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Hydrogarnets SrzM;(OH)1> (M = Cr, Fe, and Al) were synthesized from mild hydrothermal
systems at 240 °C with Sr(OH),-8H,0, Cr(NO3)3-9H,0, Fe(NO3)3-9H,0, and AlI(OH); as the
starting materials. High solubility of the input species and basic concentration in the reaction
systems considerably lower crystallization temperatures and enhance the crystallinity of
the resulting hydrogarnets. The structural stability and thermal properties of Sr based
hydrogarnets were investigated by X-ray diffraction, DTA-TG, infrared, and X-ray photo-
electron spectroscopies. With increasing temperature, Sr based hydrogarnets underwent
fast dehydration due to the loss of the nearest OH™ species of Sr—OH dodecahedra. During
the course of decomposition, valence variations of the hydrogarnet framework ions, e.g., Fe
and Cr directly determined the decomposition process and phase compositions in final
decomposition products. The decomposition product of Sr3Cr,(OH);; in air was a mixture of
SrCrO4 and SrO, but in N, a mixture of a rhombohedral phase Sr,Cr,Os with some
amorphous phase was observed; in either O, or N3, SrzFe;(OH);, decomposed to an unknown
phase, which was not a perovskite SrsFe,O;—«. Sr3Al,(OH):» decomposed to a single phase
Sr;AlLOs. In Sr—Fe hydrogarnet, two different symmetric octahedra of Fe(OH)s were revealed
by Mossbauer spectroscopy. Mild hydrothermal crystallization and the thermal decomposi-

tion behaviors of Sr-based hydrogarnets are discussed.

Introduction

Garnet structural materials are most important due
to their potential applications. For example, yttrium
aluminum garnet (YAG) and yttrium iron garnet (YIG)
are well-known important laser and magnetic materials.
The pressure-induced behavior studies of such struc-
tures have been reported.! The structures of most
garnets are iso-structural with the so-called “grossu-
lars”: CazAl,Siz01.. When each silicon ion in the
formula is replaced by four protons, “hydrogrossulars”
or “hydrogarnet” CasAl>(OH):» can be formed.?2 The
structural characteristic of the point vacancy is most
interesting, and the properties of such defect type
garnets differ from those of traditional garnets due to
the difference in coordination states of framework atoms
in both lattices.

Hydrogarnets have been synthesized by various pre-
parative methods including aging of precipitated gels
and sol—gels processes,® hydrolysis of complex oxides,*
and a high temperature—pressure hydrothermal method.®
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Each of these methods has its own limitation. For
example, the high temperature—pressure hydrothermal
method is complicated and has strict pressure condi-
tions; for the other preparative methods mentioned
above, firing is an essential crystallization step, which
usually results in particle agglomerates.® Mild hydro-
thermal synthesis below 240 °C and under homogeneous
pressure has been a promising route for preparing novel
inorganic compounds.” In hydrothermal systems, vari-
ous initial reaction compositions may result in new
structures and certain valence characteristics by homo-
geneous reaction and valence control of reactant ele-
ments under a hydrostatic pressure.8? In addition, the
structural and physical properties vary with the prepa-
ration condition and defect properties.1°

The positions of protons in the hydrogarnet lattice are
difficult to determine due to the very small atomic
weight of proton. The structures of some hydrogarnets
had been examined by neutron diffraction and X-ray
diffraction methods.'! A typical example is CazAl,-
(OD)12, in which slightly distorted tetrahedra of oxygen
atoms surrounded by more distorted deuterium tetra-
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hedra were shown. Mossbauer spectroscopy is a more
effective method in detecting the coordination states and
electronic states of Fe ions, it is especially sensitive to
the local environment.12 However, to our knowledge,
there are no reports on the Mossbauer study of the
hydrogarnet structural materials to date.

In this paper, we report the syntheses of the hydro-
garnets, SrsM;(OH)12 (M = Cr, Fe, and Al), from mild
hydrothermal systems, their structural characteristics
and stability as well as thermal decomposition behav-
iors. The coordination states of Fe ions in Sr—Fe
hydrogarnet are examined by Mossbauer spectroscopy.

Experimental Section

SF(OH)z‘SHQO (AR), Cr(N03)3-9H20 (AR), Fe(N03)3-9H20
(A.R.), and AI(OH); (A.R.) were used as the starting materials
in the syntheses, and NaOH was employed as a mineralizer.
The molar ratios of the initial compositions were 2.0—1.0SrO:
0.5M,03:3.0—1.5Na,0:600H,O (M = Cr, Fe, and Al). The
typical synthetic procedure for SrsCry(OH)12 is described as
follows. Cr(NO3)3:9H,0 (1.2 g) was first dissolved in 30 mL
of distilled water to form a solution, to which 0.8 g of Sr(OH),--
8H,0 was added with magnetic stirring. NaOH (3 M) solution
was dropwise added to adjust the pH of the reaction mixture
to 13—14. The mixture was then sealed in a Teflon-lined
stainless steel autoclave with a filling capacity of 75% and
allowed to crystallize at 240 °C for 3 days; the synthetic
procedure for SrzAl,(OH);; is a little more complex because of
the low solubility of AI(OH)s; in water and its increased
solubility in basic system. Blue (from Cr system), brown (Fe
system), and white (Al system) crystalline powders were
filtered, washed with distilled water until pH = 7, and dried
at room temperature.

