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Abstract

The hydrothermal synthesis and optical properties of undoped and Sb**-doped lithium metasilicate and lithium
disilicate nanomaterials were investigated. The microstructures and morphologies of the synthesized Li, 5,5b,,5105
and Li> 5,5b,,5i,05 nanoparticles were studied with powder X-ray diffraction and scanning electron microscopy
techniques, respectively. The synthesized undoped and doped lithium metasilicate and lithium disilicate
nanomaterials, respectively, are isostructural with the standard bulk Li;SiO5 (space group Cmc2;) and Li»Si>Os (space
group Ccc?) materials. The electronic absorption and photoluminescence spectra of the synthesized materials are
studied. The measured optical properties show dependence on the dopant amounts in the structure.

Keywords: Nanoparticle, Lithium silicate, Doped material, Antimony, Hydrothermal

Background

Lithium ceramics are of research interest because of their
technological applications. Among these ceramics, lithium
silicates have been investigated as breeder materials for
nuclear fusion reactors and as carbon dioxide absorbents
in addition to other more well-known applications such as
in thermal expansion of glass ceramics used in ceramic
hobs [1-6]. Since the tetrahedral silicate ion (SiO3) pro-
vides good mechanical resistance and stability, lithium
metasilicate, and lithium disilicate are used as pyroelectric
materials in optical waveguide devices [7-12].

Previously, some research groups have reported the
synthesis of lithium silicate doped with La**, Sm**, Gd**,
Ho®', Dy** [13-16], Nd>* [17], Eu®*, and Tb>* [18] ions.
Also, Cr**-doped [19], AI**-doped [20], and Na*-doped
[21] lithium silicates have been synthesized. Moreover,
Rodriguez et al have reported the synthesis of Cr**-and
Tm3+—doped alkaline silicate glasses [22]. On the other
hand, Cu**-doped [23] and V>*-doped [24] lithium disi-
licate glasses have been reported previously. However, to
our best knowledge, no work has been devoted to
antimony-doped lithium silicates. Catalytic activity [25],
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photo-induced superhydrophilicity [26], and optoelectro-
nic properties [27] are observed in Sb>*-doped materials.
Sb**-doped semiconductors exhibit increased electrical
conductivity compared to the undoped materials [28,29].
The doping of Sb* also causes a p-type connection and
pins the Fermi level in metal-semiconductor interface
[30,31].

In this context, we sought to reexamine the chemistry of
lithium silicates. Herein, we report the hydrothermal synthe-
sis of the Sb3+—doped lithium metasilicate (Liy_0,Sb,,SiO5)
and lithium disilicate (Li;_5,Sb,,Si»O5) nanoparticles.
The effect of the dopant concentration on the morph-
ology of the synthesized materials is investigated.
Moreover, the optical properties of the synthesized
Liy_9,Sb,,SiO3 and Liy_9,Sb,SioO5 nanomaterials are
studied.

Methods

The phase identifications were performed on a powder
X-ray diffractometer Siemens D5000 (Siemens AG,
Munich, Germany) using Cu-K, radiation. The morph-
ology of the obtained materials was examined by a Phi-
lips XL30 scanning electron microscope (Royal Philips
Electronics, Amsterdam, The Netherlands). Absorption
and photoluminescence spectra were recorded on a
Analytik Jena Specord 40 (Analytik Jena AG Analytical
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Instrumentation, Jena, Germany) and a Perkin Elmer
LF-5 spectrometer (PerkinElmer Inc., Waltham, MA,
USA), respectively.

All the reagents used in the experiments were of analyt-
ical grade and used as received without further purification.
The Liy_5,Sb,,SiO3 and Liy_5,Sb,,Si,O5 nanomaterials are
synthesized in a one-step hydrothermal process.

