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Chromium-doped Li»SnO3 and NasSnO3 nanocrystalline materials with honeycomb layered monoclinic
structure were synthesized by heat treatment of hydrothermally derived precursors at 800 and 900°C,
respectively. Evolution of phase composition, structural parameters, and average grain size of the
Li2SnOs3:Cr and NasSnOs3:Cr series versus heat treatment temperature were evaluated by full pro-
file Rietveld refinement. The observed structural behaviour reflects complex processes of rearrangement
of stacking faults of honeycomb LisSnOs3:Cr structure during thermal annealing processes. A deep-red
emitting LioSnO3:Cr3™ phosphor was obtained and reported for the first time. The ions of Cr3* in
Li2SnOs3 are in the intermediate octahedral crystal field (Dg/B = 2.48), which is evident in the photo-
luminescence occurring at room temperature as broadband stretching from 650 to more than 850 nm
(*T2 — *A, transitions) with a residual narrow and sharp emission line at 700 nm (*°E — *A,). No
photoluminescence of Cr3" ions was detected at room temperature in as-prepared NaySnOsz:Cr and
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LigSnOg:Cr materials.
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1. Introduction

Lithium and sodium stannates are of research in-
terest due to their application in lithium-ion bat-
teries and matrices for the preparation of lumi-
nescent materials [1-5]. The crystal structure of
these stannates is essential for their successful ap-
plication. It is formed during synthesis and the
next treatments. High-temperature solid state and
sol-gel techniques using complex reaction mixtures
have been described previously in the literature
for stannates preparation [2, 4]. Among the exist-
ing methods of synthesis, the hydrothermal method
is distinguished by the possibility of the forma-
tion of crystalline phases at the lowest temperature.
Thus, hydrothermal treatment (HTT) reduces tem-
perature to 180-250°C and simplifies the process
due to the formation of hydroxostannates, which
are precursors of stannates [6]. It also allows us-
ing oxides and hydroxides as reagents instead of
salts, making it possible to eliminate the stage of
washing the products. Therefore, the main tasks of
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the work were to study the hydrothermal synthe-
sis of chromium-doped lithium and sodium stan-
nates, the evolution of their crystal structure during
subsequent calcination, and test their luminescence
properties.

2. Experimental

2.1. Samples preparation

For the synthesis of lithium and sodium stannates
Li;SnO3 and NaySnOz doped with 0.005 mol% of
chromium, we used a wet gel of SnO; as a tin
source, which promotes maximum homogenization
of the reaction mixture in order to ensure maxi-
mum contact of the components in the hydrother-
mal process and a reduction in its duration. A sim-
ilar approach was used, for example, in the syn-
thesis of barium stannate [7]. The wet gel of SnOq
with a humidity of 72% was prepared via precipita-
tion from SnCly-5H20 solution as described in [8].
The second component was added to the reaction
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Evolution of XRD patterns (Co K, radiation) vs heat treatment temperature of hydrothermal pre-

cursors for the synthesis of lithium and sodium stannates. Arrows in (b) indicate SnO; secondary phase.

mixture as hydroxides (LiOH-H2O and NaOH) in
quantities providing stoichiometric ratios for ob-
taining LioSnO3 and NasSnOg3 stannates. The tem-
perature and duration of the hydrothermal treat-
ment of precursors were 250°C and 5 h. The pre-
pared products were dried in air at 100°C for 5 h
and calcined stepwise in the temperature range
of 250-1200°C to obtain desired LisSnO3:Cr and
NaySnO3:Cr materials.

We also tried to obtain in a similar way lithium-
richest stannate LigSnOg with the rhombohedral
crystal structure. However, our attempt was rather
unsuccessful — the amount of the desired phase
did not exceed 40-50 wt.% in the products heat-
treated at 900 and 1000°C, and further annealing at
1200°C led to complete decomposition of LigSnOg
into LisSnO3 and LiyO.

2.2. Physical-chemical characterization

The differential thermal analysis-thermogravi-
metric (DTA-TG) curves were recorded in air us-
ing the Derivatograph-apparatus (Paulik—Paulik—
Erdey system, MOM, Hungary) in the temperature
range of 20-1000°C at the heating rate of 10°C/min.
The phase composition of crystal structure was
monitored at all stages of the synthesis proce-
dure using a modified DRON-3M X-ray powder
diffractometer. Crystal structure parameters were
derived from experimental X-ray diffraction (XRD)
data by the full profile Rietveld refinement using
the WinCSD program package [9]. The latter was
also applied to evaluate the average crystalline size
(Dave) and microstrains ({¢)) values from angular
dependence of diffraction maxima profiles.