The phases of all powder products were identified by means
of X-ray diffraction (XRD) on a Rigaku, D/max-yA, 12 kW
diffractometer with a rotating target and Ni-filtered Cu Ka
radiation at room temperature. Silicon powder (99.999%
purity) was used as an internal standard for peak position
determination. The raw data were also corrected for back-
ground and 26 with a Program STEPCO of XRS-82 system.3
The lattice parameters of the products were refined by least-
squares methods.

The morphologies of the products were observed by Electron
microscopy (H-81001V transition electron microscope (TEM))
under an accelerated voltage of 200 kV. Particles of the
samples to be measured were directly deposited onto Formvar-
coated copper grids and air-dried before the examination.

The compositions of the products were determined by
inductively coupled plasma (ICP) with a Perkin-Elmer plasma
40 emission spectrometer. Simultaneous differential thermal
analysis and thermogravimetric (DTA-TG) curves were re-
corded on a PE-DTA 1700-TGA7 PC thermoanalyzer in air or
in flowing O (or N) at a heating rate of 10 °C/min. Perform-
ing the measurements under different atmospheres ensured
the different thermal decomposition behaviors of the hydrog-
arnets. The furnace was cooled to room temperature at a rate
of ca. 25 °C/min. The fresh decomposition products of the Sr
based hydrogarnets in DTA-TG measurements were also
examined by XRD. The infrared (IR) spectra were recorded
on a Nicolet 5DX IR spectrometer on samples pelletized with
KBr powder.

Valence states were determined by X-ray photoelectron
spectroscopy (XPS). The XPS for powder samples fixed on
double sided tapes was measured on an ESCA-LAB MKII
X-ray photoelectron spectrometer from VG Co. with Al Ka
radiation, and the base pressure was 10~/ Pa. The C1s signal
was used to correct the charge effects.
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5"Fe Mossbauer spectra were recorded at room temperature
by an Oxford MS-500 constant acceleration spectrometer. The
velocity was calibrated with an a-Fe foil. The radiation source
was 5’Co/Rh. The thickness of the absorber used in the
measurements was 3—5 mg of Fe/cm?.

Results and Discussion

1. Mild Hydrothermal Synthesis and Charac-
terization of Sr3M(OH)1,. Hydrothermal crystalliza-
tion is a relatively complex process because many factors
are involved, such as the initial reactants, the ratio of
reaction components, concentration, pH, reaction time,
crystallization temperature, and pressure. Besides the
effect of OH~ concentration, the reactivities of the
starting materials determine directly the crystallization
temperatures.14

The synthesis and characterization of nanocrystalline
Sr3Cry(OH);, are emphasized in our study. Cr(NOgz)s:-
9H,0 and Sr(OH),-8H,0 are suitable starting materials
for the synthesis of SrsCry(OH).2. This is because the
solubility of Cr(NO3)3-9H,0 in water is high and that
of Sr(OH),-8H,0 increases with temperature. When
NaOH solution was added into Cr(l11) salt solution, an
amphoteric slurry, Cr,03-nH,0, with light blue color
was produced. This slurry, under hydrothermal condi-
tions, can be crystallized to various products, e.g.,
y-CrO(OH), Nas[Cr(OH)g]-xH20, NaCrO,, and NaCrp-
(OH)3n+1xH2O by using different concentrations of
NaOH.* In our hydrothermal system, although the
crystallization mechanism may be complicated, the
formation reaction of Sr3Cr,(OH);, can be proposed as
follows:

3Sr(OH), + Cr,0;°:nH,0 = Sr;Cr,(OH),, +
(n—3)H,0

The effect of the concentration of OH~ on the forma-
tion reaction was investigated by adjusting the NaOH
concentration of the reaction system. When the pH of
the reaction systems is lower than 7, no solid product
was obtained, even though the initial molar ratio of Sr/
Cr is equal to 1.5; in a pH range, 7—8, certain amor-
phous phases with no obvious diffraction peaks ap-
peared; the hydrogarnet phase began to crystallize at
pH > 8, and its crystallinity increased with increase of
pH. These showed that the hydrothermal crystalliza-
tion for single-phase Sr3;Crz(OH);2, demanded a high
concentration of OH~. The crystallinity of the resulting
product is gradually enhanced by increasing the OH~
concentration, which may be ascribed to the consump-
tion of hydroxyl species in the formation reaction of the
hydrogarnet lattice and in lowering the crystallization
temperature. As the pH was fixed as 14, initial molar
ratios of Sr/Cr around the ideal ratio, 1.5, led to a single-
phase product, whereas the ratio of Sr/Cr deviating
greatly from the ideal ratio gave poorly crystalline
products, as detected by XRD.