Synthesis of lithium metasilicate

LiNO;3 (2 mmol) was added to a solution of silicic acid
(4 mmol) in 30 mL of hot 0.01 M aqueous solution of
NaOH while stirring. The resultant solution was stirred
for further 15 min and then diluted to 60 mL. The
obtained mixture was transferred to a 100-mL Teflon-
lined stainless steel autoclave and heated for 48, 72, or
96 h at 180°C. The resulting nanomaterials of Li,SiO3
were filtered and dried at 110°C.

Synthesis of lithium disilicate

The preparation of Li,Si,O5 was similar to that of Li,SiOs,
except that LiNO3 (2 mmol) and silicic acid (6 mmol) were
used. The obtained mixture was transferred to a 100-mL
Teflon-lined stainless steel autoclave and heated for 48, 72,
96, or 120 h at 180°C. The resulting nanomaterials of com-
pound Li,Si,O5 were filtered and dried at 110°C.

Synthesis of Sb3+-doped lithium metasilicate (x=0.01,
0.0125, and 0.015)

Appropriate molar amounts of LiNO;3 (7.9, 5.87, or 5.90
mmol), SiO,.H,O (15.88, 11.82, or 11.91 mmol, respect-
ively), and Sb,O3 (0.0387, 0.0398, or 0.0449 mmol, re-
spectively) were dissolved in 60 mL of hot NaOH solution
(0.53, 0.40, or 0.40 M, respectively) under magnetic stir-
ring at 80°C. The resultant solution was transferred into a
100-mL Teflon-lined stainless steel autoclave. The auto-
clave was sealed and maintained at 180°C for 48 h then
allowed to cool naturally to room temperature, and the
resulting white precipitate was recovered.

Synthesis of Sb**-doped lithium disilicate (x=0.005,
0.0075, and 0.01)

Appropriate molar amounts of LiNOj; (13.9, 9.9, or
7.92 mmol), SiO,.H,O (41.8, 29.81, or 23.92 mmol,
respectively), and Sb,Osz (0.035, 0.0377, or 0.0549
mmol, respectively) were dissolved in 60 mL of hot
NaOH solution (1.40, 0.99, or 0.80 M, respectively)
under magnetic stirring at 80°C. The resultant solution
was transferred into a 100-mL Teflon-lined stainless
steel autoclave. The autoclave was sealed and main-
tained at 180°C for 48 h then allowed to cool naturally
to room temperature, and the resulting white precipi-
tate was recovered.
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Figure 1 PXRD patterns of the synthesized Li,_,,Sb,,SiO3
nanoparticles, where a is x=1; b is x=1.25; and c is x=1.5
mole%.
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Results and discussion

Powder X-ray diffraction analysis

The crystal phases of the synthesized samples were exam-
ined by powder X-ray diffraction technique. Figures 1 and 2
show the powder X-ray diffraction (PXRD) patterns of the
Sb3+—doped lithium metasilicate and lithium disilicate, re-
spectively. Also, the measured PXRD data for hydrother-
mally synthesized undoped lithium metasilicate and lithium
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Figure 2 PXRD patterns of the synthesized Li,_,,Sb,,Si05
nanoparticles, where a is x=0.5; b is x=0.75; and c is x=1
mole%.
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Table 1 Crystallographic data of the hydrothermally
synthesized Li,SiO; nanomaterials obtained after 96 h at
180°C

20 Intensity h k l
18.881 82 2 0 0
26.979 100 1 1 1
33.05 57 3 1 0
33.176 28 0 2 0
38419 22 3 1 1
38.608 47 0 0 2
4323 7 2 2 1
43317 5 2 0 2
51467 4 5 1 0
51711 10 3 1 2
51.793 13 0 2 2
55448 9 4 2 1
55579 8 1 3 1
58.955 10 6 0 0
59.183 18 3 3 0
62.998 6 1 1 3
66.219 2 4 2 2
66.335 2 1 3 2
69.343 2 6 2 0
69.732 " 3 1 3
72715 8 6 0 2
72917 13 3 3 2
75.793 4 7 1 1
76.129 3 2 4 1
82.286 3 6 2 2
82526 4 4 2 3
85511 4 4 4 1
97.986 2 6 2 3
98.258 2 0 4 3
101.044 2 7 1 3
111.023 2 4 4 3
121.852 2 3 1 5

