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Abstract

Hydrothermal synthesis of lithium metasilicate (Li,SiO3) has been systematically studied in
aqueous alkaline environments by varying the Li/Si molar ratio of the solid materials and the
hydrothermal temperatures. The phase structures and morphologies of the as-synthesized samples
were investigated in detail by X-ray powder diffraction (XRD), transmission electron microscopy
(TEM), Fourier transform infrared (FTIR) spectroscopy and N, porosimetry. The morphology of
Li,S10; varied from nanoparticles to nanosheets and nanotubes with the reaction conditions. A Li/Si
molar ratio of 2 at 190 °C was ideal for the formation of pure nanosheets with a characteristic width
of 100-200 nm and a typical length of 0.2—-1.5 pm. Li,SiO; nanoparticles were formed at lower
Li/Si molar ratio, while most of the dispersed nanosheets curled to form nanotubes at higher Li/Si
molar ratio. Nanotubes were formed at 210 °C and Li/Si molar ratio of 2, which possessed a typical
inner diameter of ~20 nm, outer diameter of 35 nm and a length ranged from 75 to 275 nm.
Alkaline hydrothermal environment was beneficial to the formation of nanosheets and nanotubes.
Atomic-level variations of the product structure from nanoparticles to nanosheets and nanotubes
were depicted. Mechanism for the formation of different morphologies of Li,Si03; was clarified.
Keywords: Lithium metasilicate; Nanostructures; Morphology control; Hydrothermal synthesis;

Atomic-level simulation.
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Introduction

Nanosheets and broad nanobelts have the trend of curling into nanorods and nanotubes'~. The well-
known examples could be found in the preparation of silicate*, oxide™ ®, hydroxide’, sulfide® and

10-15 and

noble metal nanotube’ and so on. Metal silicates, such as AlSi,Os(OH), (halloysite)
Mg;Si,05(OH)4 (serpentine)'®, the naturally occurring nanotubular minerals, are the most abundant
and most complicated class of minerals on earth'’. Inspired by these nanotubular minerals, in the
past two decades, metal silicates possessed nanoscrolls or nanotubes structure such as
Ni3Si,05(0OH)4'®, Co3Si;05(OH)4" and CuSiOs-2H,0 were artificially synthesized for promising
applications, which exhibited interesting and potentially useful properties such as a high tensile
strength and enhanced surface reactivity compared to the bulk materials because the properties were

affected by the morphology™. Li,SiO; are usually used as base material of painting, traditional

21 . . 22 . . eqe . . . .
glass” and ceramic raw materials™”. In recent years, lithium silicates have been used in lithium ion

batteries as solid state electrolytes, leading to all solid state batteries with improved efficiency and

safety”. Li,SiO; has also attracted significant attention as tritium breeder materials in fusion
reactors>’, CO, captors™ due to its special properties, such as good tritium solubility*®, high thermal
stability, mechanical strength, physical and chemical stability at high temperature’” and excellent
structural compatibility with other materials. Li,SiO3 nanosheets or nanoscrolls should be also more
promising in these applications because they possess a large specific surface area. However, there
have been relatively few reports on morphology-controllable synthesis of Li,SiO; in previous
researches. It was clearly showed that materials possessed various morphologies exhibit very

different properties®. New materials with special morphologies have been widely used in

29, 30 32,33

photocatalyst™ >, energy”' and other fields® *®, and have promising research prospects. The width

and length of the Li,SiO3 nanostructures will affect its physical-chemical properties, therefore, the
morphology control of Li,SiO3 nanostructures is critically important.

In this work, we have successfully synthesized Li,SiOs; nanostructures in alkaline

hydrothermal environment at different reaction temperatures in 24 h and reported for the first time.
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The influence of controlling the hydrothermal temperature and the Li/Si molar ratio of the starting
materials on the morphology and porosity of the as-obtained nanostructures was systematically
studied. Furthermore, we schematically depicted the formation of different morphologies at the
atomic level based on the experimental results. The controllable variation of Li,SiO3 nanostructures
has allowed us to reflect upon the mechanism of nanostructure transformation from nanoparticles to
nanosheets and nanotubes in addition to further improving the synthesis conditions of nanotubular

Li,Si0; towards higher yields and better control of their morphology.

