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Preparation and Characterization of Different Phases of
Aluminum Trifluoride
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Several phases (a, €, and ) of aluminum fluoride were prepared from precursors such as
NHAIF,, (NH,)sAIFs, and S-AlFs-3H,0 using various synthetic strategies. The precursors
and the aluminum fluoride phases obtained were characterized by X-ray diffraction (XRD),
X-ray fluorescence, scanning electron microscopy (SEM), and infrared spectra (FT-IR). The
structural evolution of the precursors to the different phases of aluminum fluoride during
thermal treatment was studied by dynamic XRD experiments, differential scanning
calorimetry (DSC), and thermogravimetric analysis (TGA). a- and y-AlF; phases were
obtained with high BET surface areas (>120 and 30 m?/g, respectively). These aluminum
fluorides with high BET areas are of potential interest as supports or catalysts in

hydrodechlorination and fluorination reactions.

Introduction

Complex fluorides with various interesting structures
have been extensively studied for their particular physi-
cal properties such as their piezoelectric characteris-
tics,172 photoluminescence,® ionic conductivity,* and
nonmagnetic insulation.® Recent studies have also
demonstrated that several phases of aluminum fluorides
are important inorganic materials, since they can be
used both as commodity chemicals (in the aluminum
industry) and as catalysts for the new, ozone-friendly
alternatives to chlorofluorocarbons.6=7

Two phases of AlF; are well-characterized (o and f3),
and reliable synthetic and structural data are available.
In both cases, the structures are built of octahedral
[AlFg] units where all the fluoride ions are corner-
shared.8=% o-AlF; was prepared by passing gaseous
hydrogen fluoride over anhydrous AICI; at 1073 K,1° and
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crystallizing with a rhombohedral structure and space
group R3c.!! B-AlF3; was obtained by dehydrating a-AlF3-
3H,0 at 723 K.2 The crystal structure of g-AlF; is
orthorhombic with space group Cmcm. The metastable
form S-AlF; irreversibly transforms to stable a-AlF;
when heated at 773 K.

However, the literature is full of other metastable
phases (y, t, €) which may represent either impure
materials or mixtures of the better-characterized phases.”
y-AlF3 was prepared from the thermal decomposition
of the ammonium hexafluoroaluminate.’® (NH4):AIFg
decomposed on heating with an initial loss of 2 mol of
ammonium fluoride to form ammonium tetrafluoroalu-
minate at 443 K. Further heating resulted in the
gradual loss of ammonium fluoride. The final product
was y-AlF;. When y-AlF; was heated to 983—993 K, an
irreversible transition to a-AlF; occurred. The crystal
structure of y-AlF; is tetragonal .10

Moreover, t-AlF; was first encountered as a product
of the crystallization of an amorphous material, AlF3-
xH20 (x < 0.5), synthesized by dehydration under high
vacuum of AlF39H,0.12 t-AlF; was also obtained by
dehydration of [(CH3)4N]AIF4-H20 under vacuum at 723
K. The space group of t-AlF3 is P4/nmm, and it is built
of octahedral [AlFg] units.1?

€1-AlF3, which corresponds to AlF;-1.5H,0, was ob-
tained by evaporating an aqueous hydrofluoric acid
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solution of AlF3 under vacuum to dryness at a temper-
ature from 303 to 393 K. ¢;-AlF; gradually changed to
€2-AlF3 (AlF3:0.5H,0) when heated above 393 K. In
addition, e»-AlF; transformed to e3-AlF3 (AlF3) at a
temperature above 453 K. e3-AlF3 also converted to
o-AlF; when heated above 773 K.13

The above AlF3; phases were synthesized by using
aqueous chemistry and, if necessary, operated using
excess fluoride to avoid contaminating the materials
with hydroxide or oxide phases.