disilicate nanoparticles are summarized in Tables 1 and 2 re-
spectively. The measured powder XRD data are in good
agreement with those of standard pure lithium metasilicate
(JCPDS 29-0829) and lithium disilicate (JCPDS 15-0637),
and the obtained stable phases are isostructural with Li,SiO3
(space group Cmc2) [32-41] and Li,Si;Os (space group
Ccc2) [42-44]. Moreover, the intense sharp diffraction pat-
terns suggest that the as-synthesized products are well crys-
tallized. The doping limitations are 0-0.75 and 0-1.25 mole%
of Sb*" for lithium metasilicate and lithium disilicate, re-
spectively. However, for excess mole% concentration of the
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dopant agent in the reaction mixture, the impurity peaks
were observed in the XRD patterns. The diffraction lines at
20~ 13°, 26° and 49° are assigned by their peak positions to
the excess Sb,O3 [35]. As shown in Figures 1 and 2, the for-
mation of the other phases of lithium silicates and raw
materials was already detected for higher mole percentage
concentration of the dopant agent in the reaction mixture
[41,42).

Compared to those of the nanoparticles of pure lith-
ium silicates, the diffraction lines in the powder XRD
patterns of the nanoparticles of Sb>*-doped lithium sili-
cates shift to lower 20 values (426 =26.99 (pure) — 26.81
(doped) =0.15° and Ad=3.322 A (doped) - 3.304 A
(pure) =0.018 A for Sb**-doped lithium metasilicate; and
A20=24.78 (pure) - 24.68 (doped)=0.1°, Ad=3.603 A
(doped) 3.589 A (pure) =0.014 A for Sb>*-doped lithium
disilicate are calculated via Bragg’s law (n\ = 2dyq sin 6)).
Since the ionic radius of the Sb®* (0.76 A [45]) is closer
to the ionic radius of Li* (0.59 A [45]) rather than the
Si** (0.26 A [45]), in the Sb**-doped lithium metasilicate

Table 2 Crystallographic data of the hydrothermally
synthesized Li,Si,Os nanomaterials obtained after 120 h
at 180°C

20 Intensity h k i
12.097 12 0
16.371 6 1 1 0
22093 2 0 2 1
23.706 45 1 3 0
24.298 100 0 4 0
24.639 30 1 1 1
30.697 2 0 4 1
37.602 4 0 0 2
38.266 4 2 2 1
39.221 4 1 5 1
44.049 2 2 4 1
45018 2 0 4 2
46.131 30 1 7 0
49.294 2 2 0 2
49.696 2 0 8 0
50492 2 3 3 0
60.324 2 1 1 3

60.85 2 0 3 3
63.056 2 1 3 3
63.295 16 0 4 3
64.573 2 4 1 0
65.542 4 1 4 3

68.08 2 2 2 3
76.007 6 0 10 2
77.995 2 4 2 2
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and lithium disilicate, it may be expected that the dopant
ion will replace with Li" ions. The larger radius of the
dopant ion, as compared to the Li", may cause an expan-
sion of the lattice parameter in the Sb**-doped lithium
silicate nanomaterials. Since both ionic radii and charges
are not the same for the dopant and Li* ions, it is also
possible that the dopant ion takes an interstitial position
in lattice rather than replaces any Li" ions, where add-
itional patterns will be observed in XRD pattern [26].
However, here, the doped samples show similar powder
XRD patterns without any residual or impurity phase
formation. The powder XRD patterns of the doped sam-
ples suggest the fact that the dopant ions are indeed
going to lattice positions rather than to interstitial posi-
tions. Moreover, when replacing Li" ions, the dopant
ions are bound to create some oxygen-related defect
centers or Li" vacancies for charge compensation.
Therefore, it is believed that the dopant ions will be in a
structurally disordered environment.