Experimental

The reagents used in the experiments were analytical grade without further purification. In a typical
procedure, lithium chloride (LiCl-H,O) was added to 75 mL distilled water in a polypropylene
beaker and stirred until all the salt had dissolved, and then added the Na,SiO; aqueous solution
(0.01 mol Na,SiO3-9H,0 dissolving in 75 mL distilled water), resulting in a colorless transparent
solution. The mixture was sonicated for 5 min and stirred for 90 min at room temperature. The mass
of LiCl-H,O used was 0.604, 1.208 and 1.812g corresponding to a Li/Si molar ratio of 1, 2 and 3
respectively. After stirring, a quantitative mass of NaOH aqueous solution was dropped into the
agitated dispersion to make an alkaline condition with continued stirring for a further 30 min, and
then the solution was transferred to an autoclave and heated at 190, 200, 210 °C for 24 h. The solid
products were separated from solution and washed by centrifugation with ethanol and distilled
water repeatedly before drying at 80 °C.

Powder X-ray diffraction (XRD) measurements of the samples were recorded on a DX-2700
X-ray diffractometer using Cu Ka radiation (A=0.15406 nm) at a scanning rate of 0.02 °/s with a
voltage of 40 kV and 40 mA. The morphologies of Li,SiO; were observed with using a
transmission electron microscopy (TEM, JEOL JEM-2100F) operating at 200 kV. The as-
synthesized samples for TEM analysis were dispersed in ethanol by ultrasound and a drop of each

solution was deposited on a Cu grid coated by a holed carbon film and dried in air. Fourier
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transform infrared (FTIR) spectra of the samples over the range of 4000-400 cm ™' were recorded on
a Nicolet Nexus 670 FTIR spectrophotometer using KBr pellets, and the mixture was pressed into a
pellet for IR measurement. The N, adsorption isotherms were recorded at 77 K and analyzed using

an ASAP 2020 Surface Area analyzer (Micromeritics Co. Ltd.).

Results

Firstly, experiments were carried out to determine the optimum Li/Si molar ratio for nanostructures
synthesis in alkaline solution whilst keeping the hydrothermal temperature at 190°C. The
morphologies of the as-synthesized Li,SiO3 nanostructures were strongly influenced by various
experimental conditions (Fig. 1), varying from nanoparticles to nanosheets and nanoscrolls at
different Li/Si molar ratios. When the initial Li/Si molar ratio was designed as a value of 1, small
Li,Si0; nanoparticles around 100 nm were formed (Fig. 1a). When a stoichiometric ratio of Li/Si=2
was used, the Li,Si0; nanosheets occurred, and was increasingly accompanied by the growth of
nanoparticles (Fig. 1b). As a result, almost 100% yield of pure nanosheets with a characteristic
width of 100-200 nm and a typical length of 0.2-1.5 um were obtained. These sheets were
identified by XRD (Fig. 2) and FTIR (Fig. 3) data. Upon increasing the Li/Si ratio above 2,
nanosheets still occurred and most of the dispersed nanosheets exhibited obvious scrolling to form
nanoscrolls, but some of them were only partially scrolled, which resulted in an irregular, conical-
shaped morphology (Fig. 1c¢). During the hydrothermal synthesis, a strongly alkaline environment
was used, and the initial concentration of alkali was crucial for the formation of nanotubes™. It was
reported that an additional factor which could stimulate bending of nanosheets was a pronounced
crystallographic mismatch in their structure which could be caused by defects®. Therefore, the
formation of Li,SiO3; nanoscrolls might be attributed to the growth of nanostructures with a
nonstoichiometric ratio of Li/Si under the alkaline conditions.

