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Thermal evolution crystal structure and cation
valence of Mn in substituted Ba-3-Al,0O3; prepared
via coprecipitation in aqueous medium
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BaMn,Al,_,019_, combustion catalysts with x=0.5, 1.0, 2.0, 3.0 have been prepared via
coprecipitation in agueous medium. Thermal evolution from 380 up to 1670 K has been
followed by XRD and surface area measurements. The crystal structure of the final material
and the dominant oxidation state of Mn in the different crystallographic sites, have been
investigated by means of XANES spectroscopy and Rietveld refinements of diffraction
powder data sets collected in proximity and far from the MnK absorption edge. It was
found that, except for the highest Mn content (x =3), monophasic samples are obtained
upon calcination at 1470 K. For the whole compositional range the Ba-B,-Al,03 structure is
obtained. A formation mechanism involving Ba ion diffusion within the y-Al,03 spinel
blocks, similar to that observed for Mn-free samples, is active also in this case. However,
the presence of Mn ions favours the formation of the Ba-5,-Al,03 that occurs at lower
temperatures. At low Mn loading (up to x=1), Mn preferentially enters the tetrahedral Al(2)
sites of the Ba-B;-Al,03 as Mn?*. At higher loading, Mn preferentially enters the octahedral
Al(1) sites as Mn3*. A charge compensation mechanism, involving the occupancy of Ba
sites in the mirror planes, operates to balance the substitution of AI3* with Mn?*. The
presence of Mn ions also affects the morphological properties of the final material. © 7999
Kluwer Academic Publishers

1. Introduction the existence of two different phases, and gy,
Ba-hexaaluminates are considered suitable materialgith different Ba contents have been demonstrated.
for gasturbine applications in view of their high thermal In Ba-poor samples th@, phase with composition
stability [1, 2]. They retain surface areas of 10-1%gn  Bag 75Al1101725 forms; this corresponds to the ideal
upon calcination at 1570 K. This property has been reNa-8-Al,03; (NaAl;1017) in which, to maintain elec-
lated to the peculiar layered structure of the materiatroneutrality with respect to substitution of monovalent
that consists of alternative stacking along thexis of  sodium with divalent barium ions, a quarter of theBa
spinel blocks containing At ions, and mirror planes in the mirror plane (Beevers-Ross sites) is replaced
in which large divalent and/or trivalent cations (e.g.by O?~ (Reidinger defects) [5]. In Ba-rich samples
Ba, Ca, Sr, La) are located. Depending on the compathe g, phase with composition Bae7Al 10667017.167
sition and the defectivity of the mirror plang;Al,Os s formed with Ba ions located in both spinel blocks
or magnetoplumbite-like structures are obtained. Meaand mirror planes [6]. For intermediate compositions,
surements of anisotropic diffusion of oxide ions showed.e. BaAl,0,9, the final structure originates from the
areduced ion diffusion rate along thaxis [3]. Thisre-  intergrowth of8, andg; domains [4].

sults in a limited ability for rearrangement of the stack- Combustion activity can be obtained by introducing
ing sequence that causes a preferential exposure of mitransition metal ions into the structure [2]. This does not
ror planes at the surface and prevents coalescence of theodify the physical properties of the material, and Mn-
crystallite along the axis [4]. As aresult, typical plate- substituted samples exhibit high thermal stability with
like crystallites, characterised by a strong anisotropysurface areas of 15-20%g being retained following
form in these materials. For unsubstituted B#&l,0O3;  calcination at 1670 K.
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Arai and co-workers studied Mn-substituted ma- The precursor materials, obtained upon filtration,
terials prepared via alkoxides hydrolysis [7]. Theywashing and overnight drying at 380 K of the cake,
reported that monophasic samples are obtained fawere calcined at470, 770,970, 1170,1270, 1370, 1470,
BaMnAl1o_4O19_, Up tox =2 and that segregation 1570 and 1670 K as follows: heating rate 1 K/min; hold
of BaAl,O4 occurs upon further Mn addition. Smets at each step 10 h.
and Verlijsdonk [8] observed that incorporation of Mn  Chemical analysis by atomic absorption of the
in Ba-rich samples results in the formation of the  mother liquors and the samples calcined at 1570 K,
phase and in the segregation of Ba®J. They also confirmed that quantitative precipitation was obtained
observed a strong analogy between Mn and Mg-dopedith the measured final compositions corresponding to
Ba-8-Al,03 [8], suggesting that Mn is located in the expectation.
spinel blocks as Mt . Along these lines Electron Para-  The samples will be quoted in the text with no-
magnetic Resonance (EPR) studies on single crystatations referring to the nominal Ba/Mn/Al content
of doped Nag-Al,03 confirm that Mn is located in the and the calcination temperature (e.g. BaMn0.5AI11.5-
spinel blocks, predominantly as Kin the tetrane- 1270 indicates the sample with expected composition
dral Al(2) sites [9]. Finally, structural analysis of single BaMn sAl1150;9 calcined at 1270 K).
crystals of substituted barium hexaaluminate with low
Mn content has indicated that, also in this case, Mn is
located in the Al(2) sites [3]. Accordingly the incor-
poration of divalent ions of relatively small size that 2.2. Characterisation
replace AP in tetrahedral Al(2) sites, appears to be aThe X-ray powder diffraction patterns of the Mn-sub-
common features g8-Al,O3 materials. stituted g-aluminas were measured using Ni-filtered