Morphology analysis
The scanning electron microscopy (SEM) images of the
synthesized Li,SiO3; nanomaterials are given in Figure 3.
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After 48 h, nonuniform sheet like nanoparticles of
Li,SiO3 are obtained (Figure 3a). The thickness, widths,
and lengths of the resultant sheets are approximately
100 nm, 600 nm, and 2 um respectively. With increasing
the reaction time to 72 h, the morphology of the
obtained materials has been changed to the very com-
pact sheets with heterogeneous morphology (Figure 3b).
This is while, with the reaction time of 96 h, uniform
flower like nanoparticles are obtained (Figure 3c).

Figure 4 represents the SEM images of the synthesized
Li»Si,Os nanomaterials. After 48 h, the morphology of
the obtained material is sponge-like, consisting of sheet-
like and flower-like nanoparticles (Figure 4a). With the
increasing the reaction time to 72, 96, and 120 h, the
morphology of the obtained materials has been changed
to the rectangular sheets and high homogeny in the size
is achieved. Using field emission scanning electron mi-
croscopy, the microstructure analysis of as-synthesized
samples was investigated.

SEM images of the synthesized Sb>*-doped lithium
metasilicates  (Li;.93Sb.025103) and (Lij 975Sbg 0255i103)
are given in Figures 5 and 6 respectively. In Figure 5a,
with low magnification, it is revealed that the sample
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Figure 3 SEM images of the hydrothermally synthesized Li,SiO3 nanomaterials obtained after (a) 48, (b) 72, and (c) 96 h at 180°C.
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Figure 4 SEM images of the hydrothermally synthesized Li,Si,Os nanomaterials obtained after (a) 48, (b) 72, (c) 96, and (d) 120 h
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is composed of two dimensional continuous networks
of nanosheet structures. With high magnification in
Figure 5b,c, it is clear that the length of the sheets are
about 1 um and the thickness of the sheets is about
100 nm. With high magnification, as shown in

Figures 6b,c, there are two types of flower-like struc-
tures (showing nonuniformity of the morphology). Low
magnification in Figure 6a,b,c shows that the size of
each flower is about 3-5 pm and the thickness of the
sheets is about 100 nm.

-

Figure 5 SEM images of the synthesized Li; 9gSbg 0,5i03 nanoparticles.
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Figures 7 and 8 show the SEM images of the synthesized
Sb**-doped lithium disilicate  (Li; 9oSbo01Si;O5) and
(Li; 985Sbg01551,05) respectively. Low magnification in
Figure 7a shows that the sample is composed of a large
quantity of individual plates. High magnification images in
Figure 7b,c shows that the plates cut each other. The
length of each plate is about 300-350 nm, and the thick-
ness is 80-100 nm. The plates have regular multigonal
shapes that are arisen from a substrate.

Figure 8a shows that with increasing the concentration
of Sb>" from 0.5 to 0.75 mole%, the morphology of the
samples change from nanoplates to nanoflower structures.
The synthesized products are composed of a large quantity
of individual nanobelts that form highly uniform 3-D
flower-like structures. Each nanobelt has a width of about
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500 nm and a length of about 2 pm. It seems that numer-
ous nanodot particles cover all over the surface of each
nanobelt.

Optical properties

The optical properties of the as-synthesized materials
were measured at room temperature. Figure 9 shows
photoluminescence spectra of the synthesized Sb**-doped
lithium metasilicate nanoflowers (Ao, =232 nm). It is well
known that the emission peak positions remain almost
unchanged under different excitation wavelengths, show-
ing that it is an intrinsic property of the compound [44].
Under excitation with light at 232 nm, as shown in
Figure 9, the main emission peaks are located at 310 and
362 nm with a shoulder at 425 nm. The peak that

.