Fig. 2a showed the evolution of the XRD patterns of the as-synthesized Li,SiO; obtained with

different Li/Si molar ratios at 190°C. The reflections at 26 of about 18.9 °, 26.9 °, 33.0 °, 38.5 °,
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43.2 °,51.7 °,55.4°,59.1 °,69.6 ° and 72.8 ° all corresponded to the crystal planes of the (020),
(111), (130), (131), (221), (132), (241), (330), (133) and (332) of orthorhombic structure with space
group Cmc2; (no. 36)°°. No characteristic peaks of impurities could be detected, which indicated
that pure phase of Li,SiO3 was successfully synthesized under the current synthetic conditions. The
elemental analysis was further carried out to check the initial and real Li/Si molar ratios (Table 1),
indicating that some sodium was indeed present into the samples. Because Na" and Li" have the
similar ionic radius, Li" or Na* intercalation would not lead to major structural changes®” *®. At
initial Li/Si molar ratio of 1, some sodium was present into the Li,SiOs structure to stabilize it.
Therefore, the XRD pattern of the samples still showed the Li,SiO; phase. Additionally, the XRD
peaks shift to higher values with the Li increment meant that the plane distances were being
decreased (Fig. 2b&c), which may be associated with the sodium intercrystalline.

The FTIR spectra of the as-synthesized Li,SiO; obtained with different Li/Si molar ratios at
controlled hydrothermal temperature 190°C were recorded in Fig. 3. The characteristic bands of
Li,Si03 were approximately similar, while the small changes observed in some of the bands were
probably associated with the rapid growth of the product. The bands between 3570-3130 and 1667
cm ' were assigned to the O—H vibrations®’. The [SiO;”] structures group presenting in Li,SiO3
were of factor group symmetry C2v; therefore, seven infrared active chain stretching vibrations
were expected with symmetry species 3A;, 3B, and 1B,. Five of these vibrations appeared at
relatively higher frequencies, and two were expected at lower frequencies™. The bands at 1076,
981, 935, 833, 743 cm | were attributed to the vibrations of v,s Si—-O—Si (A1), v’as Si—O-Si (By), vs
0-Si-O (A)), vas O-Si-O™ (B,) and v, Si-O-Si (B)), respectively. The bands at 671 and 592 cm™
corresponded to v Si—O-Si (A;). The bands between 530400 cm ' were due to the deformation
vibrations of the terminal Si-O—(Li") type bonds and Li—O vibrations*’. The bands between 530—
400 and 981 cm ' were increased for Li;SiO; with Li/Si molar ratio of 2, which was mainly related

to the continual growth of Li,SiO; nanostructures and corresponding morphological transition.
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Upon increasing the Li/Si ratio to 3, the decrease in intensities of these bands might be due to the
obvious curling of most of Li,SiO3 nanosheets.

The Barrett-Joyner-Halenda (BJH) pore size distribution of the samples with different Li/Si
molar ratios at 190°C was obtained using liquid nitrogen adsorption (Fig. 4), corresponding textural
parameters were summarized in Table 2. According to these data, an increase in Li/Si molar ratio
from 1 to 2 was also accompanied by a decrease in the volume of pores, while the Brunauer-
Emmett-Teller (BET) specific surface area of Li/Si=1 sample (58.05 m*/g) was far larger than those
of two others ( around 15 m?%/g). This phenomenon was associated with the reduction of number of
loosely packed aggregates of nanoparticles, which would form well-shaped nanosheets. The pore
volume increased again with further increasing the Li/Si molar ratio, possibly due to the occurrence
of the curling structures. However, the pore sizes became more widely distributed and the mean
pore size decreased.

To investigate the effect of the hydrothermal temperature on the morphology of Li,SiO3, the
samples were collected at different hydrothermal temperatures whilst keeping the Li/Si molar ratio
of 2. The TEM images showed the morphological evolution from nanosheets to nanotubes (Fig. 5).
At 190°C, the typical nanosheets with regular shape were formed (Fig. 5a). Most of the nanosheets
then rolled up at 200°C and they were gradually scrolled into tubular nanostructures in the different
degree (Fig. 5b), which showed that increasing temperature could provide the impetus for the
curling of Li,SiO3 nanosheets. Further increasing the hydrothermal temperature to 210°C would
lead to the transformation of 2D nanosheets into 1D nanotubes with the length ranging from 75 to
275 nm (Fig. 5c). The inner and outer diameter of the nanotubes was approximately 20 nm and 35
nm, respectively. Fig. 5d clearly displayed the hollow feature of these Li,SiO; nanotubes. The
typical cross-section of the nanotubes was a spiral or concentric shape, indicating that the nanotubes
were formed from the nanosheets under the appropriate conditions. The HRTEM image of a typical
nanotube showed a multi-walled structure and an apparent spacing of 0.233 nm parallel to the tube

