%IS ‘zfi‘ce group. ;/iwtnh Eoehmite—derivedy-AI203 has been reported as exhibiting a
a lattice parameter of 7. a sublattice occupations of, i | ticd517:2526,37.5051 30 as having atetragonal

700/9t_|n Ogt,ﬂ]l?dral Slltte p(()jmttlons_ ar:jdtﬁO:Azhl_n ttetrahc—,]:drfll S'_t%iistortior?’21'22’24'52‘55in the cubic lattice. Structural varia-
positions. was later determined that this type of StTUC- s may result from varied preparation histéty>-5"How-

ture was more correctly described using tRe3m space ever, the most recent reports have either concluded or as-
group, which is a maximal subgroup of thEm3m  sumed in favor of a cubic latticg:?®3"*1There has also
group®>*®The unit cell contains 32 oxygen ions in the Wy- been a suggestion thatAl,O; has two phases, both cubic
ckoff 32e positions, which are approximately close packed inand tetragonaf-°®

a face-centered-cubidcc) arrangement. The cation ratio in ~ The reports of tetragonay-Al,0O; found c:a ratios be-
y-Al, 05 is 2:3, as opposed to 3:4 for spinel structures, so taween 0.987 and 0.96%* Yanagida and Yamaguctiand
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Wilsor?* found the degree of tetragonal distortion decrease&hou and Snydéf found only small amounts of hydrogen in
with increasing preparation temperature. Wil&balso ob-  y-Al,05, one OH per unit cell. From this they specifically
served reduced tetragonal distortion with increased heatinguled out hydrogen spinel as a structural possibility. Their
times. Tertian and Pap&eobserved that rapid heating rates finding is supported by the theoretical calculations of
result in a cubic structure. Yanagida and Yamagtfcher-  Wolverton and Has®} who found HAKOg to be thermody-
formedin situ XRD followed by room temperature measure- Namically unstable with respect to boehmite and decomposi-
ments and found that the tetragonal distortion was reduced 400 to an anhydrous defect spinel. While Sdfetias also
room temperature. The tetragonality has been attributed tBrovided alternative notation to represefAl, O, hydro-
shrinkage anisotropy in the andb axes of boehmite during 9&n was considered only to be prevalent at the surface with a

heating and the distribution of residual water or hydroxyl considerable amount of amorphous content, most likely in
ions 54 the form of water, being implied. A series of molecular dy-

H H 27,71,72 :
The tetragonally distorted structure @fAl,O3 has con- namics studies by Karez et al. supports pqstulauons
) ) — . of a well-ordered, anhydrous, bulk structure with a defect-
tinued to be ascribed t6d3m symmetry>?? The tendency riddled surface containing many hydrogen species.