Other phases of AlFz (1, 6, ) were prepared by
applying a nonaqueous soft chemistry. »-AlF; and
0-AlF; were obtained using HAIF, as precursor. The
n-AlF; crystal system is cubic, and the space group is
Fd3m. The 6-AlF; crystal system is tetragonal, and its
space group is P4/nmm. «-AlF; was synthesized by
heating f-NH4AIF, to 723 K. Both precursors, HAIF,
and B-NH4AIF,, were obtained from (pyridine—H)—
A||:4_14—15

It has been reported recently that aluminum fluoride
phases such as 7, 6, «, and 8 have interesting catalytic
properties for fluorination reactions of chlorofluorocar-
bon compounds (CFCs). The activity and selectivity
depend very much on its structural phase and surface
area.”16

This study aims to synthesize a-, y-, and e;-AlF3 of
high surface areas by using different precursors and
synthetic strategies. This work may render a novel
contribution as far as AlF3's with very high surface
areas are successfully obtained by any of those synthetic
strategies. The evolution of metastable phases and the
transformation of the precursors under calcination
conditions are also systematically studied.

Experimental Section

Preparation of the Precursors. NHAIF,, (NH4)sAIFs,
and fS-AlF3-3H,0 were the precursors that were thermally
transformed into the different AlF; phases. Different routes
of synthesis were performed, and these are described below.

Preparation of NH4AIF,;. Ammonium tetrafluoroaluminate
(NH4AIF,) was prepared by the following procedures.

Procedure 1. Precursor P1 was obtained by coprecipitation
of two aqueous solutions, AI(NO);-9H,0 (1 M) and NH4F (1
M), in a molar ratio of 1:4, respectively. The two solutions were
mixed in a Teflon reaction vessel initially containing distilled
water. The precipitation process was performed dropwise
under continuous magnetic stirring. Then, an aging process
was carried out overnight at 333 K. The precipitate was
filtered, washed with ethanol, and dried at 373 K for 24 h.

Procedure 2. Precursor P2 was synthesized following the
same procedure as precursor P1, but no aging process was
carried out.

Procedure 3. An appropriate amount of a solution of Al-
(NO)3+9H,0 (1 M) was precipitated with an aqueous solution
of NH3 (1 M) at room temperature and constant pH = 10. The
gel was filtered and washed with distilled water to eliminate
the ammonia excess. The gel was then suspended in a Teflon
vessel in 25 mL of distilled water under magnetic stirring. An
appropriate amount of an aqueous solution of ammonium
fluoride (1 M) was added dropwise. The sample was then
stirred and heated overnight (333K). The solid that formed
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(precursor P3) was filtered, washed with ethanol and dried at
373 K for 24 h.

Procedure 4. Stoichiometric amounts of two aqueous solu-
tions of AI(NO)3-9H,0 (1 M) and NH4F (1 M) were added drop
by drop to a Teflon reaction vessel containing 50 mL of ethanol.
The gel formed (precursor P4) was filtered, washed with
ethanol, and dried at 373 K for 24 h.

Procedure 5. Precursor P5 was prepared by adding an
appropriate amount of an aqueous solution of ammonium
fluoride (1 M) dropwise to a Teflon reaction vessel containing
2 g of y-alumina (Norton, NLO0791) suspended in 25 mL of
distilled water. The process was performed under continuous
magnetic stirring and heated overnight at 333 K. The gel was
filtered, washed with ethanol, and dried at 373 K for 24 h.

Preparation of (NH4)sAlFs. Aluminum hexafluoroaluminate
(NH4)sAIFs was prepared following procedures 1, 3, and 5
mentioned above. An excess of ammonium fluoride was used
to avoid the formation of side phases. The precursors obtained
were labeled P6, P7, and P8, respectively.

Preparation of $-AlF3-3H,0. S-AlF;-3H,0 was synthesized
in the following ways.

Procedure 9. An appropriate amount of a solution of Al-
(NO)3+-9H,0 (1 M) was precipitated with an aqueous solution
of NH3 (1 M) at room temperature and constant pH = 10. The
gel was filtered and washed with distilled water to eliminate
the ammonia excess. It was then suspended in 25 mL of
distilled water in a Teflon vessel under magnetic stirring. An
appropriate amount of hydrofluoric acid was added drop by
drop until pH = 1 was reached. The sample was stirred and
heated overnight at 333 K. The product (precursor P9) was
then filtered, washed with water and ethanol, and dried at
373 K for 24 h.

Procedure 10. y-Alumina(2 g, Norton, NL00791) was sus-
pended in 25 mL of distilled water in a Teflon reaction vessel.
An appropriate amount of hydrofluoric acid was added drop-
wise until acid pH was reached. The sample was heated at
333 K and stirred overnight. The precipitate formed (precursor
P10) was filtered, washed with water and ethanol, and dried
at 373 K for 24 h.