Figure 1a shows XRD pattern for the single phase
product in the Sr—Cr hydrogarnet system at room
temperature. The phase was well indexed in cubic
symmetry. Systematic absences gave a space group,
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Figure 1. XRD patterns for (a) SrsCry(OH)., crystallized in
cubic symmetry (1a3d) from mild hydrothermal system, (b) the
sample obtained by decomposition of Sr—Cr hydrogarnet in
DTA-TG measurement at 750 °C in flowing N2, where Sr,Cr.Og
coexisted with certain amorphous phases, and (c) the sample
(mixture of SrCrO, and SrCOs3), produced by heating Sr—Cr
hydrogarnet at 1150 °C in air; asterisks denote the diffraction
peaks of SrCOs.

la3d, which showed that the sample was iso-structural
with the hydrogarnet Sr3Sc,Og-6H,0.16 The cell pa-
rameter is a = 13.144(1) nm. Figure 2a shows TEM
morphology of the product. All particles are within
nanometer scale (<50 nm) and have two grain shapes:
needles and platelets. This implies two different crys-
tallization habits. Compositional analysis of the product
measured by ICP corresponds to a molar ratio of Sr/Cr,
1.5. Figure 3a gives IR spectra at room temperature
for the sample. A sharp band at v ~ 3600 cm~! was
observed, characteristic of hydroxyl OH~ species, sug-
gested by Nakamoto.'” A broad band at 3150—3550
cm~! was attributed to a trace of surface adsorbed
water. Gato et al.18 investigated exchange of water and
heavy water in hydrogarnets and found that, the IR
spectra for both Ca(OH), and hydrogarnet 3CaO-Al,O3--
6H,0 were characterized by the OH™ stretching band
at ca. 3600 cm~. The characteristic band at v ~ 3600
cm™1 of the sample is thus ascribed to the existence of
hydroxyl groups in the hydrogarnet lattice. Figure 4
shows the surface XPS of Cr2p (see solid line) in the
product. The binding energies of Cr2ps, and Cr2pi
in the product are 577.1 and 585.3 eV, respectively,
which suggests only trivalent Cr ions in the product.
Therefore, the formula for the single-phase product can
be written as Sr3Cr(OH)12.

(16) McLune, W. F., Ed. Powder Diffraction File: Inorganic Phases;
JCPDS International Centre for Powder Diffraction Data: Swarth-
more, PA, Card No. 24-1186, 1989.

(17) Nakamoto, K. Infrared and Raman Spectra of Inorganic and
Coordinaion Compounds, 4th ed.; John, Wiley & Sons: New York,
1986.
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Figure 2. TEM photographs for (a) SrsCr(OH)i2, with
particles of size <50 nm, having two grain shapes, needles and
platelets, (b) SrsFe2(OH)12, and (c) SrzAlx(OH)12.
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Figure 3. IR spectra at room temperature for (a) Srs-
Crz(OH)lz, (b) Sr3Fe2(OH)12, and (C) SrgAlz(OH)lg.

The lower temperature (e.g., 240 °C) synthesis of the
single-phase nanocrystalline Sr3Cr,(OH)1> benefitted
from the high reactivity of the reactants employed in
our hydrothermal system. As shown in Table 1, when
the starting materials have low reactivities, such as the
oxides Sr,CrO,4 and SrCrO,,% high temperature (e.g., 400
°C) and pressure (e.g., 1200 bar) hydrothermal condi-
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Figure 4. XPS of Cr2p for Sr3Cr(OH):, (solid line) and
mixture of SrCrO,4 and SrCOg; (dash line). Binding energies of
Cr2ps, and Cr2py, for SrzCr(OH)., are 577.1 and 585.3 eV,
respectively, whereas binding energies of Cr2ps, and Cr2pi;
for the mixture (SrCrO,) systematically shifted 2.4 eV toward
higher binding energies, showing valence variation from Cr-
(111) to Cr(VI).