has been to simply assert a cubic structure and highlight a |t should be noted that Zhou and Snyteserformed their
contractect axis upon observation of a tetragonal distortion. analysis ony- Al,O, synthesized from highly crystalline
This is not the crystallographically correct approach. Levinpoehmite, as in the current work. This is in contrast to stud-
and Brandor? asserted that thieue symmetry of the tetrago-  ies that have concluded in favor of considerable quantities of
nally deformed structures should be described by a tetragdrydrogen in the structure, such as Peat5amnd Wang
nal space group, expectedly, a maximal subgrouEdﬁm. et al,?® where gelatinous boehmite was the precursor. From
It is well known that hydrogen is present at the surface otthis it becomes clear that the preparation route is important
metal oxides; however, the role of hydrogen within the bulkto consider.
structure ofy-Al,O; is uncertain. This is an important topic ~ When hydrogen content is considered the structure of
because water is a by-product of the dehydration of boehy-Al,O3; ~ has  been  discussed  using  cubic
mite. Several researchers since Dowdemave considered Symmetry?®>>577%Cubic symmetry is also assumed for
the presence of hydrogen, not bound in water form, withincomputer simulated studies of the bulk structure of
the bulk structure ofy-Al,O;. Proton NMR results from y-Al,O5, whether the presence of hydrogen is considered or
gel-derived alumina showed 0.009 g of hydrogen per granﬁO'f-27_31'34’67'71’73
of alumina within the structure, with 36.8% residing within ~ This paper assesses the bulk structural configuration of
the bulk®! These passive protons have been suggested feoehmite-derivedy-Al,O; as part of ongoing research. In
account for the catalytic properties of the transitionprevious work, we investigated structural models for
aluminas*®? de Boer and Houb&h suggested a hydrogen- y-Al,O3 from the literature and newly created models based
spinel (protospinel structure fory-Al,O5 analogous to the on findings from NMR studie&' These models were shown
lithium spinel described by Kordé4.The protospinel ap- to be inadequate for the boehmite-derivedil ,0; data ob-
proach is supported by several other researchérs8’As a  tained by us due to discrepancies between the calculated dif-
result several researchers have proposed the stoichiometfi@ction peaks and the diffraction data, or due to failing the
formula for protospinel y-Al,O; be written y-Al,O;  statistical Hamilton test This was particularly true for
-nH,O, with n reported to be between 0 and 088/:°1:63  structural models that restricted Al to spinel positions. Neu-
This representation implies an excess of oxygen atoms arigon diffraction data contained what appeared to be split
that y-Al, O3 is a crystalline hydrate, which it is néfUsha-  peaks, suggesting that the structure could be either tetragonal
kov and MoroZ®° could only account for XRD data by incor- Or consist of two phases, rather than cubic. This was con-
porating residual hydrogen on nonspinel sites in the bulkirmed by profile anaylsié! The Zhou and Snyd&rmodel(a
structure. However, it should be noted that hydrogen cannatubic Fd3m representation of-Al,O3) provided the best fit
be distinctly seen by x rays. Hydrogen is better seen in bullof these models investigated at that time. Here a tetragonal
structures by neutrons, most suitably after deuteriummodel is developed that provides a better fit to extended
exchangé® Tsyganenket al ® attributed infrared spectra of experimental data and more accurately describes the struc-
O-H vibrations originating from the bulk to protons trapped ture of boehmite-deriveg-Al,O5. The issue of hydrogen in
in octahedral and tetrahedral vacancies within the anion latthe bulk structure is also addressed.
tice. This work is supported by the results of Sanfjat/ang
et al,?® and Sohlberet al®’

Consideration of a protospinel structure may result in an Il. EXPERIMENT
idealized spinel structure, with no vacancies, represented by )
HAIsOg, or Al,Os-0.2H,0. This is the same composition A. Materials
that was established for tohdftt Sohlberget al®’ proposed Powderedy-Al,O; was obtained from several highly

an alternative stoichiometric notation for protospinelcrystalline boehmite precursors and used for neutron studies.
v-AlL,03, Hi3nAl,_,Os, wherem=2n/(n+3), which al- Hydrogenated boehmite was obtained from the Alumina and
lows for a valid representation of the hydrogen content aseramics Laboratory, Malakoff Industries, Arkansas, USA.
opposed to the crystalline hydrate representation. Deuterated boehmite was prepared by hydrothermal treat-
Contrary to the hydrogen-spinel-based structures reportednent of synthesized deuterated gibbsite withODfor 10
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days at 158°C in a Barc bomb. A further deuterated boeh-
mite precursor was prepared by hydrothermal treatment of
Alcoa C31 hydrogenated gibbsite with,O for 10 days at
158°C in a Barc bomb. Each boehmite precursor was cal-
cined at 600°C, 7 hours for the deuterated samples and 1:
hours for the hydrogenated sample. The calcined sample:
obtained were confirmed ag Al,O5; by matching its XRD
pattern with ICDD pattern PDF 10-0425.

65.398
7.189

B. Neutron diffraction

Neutron diffraction data were collectéual situ during cal-
cination using the medium-resolution powder diffractometer
(MRPD) at the High Flux Australian ReactdHIFAR), op- 150 100 50 0 30 100 150
erated by the Australian Nuclear Science and Technology
Organization(ANSTO), Lucas Heights Laboratories, Syd-  FIG. 1. MAS-NMR spectrum ofy-Al,O; prepared from hydro-
ney, Australia. Neutron diffraction data, using MRPD and thegenated boehmite precur§0r; the octahedral peak is at 7.189 ppm
high-resolution powder diffractometédRPD) were also ob- ~ and the tetrahedral peak is at 65.398 ppm.
tained at room temperature for hydrogenated boehmit
which had been precalcined to 600 °C for 7 hours.

ppm

Svherel ko andl . are the observed and calculated intensities
for Bragg reflectiork, respectively. The Bragg factor repre-
sents how well a particular phase in the structural model fits