Procedure 11. y-Alumina (2 g) was impregnated with
concentrated hydrofluoric acid. The sample was dried at 373
K for 24 h. The solid obtained was labeled precursor P11.

Procedure 12. 5-AlF3-3H,0 from Rhone Poulenc was used
as precursor P12.

Preparation of Aluminum Fluoride Phases. The dif-
ferent phases of aluminum fluoride were prepared by calcina-
tion of the different precursors described above. Precursors
P1—P8 were heated (2 K/min) to 673 K under an argon-flowing
atmosphere and held at this temperature for 4 h. The samples
obtained by calcination were labeled S1—S8, respectively.

Precursors P9—P12 were heated (2 K/min) to 623 K under
an argon-flowing atmosphere and held at this temperature for
4 h. The samples were labeled S9—S12, respectively.

Precursor P12 was also heated at 2 K/min up to 453 K under
an argon-flowing atmosphere and held at this temperature for
4 h, and the sample obtained was labeled S13.

X-ray Diffraction. XRD measurements were made using
a Siemens D5000 diffractometer (Bragg—Brentano parafocus-
ing geometry and vertical 6—6 goniometer) fitted with a curved
graphite diffracted-beam monochromator, incident and dif-
fracted-beam Soller slits, a 0.03° receiving slit, and a scintil-
lation counter as detector. The angular 26 diffraction range
was between 5 and 70°. The data were collected with an
angular step of 0.05° at 3 s per step. Cu Ka radiation was
obtained from a copper X-ray tube operated at 40 kV and 30
mA. The patterns were compared to the X-ray powder files to
confirm phase identities. The patterns for (NH4)sAlFs, NH4-
AlF4, a-AlFs -AlFs, y-AlFs, and f-AlF;-3H,0 were obtained
from the files of the Joint Committee for Powder Diffraction
Sources (JCPDS). The patterns for €;-AlF;, e,-AlF3, and e3-AlF;
were obtained from U.S. Patent No. 3,929,415.13

Infrared Spectra (FT-IR). The infrared spectra (FT-IR)
were recorded with a Nicolet 5ZDX spectrometer in the 4000—
400 cm~* wavenumber range using pressed KBr pellets.



1150 Chem. Mater., Vol. 12, No. 4, 2000

Table 1. Phases Detected by XRD and BET Areas of the
Precursors and the Samples

precursor calcinat. sample  sample BET
precursor crystal phase temp (K) sample crystal phase area (m?/g)

P1 NHJAIF, 673 s1 y-AlF; 26.2
P2 NHJAIF, 673 S2 y-AlF; 25.3
P3 NHJAIF, 673 S3 y-AlF; 30.3
P4 NHJAIF, 673 s4 y-AlF; <1.0
P5 NH,AIF, 673 S5 y-AlF; 24.7
P6 (NH4)3AIFs 673 S6 y-AlF; 16.6
P7 (NH4)3AIFs 673 s7 y-AlF; 20.5
P8 (NH,)sAlFg 673 S8 y-AlF; 27.8
P9 B-AlFs3H,0 623 S9 o-AlF; 71.4
P10 B-AlF3:3H,0 623  S10 o-AlF; 123.5
P11 B-AlFy:3H,0 623  Si11 o-AlF; 110.6
P12  B-AlFs:3H,0 623  S12 o-AlF; 101.3

Thermogravimetric Analysis. Thermogravimetric analy-
ses were carried out in a Perkin-Elmer TGA 7 microbalance
with an accuracy of 1 mg, equipped with a 273-1273 K
programmable temperature furnace. The samples were heated
from 373 to 1073 K at a rate of 10 K/min.

X-ray Fluorescence. X-ray fluorescence analysis were
made with a Philips EM 301 microscopy equipped with an
electron probe microanalysis (EPMA), CAMECA Camebax SX-
50, and operating at acceleration voltages = 35—45 kV. The
molar ratios of F, Al, N, and O of the samples were obtained.