axis (Fig. 5e). This 0.233 nm spacing was assigned to the d-spacing of (100) plane, suggesting that
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the nanotubes were curled along the [100] direction. The XRD patterns showed that Li,SiO;
obtained at different temperatures with Li/Si molar ratio of 2 was the pure Li,SiO3; phase without
other impurities (Fig. 6a). With the hydrothermal temperature increased in the reaction system, the
energy required to form a curved structure increased and eventually led to the formation of
nanotubes. The (111) and (131) diffractions were also slightly shifted to higher angle (Fig. 6b&c),
which might be due to the rolling up of nanosheets.

The FTIR spectra of the as-synthesized Li,SiO; obtained at different hydrothermal
temperatures with Li/Si molar ratio of 2 was presented in Fig. 7, showing the roughly similar peak
positions and band vibrations. It was indicated that the morphological change of Li,Si0O;
nanostructures at different hydrothermal temperatures was related to the hydroxyl group (O-H)
vibration bands between 3570-3130 and 1667 cm '. As the reaction temperature increased, the
band corresponding to vibrations of v’ Si—-O-Si (B) at 981 cm ! decreased. So, the alkaline
hydrothermal environment could provide the favourable synthesis conditions (especially the

sufficient hydroxyl groups) for nanosheets and nanotubes,

Discussion

There are two major mechanisms for the formation of nanosheets and nanotubes in hydrothermal
solutions, namely recrystallisation of dissolved species and exfoliation of sheets from bulk

142 Based on the above analysis, a possible mechanism for the formation of different

particles
Li,Si0; morphologies was in detail proposed in Fig. 8, and the distance between Li lines
accordingly decreased during the scrolling process (Fig. 9). Li,SiO3 nanostructures were varied with
different Li/Si molar ratios and hydrothermal temperatures. The precipitate formed in the Li/Si=1 at
190°C showed small nanoparticles around 100 nm (Fig. 1a). Li,SiO; continually grew and clearly
showed the preferred growth orientation. Its morphology transformed to nanosheets when the Li

ratio increased. Further increasing temperatures, a large scale of nanosheets began to curvature, and

at last leading to the formation of nanotubes. It was believed that these crystals grew from solution
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and acted as seeds for the formation of Li,SiO; nanostructures. Actually, lithium is tetrahedrally
coordinated with a mean Li—O distance of 2.0 A, the [SiO,] tetrahedral in Li,SiO; are connected by
bridge-oxygen atoms with formation of several [SiO4] chains. [SiO4] tetrahedra are bridged to form
a chain. Each [SiO4], chain is surrounded by Li atoms®. Some researchers have stated that various
nanotubes could be synthesized through rolling nanosheets into nanotubes through alkali
treatment** .Similar process could be employed in the synthesis of Li,SiO3 nanotubes. After further
heating, the [SiO4] tetrahedra were arranged onto one side of the growing Li—O sheets, inorganic
lamellar structure was then formed through alkali treatment based on the relatively weak hydrogen-
bond and van der Waals force interactions. As a result, the Li,SiO; nanoparticles transformed to
nanosheets and the nanosheets curled or overlapped themselves under hydrothermal conditions to
form nanotubes, the driving force for the curving of Li,SiO; nanosheets was probably associated

with the asymmetrical chemical environment at higher hydrothermal temperature.