C. Rietveld analysis and the starting structure models to the data.

Rietveld analysi€ '’ of the neutron diffraction data from
powderedy-Al,O; was performed using thedpm Rietveld
code with the Rietica 1.7.7 interfaé®Four structural mod- A ?’Al magic angle spinningMAS) NMR spectrum was
els were used in Rietveld refinements of the neutron diffracrecorded from they-Al,O; calcination product of hydroge-
tion data. The quality of the fit of the refined structure mod-nated boehmite at ambient temperature using a Bruker MSL-
els to the data was determined by visual inspection of th€00 spectromete(9.4 T) operating at a’Al frequency of
difference plot and statistically by figures of merit of the 104.23 MHz. The solid sample was spun around an axis
estimated standard deviation of individual parameters. Théclined at 54°44 (the magic anglewith respect to the mag-
figures of merit provided here are the profile fact®,),  netic field, at an MAS rate of 15 kHz using a Bruker 4 mm
goodness of fit %), and Bragg factorRg), defined by Eqs. double-air-bearing probe. The NMR spectrum was obtained
(1)—(3):"° after a 3us 90, and a 0.G@s 90 pulse length on the solution

and sample, respectively. A M0 AI(NO3)5 solution was
employed as the chemical shift refererset to 0.0 ppm
2 Vio—Vicl and for calibrating the experimental pulse lengths.

D. Nuclear magnetic resonance

The baseline of the NMR spectrum was corrected before

Rp (1) peak integration and peak deconvolution to obtain the coor-
2 Yio dination distribution of Al. This baseline correction was re-
peated 20 times to obtain an indication of its contribution to
the uncertainty in the measurements.
2
, > Wi(Yio— Vi) E. Transmission electron microscopy
= 2 . . .
X N—P @ Dispersed samples of Al ,O5 on carbon film were inves-

tigated using a Philips 430 transmission electron microscope
(TEM) fitted with a LaB filament and operated at 300 kV.
Selected area electron diffracti@BAED) patterns were ob-
tained using a 660 mm camera length. The camera length
was calibrated by comparison with diffraction patterns from
pure gold. The absence of Kikuchi bands, attributable to the
disorder in the structure, made it difficult to discern zone
axes and thus difficult to obtain useful information using
convergent beam electron diffractig@BED).

wherew; is the weight assigned to each observatigp,and

Yyic are the observed and calculated intensities attthstep,
respectivelyN is the number of observations, afdis the
number of least-squares parameters refitieglse parameters
provide an indication of the fit between the calculated dif-
fraction pattern and the dateand

2 o=l ll. RESULTS AND DISCUSSION
- )

2 | To date the best model describing the structure of
ko y-Al,O; is that by Zhou and Snydéf.The key difference

Rs
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Cubic modd fits

. (@)

FIG. 2. Refinements for cubic models against
neutron data obtained from deuterated boehmite
heatedin situ to form y-Al,O3; (a) Cubic-1, in-
corporating onlyspinel site positions;(b) Zhou
and Snyder(Ref. 37, (c) Cubic-1&. The solid
i, . © lines in the diffraction patterns represent the cal-

- -m,g.u.z;u culated fit.

. ®

30 40 50 60 70 80 90 100 110 120 130

between the Zhou and Snydémodel and others is the in- metry. In theFd3m space group these can only be the 6
corporation of anonspinelsite position in the structléjgal 16d site positions. From crystallographic considerations,
model, which follows I)r;m the work of Shirasulet al. cleavage of the oxygen sublattice across an octahedra results
and Usgakov anthorh .HOV\(/jever, éclheredalre two discrep- i Al with a coordination number of five at a surfalThese
ancies between the Z ou and Snydlenodel and the data . cations, distorted or not, remain effectively in an octahedral
obtained here.' The f|.r.st relates to the report of 'the Spec'%osition, which is more energetically favorable than the
WkaOﬁ. 82e site position. The reported OCCl(J)patIOH of the highly distorted 32 position. The proportion of Al in octa-
highly distorted Wyckoff 32 site represents- 25% of the Al hedral positions for the Zhou and Snyemodel is— 44%

