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Abstract: Strontium aluminate materials were prepared by solid-state reactions. Some independent factors of the host
lattices crystallization, such as thermo chemical performance of the reagents and the effects of boron flux addition are
reported. A number of balanced compositions on the (SrO-Al;,0;3).B,0;3 system using a phase diagram were studied.
The elucidation of the thermodynamic features of the crystallization was commenced with measurements of XRD, DTA,
TG, SEM and HR-TEM analysis.
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1. INTRODUCTION

Strontium aluminate lanthanide co-doped (SrAl,04:Ln) is a type of luminescent material about 10 times brighter, 10
times longer glowing, and 10 times more expensive than its predecessor copper-activated zinc sulphide (ZnS:Cu) [1].
Strontium aluminate phosphors produce yellow-green, blue-green and blue hues, for the excitation wavelengths from
200 to 450 nm, with wavelength emission at =520 nm, blue-green at =505 nm, and blue at ~490 nm, depending of the
lanthanide co-doping. Note that “phosphor” is a term herein used to designate a lighting material, and does not refer to
the chemical element P. This word phosphor was invented in the 17" century from a sintered stone that emitted red light
in the dark after exposure to sunlight, called “Bolognian stone” (actually known as being BaS) in the pigment industry
[1£].

Crystalline strontium aluminate compounds of the system S,A, (where a is the molar ratio of SrO, and b is the
molar ratio of A1203), such as SI'A1204 (SA), SI'A1407 (SAz), SI'A112019 (SAG), Sr2A16011 (SzAj,), SI'3A1206 (S3A),
SryAl4O055 (S4A), are functional materials for persistent luminescence when doped with rare-earth metals. In this
family, the SrAl,0, is extensively mentioned in the literature as the most efficient host lattice phosphor [2-3].

In the monoclinic a-SrAl,O, phase, there are two interstitial sites for cations to occupy, i.e. Sr'" and Sr*'. These
sites provide different spatial symmetry and orientation direction that result in emission shifts of Eu-doped phosphors
[4]. The SrAl,O4 has a a-monoclinic structure constructed by corner-sharing [AlO,]. The charge deficiency introduced
by the occupancy of AI** fons in these tetrahedral is compensated by the incorporation of Sr*" ions within the interstitial
sites [5-6]. Lanthanides with compatible ionic ratio might be added as co-dopant luminescent centres. The metastable
phase is obtained via an endothermic process at temperatures of about 923 K (AH=3.2 kJ/mol) [7-8] presenting f3-
hexagonal tridymite-type structure [9].

The crystalline structure of luminescent materials that accepts a substitutional lanthanide element in ionic vacancies
is called host lattice. The chemical formula for luminescence is expressed as H: A, S, where H is the host lattice material
(or matrix, M), A is an activator of luminescence, and S is a sensitizer of the energy transfer mechanism. A special
criterion of order between sensitizers and activators (Fig. 1) was arbitrated for SrA1204:Ce3+, Dy3+, Eu®* nanotubes,
naowires and core-shells owing the relative quantity of cerium (III) as the main activator doping the strontium
aluminate host lattice [10]. From the cationic point of view, the strontium ions in the positions of aluminium are
unfavourable to occur.
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Figure 1. Energy transfer mechanism between sensitizer and activator.

Solid-state reaction is a satisfactory route for the synthesis of co-doped strontium aluminates for large scale
applications in luminescence [11], requiring temperatures usually above 1373 K. Recently, the solid-state reaction
between SrCO; and Al,O; has been studied comprising the temperature dependent formation of SrAl,O4 [9b]. The
strontium aluminates are established compounds in the SrO-Al,O; system, which crystalline phases formation depend
of the starting components, such as the concentration of a catalytic reagent B,O;3 [12]. The B-doping in tridymite-like
structure of SrAl,O, drastically reduces the synthesis temperature [13]. A micrometer particle size and coexistence of
crystalline phases were generally obtained [13-18]. However, many uncertainties still remain, especially concerning the
melting points of many compounds, or more basically the existence of some compounds [4],[11] and [13]. Note that the
SrO—Al,0O; phase diagram [14] does not contain all crystalline compounds (Fig. 2).
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Figure 2. Kelvin temperature conversion of the SrO—AIl,O; phase diagram [14].
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In this article, the synthesis of SrAl,O4 host lattice crystallization and the formations of strontium aluminates
compounds were investigated by the traditional solid state method under a catalyst boric acid addition. Some
independent factors of the host lattices crystallization, such as thermo chemical performance of the reagents and the
effects of boron flux addition are reported. A number of balanced compositions on the (SrO-Al,03).B,0; system using
a phase diagram were studied. The elucidation of the thermodynamic features of the crystallization was commenced
with measurements of XRD, DTA, TG, SEM and HR-TEM analysis.
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2. EXPERIMENTAL