Table 1. Comparison of the Hydrothermal Conditions
for Crystallization of Hydrogarnets SrzM;(OH)12
(M = Cr, Fe, and Al)

reaction
cryst pressure
reactants temp (°C) (bar) ref
Srgcrz(OH)lz
Sr(OH);, Cr(NO3)3, NaOH 240 autogenous this work
SraCrOy, SrCrO2, H,0 400 1200 8
SF3F62(OH)12
Sr(OH),, Fe(NO3)3, NaOH 240 autogenous this work
SrsFe;O7-x, NaOH 450 1000 8

SI’3A|2(OH)12
Sr(OH),, AI(OH)3, NaOH 240 autogenous this work
Sr3Al;06 400 1500 8

tions are required for the crystallization of the hydro-
garnets. This implies that the solubilities as well as
the reactivities of the starting materials determine the
purity of hydrogarnet phases and the crystallization
temperatures. Similarly, in other hydrothermal sys-
tems,*® soluble precursors were usually employed for
eliminating impurities; when precursors with low solu-
bilities were used, stirring-assisted dissolution was
needed for speeding up the formation of the single-phase
products.

In Sr—Fe hydrothermal systems with Fe(NO3)3-9H,0
as the starting Fe source, a brown Fe(OH); slurry was
initially formed in the presence of NaOH.2° This slurry
has some solubility in basic conditions. The crystallinity
and formation of the hydrogarnet phase can be in-
creased by increasing the molar ratio of Sr/Fe near to
1.5. Figure 5a shows the XRD pattern for single phase
Sr3Fe,(OH)12. This phase is also cubic (Ia3d). The
corresponding IR spectrum is given in Figure 3b. The
sharp band at ca. 3600 cm™1 is assigned, as before, to
the hydroxyl groups in the hydrogarnet lattice. The
absorption bands at ca. 3450 and 1600 cm~1 come from
the stretching and bending vibrations of adsorbed water,
respectively. Under experimental conditions, such as
filling capacity, initial concentrations and pH, similar
to those for the synthesis of SrzCry(OH)i2, rounded

(19) Lenka, M. M.; Riman, R. E. Chem. Mater. 1995, 7, 18.
(20) Lin, C. H.; Shih, Z. W.; Chin, T. S.; Wang, M. L.; Yu, Y. C.
IEEE Trans. Magn. 1990, 26, 15.
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Figure 5. XRD patterns for (a) SrsFe;(OH)1., (b) the sample
obtained by decomposition of Sr—Fe hydrogarnet in DTA-TG
measurement at 750 °C in flowing N,, and (c) the sample
produced by heating Sr—Fe hydrogarnet at 1150 °C in O,.

particles of SrsFe(OH)1» with an average grain size of
ca. 4.0 um were obtained, as seen in the TEM photo-
graph in Figure 2b. However, lower input molalities of
Fe species (<0.17 mol/kg), lower pH values (<10), and
greater deviation of molar ratio of Sr/Fe (e.g., 1 or 2)
from the ideal Sr/Fe, 1.5 were found to prevent the
crystallization of single phase SrzFe,(OH);,. A hexago-
nal ferrite SrFe;2019 Was reported?°-22 to form in a
system with a small molar ratio of Sr/Fe, 0.083, and pH,
ca. 12.

The formation reaction of Sr3Al,(OH);2, in comparison
with the syntheses of Sr3Cry(OH)1, and SriFex(OH)i,
could take place at the presence of a low concentration
of OH™, e.g., pH = 7-8, due to sufficient solubility of
the input Al species in basic systems. In basic systems,
the solubility of AI(OH)s is greatly larger than those of
Cr(OH); and Fe(OH)s, as deduced from their acidic
constants,? e.g., AI(OH); (4.0 x 10713) > Cr(OH)3 (3.2
x 10716) (the acidic constant of slurry Fe(OH); is
extremely small and not given here for its alkalinity in
basic systems). High solubilities of the ionic species
favor a large amount of hydrated ions releasing for
participation in the homogeneous formation reaction;
this also eliminates the chance for the occurrence of
impurities. On the other hand, highly crystalline Srs-
Alz(OH);2 can be formed in wider ranges of input
concentrations, e.g., input molality of Al species, 0.10—
0.17 mol/kg, and molar ratios, e.g., Sr/Al, 0.5—2. Figure
6a shows XRD pattern for single-phase Sr3Al,(OH)q..

(21) Lee, K. H.; Lee, B. H.; Kim, S. K. Yoop Hakhoechi 1987, 24,
17.
(22) Ataie, A.; Ham’s, I. R.; Ponton, C. B. Br. Ceram. Proc. 1994,
52, 273.
(23) Komal, N. L. Principles of Analytic Chemistry; Hkar'Kovskobo
University: 1955.
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Figure 6. XRD patterns for (a) SrsAly(OH)is, (b) Srs-
Al;06-H,0, produced by sintering SrzAl;(OH):2 at 400 °C in
air, and (c) SrszAl,Og, by sintering Sr3Al,(OH), at 600 °C in
air.