E:?é?gt%ezlyag?‘e 3,\? ,\;0 ngig;eg?iitghz gr?\f:da?i)rﬁed well below the quantity given by NMR studies. Added to the

highly crystalline boehmite has reported pentahedrally coorduantity of Al'in the Wyckoff 32 site position, this yields a
dinated Al, and this constituted no more that 6.5% of the AIPToportion of Al sublattice equivalent to69%. Hence, we
sublattice®® The appearance of a peak represenfigtahe- beIieveT it is more appropriate to incorporate the pdsition
dral Al in such data can be debated. The occurrence of 4r Al in the model as opposed to the &2This belief is
“fivefold-coordinated peak” in NMR spectra of-Al,O, is  Supported by Wolverton and Ha¥swho found some spon-
typically found for highly porous material made from poorly taneous nonspinel occupation on the e for some of the
crystalline boehmité®®° or boehmitethat is well grounti,  theoretical structures they optimised.
where higher surface areas result. From the literature it Figure 2 illustrates the Rietveld refinements of the Zhou
seems that the appearance of obvious pentahedral peaksand Snydel model and a cubic structural model incorporat-
NMR spectra predominantly occurs ferAl,O; where there  ing the Wyckoff 1& site position in the Al sublattice, desig-
is a high content of amorphous material, or when there isated the Cubic-16 model. A cubic structural model with
much surface cleavage resulting from milling. Al's restricted to the spinel site positions, designated
The NMR spectrum(Fig. 1) obtained for they-Al,O,  Cubic-1/*is also shown to illustrate the misfit between the
sample examined herein shows two peaks, representing Galculated pattern and the data. The Zhou and SAyaad
cation sublattice with octahedral and tetrahedral coordinaCubic-1 models were refined with background parameters
tion. There is no evidence of a fivefold-coordinated, or penincorporated rather than fixédWhen considering only spi-
tahedral, Al peak. What can only be said with certainty con-nel sites in the structural model, the vacancies were ordered
cerning this issue is that the asymmetric tailing of the peak®n tetrahedral sites. In all other cases, the occupied site po-
is indicative of short-range disorder in the structtfé®®The  sitions were all partially occupied. Table | displays the re-
spectrum is of similar appearance to those reported by Lesults of these refinements. The Zhou and Sri/derodel,
et al®* and Pecharromaet al*° Peak area integration of the when refined here, yields an increase in the 82cupancy at
data yields a distribution of §2)% octahedral and 32)%  the expense of the #i6position and a slight change in the
tetrahedral Al cation coordination, in excellent agreemenf32e position Al from x=0.027 tox=0.019. Refinement of
with Lee et al®* the 32 position tended to make the refinement unstable,
Distorted octahedra, such as those described by Zhou anth its coordinates approaching either 0 (the coordinates
Snyder’” which may be regarded as pentahedral, have alsof the 1& position or x=0.25 (the coordinates of the O
been observed fok-Al,05.8%87 This was the result of a sublatticé. The refinement fits to the data of the Zhou and
slight distortion in the neighboring region of the oxygen sub-Snyde?’ and Cubic-16 models are very similar. However,
lattice. These distortions have not been found to result in #@he statistical indicatoréTable |) indicate a slightly better fit
peak between the octahedral and tetrahedral peaks in tler the latter model. Hence we conclude that the Cubic-16
NMR spectré® The greatest significance of the distorted oc-model is equally as plausible as the Zhou and Snider
tahedra ink-Al,0O; is that the Al remains in an octahedral model for representation of the average bulk structure of
site position, which is consistent with the space group symboehmite derivedy-Al,0;.
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TABLE I. Refinement results for cubic models against neutron data obtained from deuterated boehmite
heatedin situ to form y-Al,05. Uncertainties are to three standard deviations.

Lattice
parameters Al site Goodness of
Model R positions Occupancy R, fit Bragg factor
Cubic-1 a=7.952(2) & 0.831) 3.45 4.40 2.48
16d 1.001)
Zhou and a=7.952(2) & 0.832) 3.18 3.42 1.65
Syndef 16d 0.531)
32e 0.201)
Cubic-1& a=7.953(2) & 0.782) 3.07 3.16 1.35
16c 0.341)
16d 0.6011)
%Reference 37.
Although the fits of the Zhou and Snydéand Cubic-16 A. Space group identification from TEM

models are similar, the unit cell structures are considerably A systematic TEM examination revealed a granular mor-
different. The 16 positions in the Cubic-16structure are phology consisting of layered triangular and rhombohedral-
uniformly dispersed, whereas the Zhou and Sn¥/derodel  like plates, consistent with previous observatidf%.Se-