All the above studies refer typically to materials CuK,, radiation (Philips vertical diffractometer PW
doped with small amounts of Mn. However, the study1050-70). The data were collected in the angular range
of the effect of large additions of Mn is relevant to the 3°—70" 26.
use of these materials as combustion catalysts since it is Quantitative XRD analyses for the determination
Mn that is responsible for the catalytic properties. Fur-of the amount of BaAlO, were performed according
thermore, in the papers published so far, neither data ol the procedure reported in the literature [12] using
phase composition changes during calcination are rethe intensity of the (202) BaAD, reflection calcu-
ported, nor is the mechanism of formation of the finallated by profile fitting. The calibration curve was ob-
material discussed. tained by preparing mechanical mixtures)ofil ;03

In a previous paper we reported a characterisatio®nd BaAbO, in different weight percentages. Surface
study of Ba-Al-O samples prepared via coprecipitationareas were measured by nitrogen adsorption using a
in aqueous medium of the inorganic precursors of thd=ison Sorptomatic 1900 series instrument.
constituents [10]. In the present work we report on the EPR spectra of BaMn0.5AI11.5 were collected by a
preparation and characterisation of Ba-Mn-Al-O sam-Varian E109 spectrometer.
ples, with Mn/Ba ratios varying from 0.5 to 3, prepared
according to the method outlined above. Thermal evo-
lution has been investigated by X-ray diffraction (XRD) ) )
and surface area measurement édsorption) in order ~ 2-3- XANES experiments and Rietveld
to study phase evolution, morphological propertiesand ~ structural refinement o
formation mechanisms. The crystal structure of the fi-For structural analysis, the X-ray powder diffraction
nal materials, and the dominant oxidation state of MnPatterns of all the Mn-substitutegtaluminas calcined
in the different crystallographic sites in substituted Ba-at 1570 K were measured using Ky radiation and
B-Al,03, have been studied by X-ray Absorption Near@ p_y_rolltlc g_raphl_te diffracted beam monochromator
Edge Structure (XANES) spectroscopy and Rietveld(Philips vertlcal_dlffractometer PW 1050-70). The data
refinements of multiple powder diffraction data setsWere collected in the angular range-320' 26.
collected at different wave lengths both in proximity Synthetic MRO4 (Hausmannite) was used as stan-
and far from the MiK absorption edge. Synchrotron dard to determine the scattering coefficients of“¥n
radiation as well as G, radiation were used for this @nd Mr** in a local co-ordination similar to that of
purpose. The relation between crystal structure and thi1e investigated samples. The X-ray absorption of all

morphological properties of the final materials are alsdhe BaMnAl12_xO19 samples, along with that of the
discussed. reference, were first measured to calibrate the energy