This phase is also cubic. In the corresponding IR
spectrum in Figure 3c, the absorption band at ca. 3600
cm~1 from OH™ stretching vibration of the lattice —OH
in hydrogarnet, and the bands at ca. 3450 and 1600
cm~! from OH~ stretching and bending vibrations in
adsorbed water were also observed. Experimental
conditions similar to those used for the syntheses of Sr—
Cr and Sr—Fe hydrogarnets produced powders with an
average grain size, ca. 4.0 um, as shown in the TEM
photograph in Figure 2c. Itis clear that high solubility
of the starting materials promotes the growth rate of
the particles as well as the crystallinity of the final
products.

2. Structural Stability and Thermal Decompo-
sition Behaviors of the Hydrogarnets. Figure 7
shows DTA-TG curves for SrsCr(OH);; in air, Oz, and
N2. In air, two endothermic peaks at ca. 340 and 445
°C with weight losses and an exothermic peak at ca.
355 °C with weight gain were observed. According to
the formula of the hydrogarnet, complete dissipation of
water by condensation of the lattice hydroxyl groups in
Sr3Cr(OH)12 would result in a total weight loss of
18.92%. It is reasonable that the endothermic peak
around 340 °C with a sharp weight loss of 12.84%
corresponds to a fast dehydration of ca. 4 H,O molecules
(the expected weight loss of 4 H,O in Sr3Cry(OH);; is
12.61%), accompanied by collapse of the hydrogarnet
lattice. Another endothermic peak at ca. 445 °C is also
ascribed to the loss of the remaining hydroxyl groups,
and this weight loss was partially counteracted by the
weight gain at ca. 355 °C due to oxidation of Cr(l11) ions.

With further heating Sr3Cr(OH);, from 480 to 1150
°C, the DTA-TG measurement showed no obvious
thermal effects. This eliminates the possibility for the

Li et al.
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Figure 7. DTA-TG curves for SrsCry(OH)q2 in air, O, and
No>.

formation of SrCO3 at ca. 355 °C, because no peak or
weight variation corresponding to the decomposition of
SrCOg; at ca. 600 °C was found. The cooling curves of
DTA-TG from 1150 °C to room temperature also showed
no peaks, especially during the temperature interval
where a “bump” appeared in the TG heating curve in
air. These results show an irreversible thermodynamic
process, e.g., the high-temperature decomposition prod-
uct on annealing SrsCrz(OH)y2 in air is stable. Figure
1c is the XRD pattern for the decomposition product
after sintering nanocrystalline Sr3Cr(OH);, at 600 °C
in air for 5 h. Analysis of the data indicated that the
air-decomposed products are SrCrO4 and SrO (the
formation of SrCOjs; observed by XRD was due to
gradually trapping CO, from the air at room tempera-
ture).

It is known that gaseous H,O dissipated can be
removed immediately by flowing O, during the DTA-
TG measurements, and the effects from the dissipated
water on the decomposition processes are effectively
avoided. However, we did observe a similar weight gain
in O, to that in air, as seen in Figure 7. This shows
that the weight gain at ca. 355 °C is not due to the
formation of Sr(OH),. In comparison with the TG curve
measured in air, the Sr—Cr hydrogarnet in O, produced
a slightly smaller sharp weight loss (9.12%). This shows
that the oxygen concentration in the atmosphere is an
important factor for the oxidation of Cr(lll) ions.

The oxidation process can be prevented by flowing Na.
As shown in Figure 7, in N, the TG-DTA of Sr3Cr,(OH);2
does not show any exothermic peak or a weight gain.
The sharp weight loss at ca. 382 °C is 14.50%, slightly
larger than that measured in air (12.84%). The reason
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Figure 8. DTA-TG curves for SrzFe(OH):2 in O, and No.

for the differences in weight losses in Oy, air, and N3 is
possibly due to differences in the oxidation weight gain
for Cr(ll1) in O, or air. The slow weight loss process
following the sharp one is ascribed to slow dehydration
of the remaining OH™ ions in the decomposition product.
The freshly decomposed product of SrsCr,(OH), at 750
°C in N2 was also examined at room temperature by
XRD (Figure 1b). A poorly crystalline decomposition
product of Sr,Cr,0Og was obtained; it can be indexed in
rhombohedral symmetry, R3m, and is an analogue of
Bas(PO,)2;2* this phase is also isostructural with Sragz o.33-
(Cr0O4)1.33(CrOy)o67, as prepared by Hartl et al.?> from
Sr—Cr—0 solid-state system. Big dispersed diffraction
peaks suggest there coexist certain amorphous phases.