depicts a distribution of the &2site positions in eight groups lected area electron diffraction of individual plates showed
of four positions uniformly throughout the unit cell. The Al only one type of pattern, indicative of a single-phase mate-
atoms are distributed isotropically among these sites. Eacfal- The diffraction patterns observed are depicted in Fig. 4.
group of four 32 positions closely surrounds an oxygen Figure 4a), imaged from the plate surface, is consistent with

atom. The close proximity of these sites to the neighborin(jhned ‘222‘?&;;8gﬁgtﬁéﬂfofggﬁg‘gﬁsbgnﬂF:jpeegso éaggsgﬁlgoer

g)é)égf\r}oin?oesghp?etgg:{tS;rﬂgﬁzt?g?élilif gﬂg;;i?le fcﬁlat the elect_ron diffraction patterns of boehmite-deriv_ed
tions, which yields a maximum possible occupancy of 0 257"A|203 contained more Spots than expected from th? spinel
Al's i,n this site position "““structure and a contractedattice parameter. Irrespective of
; ) the obvious tetragonal nature of boehmite-derigedl,Os,
The second discrepancy between the Zhou and SiS]Y)Iderresearchers have continued to index the structure in accor-

model and the data examined here more specifically . —
relates to the consideration of a cubic space group in generaq."’mCe with theFdSm space group. Theetragonal K, /amd

All of the peaks in the diffraction pattern, with the exception SPace group is a maximal subgroup fefi3m, with acic

of the peak at 2~ 44°, appear to be split. This was observed ~V2etragonat These patterns can be described 8y/amd

for all the neutron diffraction patterns collected from Symmetry as opposed t6d3m (Fig. 4). In the 14;/amd
every sample. This splitting is most obvious for the peakiepresentation thea parameter is equivalent tadjo

at 20~51° (see Fig. 3 Profile analysis shows a much better (~5.62 A) in the cubic representation. Using this represen-
goodness-of-fit when multiple peaks are considered atation the data yielda~5.60 A andc~7.83 A, which is
opposed to one pegﬁ The appearance of these split consistent with the Rietveld data. Indexing b#,/amd
peaks, exhibiting an improved profile when considering twosymmetry satisfies the reflection conditions of the space
or more peaks, is characteristic of a structure of lower symgroup™®and remains consistent with the three types of reflec-
metry than cubic, such as tatragonal structure. Rietveld tions described by Lippens and de Bédihe significance of
refinement of both tetragonal and dual-phase structure modbe types of reflections observed have been discussed
els (discussed lat¢mprovides better profile fits to the peaks Previously:?***A conversion table from reflections based on
than the cubic model&-ig. 3). Fd3m to 14, /amd symmetry is provided in Table II.

49 50 51 52 53 49 50 51 52 53 49 50 51 52 53

FIG. 3. Resulting profiles of the peak a#2 51° generated by refinement of structure modglscubic, based on the Zhou and Snyder
(Ref. 37 and Cubic-16 models,(b) tetragonal, based on the model designated TetragandkeBdual phase, based on Cubicel€mbined
with Tetragonal-8 models.
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within 1% of the ideal 2:3 ratio for alumina. A summary of
the structure is presented in Table IV.

S o R The consistency of the structural model betwéersitu
e 4 ; Roval i o heating and room temperature data strengthens the argument
o 28 LT - against a special pentahedral Al. It is also indicative of the
el :'; ey 4 ’ * . : stability of the phase at both ambient and calcination tem-
ol i ; . g " . peratures. The disorder evident in the NMR data indicates

that a good fit to the diffraction data can be difficult to
achieve. However, the structural model accounts for this by
using larger thermal parameters than seen in a more ordered
structure such aa-alumina.

¢ b ~ A dual-phase model was also refined against the data.
I LM, as s T % & & & This approach was first suggested by &&nand investi-
L L L o & & e gated previously* Here, the Tetragonaleé3and Cubic-16
S TR SR TR T oo e e models were combined to form the dual-phase model. Al-
BB abe e s N R N N though the refinement was successful as opposed to previous
SRR B I I attempts®7* the figures of merit were higher than for any
e M e 1 e e W B B B S single-phase Tetragonak&efinement, with a profile factor
L S S S A @ o+ o o o of 2.79, a goodness of fit of 2.39, and Bragg factors of 1.89
—a 00 A0 0 W and 0.56 for the tetragonal and cubic phases, respectively.
@ ®) This is in spite of the greater number of parameters refined

for the dual-phase model, which usually result in better fig-
ures of merit. The dual-phase refinement also demonstrated
unrealistic instability in site occupancy parameters due to
%igh correlation between the phases. Based on these results
and the observations from TEM, a dual-phase model is dis-
counted for the boehmite-deriveg Al,O; examined here.
B. Proposed tetragonal model Consistency of the Tetragonat8model for all data sets