Temperature XRD. XRD measurements were registered
using a Siemens D5000 diffractometer (Bragg—Brentano
parafocusing geometry and vertical 6—6 goniometer) equipped
with an Anton—Paar HTK10 platinum ribbon heating stage.
The angular 26 diffraction range was between 10 and 70° and
the measuring time per degree was 60 s. Ni-filtered Cu Ka
radiation (30 mA, 40 kV) and a Braun position sensitive
detector (PSD) were used. The patterns were collected from
373 to 1223 K and at a heating rate of 2 K/min. A static air
atmosphere was used throughout the measurement.

Differential Scanning Calorimetry (DSC). The existence
of phase transitions was checked by differential scanning
calorimetry. Experiments were performed using a Setaram
(TG—DTA—-DSC) microbalance. The samples were heated in
a sealed alumina crucible at a temperature range from 373 to
1173 K at a heating rate of 10 K/min in an argon-flowing
atmosphere.

Scanning Electron Microscopy (SEM). Scanning elec-
tron micrographs were obtained in a JEOL JSM-35C micro-
scope operating at acceleration voltages of 15—25 kV, working
distances of 8—19 mm, and magnification values up to
150 000 x.

BET Areas. BET surface areas were calculated from the
nitrogen adsorption isotherms at 77 K by using Micromeretics
ASAP 2000 surface analyzer and a value of 0.164 nm? for cross
section of the nitrogen molecule.

Results and Discussion

X-ray Diffraction. Table 1 summarizes the crystal-
line phases detected by conventional X-ray diffraction
for the precursors and the samples obtained from their
calcination. The powder diffraction patterns of the
precursors reveal that pure NH,AIF, is detected in the
precursors P1—P5 and pure (NHy)s3AlFg is obtained in
precursors P6—P8. Calcination of the precursors P1—
P8 at 673 K yield pure y-AlF; (samples S1—-S8).

The crystal structure obtained in the precursors P9—
P12 is 3-AlF3-3H,0. Pure a-AlF; is obtained by calcina-
tion of the precursors P9—P12 at temperatures around
623 K (samples S9—S12). When precursors P9—P12 are
calcined at temperatures below 453 K, the ¢,-AlF3 phase
is obtained.

Infrared Spectra (FT-IR). The infrared spectra of
precursors and calcined samples are shown in Figuresl
and 2, respectively. The trends for precursors P1—P5
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Figure 1. Infrared spectra of precursors P1—P5, P6—P8, and
P9—P12.
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Figure 2. Infrared spectra of samples S1—S8 and S9—S12.

are similar. The frequency bands at 3250, 3130, 2898,
1800, and 1447 cm~! are assigned to ammonium vibra-
tions and correspond to the characteristic IR spectrum
of NH4AIF4.1%18 The broad band near 3250 cm™ is
typical of the asymmetric stretching of ammonium ions
in the solid state.l” The frequency band near 1800 cm~1
is assigned to hydrogen bonding.'® Moreover, the two
bands between 600 and 700 cm~! are assigned to
aluminum fluoride vibrations. This splitting is at-
tributed to two perfect AlFg octahedra with relatively
different orientations.29 However, the band at 1654
cm™!is attributed to the presence of water in the sample
(probably due to moisture).

The presence of the frequency bands at 3213, 3123,
and 1431 cm~t in the infrared spectra of precursors P6—
P8 is characteristic of (NH4)3AlFs, and these bands are
attributed to ammonium vibrations. The splitting of the
band at around 1440 cm™! is indicative of two non-
equivalent kinds of ammonium groups,® and the band
at 586 cm™1 is attributed to the stretching vibrations of
AlFg groups.t0
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Figure 3. Thermogravimetric analysis of precursors P1—P5,
P6—P8, and P9—P12.

The IR spectra of precursors P9—P12 are character-
istic of ﬁ-Ang‘SHzO.Zl

The bands at 687 and 541 cm™1 in the infrared spectra
of samples S1—S8 and the bands at 687 and 534 cm™?
of samples S9—S12 (Figure 2) are attributed to the
vibrations of the AlFg octahedra in the y- and a-AlF3's,
respectively.

Thermogravimetric Analysis. The results of the
thermogravimetric analysis of precursors P1—P4 (NHy-
AlF,4) (Figure 3) show a single weight loss of 30.5%
between 623 and 683 K, which corresponds to the loss
of 1 mol of NH4F to form y-AlF3. So, thermogravimetric
analysis shows that mainly pure NH4AIF, phase is
obtained from procedures P1—P5, in agreement with the
XRD results.