SrCO; (Aldrich; 99%, orthorhombic) and a-Al,O; (Alcoa), were used as received (Fig. 3). Boric acid, H;BO;
(Aldrich, 99.99%), was added in convenient quantity as a fluxing agent to the mixture. Powder materials present
particles size distributions from 0.5 to 2.3 um (SrCO;) and from 0.4 to 3.5 um (Al,O;), measured by Coulter, LS
Fraunhofer PIDS. Stoichiometric mixtures, 1:1 molar ratio of SrCO; and a-Al,O;, adding catalyst concentrations of 0.5
mol% (B1) and 1.0 mol% (B2) H;BO; were investigated. The dried (323 K, 3 h) powders mixtures were planetary ball-
milled. The as obtained powder mixtures were compacted (200 MPa) into cylindrical pellets, which were heat treated in
alumina crucibles under air atmosphere at 1473 K and 1573 K, for 3 and 10 h. The annealed samples were
grinded/deagglomerated using an agate mortar for characterization.

Powder microstructure and elemental composition of all samples were observed via scanning electron microscopy
(SEM) coupled to energy dispersive X-ray (EDX) spectrometer in a SU-70, and by high-resolution transmission
electron microscopy (HR-TEM) in HITACHI-9000 microscopes at University of Aveiro, respectively. For TEM and
electron diffraction, powders were ultrasonically dispersed in an ethanol suspension and immersed into copper grids.
Crystallizations were characterized by X-ray diffraction (XRD) in a Rigaku Geigerflex D/Mac, C Series diffractometer
was used with Cu Karadiation (A=1.5406 A) produced at 30 kV and 25 mA scanned the diffraction angles (20)
between 20° and 70° with a step size of 0.02° 20 per second. The positions of the characteristic peaks were characterized
supported from the indexed cards JCPDS Powder Diffraction Files (PDF) of the International Centre for Diffraction
Data (ICDD). The thermo gravimetric (TG) and differential thermal (DTA) analyses of starting compositions and host
lattices samples were measured using a TG-DTA Setaram Labsys analyzer in Argon atmosphere. The thermodynamic
activities on the StO—Al,O; system within the temperature range of 1473-1573 K were determined using the FactSage
5.5 software in Integrated Thermodynamic Databank System (ITDS).
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Figure 3. Particles size distributions of SrCO; and a-Al,O; powders. In detail: X-ray patterns of a) H;BO;, b)
a-AlO; and ¢) ortho-SrCO;. SEM images of powders d) a-Al,O; and e) SrCOj; reagents.
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3. RESULTS

3.1. Solid-state reactions and thermodynamics

The solid-state chemical reactions between SrCO; and Al,O; reagents to form SrAl,O4 (SA) are described by Eq
(1), (2) and (3).

STCO3 (s) + A1203 (s) —4 SI'A1204 (s) + COZ (@ (1)

STCO3 (s) — 5 SrO (s) + COZ (@ (2)

SrO (s) + A1203 (s) — SI'A1204 (s)

A3)
The weight-loss due to thermal decomposition of SrCO; with release of CO, is an essential step to get free SrO to
react with ALO;. Considering one mole of SrCO; (147.63 g), the reaction products after complete thermal
decomposition will be one mole of SrO (103.63 g) and one mole of CO, (44 g) that is released to the atmosphere (Eq.
2). So, Amg,co; (%) = (44/147.63)*100 = 29.8%. This theoretical value of the strontianite weight-loss is coherent with
the TG curve obtained during the experimental SrCO; decomposition process indicated on the thermogram (Amsg;co3),
Fig. 4.
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Figure 4. DTA and TG in Argon atmosphere at temperatures still 1773 K. Thermograms of separated SrCO; and
AL O; reagents.

Furthermore, the DTA of SrCO; from Fig. 4 revealed the follow features, as described.

e Endothermic peak with a maximum at 1203 K: attributed to the phase transformation from orthorhombic to
hexagonal structure of SrCO;. This polymorphic transformation of SrCOj; structure occurs by the rotational disorder
transition of the anion group at a certain temperature, in agreement value reported in literature [15-16]. The phase

transformation results in an increase of crystal symmetry and volumetric expansion [7];
L)

Endothermic peak with a maximum at 1423 K: attributed to thermal decomposition of SrCO; with the
release of —CO, (g).

Exothermic peak centred at 1440 K: due to the crystallization of SrO.

Endothermic peak centred at 1533 K: probably due to any remaining decarbonisation, since it is
concomitant with a small weight loss.

The thermal analysis of SrCO;—Al,03 mixture (50% molar ratio) is presented in Fig. 5. It can be seen that the powders
mixture underwent thermal effects similar to those observed for SrCO; component alone, which tended to appear at

somewhat lower temperatures, suggesting that the chemical reaction in the StCO;—Al,O; system is partially preceded
by the decomposition of SrCOj;. The DTA curve exhibits the following characteristics, as described.