position of the MiK absorption edge. Then, for the

BaMn1Al11l and BaMn2AI10 samples, as well as for

the reference sample, the X-ray powder patterns were
2. Experimental measured at three wavelengths in proximity of thedin
2.1. Preparation edge, approximately at20, —50 and—200 eV, the
Four Mn-substituted B#@-Al,O3 samples with nomi- edge position was defined as the maximum of the first
nal composition BaMpAl1o_xO19(X=0.5,1,2and 3) derivative peak of the absorption curve. The spectra
were prepared via coprecipitation in aqueous mediumyere collected using synchrotron radiation at line 2.3
using soluble nitrate salts of the constituents andf SRS, Daresbury Laboratory. The monochromatic in-
(NH4)2.CO;3 as precipitating agent. Details of the prepa-cident beam was obtained using a Si(111) monochro-
ration procedure are reported elsewhere [10, 11]. mator.
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Figure 1 XRD Spectra of samples dried at 380 K: (a) BaMn0.5Al11.5, (b) BaMn1Al11, (c) BaMn2AI10 and (d) BaMn3A19. AACHH (Ammonium,
Aluminium Carbonate-Hydroxi-Hydrate) (NH4)2Al6(OH)14(COs)3-H20; Ba-Al= BapAl 4(OH)16, BaAlz(CO3)2(0OH)4-2H20.

The powder diffraction patterns were used in aserved in the dried precursors, occurs. No reflections
Rietveld refinement using the GSAS software [13].of crystalline phases are detected in the XRD spectra
Both CWK, and synchrotron radiation patterns wereof BaMnxAl(12 — x)-770, and only smooth modula-
used in multipattern refinements in cases where severséibns of the base line (atfZ=19.4, 37.6, 39.5, 45.8,
diagrams were measured for the same sample. 60.9, 67.0) associated with microcrystallipeAl ,03

[JCPDS 10-425] are barely observed.
On increasing the temperature to 970 K (Fig. 2a—d)
the formation ofx-Mn,O3 is observed in all the sam-

3. Results ples, in increasing amount with the Mn content. Fur-
3.1. Drying (380 K) and calcination at low thermore, for BaMn3AI9 small amounts of Ba/@l,
temperature (770970 K) [JCPDS 17-306] are present (Fig. 2d). Moreover, the

A complex phase composition is observed for all thesmooth modulation of the base line, attributable to the
BaMnxAl(12 — x) samples dried at 380 K: their XRD features of microcrystalling-Al,O3 are still present in
spectra are reported in Fig. 1la—d. Samples with Mrall the samples.
content up to 2 (Fig. 1a—c) consist of a mixture of The dried samples exhibit high surface area values
poorly crystalline (NH)»Al (OH)14(CO3)3-H-0 [14],  around 100-200 Afg, with the higher values corre-
mixed Ba-Al hydroxides, carbonates and hydrox-sponding to the lower Mn content (200 and 10&/gn
icarbonates (tentatively BafICOs3),(OH)4-2H,O  for BaMn0.5A111.5-380 and BaMn3AI9-380 respec-
[JCPDS 31-116], BaA{OH).s [JCPDS 24-16]) and tively). These values are in line with the observed
MnCO; Rodhochrosite [JCPDS 7-268], whereas inco-presence of crystalline (i.e. pure and mixed Al
BaMn3AI9 only MnCQ is detected (Fig. 1d). Except and Ba hydroxides, carbonates and hydroxicarbonates
for the presence of MnC§) the composition of the and MnCQ) and microcrystalline compounds (i.e-
dried precursors is similar to that previously reportedAl,O3). Surface area keeps practically constant up to
for unsubstituted B#-Al,O3 prepared according to 770 K, whereas upon calcination at®K a slight de-
the same procedures [10]. crease is observed (values are around 90-18@)m
Upon calcination at 770 K, decomposition of the possibly associated with the progressive sintering of
methastable carbonates and hydroxides phases, ofhiey-Al>Os matrix.
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Figure 2 XRD Spectra of samples calcined at 970 K: (a) BaMn0.5AI11.5, (b) BaMn1Al11, (c) BaMn2AI10 and (d) BaMn3AI9.

3.2. Calcination at intermediate BaMn0.5Al11.5 becomes monophasic while B#®|
(1170-1470K) and high temperatures is still evidentin BaMn3AI9. These phase compositions
(1570-1670 K) remain stable even upon calcination at 1670 K; accord-