The TG curve of precursors P6—P8 ((NH4)sAlIFg)
(Figure 3), indicates two weight losses. The first weight
loss (around 37.9%), performed below 600 K, can be
assigned to the loss of 2 mol of ammonium fluoride to
form NH4AIF, (the stoichiometric value is 38%) The
second weight loss (around 18.9%), below 700 K, can be
attributed to the loss of 1 mol of ammonium fluoride to
form y-AlF;3 (the stoichiometric value is 19%). However,
there is a new weight loss of around 8% between 800
and 1000 K. The nature of the gases released during
the thermal treatment of precursors P6—P8 were moni-
tored by mass spectrometry, and the following masses
were detected: 18—16 (H20), 17—14 (NH3), 19—20 (HF),
and 19—38 (F,). The main species detected by mass
spectrometry during the decomposition process, at lower
calcination temperatures (<600 K) are NHz, HF, F, and
traces of water (due to sample moisture). These species
are also detected at higher calcination temperatures
(=800 K). Ammonium fluoride is also precipitated in the
cold zone of the equipment. The NH3, HF, F,, and traces
of H,O detected at high temperatures (>800 K) could
be related to the presence of some aluminum oxihy-
droxifluoride phases or with the presence of a nonsto-
ichiometric (NH4)1+xAlF41x compound obtained during
the decomposition process of (NH4)3AlFs, due to some
incorporation of ammonium fluoride inside the structure
of NH4AIF,4. So, the weight losses detected during the
calcination process of the P1—P5 and P6—P8 precursors

(21) Nyquist, R. A.; Kagel, R. O. Infrared Spectra of Inorganic
Compounds; Academic Press: London, 1971.
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Table 2: Al, N, O, and F Atomic Percentage of Precursors
and Samples by X-ray Fluorescence

compound % Al % N % O % F
P1-P5 16.58 16.75 0.16 66.51
P6—P8 9.85 30.07 0.29 59.79
P9—P12 13.71 45.26 41.03
S1-S5 24.27 2.55 0.30 72.88
S6—S8 22.75 4.50 0.28 72.47
S9-S12 24.05 4.85 71.10

confirm that mainly pure NHAIF; and (NHj)3AlFg
phases, respectively, are obtained following the experi-
mental procedures described in the Experimental Sec-
tion. This agrees with the XRD results and X-ray
fluorescence analysis that are mentioned below. It is
important to mention that an excess of ammonium
fluoride is required for the preparation of (NH,)3AIFs,
from our experimental procedures to avoid the forma-
tion of a mixture of NH AIF; and (NHj)s3AlFs phases.

Figure 3 shows the characteristic TG curve of precur-
sor P9 (3-AlF3-3H20). Precursors P10—P12 show similar
behavior. The weight loss is a two-step process. The first
(below 473 K) is around 32% and corresponds to the
formation of AlIF3-0.5H,0 (e2-AlF3). The second step
(above 500 K) shows a slow weight loss slightly greater
than the one corresponding to the removal of 0.5 mol of
water to form o-AlFs. This could be attributed to the
presence of other side phases that are not detected by
XRD. Therefore, mainly -AlF3;-3H,0 is obtained (pre-
cursors P9—P12) following our experimental procedures.

X-ray Fluorescence. To obtain more information
about the chemical composition of our precursors, and
the purity of the phases obtained after their calcination,
X-ray fluorescence analysis were performed. More than
20 analysis of F, Al, N, and O were performed for each
sample. The average atomic percentages of these ele-
ments are shown in Table 2. Precursors P1—P5 show
that a practically pure NH4AIF, phase is obtained. The
slight amount of oxygen could be attributed to sample
moisture. Furthermore, Table 2 shows that pure (NHg)s-
AlFg phase is obtained for P6—P8 precursors from our
experimental procedures. The oxygen detected could
also be attributed to sample moisture. The elemental
analysis of the precursors P9—P12 revealed that mainly
pure -AlF3-3H20 is obtained. These results are in
agreement with the conventional X-ray diffraction and
thermogravimetric analysis.