Conclusions

The morphology of Li,SiO; nanostructures has been effectively controlled via adjusting the
hydrothermal temperature and Li/Si molar ratio. Pure nanosheets of Li,Si0; with a characteristic
width of 100200 nm and a typical length of 0.2—1.5 um were formed at a Li/Si ratio of 2 and
190°C hydrothermal temperature. With the increase of the hydrothermal temperature, the driving
force for the curving of flat nanosheets was enhanced and eventually led to the formation of Li,S103
nanotubes. The products had the same crystal structure but with a different Li(I) contents at Li/Si
molar ratio higher or lower than 2. Moreover, atomic-level variation of the morphology from
nanoparticles to nanosheets and nanotubes was clarified, our insight into the controllable
transformation of Li,SiO3 nanostructures from nanoparticles to nanosheets and nanotubes could be
reference function to the controllable synthesis of multi-functional nanostructures. We also believe
that the as-synthesized Li,SiO3 nanostructures could have potential application in the fields of

lithium batteries, catalyst supports and ceramics.
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Table 1 The elemental analysis of the as-synthesized samples at different Li/Si molar ratios.

Initial Li/Si molar ratio Na (wt.%) Li (wt.%) Si0; (wt.%) Final Li/Si molar ratio
1:1 0.40 9.33 59.81 1.34:1
2:1 0.17 13.31 60.34 1.89:1
3:1 0.14 14.81 61.37 2.07:1

Table 2 The textural characteristics of Li,Si05 at different Li/Si molar ratios.

Li/Si molar ratio SBET (mz/ g) Viores (cm3/ g) Apores(NM)
1:1 58.05 0.12 8.47
2:1 15.39 0.04 8.27
3:1 15.09 0.10 8.22

Notes: Sger = BET specific surface area, Vo= total pore volume, dpores= average pore diameter.

12
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Figures captions

Fig. 1 TEM images of Li,SiO3 with different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.

Fig. 2 (a) XRD patterns of the as-synthesized Li,SiO; with different Li/Si molar ratios, (b) and (c) are the
amplification of corresponding area in (a).

Fig. 3 FTIR spectra of the as-synthesized Li,SiOs at different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.

Fig. 4 Pore size distributions for the as-synthesized Li,SiO; at different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.
Fig. 5 TEM images of Li,SiO; at different hydrothermal temperature: (a) 190°C, (b) 200°C and (¢) 210°C, (d)
TEM image of nanotubes and its open, (¢) HRTEM image of Li,SiO; nanotube formed at 210 °C, and a magnified
image of the layer structure of the wall with orientation of the crystal planes is shown in the insets.

Fig. 6 (a) XRD patterns of Li,SiO; at different hydrothermal temperature, (b) and (c) are the amplification of
corresponding area in (a).

Fig. 7 FTIR spectra of Li,SiO; at different hydrothermal temperatures.

Fig. 8 Proposed mechanism for the morphology control of Li,SiO;.

Fig. 9 Atomic structures of Li,SiO; synthesized at different hydrothermal temperatures. The distance between Li

lines decreases during the curling process.

13



Page 15 of 23 CrystEngComm

Fig. 1 TEM images of Li,SiO; with different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.

14
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Fig. 3 FTIR spectra of the as-synthesized Li,SiOs at different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.
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Fig. 4 Pore size distributions for the as-synthesized Li,SiO; at different Li/Si molar ratios (a) 1, (b) 2 and (c) 3.
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50 nm

Fig. 5 TEM images of Li,SiO; at different hydrothermal temperature: (a) 190°C, (b) 200°C and (c) 210°C, (d)
TEM image of nanotubes and its open, (¢) HRTEM image of Li,SiO3 nanotube formed at 210 °C, and a magnified

image of the layer structure of the wall with orientation of the crystal planes is shown in the insets.
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Fig. 6 (a) XRD patterns of Li,SiO; at different hydrothermal temperature, (b) and (c) are the amplification of

corresponding area in (a).

19



Page 21 of 23 CrystEngComm

T=210C |
[ | |
|
| |
—~ I | 9 | |
= | [ T=200°C |
g [ | | |
= | | |
3 | |
5 | | — ' |
2 | | T=190C |
< | | ‘
[ |

3570 — £
3130 —
1667 -

981

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber(cm™)

Fig. 7 FTIR spectra of Li,SiO; at different hydrothermal temperatures.
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Fig. 8 Proposed mechanism for the morphology control of Li,SiOs.
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Fig. 9 Atomic structures of Li,SiOj; synthesized at different hydrothermal temperatures. The distance between Li

el

lines decreases during the curling process.
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