14, /amd symmetry was first suggested by ktal,'®  strengthens the argument for one phase as opposed to two
who proposed a structure with Al restricted to spinel sites?hases.
and vacancy ordering on octahedral sites. In this space group
the site positions analogous to the spinel sites in its super-
group are the 4 (=8a) and & (=16d) sites'® This space From the literature it appears that the occurrence of hy-
group was utilized in a new structural model for Rietveld drogen within the bulk structure is dependent on the precur-

analysis, adopting the same approach as Cubig-a6d des- SOr material used. For all the refinements attempted above
ignated Tetragonal® The resulting unit cell has 16 oxygen there remains some differences between the data and the cal-

. . - . . culated pattern, particularly atv2-44°. This difference also
|on§, o!q the 1B s_|te _posmon, and 19 al_umlnum catlo_ns to remains in the refinement determined by Zhou and Sri{/der.
maintain 2:3 stoichiometry. The starting occupancies Usefpjs js the peak that draws the greatest intensity contribution
for the Tetragonal-8 model were those resulting from the from the oxygen sublattice. From suggestions in the litera-
refinement of the Cubic-t6model. Results of the refine- tyre that there is some hydroxyl substitution for oxygen in
ments of this model are summarized in Tables Il and IV,the bulk structuré®®it was decided to consider hydrogen in
with an example of the fit illustrated in Fig. 5. In every caseRietveld refinements to investigate if this would account for
a significantly better fit resulted for the Tetragonal#®odel the intensity mismatch at@-44°. This was done by mea-
than for any of the cubic models examined. Table Il illus- suring the amount of hydrogen in the samples and incorpo-
trates consistency of the model data for all specimens exanrating this amount as deuterium in refinements of deuterated
ined, with the spread in the occupancy no greater than 0.0damples. Deuterated samples were used for the refinements
between all samples. The distribution of the Al ions betweerinstead of hydrogenated samples due to the high incoherent
octahedral and tetrahedral positions agrees with the NMmackground caused by hydrogen. In the following discussion
data in every case. Consistency of the model also pervadezbncerning the Rietveld refinements the word hydrogen is
through the interatomic distances, which showed a deviatiomsed instead of deuterium for clarity.
no larger than 0.1 A for any equivalent distance between all To determine the amount of hydrogen in the sample ex-
samples. amined here, one-shot ignition loss was performed on the
For all models examined, the Al ions were linked while hydrogenatedy-Al,O; sample. For the ignition loss the
they were refined to maintain the 2:3 ratio required by thesample was initially heated to 200 °C for 2 hours to drive off
formula ALO;. However, to test the stability of the surface-adsorbed water and cooled in a desiccator. The
Tetragonal-8 model, the Al ions were also refined unlinked. sample was then weighed ta 1 mg precision, heated to
Individual occupancies deviated less than 0.5% from theil200°C for 1 hour to drive off all residual hydroxyl ions
linked counterparts and the overall stoichiometry remainedrom the bulk, cooled, and weighed again. From this proce-

FIG. 4. TEM diffraction patterns, with tetragondl4,/amd,
indexing diagrams below, looking down ti@ [0kO] and (b) [0O0I]
zone axes. Dashed lines indicate the axis if the traditional cubi
representation were followed.

C. Consideration of hydrogen
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TABLE II. Equivalent Miller indices for the cubic and tetrago- designated approach 1 and approach 2. Approach 1 involved
nal,14;/amd, representations of the structure pfAl,O;. sampling the hydrogen in various interstitial octahedral and
tetrahedral positions, consistent with space group symmetry,
following from the findings of Tsyganenket al®® and Sohl-

From Fig. 4a): [0k0] zone axis From Fig. @): [00I] zone axis

Cubic Tetragonal Cubic Tetragonal berget al®” Approach 2 was more generic; the hydrogen was
hkl h Kkl h Kkl hkl given starting coordinates which placed it at a physically
004 004 2-20 020 reasonable distance from oxygen, using the same symmetry
008 008 220 200 position used for oxygen. These two procedures were sys-
0012 0012 400 220 tematically employed for all structural models tested, which
111 101 4—40 040 included the cubic and tetragonal models with Al's restricted
113 103 440 400 to spinel site positions, in addition to those where Al's were
115 105 6—60 060 refined on nonspinel site positions.