Endothermic peak with a maximum at 1203 K: also observed for the SrCO; alone, assigned to its phase
transformation from orthorhombic to hexagonal structure. The interfacial reaction between SrCO; and Al,O; and
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the formation of SrAl,O, at temperatures below that of SrCO; phase transformation (~1203 K) requires activation
energy of 130 kJ/mol for the carbonate decomposition [7]. At temperatures >1203 K, the crystallization of SrA,O,
is dominated by diffusion of AI** ions into the SrCOj lattice co-existent with free SrO, and the activation energy for
the carbonate decomposition decreases.

e Endothermic peak with a maximum at 1323 K: attributed to thermal decomposition of SrCO; with the release of
—CO; (g), thus occurring about 100°C below and being less deep in comparison to the single SrCO; component.
This suggest the occurrence of a concomitant exothermic reaction due to the formation of strontium aluminates, in
such a way that the heat released is consumed in the thermal decomposition of SrCOs.

e A broad exothermic band with a maximum at 1365 K: due to the formation of crystalline strontium aluminates.

e Endothermic peak with a maximum at 1485 K: due to the second decomposition step of SrCO;. The maximum
weight loss is observed at about 1500 K.
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Figure 5. DTA and TG in Argon atmosphere at temperatures still 1773 K. b) thermogram of SrCO;—AlLO;
(50% molar ratio).

According Chang-Hsiang [9b], the activation energy for SrCO; decomposition is significantly influenced by the
calcination temperature, while the nature of alumina precursor, i.e. a-Al,Os or y-Al,Os, presents a secondary factor. The
o-alumina used in this work might be obtained, for instance, from gibbsite (— y-Al,0; — k-Al,O; — a-Al,03) or
boehmite (— y-Al,O3 — 6-Al,03 — 6-AlL,O; — 0-AlO3;) routes. The very shallow thermal effects observed with
further increasing temperature suggest that the progresses towards the formation of more stable strontium aluminates
are slow, as expected from diffusion controlled synthesis reactions. The theoretical enthalpies for the formation of
SrAl,O, host lattice are given by Eq. (4) to (8).

A, H® (TO):?i A H (Ty) (4)
A, q° (Ty) = %vi SiO(TO) (5)
0 -~ 0 T
A HY (T)=A; H (Ty) +Tj ?i Cp; (T) dT (6)
o
T Cp;(T)
(o] (o]
A ST (T)=A, 8" (Ty) +Tjo%vi leT 7

A, G (T)=A, H® (T)-TA, $° (T) (8)
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Where:

A, H° (T) = standard enthalpy change;

A, S° (T) = standard entropy change;

A, G° (T) = standard Gibbs energy change;

v, = stoichiometric coefficient of the compound;

C, = heat capacity at constant pressure;
T = absolute temperature;
for initial (i) reactants or final (f) products.

The enthalpies of SrCO;—Al,O; reactions were studied from room temperature to about 1503 K (Fig. 6). The
enthalpy changes confirmed that solid-state synthesis is favoured over 1300 K leading to the formation of better defined
single phases from a direct reaction between SrO and Al,O; (Eq. 3). The enthalpy of the solid-state synthesis attends the
Hess Law, which states that the enthalpy change is independent of the route by which the reaction is achieved. The
thermodynamic approach depends only on the initial and final stages of enthalpies. Standard enthalpy values
(A, H° (T)) are positive for the Eq. (1) and (2) as endothermic reactions, and negative for Eq. (3) as an exothermic

reaction, according the standards enthalpies reported elsewhere by [15], [16] and [18]. Thermodynamic equilibrium is
obtained decreasing the enthalpy of the SrO, in accordance with the Eq. from (9) to (10).

_ K@M GO
A.G(T)=-RT In OTEE A;G (T)+RT In Q(T,P,&) 9)
AG (T)=A;G°(T) +RT In ITa,”" (10)
1
P
A,G (T)= A,G®(T)+ RT In 2 (11)

pPo

Where:

R = gas constant;

T = absolute temperature;
K = equilibrium constant;
Q = heat transfer.