Upon calcination at 1170 K the reflections of crys-ingly, BaAlL,O, is always detected in the BaMn3AI9
talline BaALO, are detected in all the samples, to- sample.
gether with those of-Mn,03 and the modulations of ~ The structure and composition of the samples cal-
microcrystalliney-Al,Oz (Fig. 3a—d). In BaMn3AI9- cined at 1570 K have been accurately investigated by
1170 (Fig. 3d) small amounts of B&Al,Os[4, 10]are  means of Rietveld refinement of the XRD spectra. De-
also present. Accordingly in this sample the formationtails of this analysis will be reported in a following
of the layered alumina phase occurs 200 K below theparagraph.
temperature observed in Mn-free hexaaluminates, i.e. In Fig. 7 the surface areas of the Mn-containing
1370 K[10]. samples, together with those of a reference Bgddg
Starting from 1270 K the formation of the B&  sample (BaAll12), are reported as a function of cal-
Al,O3 phase occurs in all samples and is parallelectination temperature in the range 1170-1670 K.
by the decrease of the reflections of Ba®} and by BaMn0.5Al11.5 and BaMnlAIl11l exhibit a similar
the complete disappearance of théin,O3 (Fig. 4a—  trend with a slight decrease of the surface area be-
d). The amount of the B&-Al,Os increases with Mn  tween 1170 and 1270 K, followed by a more pro-
content: in BaMn2AI10-1270 and BaMn3AI1270 this nounced decrease between 1270 and 1370 K, that
phase represents the major component, while in thgrogressively smoothes above 1370 K and reaches a
samples with lower Mn loading only minor amounts of plateau of 15 rf/g in the range 1470-1670 K. In the
the BaB-Al,03 form. BaMn2AI10 sample most of surface area loss occurs
In the XRD spectra of the samples calcined at 1370 Kbetween 1170 and 1270 K, whereas, above this tem-
the modulations attributed to microcrystallipeAl ,Os  perature, a slight decrease is observed up to 1470 K
are no longer detected and the BaAl,O; is al- and again an asymptotic behaviouxs= 8-10 nt/g)
ways the main phase (Fig. 5a—d). Indeed BaMn1Al11is observed up to 1670 K. BaMn3AI9 sinters markedly
and BaMn2AI10 are monophasic, whereas only tracegt temperature lower than 1170 K. The steep decrease
of BaAl,0, are present in BaMn0.5Al11.5 and of surface area continues up to 1270 K whereas a grad-
BaMn3AI9. Upon calcination at 1470 (Fig. 6a—d), alsoual decrease down to 62y is evident upon further
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Figure 3 XRD Spectra of samples calcined at 1170 K: (a) BaMn0.5AI11.5, (b) BaMn1Al11, (c) BaMn2AI10 and (d) BaMn3AI9.

calcination at 1570-1670 K. Finally the surface areaent. This phase completely disappears between 1370
of the reference BaAll2 sample slowly decreases upand 1470 K in BaMn0.5AI11.5, BaMnlAIl1l and
to 1370 K and drops markedly between 1370 andBaMn2AIl10, whereas only small amounts are present
1470 K. Above 140 K a stable value of 15 fig is  in BaMn3AI9 up to 1670 K. To evaluate the extent
observed. of the formation of BaAlO,, quantitative analysis
For all the samples the trend of surface area is appafrom XRD powder data has been performed. Results
ently related to the formation of the final BaAl,O3  are reported in Fig. 8 together with data of a refer-
phase. Indeed, as described above, this phase at 1170Kce BaA],0,9 sample. The following features are
is present in minor amounts only in BaMn3AI9; at observed: (1) in all the samples the relative amount of
1270 K it is the dominant phase in both BaMn3AI9 BaAl,O, increases up to a maximum and then progres-
and BaMn2AI10 whereas it is present only in mi- sively decreases; (2) the temperature of the maximum
nor amounts in BaMn0.5A111.5 and BaMn1Al11. In decreases with the Mn content. The highest tempera-
all the Mn-containing samples monophasic compositure (1370 K) is observed for the Mn-free BaAl12 sam-
tion is observed at 1370 K except for the presenceple. BaMn0.5AI11.5 exhibits the maximum at 1270 K,
of small amounts of BaAlD, in BaMn0.5AI11.5 and whereasin BaMn1Al11 and BaMn2Al10 the maximum
BaMn3AI9 and finally phase evolution is completed atoccurs at 1170, finally the lowest temperature (970 K)
1470 K. On the other hand, according to a previouss observed for BaMn3AI9; (3) the maximum amount
characterisation study [10], in Mn-free BaAl12 sam- of BaAl,O, varies with the Mn loading as well: it cor-
ples the formation of Bg-Al O3 only starts at 1370 K responds to 35-40% (w/w) of the total Ba in BaAl12,
and is completed at 1570 K. ~25% (w/w) in BaMn1Al11 and BaMn2AI10 and to
8-10% (w/w) in BaMn0.5AI11.5 and BaMn3AlI9; (4)
residual BaA}O,, detected in BaMn3AI9 in the tem-
3.3. Quantitative analysis of BaAl,0, perature range 1170-1670, is constant and corresponds
As described above, BagD, forms in the temper- to ~5% (w/w) of the total Ba content. As a gen-
ature range 970-1270 K depending on the Mn coneral trend the maximum amount of Ba segregated as
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Figure 4 XRD spectra of samples calcined at 1270 K: (a) BaMn0.5AI11.5, (b) BaMn1Al11, (c) BaMn2AI10 and (d) BaMn3AI9.