117 107 6-20 240 The Rietveld refinements carried out for approaches 1 and
220 200 620 420 2 were conducted under two further conditions. The first was
222 202 660 600 to maintain AbO3 stoichiometry and incorporate the hydro-
224 204 8-80 080 gen as additional material within the bulk, consistent with
226 206 8—40 260 v-Al,O5-nH,O representation. The second was to incorpo-
228 208 800 440 rate the hydrogen according to the resulting stoichiometry of
331 301 880 800 the Sohlbercet al®’ representation.

333 303 840 620 For refinements where AD; stoichiometry was main-
335 305 10-6 0 280 tained, refinements were more favorable when using ap-
337 307 10-2 0 460 proach 2. Sustaining a stable refinement was extremely dif-
440 400 1020 640 ficult when the occupancy of hydrogen was fixed to
442 402 1060 820 physically reasonable values for approach 1. When cata-
444 404 12-4 0 480 strophic divergence in the refinement was avoided the result-
446 406 1240 840 ing fit was poor with high figures of merit relative to any of
448 408 1200 660 those obtained from the corresponding models that did not
551 501 14-20 680 incorporate hydrogefthe anhydrous modelswhen the oc-
553 503 1420 860 cupancy of hydrogen was refined, negative values always
555 505 1600 880 resulted, indicating that the hydrogen did not prefer any of
557 507 the assigned interstitial occupations. Unstable thermal pa-
660 600 rameters also resulted.

662 602 This was not the case for approach 2. Refinements were
664 604 stable for hydrogen occupancy fixed to physically reasonable
666 606 values. Moreover, hydrogen occupancy generally remained
668 608 physically reasonable when allowed to refine. Only in some
771 701 cases did the hydrogen occupancy tend to become unreason-
773 703 ably large. The thermal parameters tended to become either
775 705 uncharacteristically large, suggesting considerable migration
777 707 of hydrogen through the structure, or negatively unstable. In
880 800 all cases, the best results were obtained when the hydrogen
882 802 was incorporated in the Tetragonat-&odel, as opposed to
884 804 any other tetragonal, cubic, or dual-phase model. The best
886 806 stable refinement yielded a profile factor of 2.75, a goodness
888 808 of fit of 2.50, and a Bragg factor of 2.42.

Refining using the stoichiometry implied by the Sohlberg
et al®” representation also resulted in the best fits being ob-

dure the residual amount of hydrogen species in the bulk wa&ined for incorporation of hydrogen in the Tetragonal-8
determined to be 2.28) wt%. This is assumed to be in the Model. Maintaining Aj 9;d0; stoichiometry results in 10.21
form of water from the decomposition reaction of Al's in the unit cell as opposed to %0 to allow for the
boehmite’’ From the ignition loss1=0.1312), giving the  residual hydrogen. The same trends in instabilities, including
traditional  protospinel  stoichiometry as y-Al,O;  the greater success in refining using approach 2 were ob-
-0.131H,0, which equates to 1.88) hydrogens per tetrag- served, as per the refinements wherg@l stoichiometry
onal unit cell. The treatment of Sohlbergt al®” gives was maintained. When the parameters were maintained
Ho 25l 1 0103 within physically reasonable limits the best stable refinement
The incorporation of the measured amount of hydrogen iryielded a profile factor of 2.68, a goodness of fit of 2.32, and
the sample via Rietveld refinement followed two approachesa Bragg factor of 2.04. These results suggest that the
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TABLE lll. Refinement results for the Tetragonat-8nodel of y-Al,O5; from the various precursors: 1,

deuterated boehmite prepared hydrothermally from deuterated gibbsite and catcisiag 2, deuterated

boehmite prepared hydrothermally from hydrogenated gibbsite and calicirgtl; 3, hydrogenated boeh-

mite calcinedin situ; 4, precalcined hydrogenated boehmite with data collected at room temperature. All
refinements were made for MRPD data except where indicated. Uncertainties are to three estimated standard