Table 2 also shows the average atomic percentages
of Al, O, N, and F of the samples S1-S12 obtained by
calcination of the precursors P1—P12, respectively. The
results obtained for samples S1—S8 reveal the presence
of a slight amount of nitrogen, probably indicating that
the calcination process was not totally achieved. Be-
sides, traces of oxygen, probably due to moisture, are
also detected in the samples. Samples S9—S12 show
higher amounts of oxygen than those of S1—-S8 sam-
ples: probably all the water was removed during the
calcination process. So, we can conclude that pure NH;-
AlF4, (NH4)3AIFg, f-AlF3-3H,0, and alumnium fluoride
phases are obtained with the procedures described
above.

Temperature X-ray Diffraction. To detect the
appearance of some metastable phase and to study the
transition of precursors during the calcination process
more accurately, several experiments were performed
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Figure 4. Temperature X-ray diffraction analysis of precursors P6—P8: @, (NH4);AIFs; A, NH AIF,; v, v-AlF;; B, a-AlF;.

Table 3: Cell Parameters (in A) Obtained from Profile
Analysis for (NH4)3AIFs, NH4AIF,4, y-AlF; and a-AlF;

Table 4. Cell Parameters (in A) Obtained from Profile
Analysis for f-AlF;-3H,0

(NHa)sAIFs NHJAIF, y-AlF3 a-AlF; B-AlF3:3H,0
temp (K) a,b,c a, b c a,b c a,b,c temp (K) a,b c

423 5.1507  3.5941 6.3496 373 7.7318 3.6498

473 5.1489  3.5926 6.3436 393 7.7345 3.6484

523 3.5916 6.3495 413 7.7423 3.6462

573 3.5896 6.3551 3.5518 6.1177 )

623 3.5812 6.3414 3.5641 6.0726 coexist at temperatures of around 873 K. When the

673 3.5422 6.0257 temperature increases up to 923 K, y-AlF; is totally

Z% g-gggg 2-8822 transformed into o-AlFs. The (NH4)3AIFs, NHLAIF,,
' ' -AlF3, and a-AlF3 crystallite sizes (calculated from the

823 3.5365 5.9881 Y 3 3

873 3.5543 5.9828 3.5279 Scherrer equation) of the samples are around 78 and

923 3.5188 75 nm for the (NH4)3AlIFs and NH4AIF, phases, respec-

18;2 gg;gé tively. In addition, the crystallite sizes for y-AlFz are

1073 35131 between 5 and 10 nm, and around 78 nm for o-AlFs.

using a high-temperature chamber attached to the X-ray
diffractometer. Temperature XRD measurements of
precursors P6—P8, (NH4)s3AlFs, between 373 K up to
1073 K reveal (Figure 4) that (NH4)sAlFg is the only
phase detected at temperatures below 423 K (Figure 4).
At temperatures between 423 and 473 K, there is a
coexistence of (NH,4)sAIFs and NH4AIF,. Pure NH4AIF,
is obtained at temperatures between 523 and 573 K.
At these temperatures, the typical diffraction lines of
NH4AIF, practically remain constant during the initial
loss of ammonium fluoride, prior to the detection of
y-AlF3; phase (see Table 3). These results suggest that,
at temperatures below 573, the crystal structure of NHg-
AlF, is maintained during the initial loss of ammonium
fluoride indicating the formation of a nonstoichiometric
compound of variable composition, such as (NHg)1-xAl-
F4—x.19 When the y-AlF3; phase appears, the diffraction
lines of NH4AIF, are shifted to higher 20 degrees
(around 623 K), indicating that the loss of ammonium
fluoride produces a decrease of the cell parameters (see
Table 4). y-AlF; is the only phase detected at temper-
atures between 673 and 823 K, and y-AlF; and o-AlF;

Therefore, (NHy)sAIFs, NH AIF,;, and o-AlF; phases
show similar crystallite sizes that are much higher than
those for the y-AlF; phase. Temperature X-ray mea-
surements of precursors P1—P5 (NHAIF,) (not shown)
show behavior similar to that of P6—P8 (NH4):AIFe)
after their loss of 2 mol of ammonium fluoride to form
NH4AIF,.