The valence state of Cr ions in the air decomposed
product of Sr3Cr,(OH),» was determined by surface XPS,
as seen in Figure 4 (dash line). The peak positions of
Cr2pzz and Cr2py, in the decomposed product by
sintering Sr3Crz(OH)12 in air at 600 °C has systemati-
cally shifted 2.4 eV toward a higher binding energy in
comparison with those (solid line) in Sr3Cry(OH)12,
accompanied with an obvious decrease of the half-height
width. This confirms the presence of Cr(VI) ions.
Theoretically, complete oxidation from Cr(l11) to Cr(VI)
for each mole of Sr3Cr,(OH)12 requires 3 mol of oxygen
atoms, which corresponds to a weight variation, 8.4%.
Experimentally, the oxygen amount involved in the
oxidation reaction, corresponding to the weight gain in
0O, is quantitatively obtained by comparing the masses

(24) McLune, W. F., Ed. Powder Diffraction File: Inorganic Phases;
JCPDS International Centre for Powder Diffraction Data: Swarth-
more, PA, Card No. 25-28, 1989.

(25) Hartl, K.; Braungard, R., Z. Naturforsch. B: Anorg. Chem.,
Org. Chem. 1978, 33B, 952.
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Figure 9. DTA-TG curves for SrzAl,(OH)1, in air and Na.

of the two decomposition products in O, and Ny,
respectively. For example, at 530 °C, the weight loss
in Oy is 9.4%, whereas in N; it is 16.2%; the weight
difference is 6.8%, close to the calculated value (8.4%).

Figure 8 shows the DTA-TG curves for SrzFe;(OH)1..
In a flowing O,, two endothermic peaks at ca. 320 and
440 °C, with weight losses, and one exothermic peak at
ca. 410 °C, with a small weight gain, were observed.
The sum of the weight losses at ca. 320 °C was 12.52%,
which is ascribed to the loss of 4 H,O molecules in Srs-
Fe,(OH)12 (the ideal weight loss for 4 H,O is 12.44%).
These two dehydration processes are completed in a
wide temperature range, 246—403 °C in O, This
suggests that in the SrsFe;(OH)» lattice, Fe(lll) ions
are in more complex coordination states than the Cr-
(1) ions in Sr3Cr(OH)12. XRD and IR analyses on the
decomposed product of SrzFe;(OH);2 in O, showed that
the weight gain at ca. 410 °C comes from the oxidation
of Fe(l11) rather than the formation of SrCO3 or Sr(OH),.

For each mole of SrzFe(OH)12, complete oxidation
from Fe(l11) to Fe(lV) theoretically requires 1 mol of
oxygen atoms, which corresponds to a weight gain of
2.8%. From the TG curves of SrzFe,(OH)1, in O, and
N,, we obtained a mass difference of 1.8% (at 530 °C),
smaller than the theoretical value (2.8%), suggesting
partial oxidation of Fe(l1l) ions. From the DTA curves
of SraFe,(OH)12 in O, (Figure 8), we confirmed that the
dehydration process, loss of four water molecules (en-
dothermic peak at 310 °C), was followed by an oxidation
process for Fe(111) (exdothermic peak at 350 °C). In Ny,
no weight gain due to oxidation was observed. The
decomposition products of SrzFe;(OH);2 in N2 and O,
were unknown. The XRD patterns in Figure 5b,c do
not correspond to Sr3Fe,O7—, or the perovskite SrFeOs—s
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Table 2. 5"Fe Mossbauer Parameters of SrsFe;(OH):2 and Its Air Decomposition Product at 750 °C, Recorded at Room

Temperature
sample? site 1.S. (mm/s)2 Q.S. (mm/s)2 Hin (kOe)? fwhm (mm/s)2 intensity (%)2
A Fe(1) 0.369 + 0.004 0.201 £ 0.008 516.0 £ 0.2 0.132 £+ 0.004 48.0
Fe(2) 0.351 £+ 0.004 0.232 £+ 0.004 52.0
B Fe(1) 0.362 £ 0.007 0.200 + 0.009 516.9+ 0.5 0.131 £ 0.006 24.0
Fe(2) 0.234 £+ 0.006 0.640 £ 0.008 0.196 + 0.004 33.7
Fe(3) 0.105 + 0.004 0.246 + 0.004 42.3

a Note: A denotes SrsFex(OH)12; B, decomposition product of SrzFex(OH)12 at 750 °C in air. I. S., isomer shift (vs o-Fe), Q. S., quadrupole
splitting, Hin, hyperfine field, and fwhm, half-height width; intensity corresponds to integrated area of the Mossbauer spectrum.

as reported by Gallagher and others?%27 by calcination
of SrCO3; and Fe,O3 in air, or under high oxygen
pressure.