242

2.3. Photoluminescence characterization

Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra were measured using
a Horiba/Jobin-Yvon Fluorolog-3 spectrofluorome-
ter with a 450 W continuous spectrum xenon lamp
for excitation and optical detection, with a Hama-
matsu R928P photomultiplier operating in the pho-
ton counting mode. The measured PLE spectra
were corrected with the xenon lamp emission spec-
trum. The PL spectra were corrected for the spec-
tral response of the spectrometer system used.

3. Results and discussion

XRD examinations of as-obtained products after
hydrothermal treatment revealed the formation of
different forms of lithium and sodium hydroxostan-
nates directly in hydrothermal reactions (Fig. 1,
upper rows). Rhombohedral crystal structure of
NaySn(OH)g was further confirmed by full profile
Rietveld refinement.

Subsequent heat treatment of the products at 500
and 600°C for 2 h lead to gradual decomposition of
the hydroxostannates and the beginning of the for-
mation of anhydrous LisSnO3z and NasSnOgz. This
was proved by both XRD (Fig. 1) and DTA-TG
(Fig. 2) data, which revealed a significant mass
loss in the temperature range of 250-500°C, sim-
ilar as for other hydroxostannates prepared under
hydrothermal conditions [6, 7].

Phase pure LizSnOgs:Cr material is formed af-
ter heat treatment of the product at 800°C. Fur-
ther heat treatment at 900, 1000, and 1200°C does
not affect the phase composition. Only narrowing of
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Fig. 2. DTA-TG-DTG curves of hydrothermal

precursors for the synthesis of LiaSnOs.

diffraction peaks is observed due to improving the
degree of crystallinity of the material (see Fig. 1).
The average grain size D,ye of LisSnO3:Cr powders
increases sharply from 7-9 nm after its formation
at 500-600°C up to 175-280 nm after additional
heat treatment at 800°C and higher temperatures.
Simultaneously, a sharp reduction of the average
microstrains values (¢) associated with the disper-
sion of interatomic distances is observed in the same
temperature range.

Another phase and structural behaviour are ob-
served in the case of the hydrothermal precursor
of NasSnOj (see Fig. 1b). As mentioned above, the
pure phase of sodium hydroxostannate is formed im-
mediately after HT'T, which partially decomposes to
form an intermediate product of dehydration after
annealing at 500°C. Reflexes of the desired phase
NaySnOj3 begin to appear after the next annealing
of the powders at 600°C, and it becomes the dom-
inant phase after the subsequent heat treatment
of samples at 900°C. Besides the main NasSnOs,
a detectable amount of tetragonal SnO5 cassiterite
phase (PDF-2 card N 41-1445) could be observed
in the powders annealed at 900, 1000, and 1200°C
(Fig. 1b).

Precise structural parameters of both LisSnO3:Cr
and NaoSnOs3:Cr series annealed at different tem-
peratures were evaluated from experimental XRD
patterns by the full profile Rietveld refinement
(see Fig. 3). As the starting models for the re-
finement, the atomic coordinates in LioSnO3 and
NasSnOj3 structures derived from neutron diffrac-
tion data in [10] and [11] were used. For the
NaySnO3:Cr materials containing admixtures of
SnOs oxide, simultaneous two-phase Rietveld re-
finement was performed. It is worth noting that
the experimental XRD pattern of LioSnO3:Cr ma-
terial show rather sharp superstructure reflections
in 20 range of 21-38° (Co K,) arising from hon-
eycomb ordering in LiSny slabs of LisSnOg struc-
ture. These superstructure reflections could be sat-
isfactorily fitted only assuming mixed occupancy of
two 4e octahedral sites occupied with Li and Sn
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Fig. 3. Graphical results of the Rietveld refine-

ment of LioSnO3 (a) and NapSnOs (b) structures.
X-ray powder diffraction patterns (black dots) are
shown in comparison with calculated ones (blue and
red lines). Inset in (a) shows view of LiaSnOs two-
layer structure.

cations (see Table I). In the case of NagSnOj3:Cr,
the superstructure reflections are much less pro-
nounced. However, to properly model the (020)
peak at 20 =~ 18.6° (Cu K, ), the mixed occupancy
of three 4e and one 4d fourfold sites with Na and
Sn cations are required (Table II). Note that the
mixed occupancy of some octahedral positions in
both LisSnO3:Cr and NasSnOg3:Cr structures are
rather apparent, and reflect stacking fault in such
kinds of honeycomb structures, as it was recently
reported [5, 11].