BaAl,O, decreases on increasing the Mn content exthe XANES spectra of the Mn-substituted BaAl ,0O3
cept for BaMn0.5AI11.5 that shows small amount of samples with those of the reference samples with known
BaAl,O,. Mn valence and location, suggests that Mn is almost
For all the samples from the XRD spectraitis evidententirely present as Mri in BaMn0.5AI11.5, while a
that the decrease of BaAD,, parallels the formation significant fraction of trivalent and/or tetravalent Mn is

of Ba-g-Al,0s3. present in BaMn2AI10 and BaMn3AlI9.
The main results of Rietveld analysis performed on
3.4. Structural analysis, allocation and the powder XRD data, collected with both Kyl and
oxidation state of Mn in the structure synchrotron radiation, are summarised below. Details

The detailed structure of the samples calcined abn refinement procedures, along with complete refine-
1570 K, specifically with respect to Mn location and ment results, are reported in a companion paper [17].
its valence, was studied by XANES spectroscopy and’he results of Rietveld analysis show that a Ba-
Rietveld structural refinement. Al,O3 phaseisformedin allthe samples despite amount
The Mn XANES diagrams measured over all Mn- of Ba higher than stoichiometric, in line with previ-
substituted Bags-Al,O3 samples and over the MO, ous literature reports [8]. In the samples with low Mn
reference sample are shown in Fig. 9. The literature&oncentration the refinements indicate the presence of
spectra [15] of MnGyO, is also reported. The Mf Mn in the tetrahedral Al(2) site (Fig. 10), whereas at
edge is observed for all the sampleskat 6544 eV.  higher concentrations, Mn was found also in the octa-
This compares well with the value reported in thehedral Al(1) sites, while Al(3) and Al(4) do not show
literature [16] for Mrf+. The maximum at 6547 eV any significant evidence of Mn substitution. Mn occu-
(see dotted line in Fig. 9), that is well evident in pancy in the different Al sites of a semicell is reported
BaMnO0.5Al11.5 and BaMnlAll11, progressively de-in Fig. 11 as a function of the Mn/Ba ratio. At low
creases and reduces to a shoulder of the white peak tontents Mn enters only the Al(2) sites with an occu-
the case of BaMn2AI10 and BaMn3AI9. At the same pancy that increases almost linearly with Mn loading.
time the position of the white peak gradually shifts to- For Mn/Ba> 1 the Mn occupancy in the Al(2) site tends
wards higher energy (from 6554 to 6557 eV). Both thesdo an asymptotic value slightly higher than 0.6, whereas
features suggest that a progressive shift from?Mn an increasing amount of Mn is found in the Al(1) site.
to higher oxidation states occurs on increasing theA gradual rise of the occupancy of the Ba sites in the
Mn content. Moreover, the qualitative comparison ofmirror plane for Mn/Ba ratios:1 parallels the increase
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Figure 5 XRD spectra of samples calcined at 1370 K: (a) BaMn0.5AI11.5, (b) BaMn1AlI11, (c) BaMn2AI10 and (d) BaMn3AI9.

TABLE | Calculated cell parameters agglag ratio for the different  tjce parameter and of thw/ag ratio vs. Mn |oading are
BaMrxAl(12 —x) in line with the presence of M in tetrahedral coordi-

Sample 20— bo (A) & A) s Nation (i.e. Al(2) sites) and with M in the octahedral
one (i.e. Al(1) sites). Indeed, tte lattice parameter
BaAl12 5.5936(4) 22.767(2) 4.87 increases with the Mn loading in the whole investigated
gamngi’lﬁli-5 55-66:1722) 2257722(()2) 2-8? range, even though the rise is steeper up to Me/Ba
a n . . . . . . .
BaMnZAILD 5.65916(3) 22.7520(2) 402 whereas it is less pronounced for higher Mn loading.