Figure 9 shows DTA-TG curves for SrzAl;(OH)i2 in
air and N,. The TG curves in air and N, show a fast
dehydration process at around 262 °C and a gradual one
above 326 °C. The fast process corresponds to a weight
loss of 13.82%, exactly the same as that expected for
the loss for 4 H,O molecules per formula of Sr3Alx(OH);..
The gradual weight loss process is ascribed to the slow
dehydration of the remaining OH~. The dehydration
processes for SrzAly(OH)i2 in air and N2 were similar
to those for Sr3Cr(OH)12 and SrzFe,(OH)12 in N, This
clearly demonstrates the effects of the atmospheres and
the valence variations of the framework ions on the
decomposition processes. Figure 6b,c show the XRD
patterns for the decomposition products by sintering Srs-
Alx(OH);, at 400 and 600 °C in air, respectively.
Structural analyses suggested the following decomposi-
tion processes for SrzAlx(OH);; in air:

Sr AL (OH),, — Sr;ALO2H,0 + 4H,0

262-326 °C
Sr,Al,04-2H,0 — SrALOG-H,0 + H,0 400 °C
Sr,Al,04H,0 — Sr,AlO, + H,0 >600 °C

It is interesting to note that Sr3Al,Og can be readily
obtained from Sr3Al,(OH):2 as a precursor at 600 °C,
whereas in a solid-state reaction, SrzAl.Os can be
formed only at ca. 1600 °C with several intermediate
grinding steps.?® Alternatively, under a high temper-
ature and pressure hydrothermal condition, SrzAl,O¢
will be transformed to hydrogarnet Sr3Al,(OH)1, (Table
1). The decomposition studies of the Sr—Al, Sr—Cr, and
Sr—Fe hydrogarnets indicate that the valence variations
of the garnet framework ions are closely correlated to
the thermal decomposition processes and resulting
structures in the final decomposition products of the
hydrogarnets.

The structure of the general binary hydrogarnet
A3''B,!'"'(OH);1; is constructed from alternating blocks of
B(OH)es octahedra linked together by A2* ions which
occupy the centers of dodecahedra.?® Each hydroxyl
group is connected to two dodecahedra and one octahe-
dron. This network creates hydroxyl tetrahedra, which

(26) (a) Gallagher, P. K.; MacChesney, J. B.; Buchanan, D. N. E.
J. Chem. Phys. 1964, 41, 2429. (b) 1966, 45, 2466 and references
therein.

(27) Bocques, A. E.; Fujimori, A.; Mizokawa, T. Phys. Rev. B 1992,
45, 1561.

(28) McLune, W. F., Ed. Powder Diffraction File: Inorganic Phases;
JCPDS International Centre for Powder Diffraction Data: Swarth-
more, PA, Card No. 24-1187, 1989.

(29) Weiss, P. R.; Grandjean, D.; Pavin, J. L. Acta Crystallogr. 1964,
17, 1329.
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Figure 10. 5Fe Mossbauer spectrum for SrsFe,(OH);, at room
temperature (with a 5°Co/Rh radiation source).

are empty at the center. The hydroxyl tetrahedron are
isolated. The formula for the hydrogarnets can be
written {A(OH)g3}3{ B(OH)2}2.5 The effective number
of the hydroxyl groups of A dedocahedra per formula is
eight. Thus, the hydrogarnets show marked covalent
character. In Sr-based hydrogarnets, the eight hydroxyl
groups bonded to Sr dodecahedra, in comparison with
those bonded in adjacent transition-metal octahedra,
may be easily removed as the temperature increases,
corresponding to the loss of four water molecules. As
the dehydration processes and the oxidation of transi-
tion-metal ions in the octahedra begin to take place,
they have opposite effects on weight changes in the TG
measurements. However, the dehydration process in
N2 may not be affected by oxidation.

The initial decomposition temperatures for Sr—Fe,
Sr—Al, and Sr—Cr hydrogarnets in N, are 252.1, 261.7,
and 341.1 °C, respectively. This indicates a sequence
of the structural stability of Sr based hydrogarnets: Srs-
FeZ(OH)lz < SI’3A|2(OH)12 < Sr3cr2(OH)12.

3. 5’Fe Mossbauer Effects in SrzFe,(OH):; and
Its Air Decomposition Product. Figure 10 shows 57-
Fe experimental Mossbauer spectrum of SrzFe,(OH)12
at room temperature, and Table 2 lists corresponding
Mossbauer parameters. The experimental data can be
resolved into a six-line and a single-line spectra, re-
spectively, suggesting that in the lattice of SrzFe,(OH);2,
Fe ions occupy two different sites, denoted as Fe(1) and
Fe(2). From the isomer shift (1.S.) values (vs a-Fe) in
Table 2, it can be concluded that all Fe ions in SrsFe;-
(OH)12 are trivalent. The quadrupole splitting (Q.S.)
values of the Fe(1)-site ions, corresponding to a six-line
Mossbauer spectrum, are less than 1.0 mm/s. This
indicates that, the Fe(1)-site ion has a distorted octa-
hedral coordination. A study3° of the 5’Fe Mossbauer
spectrum of Y3Fes01, showed that at room temperature
the experimental spectrum consisted of two sets of six-
line spectra; the internal fields of the Fe ions at the
centers of octahedra and tetrahedra were ca. 490 and