Graphical results of the Rietveld refinement of
LisSnO;5:Cr®t and NasSnOs5:Cr3t structures and
appropriate parameters obtained are presented
in Fig. 3 and Tables I and II, respectively.

In the monoclinic C2/c¢ LisSnOj3 structure, there
are three nonequivalent octahedral positions of Lit
ions and two octahedral sites of Sn species (Table I).
Accordingly, there are three different kinds of dis-
torted [LiOg] octahedra around Lil, Li2, and Li3
atoms with the average Li-O distances of 2.258,
2.153, and 2.147 A, respectively, and two kinds
of [SnOg| octahedra with Sn1-O and Sn2-O aver-
age distances of 2.117 A and 2.043 A, respectively.
These values of interatomic distances, calculated
from the atomic coordinates in the LisSnOs5:Cr3+
structure presented in Table I, are in good agree-
ment with the average Li-O and Sn—-O distances
of 2.202 and 2.069 A derived from neutron diffrac-
tion data for LizSnOs in [10]. Octahedral coordina-
tion of Sn atoms in LisSnOjstructure offers a good
chance to accept Cr3T ions, due to similar ionic
radii of Sn*t and Cr®t ions (0.69 and 0.615 A)
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TABLE I

Lattice parameters, coordinates, and displacement
parameters of atoms in LiSnO3:Cr3* structure after
heat treatment at 1200°C (SG C2/¢, Z = 4). Lattice
parameters: a = 5.2949(2) A, b = 9.1850(4) A, ¢ =
10.0232(2) A, B = 100.280(3)°, V = 479.64(5) A3;
residuals: Ry = 0.061, Rp = 0.218.

Ast;:;s’ x/a y/b z/c Biso/eq [A?]
Snl*, de| 0 |0.4132(5)| 1/4 0.70(5)
Sn2,4e | 0 [0.7463(4)| 1/4 0.83(5)
01, 8f [0.142(4)| 0.246(2) | 0.138(2) | 0.7(4)
02, 8f [0.136(4)| 0.594(2) |0.1388(12)|  0.4(3)
03, 8t [0.148(4)| 0.900(2) | 0.129(2) | 2.7(4)
Lil, 8f |0.228(9)| 0.066(6) | 0.012(4) | 1.3(8)
Li2, 4d | 1/4 1/4 1/2 1.0(12)
Li3*, de| 0 |0.068(2)| 1/4 0.6(3)
“Snl — 0.876(7) Sn + 0.124(7) Li,
Li3 = 0.854(4) Li + 0.146(4) Sn

TABLE I1

Lattice parameters, coordinates and displacement pa-
rameters of atoms in NasSnQs:Cr3T structure after
heat treatment at 1200°C (SG C2/c, Z = 4). Lat-
tice parameters: a = 5.5186(4) A, b = 9.5695(9) A,
c=11.0673(1) A, g = 99.55(1)°, V = 576.4(1) A3,
residuals: Ry = 0.064, Rp = 0.210.

Atoms, Biso/eq
sites z/a y/b 2e [A%]
Snl*, 4e 0 [04093(7)| 1/4 [0.68(11)
Sn2*, 4e| 0 |0.7427(7)| 1/4  |0.75(10)
01, 8f | 0.152(9) | 0.256(5) |0.1275(15)| 1.6(7)
02, 8f |0.141(10) | 0.591(4) | 0.150(2) | 0.4(6)
03, 8f |0.114(10) | 0.897(4) | 0.153(2) | 1.0(7)
Nal, 8f | 0.226(4) | 0.060(2) |0.0014(14) | 0.8(3)
Na2*, 4d| 1/4 1/4 1/2 0.5(4)
Na3*, de| 0 0.089(2) | 1/4 0.5(2)

*Snl = 0.81(2) Sn + 0.19(2) Na,
Sn2 = 0.95(2) Sn + 0.05(2) Na,
Na2 = 0.936(8) Na + 0.064(8) Sn,
Na3 = 0.766(10) Na + 0.234(10) Sn

after Shannon [12]. The linked Li- and Sn-occupied
octahedra in LioSnQOg3 structure form two types of
layers, one composed of [LiOg| only and the other
composed of [LiOg| and [SnOg| octahedra in the ra-
tio 1:2, stacked alternately along the c-axis [10]. The
cations of the mixed layers are ordered in such a way
that they form hexagonal close-packed planes in
which Sn atoms occupy the vertices of the hexagons,
and the Li atoms are placed in their centers [10].
Analysis of structural parameters of LisSnO35:Cr
series annealed at different temperatures revealed
that increase of heat treatment temperature affects
in the opposite way the lattice parameters of the
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Fig. 4. Evolution of the lattice parameters, mon-
oclinic angle, and unit cell volume of Li2SnO3:Cr
series vs heat treatment temperature of the pow-
ders. Dashed lines are B-spline approximations for
a guide for eyes.

materials — a sharp decrease of the a-parameter
between 800 and 900°C is accompanied by a si-
multaneous increase in the b- and c-parameters and
monoclinic angle S (Fig. 4). It is evident that the
observed deviations reflect the complex processes of
rearrangement of stacking faults of the honeycomb
structure and possible redistribution of cations in
the LioSnO3:Cr structure.