BaMn3AI9 5.6719(1) 22.776(1) 401 Thisbehaviouris consistent with the initial substitution
of Al(2) with Mn?*, which causes a marked expansion
of the site co-ordination distance. Afterwards, substitu-
tion of Al(1) with Mn3*, that occurs on increasing fur-
of Mn occupancy in the Al(2) sites. It has to be con-ther the Mn content, causes only minor site distortions
sidered that the presence of oné?Bé&n in the mirror  due to close similarity between the ionic radii ofAl
plane instead of one® ion (i.e. disappearance of a and Mr#+. The trend of they/a ratio is also in line with
Reidinger defects) implies at4charge variation. This  the above interpretation. At low Mn content thgag
suggests that a charge compensation mechanism opeétio decreases almost linearly with the Mn loading.
ates to allocate Mn ions in the structure at low Mn/BaThis behaviour agrees quantitatively with that reported
ratio. In fact, the progressive increase of Ba occupancyh the literature for Mg-doped Bg-Al,05 [8] and can
associated with the decrease of the Reidinger defecige explained as follows: the substitution of Al(2) with
can balance the introduction of Mhreplacing AP divalent Mn reduces the concentration of Ba vacancies
in the Al(2) sites. and enforces the bonds between the spinel block and
Attribution of dominant Il valence for Mn ions in  the mirror plane, thus the distance between spinel block
Al(2) sites was also indicated by refined values of theand the mirror plane is contracted. This compensates
f”anomalous dispersion coefficients that also suggestsr the expansion along theaxis due to incorporation
that Mn in Al(1) sites is mainly trivalent [17]. of Mn2* in the spinel block. For Mn/Ba 1, Mn en-
The calculated cell parameters together withtfi@y  ters the Al(1) sites mainly as Mn(lll) and no further
ratios of the different BaMxiAI(12 — x) samples arere-  increase of the Ba concentration is observed. Accord-

ported in Table | along with those of the UnSUbStitUteding|y bothcy andag expand and their ratio keeps almost
BaAl;,0;3 (BaAll2). The smaller values of tteg lat-  constant.
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Figure 6 XRD spectra of samples calcined at 1470 K: (a) BaMn0.5AI11.5, (b) BaMn1AlI11, (c) BaMn2AI10 and (d) BaMn3AI9.
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Figure 7 Surface areas of samples calcined in the range 1170-1670.

Structure refinements also allowed for the calculated for the Mn-substituted samples and for the unsubsti-
tion of the aspect ratios of the anisotropic plate-liketuted BaAl,O;g reference sample. Fig. 12 shows that
crystallites of Bag|-Al,0s. In Fig. 12 the calculated in the Mn-substituted samples both the measured sur-
values versus the measured BET surface areas are pldace area and the calculated aspect ratio decrease with
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Figure 8 Quantitative XRD analysis of BaADs.

Mn content. An almost linear correlation is observed Samples dried at 380 K consist of mixed Ba-Al crys-
that is in line with a report in the literature that the talline compounds and crystalline MnG@hat easily
sintering resistance arises from inhibition of the crystaldecompose upon calcination at 770 K to give very mi-
growth along the-axis associated with anisotropic dif- crocrystalline materials characterised by high surface
fusion coefficients [4]. The unsubstituted BaAl12 sam-areas and high interspersion of the constituents.

ple also shows high surface area and large crystallite Upon calcination at 970 K the crystallisation @f
shape factor but deviates markedly from linear correlaMn,Os is detected to an extent that increases with Mn
tion of Mn-substituted materials. This is possibly duecontent. However all the samples are essentially micro-
to the different microstructure of BaAl12 arising from crystalline in line with the presence ofjaAl,03; ma-
intergrowth of bothg,|-Al,03 and g -Al,03 domains.  trix (see XRD base line modulations) that also accounts
for the high values of surface area (90—-18%gh At

this calcination temperature the incipient formation of
BaAl,O, is detected only in BaMn3AI9. In all the other
4.1. Thermal evolution samples the formation of Bag®, is observed starting
The phase compositions of the Baki(12 — x) sam-  from 1170 K. For all the Mn-containing materials as
ples calcined at different temperatures are summarisedell as for BaAl12, the results of quantitative XRD
in Table II. analysis (Fig. 8) shows the presence of a maximum

4. Discussion

TABLE |l Phase composition of BaMil(12 — x) calcined at different temperatures (AACHHNH,)2Al6(OH)14(CO3)3-H20, Ba-Al=
BapAl 4(OH)16, BaAlz(CO3)2(OH)4-2H20).