Furthermore, temperature X-ray measurements of
precursors P9—P12 show (Figure 5) that g-AlF3-3H,0
is the phase present at 373 K. When the temperature
is raised to between 393 and 413 K, a decrease of the
intensity of S-AlF3; 3H,0 phase is detected in the XRD
patterns. e,-AlF3 is the structure with poor crystallinity
detected at temperatures around 473 K that corresponds
to the empirical formula AlF;-0.5H,0. On the other
hand, a-AlF; is the crystal structure obtained at tem-
peratures above 573 K. The cell parameters were
calculated by fitting the XRD profile in a temperature
range between 373 and 413 K to study the transforma-
tions of the S-AlF3-3H,0 cell with temperature prior to
its complete transformation to o-AlF3 (see Table 4). The
results show that parameters a and b increase as a
result of the cell expansion induced by the effect of
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Figure 5. Temperature X-ray diffraction analysis of precursors P9—P12: @, 8-AlF3-3H,0; a, platinum; B, o-AlFs.
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Figure 6. Differential scanning calorimetry of precursors P1—
P5 and P9—P12.

temperature. On the other hand, parameter c decreases
when the temperature increases because the effect of
the loss of water is higher than the effect of the cell
expansion induced by the effect of the temperature.

Differential Scanning Calorimetry (DSC). DSC
experiments on precursors P1—P5 (NHAIF,) show three
endothermic peaks (Figure 6). The first one, at 373 K,
corresponds to the loss of water (probably due to sample
moisture). The second and third peaks, between 570 and
730 K, represent the transformation of NH4AIF, to
y-AlF3. The second peak may be attributed to the
formation of a nonstoichiometric intermediate during
the initial loss of ammonium fluoride. The formation of
this intermediate can be seen on the TG curve (Figure
7), which shows a shoulder in their derivative curve
around 623 K. The formation of this nonstoichiometric
intermediate has been previously reported by Shin et
al.1% The third peak corresponds with the total decom-
position of this intermediate into y-AlF3. Moreover, one
small exothermic peak, corresponding to the formation
of o-AlFs3, is observed around 973 K.

The DSC experiments of precursors P9—P12 (Figure
6) reveal three endothermic peaks which correspond to

the transformation of 5-AlF;-3H,0 into a-AlF;. The first
of these, at 373 K, corresponds to the initial loss of
water, probably due to sample moisture. The second and
larger endothermic peak, at a temperature around 453
K, corresponds to the formation of e,-AlF3 (AlF3:0.5H,0).
This peak is accompanied by a shoulder, detected
around 420 K, which could be assigned to the formation
of an intermediate such as ¢;-AlF; (AlF3-1.5H,0), which
has been previously reported by Wada et al.1® The third
peak, detected between 500 and 700 K, corresponds to
a slow loss of the remaining water of the e-AlF3
structure to form a-AlFs. The results obtained with DSC
agree with X-ray diffraction and thermogravimetric
analysis.

Scanning Electron Microscopy (SEM). The elec-
tron micrographs obtained from the precursors P1 (NHs-
AlF,), P8 ((NH.)sAIFs), and P10 (B-AlF3-3H,0) are
shown in Figure 7. The micrographs reveal different
morphologies for each sample. Precursor P1 (Figure 7a)
shows a layered structure which agrees with the crystal
structure described by Shinn et al.,® in which NH AIF,
is formed by layers of AlFs octahedra joined by shared
corners, and layers of NH;™ would lie between these
layers. Precursor P8 (Figure 7b) shows a regular geo-
metrical structure formed by large crystal particles
around 25 mm in diameter that forms a truncated
octahedron. This also agrees with the structure reported
by Pauling,?? in which (NH4)sAlFs is formed by a regular
octahedron of fluorine atoms about each aluminum, with
the octahedra being distributed in the positions of a face-
centered-cubic lattice. On the other hand, precursor P10
(Figure 7c) shows an amorphous structure with greater
porosity than the others, so the BET area of this sample
(S10) is higher after calcination.

The micrographs of samples S1 and S8, both y-AlFs,
(Figure 7d) reveal a layered structure for both samples.
This agrees with the crystal structure described by
Shinn et al.’% in which y-AlF; is formed by layers of
planar sharing corners AlF, groups, and each aluminum
atom is connected to a single unshared fluorine. These

(22) Pauling, L. 3. Am. Chem. Soc. 1924, 46, 2738.