deviations.
Lattice
Parameters Al site
Precursor R) positions Occupancy Ry X2 Rg
1 a=5.652(1) ) 0.782) 2.47 1.96 0.99
c=7.871(5) 8c 0.36.)
ad 0.581)
2 a=5.660(2) ) 0.782) 3.12 2.59 0.90
c=7.866(5) & 0.351)
8d 0.591)
3 a=5.639(2) 4 0.772) 2.94 2.25 0.97
c=7.867(2) & 0.361)
8d 0.581)
4 a=5.616(3) 2} 0.752) 3.08 2.06 1.28
c=7.836(6) & 0.371)
ad 0.591)
4 (HRPD) a=5.615(2) ) 0.792) 3.35 1.73 1.34
c=7.835(4) & 0.351)
8d 0.591)

protospinel representation of Sohlbergal®’ is more appro- data. It was also found that none of the tested protospinel

priate than the traditionay-Al,O3-nH,O representation. models improved the calculated to data intensity mismatch at
The figures-of-merit of the best protospinel refinements2 9~ 44°.

for the y-Al,O5 examined here show fits that are not as good To further test the stability of the most successful
as those obtained for either the anhydrous Tetragooal-8protospinel refinement models tested for the present data,
(Table 1V) model or the Zhou and Snydérand Cubic-16 they were allowed to refine with the Al ions unlinked, as per
models. In addition there were significant residual differ-the anhydrous Tetragonak8model. This improved the vi-
ences between calculated peaks and the data. These weigal appearance of the peaks but at the expense of the crys-
reflected in poor profile fits when compared to the anhydrousallographic integrity of the models. In cases where the Al
Tetragonal-&8 model and, in some cases, additional calcu-ions were restricted to spinel positions the overall stoichiom-
lated peaks were present with none corresponding to thetry deviated up to 40% below the ideal stoichiometry. For

TABLE IV. Structural parameters of boehmite derivegtAl,O; for space groupl4,/amd a
=5.6541), c=7.8745), Ry= 2.47,x%>=1.96,Rg=0.99. Data taken from the refinement of neutron data of
deuterated boehmite prepared hydrothermally from deuterated gibbsite and caicitedUncertainties are
to three standard deviations.

Site X y z B(A?) Occupancy
O (16n) 0 0.007630) 0.251640) 1.43) 1.0
Al (4a) 0 0.75 0.125 2.3) 0.782)
Al (8c) 0 0 0 2.33) 0.361)
Al (8d) 0 0 0.5 2.33) 0.581)
Core geometriegdistances in A, angles in deground Al ions

Al (4a)-O 1.76433)

Al (8¢c)-0 1.98133) 2.02918)

Al (8d)-O 1.95632) 1.96818)

O-Al(4a)-0O 111.231.47) 108.6(72)

O-Al(8c)-0 180.00 91.201.26 88.781.26

O-Al(8d)-O 180.00 91.2[1.35 88.731.3H
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FIG. 5. Rietveld refinement of
the Tetragonal-8 model for
v-Al,O3 prepared by heatingn
situfrom deuterated boehmite pre-
cursors.

30 40 50 60 70 80 90 100 110 120 130

nonspinel site Al occupation in the protospinel models, theof this model for all data sets strengthens the argument for
deviation from ideal stoichiometry was up to 30%. This is inone phase as opposed to two phases. In this model there is
distinct contrast to the anhydrous Tetragonalr8odel tested  ordering of vacancies on all the site positions, tetrahedral and
above. octahedral. From this we can see why ambiguity has arisen

The results from the protospinel trials suggest that there i early work as to which sites the vacancies prefer to reside
no interstitial hydrogen within the crystalline bulk structure in. It also appears that, for the material examined here, hy-
of the boehmite-derived-Al,O; examined here. Its pres- drogen is not interstitially present within the crystalline bulk
ence appears to be limited to the surface, as expected, andstructure, but rather is in the form of water, within the amor-
the form of water within the amorphous content of the ma-phous content. There still remains some differences between
terial. Prompt gamma activation analy8i$? (PGAA) and  the data and the calculated pattern, particularly @t24°,
inelastic neutron scatteriﬂ?g(lNS) is being conducted to fur- which, to date, no model has been able to accommodate. We
ther investigate the presence of water and hydroxide groupsope to elucidate this by computer simulations in the future.
within the structuré?
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