Te (K) BaMn0.5AI11.5 BaMnl1Al11l BaMn2AI10 BaMn3AI9
380 AACHH, AACHH, MnCG;, AACHH, MnCO;, MnCO3
MnCQO; traces Ba-Al Ba-Al
770 Amorphous Amorphous Amorphous Amorphous
970 «-Mn»0g3, ]/-A|203 a-Mn503, y-A|203 «-Mn»03, y-Aleg a-Mny03, )/-Al 203,
BaAl,O4
1170 «-Mn»0g3, ]/-A|203, «-Mny03, y-A|203, «-Mny0g3, y-Aleg, a-Mny03, )/-Al 203,
BaAl,O4 BaAl,04 BaAl,O4 BaAl,04, Ba-8-Al,03
1270 y-Al203, BaAl;0y, y-Al,03, BaAl,Oy, y-Al203, BaAl;0y, BaAl,Oy,
Ba-B-Al,03 traces Bag-Al,03 Ba-B8-Al,03 Ba-B-Al,03
1370 BaAbO4 traces, Baﬁ-AI 203 Ba—ﬁ-AI 203 BaAI204,
Ba-B8-Al,03 Ba-8-Al,03
1470 Baﬂ-AI203 Ba-ﬂ-AI203 Ba—ﬁ-AI203 BaAI204,
Ba-8-Al,03
1570 Baﬁ-Alzog Ba-ﬂ-AI203 Ba—ﬁ-AI203 BaAI204|
Ba-8-Al,03
1670 Baﬁ-AI203 Ba-ﬂ-AI203 Ba—ﬁ-AI203 BaAI204|
Ba-B-Al,03
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T X tion between amorphous Ba species and B@jland

| Mns% ) -Al,05. Athreshold temperature of 1370 K was found
for the formation of the Bg-Al O3 phase that was re-
lated to the activation of the mobility and diffusion of
Ba ions into they-Al,O3 spinel blocks. The key fac-
tor for the achievement of a final monophasic material
with high surface area was reported to be the presence
of highly interspersed Ba species that hinder alumina
transitions up to the formation of the final phase that is
favoured by the small dimensions of the aggregates.

The same mechanism can be reasonably hypoth-
esised for the formation of BA-Al,Os; in Mn-

T T substituted materials. Indeed a similar evolution of

E (ev) 6600 8650  phase composition is observed at the intermediate calci-
nation temperatures exceptinthe presenceldi,Os.
Figure 9 XANES spectra of BaMRAI(12 —x) samples, reference  A|gq in this case the presence of dispersed Ba species
MnOs, and literature MnGiOs. can be invoked considering that in all the samples the
calculated amount of BaAD, accounts only for a rel-
atively small fraction of the total Ba content. Such an

- T
6500 6550

high interspersion originates from the adopted precip-

—d’ ."—-——'— itation conditions. Indeed the dried precursors consist
P of both very small amorphous aggregates, the presence

(3 ' of which is evidenced by the high specific surface area,

and of mixed crystalline phases that easily decompose

2 \
/Q ’i ’ k¢ at low temperature giving rise to amorphous domains

V" where Ba and Al are interspersed at the atomic level.
m

' As with Ba-Al-O systems, in Mn-containing sam-
’1’ ples, a threshold temperature is observed for the for-
» (2) ‘ ’ mation of the layered alumina phase that progressively
1 decreases with increasing Mn content. The promoting

m% (4) effect of Mn was related to an increase of ion mobilit
y

.q,!'v ’ within they -Al,O3 spinel blocks that, according to the
’ (2) above mechanism, would be responsible for the eas-
(1 4 ier formation of the final phase. To provide evidence
’ 1) in favour of such increase of ion mobility, the temper-
) N\ ’ b’ atures of phase transition of pure and Mn-doped alu-
» ;‘ & mina samples, prepared via coprecipitation, were com-
‘ (3) pared. Indeed, the alumina transitions imply lattice re-
arrangements that require mobility of oxygen ions. It
— 5 ’3” was shown that the addition of Mn resulted in a lower
g transition temperature, thus supporting the promoting

effect of Mn on ion mobility in the alumina lattice.