Figure 8 SEM images of the synthesized Li; 9g55bg 155,05 nanoparticles.
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Figure 9 Photoluminescence spectra of the synthesized
Li>_5,Sb,,SiO3 nanoflowers (A.x =232 nm), where a is x=1 and
b is x=1.25 mole%.
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Figure 10 Photoluminescence spectra of the synthesized
Li>_5,Sb,,Si,05 nanoflowers (Ao, =227 nm), where a is x=0.5
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appeared at 310 nm is assigned to the band edge emis-
sion. Also, the broad band with maxima at 362 nm is
assigned to the trap state emission of the nanocrystals.
With increasing dopant concentration, the intensity of
the shoulder at 425 nm also increases. Considering that
the energy gap of bulk lithium silicates is above 3.3 eV,
the purple-blue photoluminescence at 425 nm (approxi-
mately 2.92 eV) is probably due to a triplet to ground
state transition of a neutral oxygen vacancy defect, as sug-
gested by ab initio molecular orbital calculations for
many other well-studied metal oxides [46,47]. The defects
create some dangling bands. Therefore, the energy levels
between conduction and valence bands (trap states)
would contribute in the band structure, which result in a
broad band at visible range.

The photoluminescence spectra of the synthesized
Sb**-doped lithium disilicate nanoflowers (A = 227 nm)
is given in Figure 10. Compared to the described
antimony-doped lithium metasilicate nanomaterials, the
band edge emission of the synthesized Sb>*-doped lithium
disilicate nanomaterials occurred at 310 nm upon excita-
tion at 227 nm. Also, the trap state emission of the com-
pound is observed as a weak band at 360 nm under this
excitation wavelength. Moreover, compared to the synthe-
sized antimony-doped lithium metasilicate nanomaterials,
the emission band which is attributed to the oxygen-related
defects in Sb*"-doped lithium disilicate nanoflowers
(appeared as a shoulder at 425 nm) shows a decreasing in-
tensity with the increasing dopant concentration. Electronic
absorption spectra of the as-synthesized Sb**-doped
Li;SiO3 and Li,SipOs nanomaterials have been given in
Figure 11a,b. With increasing the dopant concentration in
the structure of both of the synthesized Sb**-doped lith-
ium silicates, the band gap slightly shifts to lower energies.
A band gap of 4.17 eV for Lij 9gSbg ¢2Si03 and 4.13 eV for
Li; 9755bg 0255103 is calculated from the absorption spec-
troscopy. Also, a band gap of 4.49 eV and 4.46 eV, respectively,
was measured for Li; 99Sb;SixOs5 and Li; 9g5Sbg 01551205
from the electronic absorption spectroscopy.
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and b is x=0.75 mole%.
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Figure 11 The electronic absorption spectra of the synthesized Li,_,,Sb,,SiO3 nanomaterials, (a) where a is x=1 and b is x=1.25 mole

% and (b) where a is x=0.5 and b is x=0.75 mole%.
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Conclusions

In summary, nanolayers and nanoflowers of Sb**-doped
lithium metasilicate and lithium disilicate were synthe-
sized successfully by employing a simple hydrothermal
method. We found that the dopant concentration affects
the morphology and crystal phase of the final product.
As shown by SEM images, with increasing the dopant
concentration, layered and flake-like nanocrystals change
to flower-like nanomaterials. We found that compared to
those of the nanoparticles of pure lithium silicates, the
diffraction lines in the powder XRD patterns of the nano-
particles of Sb**-doped lithium silicates shift to lower 26
values. The shift in the diffraction lines might be attribu-
ted to the larger radius of the dopant ion, compared to
the ionic radius of the Li*, which may cause an expansion
of the lattice parameters in the Sb**-doped lithium sili-
cate nanomaterials. The synthesized nanomaterials
exhibited emerging photoluminescence and electronic
absorption optical properties in the UV-visible region,
which show dependence on the dopant amounts in the
structure. These materials are expected to have a poten-
tial application in light-emitting devices and as catalysts.
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