(30) Belogurov, V. N.; Bilinkin, V. A., Phys. Status Solidi A 1981,
63, 45.
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Figure 11. 5"Fe Mossbauer spectrum recorded at room
temperature for the decomposition product of SrsFe;(OH);; at
750 °C in air (with a 5"Co/Rh radiation source). Insert shows
the asymmetry of the paramagnetic spectrum.

393.7 KOe, respectively, and Q.S. = 0. However, in the
hydrogarnet lattice, the centers of the tetrahedra are
empty due to the formation of point vacancies, and thus
the Fe ions in tetrahedra were not observed in our case.
In addition, the nearly equal integrated intensities of
the six-line and single-line spectra indicated that the
nearly equal numbers of the Fe ions are distributed at
the Fe(1) and Fe(2) sites. It is clear that the Fe(2)-site
ions, associated with the single-line spectrum are
coordinated with hydroxyl groups in highly symmetric
octahedra, where more symmetrical electric fields around
the nuclei of Fe(2)-site ions are produced. Therefore,
two kinds of Fe(OH)g octahedron in SrsFe;(OH)1,, could
be concluded. The local distortion due to the presence
of Fe(1) ions in SrsFe;(OH)i2 is consistent with the
lowest thermal stability of SrzFe(OH);. in the three Sr-
based hydrogarnets studied.

The decomposition product of SrzFe;(OH)1» is of great
interest because there may exist an unusual oxidation
of Fe(11l) to Fe(1V) by air or O,. Figure 11 is the Fe
Mossbauer spectrum recorded at room temperature for
the air decomposed product of SrzFe;(OH)1, at 750 °C.
Comparison of the data in Figure 11 with that in Figure
10 shows that the states of Fe ions change dramatically
after sintering SrzFe;(OH)12 in air. In addition to a six-
line spectrum, a broad paramagnetic component was
observed, insert clearly indicates its asymmetry. The
experimental data can be resolved into a six-line, a
doublet, and a single-line spectrum, clearly suggesting
that there exist three distinctive states of Fe ions in the
air decomposition product of SrzFe,(OH)1» (denoted as
Fe(1), Fe(2), and Fe(3), respectively). The assignments
and corresponding Mossbauer parameters are listed in
Table 2. According to the I.S. values of Fe(IV) and Fe-
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(1) in literature,?831 it can be concluded that all Fe ions
at Fe(1) site (associated with the six-line spectrum) and
Fe(2) site (associated with the doublet spectrum) are
trivalent; the Fe(2)-site ions have a larger Q.S. value,
indicating that the coordination polyhedra of the Fe(2)-
site ions have larger distortion. Fe(3)-site ions, associ-
ated with the single-line spectrum, correspond to the
high-spin Fe(IV). The largest integrated intensity of the
single line spectrum (42.3%) gives an evidence for the
existence of a pronounced amount of Fe(1V) ions in the
decomposition product arising from the oxidation of Fe-
(111) to Fe(lV) by air (or O;) during the sintering
procedures.

Conclusions

Hydrogarnets SrsM,(OH);2 (M = Cr, Fe, and Al) were
hydrothermally prepared under relatively mild condi-
tions. In the hydrothermal systems of Sr-based hydro-
garnets, high solubility of initial reactants and concen-
tration of mineralizer (OH™) considerably lower the
crystallization temperature and enhance the crystal-
linity of the resulting hydrogarnets. All samples of Sr-
based hydrogarnets underwent fast dehydration pro-
cesses by dissipation of the nearest hydroxyl groups of
Sr dodecahedra in Na. In air or Oy, such dehydration
processes were accompanied with oxidation of Cr(l11)
and Fe(l11) ions in Sr—Cr and Sr—Fe hydrogarnets. Srs-
Aly(OH)12, synthesized from the hydrothermal system,
could be used as a precursor for preparing Sr3Al,O¢ at
ca. 600 °C (1600 °C was needed in a conventional solid-
state reaction). Valence variations of framework ions,
such as Cr(l11) and Fe(l11), directly determined the types
and compositions of the final decomposition products.
Two different symmetries of Fe(OH)g octahedra in the
Sr—Fe hydrogarnet as well as its air oxidation were
detected by Mossbauer spectroscopy; the lowest thermal
stability of SrsFe(OH)12 was attributed to the distortion
of one of the Fe(OH)s octahedra.
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