Figure 10 Ideal semicell of Bg|-Al203. Numbers in parenthesis refer
to the different Al sites. Mn positions are indicated by bold spheres. 4 2. Structural analysis and Mn allocation
and oxidation state in the structure

The X-ray powder diffraction spectra of the
of BaAl,O4 concentration. The temperature at whichBaMn0.5A111.5, BaMn1AI11l, BaMn2AI10 samples
the maximum is observed decreases as the Mn contenalcined at 1570 K show the presence of a single
increases. The decrease of Bg®} concentration is Ba--Al,03 phase only. On the contrary the sample
accompanied by the decreaseeoMn,0O3 and by the BaMn3AI9 retains a small fraction of BagD,, that is
appearance of the final B&-Al,03 phase. The forma- anintermediate phaseinthe synthesis of allthe samples.
tion of this latter phase is completed at temperatures The detailed crystallographic study on Mn-substi-
that progressively decrease with the Mn content, and isuted Bag-Al,O3; reported above shows that, at low
paralleled by the disappearance of Bg®J, exceptfor  concentration, Mn preferentially enters the structure as
BaMn3AI9 that segregates small amounts of this phas#in?t localised in the tetrahedral Al(2) sites. Replace-
up to 1670 K. All this suggest that BaAD, is areagent ment of AP by Mn?* is responsible for a charge com-
in the solid state reaction leading to the formation ofpensation mechanism that allows higher Ba occupancy
the Bag-Al,03 . in the mirror plane, thus favouring the formation of Ba-

In a previous study on Mn-free samples (BaAll4, 8-Al,03 at high Ba/(Al4- Mn) ratio. The mechanism

BaAl12, BaAl9) prepared via the same route [4, 10],of charge compensation also allows for insertion of ap-
it was proposed that the formation of the BaAl,O3  preciable amounts of Mn in the B&-Al,03 structure
phase proceeds through simultaneous solid state reagithout phase segregation. This is not allowed in the
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Figure 11 Calculated Mn occupancy in the Al sites of a semicell.
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Figure 12 Surface area vs. calculated crystallite shape factors for the different Mn/Ba ratios.

magnetoplumbite structures in which defects of catiorgrowth along the c¢ axis due to anisotropic diffusion in
vacancies in the mirror planes are not present to anthe layered structure as already reported for Mn-free
significant extent. Accordingly, elements with higher systems [4]. The data obtained at low Mn loading (up
oxidation states (e.g. Pr, La*") should be inserted in to Mn/Ba= 1) show that substitution of At with di-
the mirror plane to allow localisation of divalent Mn in valent Mn in the Al(2) sites has a minor effect on the
the spinel blocks [18]. morphological properties. Onthe other hand further Mn
On increasing the Mn content, Ba sites are progresinsertion in the Al(1) sites with dominant valence 3
sively saturated. Accordingly, the charge compensatiomeduces both the surface area and the crystallite aspect
mechanism is no longer allowed and Mn preferentiallyratio. The promoting effect of Mn on high temperature
enters the octahedral Al(1) site as #nSaturation of ~ sintering can be related to the increase of ion mobil-
Ba sites at high Mn content, might also be responsibléty (Ba®* and &) in the spinel blocks that has been
for segregation of BaAlD, in the Mn richest sample. held responsible for the formation of the final phase
The identification of partitioning and of dominant in Mn-containing materials at lower temperatures. The
valence state of Mn in the different crystallographic absence of a significant effect on the sintering resistance
sites as a function of total Mn loading provides a ba-at low Mn-content could be related to the increase of
sis for the discussion of the observed morphologicaBa concentration in the mirror planes associated with
properties. The correlation between surface area ansubstitution of divalent Mn in tetrahedral Al(2). The
calculated aspect ratio of the crystallites confirms thatncrease of the sintering resistance on increasing the
sintering resistance arises from inhibition of the crystalBa concentration in the BA-Al,O3 structure has been
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