P = pressure;

= degree of the advancement of the reaction;
A, G° (T) = standard Gibbs energy change;
I1; = chemical potential in the standard state of the component i;

a; = activity of the compound;

V; = stoichiometric coefficient of the compound.
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Figure 6. Thermodynamic properties of the SrCO;—AlLO; reactions from room temperature to about 1503 K: a)
changes of the enthalpies; b) standard molar of free enthalpies [16, 18]. Data converted in Kelvin temperature.
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3.2. Crystalline phases

Theoretical reactivity of reagents to obtain Sr aluminates by stoiquiometric solid state reaction among the
constituents indicates that the activity degree of (SrO).(Al,0;) and primary Al,Sr arrangements are superior at 1473
than at 1573 K. Increasing the thermal energy, the activity of O3;Al,-Al,O; also is highest. Atoms in position of All and
Al4 are isoactives at 1473-1573 K, and in position of Al2 and Al3 have higher activity degrees at 1573 K. The activities
of Sr-free ions are higher at 1573 K. Analogously, a catalyst boron-doped with B*>" ions on the AI’" substitutional
system are enabled to produces an activity degree to form tetrahedral BO, in the AlO, framework preferentially at 1573
K, upon the higher ionic activity of AI’" free ions. At 1473 K, B> ions have a tendency to form B,Sr, before the
formation of the BO, tethahedra.

Boron doping replacing Al'* ions generates distortions in the Al-framework and reduces the temperature required
for the formation of the crystalline phases [19]. In these boric acid containing systems, the decomposition into B,O3
occurs in a first stage with the release of constitutional water at temperatures below 673 K, according to Eq. (11).

2 H3BO3 (s) A B203 (S) +3 Hzo (2 (1 1)

Experimentally, the XRD patterns reveal that SrAl,O, was formed, in conjunction with Sr;Al,O¢, upon holding the
sample for 3 h at 1473 K in free (Fig. 7a) and pressed (Fig. 7b) powders. An increase of the intensity of Sr;Al,O4 peaks
was evidenced for the sample containing the highest amount of boron, and under the thermal treatment of
recrystallization for 10 h (Fig. 7b). At the second stage of chemical interaction, there was the occurrence of mixed
borate melt with intermediate compounds, which enhanced the diffusion phenomena thus, leading to an overall
acceleration of the formation process of SrAl,O,, Sr3Al,Og and Sr3B,0, as described in Eq. from (12) to (15).

2 SI'CO3 (s) + STA1204 (s) 4 SI'3A120(, (s)+ 2 COZ ©@ (12)
3 SI'CO3 (s) + A1203 (s) — SI'3A1206 (S)JF 3 C02 (@ (13)
3 SI'COj, (s) + B203 (s) —A) SI'3B206 (s) +3 C02 (2 (14)
SI'3A1206 (s) +2 A1203 (s) 4253 SI'A1204 (s) (15)
sA
SA

40 50
Two-Theta (deg)

Figure 7. Effect of boron addition on X-ray diffraction profiles of samples annealed at 1473 K: a) B1 and B2 for
3 h, SrALLO4(SA), SrAl,O;(SA;), Sr;AL O (S;A), and Sr;B,06 (S;B); and b) B1 for 3 and 10 h, SrAL,O,(SA),
Sr3A1206 (S3A), and Sr3B206 (S3B).

In boron containing samples, the strontianite can be involved in cyclic borate reactions forming Sr;Al,O4 and
SrAl,O4 as major phases in successive reactions that might occur during the formation of these phases as described in
Eq. (16) to (19). Note that when the boron oxide is reacting, intermediary strontium borates are formed.

SI'3A1206 (s) +2 B203 (s) — SI'A1204 (s) +2 SI'B204 (s) (16)
Sr38206 (s) + A1203 (s) A SI'3A1206 (s) + B203 (s) (17)
5 SI'CO3 (s) +4 A1203 (s) 4 STA1204 (s) + ST3A1206 (s) + STA14O7 (S)+ COz (@ (1 8)

SI'A1407 (S)“F SI'B204 (s) 252 SI'A1204 (S)J" B203 (s) (19)
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3.3. Nanostructure of strontium compounds

TEM image of the micro and nano-particles (SrAl,O,, Sr;Al,O¢ and Sr;B,0) obtained by increasing the annealing
time to 10 h are showed in Fig. 8. The respective SAED pattern (Fig. 8b) of the region indicated in Fig. 8c reveals a
nanostructure with spacing parameters of about 0.5 x 0.8 nm. This result is a possible SrAl,O, detection, in agreement
with the unit-cell parameters of the monoclinic structure (a=5.1607, h=8.822, ¢=8.4424, =93.415, space group P2).
EDX analysis comprised the boron atoms doping the structure replacing Al** sites (Fig. 8d).

E/keV —

Figure 8. a) TEM of crystalline host lattice sample (SrAl,O,, Sr;Al,O¢, and Sr;B,0¢) obtained by pressing at 200
MPa and annealing at 1573 K for 10 h, and the respective b) SAED pattern of the c¢) indicated region; d) EDX
analysis revealing boron atoms doping the crystal structure.

4. CONCLUSION

In the phosphor industry, the solid-state synthesis carried out within the temperature range of 1473-1573 K using a
catalyst boron-doping revealed to be an effective route to prepare large-scale micro- and nano- particles of Sr-
aluminates nano phosphors.
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