Typical photoluminescence excitation and emis-
sion spectra of LioSnO3:Cr calcined at 1200°C are
shown in Fig. 5. The emission spectrum of this phos-
phor reveals broadband stretching from about 650
to more than 850 nm with a superimposed nar-
row line at 700 nm, which can be attributed to the
4Ty — 4 A5 and 2E — %A, radiative transitions in
Cr37 ion, respectively [13]. The photoluminescence
decay time of 0.1 ms, measured for the narrow line
at room temperature, suggests that the 2E level
is strongly thermalized by the *7T, level at room
temperature. The excitation spectrum (regardless
of the emission wavelength) represents two broad-
bands with maxima at about 440 and 617 nm, which
are associated with the 445 — 4Ty and *A5 — 4T,
transitions in Cr3* ions, respectively. The third ex-
citation band at about 260 nm (see Fig. 6a) most
probably is associated with a charge-transfer tran-
sition related to Cr3*. When the emission is regis-
tered far in the deep-red, a narrow and sharp line
at 700 nm related to the 2E level can also be re-
vealed in the excitation.
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Fig. 5. Room-temperature photoluminescence ex-

citation (a) and photoluminescence emission (b)
spectra of Li2Sn03:0.0005%Cr phosphor.

A simultaneous presence of the broad and the
narrow emission bands in LioSnOg3:Cr suggests that
Cr3t ions occupying the Sn-octahedral positions
in this host are affected by an intermediate crys-
tal field strength producing a close energy posi-
tion of the 4T, and 2E levels, similarly as in 3-
Gay03:Cr3t [13, 14] or LazGasSiO14:Cr3+ [15].
Taking the 4y — *T7 and ‘4, — *T, peak
positions as 440 and 617 nm, respectively, one
can estimate the crystal field strength parameter
Dq/B = 2.48. At the same time, the narrow line
related with the 2E — *A, transition, which is
observed as a single non-resolvable line (at least
at room temperature), suggests that a CrOg oc-
tahedron in LisSnOgs is much more regular than
in other oxide compounds like GagOs, Al,O3 or
even Y3Al;012 (see [16], for instance). In order
to reveal more features of the Cr®t luminescence
in LioSnOg, detailed temperature-dependent stud-
ies should be done.

As regards the NaoSnO3:Cr and LigSnOg:Cr ma-
terials, no photoluminescence that could be at-
tributed to Cr3* ions was detected at room tem-
perature.

4. Conclusions

Chromium-doped  LisSnO3 and NasSnOg
nanocrystalline materials with honeycomb lay-
ered monoclinic structure were synthesized by
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hydrothermal route from a wet gel of SnOs and
hydroxides LiOH-H5O and NaOH as tin and
alkali-metal sources, respectively. In the case of
LigSnOg4:Cr materials, the amount of the desired
phase does not exceed 40-50 wt.% in the best
final product. Structural parameters of as-obtained
LizSnO3:Cr and NagsSnO3:Cr materials, derived
from X-ray powder diffraction data in our study,
are in good agreement with the reported param-
eters for the parent compounds elucidated from
neutron powder diffraction. Observed nonuniform
behaviour of structure parameters in LisSnO3:Cr
with increasing heat treatment temperature (sharp
decrease of the a-parameter and simultaneous
increase of the b- and c-parameters and monoclinic
angle) evidently reflects complex processes of
rearranging the stacking faults of honeycomb
LisSnO3:Cr structure during thermal annealing.

It was found that Cr®t ions in the LioSnOg lattice
are affected by an intermediate octahedral crystal
field (Dgq/B = 2.48) and give a deep-red broad-
band at room temperature due to the 4T, — A4,
transitions, simultaneously with a residual narrow
line due to the 2E — *A, transition, with the de-
cay time 0.1 ms at room temperature. The excita-
tion bands maxima associated with the 445 — 475
and YA, — 4Ty electronic transitions are at 617
and 440 nm, respectively. In such a way, this study
provides a new interesting structurally stable Cr3*-
doped deep-red emitting phosphor.
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