1154 Chem. Mater., Vol. 12, No. 4, 2000

a e

958115 2Kl

Figure 7. Scanning electron microscopy of (a) P1—P5, (b) P6—
P8, (c) P9—P12, (d) S1—-S8, (e) S9—S12.
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results conclude that when (NHj)3AlFs decomposes on
heating, with an initial loss of 2 mol of ammonium
fluoride, ammonium tetrafluoroaluminate, which has a
layered structure, is formed. Further heating results in
the gradual loss of ammonium fluoride, and the final
product is y-AlF3, which maintains the layered structure
of the NH4AIF, precursor. The micrograph of sample
S10 (a-AlFs3) (Figure 7e) reveals an amorphous structure
with high porosity that maintains the structure of the
precursor P10 (3-AlF3-3H,0).

BET Areas. The results of BET surface area deter-
mination for the samples are shown in Table 1. The BET
surface areas of samples S9—S12 (a-AlF; phase), syn-
thesized by thermal decomposition of precursors P9—
P12 (8-AlF3-3H,0), are between 71 and 123.5 m?2/g.
These BET area values are 10—40 times larger than the
one obtained by Herron” and Kemnitz et al.,'6 for the
a-AlF; phase. These a-AlF; phases reported in the
literature®10 were obtained by heating B-AlF; at 723 K
and by passing gaseous hydrogen fluoride over anhy-
drous aluminum chloride at 1073 K. The synthetic
strategies at high temperature implies low surface
areas. The procedures proposed in this work are based
on the synthesis of a precursor -AlF3-3H,0, which has
a porous structure. The calcination of this precursor at
623 K implies the elimination of three molecules of
water and the maintenance of the porous structure of
the precursor, which yields to a high BET surface area
for o-AlFs;.

The BET surface areas of the samples S1—S8 (y-AlF;
phase) range between 16 and 30 m?/g. The BET surface
area of sample S4 is smaller than 1 m?/g because the
precipitation was performed under high supersaturation
conditions since ethanol was used in the synthesis of
its precursor (P4). Data for the y-AlF3 surface area were
not available in the revised literature. The synthesis of
y-AlF3 implies the calcination of NHsAIF, at 673 K.
NH4F (1 mol) escapes from the laminar structure of
NH4AIF, to form y-AlF3, which maintains the porosity
and the laminar structure of its precursor. As it can be
seen from the results, the synthetic strategies play an
important role in obtaining high BET surface areas.

Conclusions

Different precursors of AlF; were synthesized by
aqueous chemistry. NH4AIF, and (NHy4)3AIFs were the
precursors of y-AlF3, and 5-AlF3-3H,0 was the precursor
of a-AlF;. These precursors and the samples were
structurally characterized by X-ray diffraction, X-ray
fluorescence, scanning electron microscopy, and infrared
spectra. The transition of (NH4)3AlFs and NH4AIF, to
y-AlF3; and the transition of 5-AlF3-3H,0 to a-AlF; were
studied by thermogravimetric analysis, temperature
X-ray diffraction, and differential scanning calorimetry.
These techniques conclude that (NH,4)3AlFs decomposes
at temperatures of around 500 K with an initial loss of
2 mol of NH4F to form NHAIF,. Further heating of
ammonium tetrafluoroaluminate to 623 K results in the
gradual loss of 1 mol of ammonium fluoride to form
y-AlF3. At temperatures above 873 K, the metastable
phase y-AlFs irreversibly transforms to a-AlFs;, which
is the most thermodynamically stable phase of alumi-
num fluoride. g-AlF3;-3H,0 thermally decomposes at
temperatures of around 473 K with an initial loss of 2.5
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mol of water to form a poor crystalline phase of
aluminum fluoride named e,-AlF; (AlF3-0.5H,0). This
transforms to a-AlF3 at temperatures above 573 K.
The BET area values of the materials obtained by
calcination of the precursors are between 71—-101 and
16—30 m?/g for the a- and y-AlF; phases, respectively.
These values are much higher than those reported in
the literature. These results suggest that our experi-
mental procedures produce almost pure aluminum
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fluoride phases that show high BET areas with potential
interest as catalysts or supports for fluorination reac-
tions.
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