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Abstract: The optimization of the parameters of the solvothermal synthesis of lithium niobate (LiNbO3,
LN) nanocrystals from Nb,Os and LiOH was performed. The effects of polyol media, reaction time
and Li excess of the starting reagents were investigated. According to the X-ray diffraction phase
analysis, LisNbO, and Nb,Os were also detected besides the LN phase in many samples depending on
the ratio of the starting components and the reaction time. The best yield and the most homogeneous
LN phase was prepared by using diethylene glycol medium with a Li/Nb ratio of 1.5 and a 72 h
reaction time. The size and the shape of the LN particles were characterized by scanning electron
microscopy. The particle size distribution was narrow and under 100 nm for all cases.
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1. Introduction

Single-crystal lithium niobate is an often-used, highly investigated optical material
with excellent nonlinear, acousto-optical, electro-optical and photorefractive properties [1].
The research of pure and rare-earth-doped nano-sized LiNbO3 has shown growing interest
in the past few years. It can be used, for example, in deep tissue imaging, diagnostics, and
optical calibration and nanophotonics [2,3]. In the nanoscale region, the rare-earth dopant
can act as a single photon source [4].

High-energy bal Imilling of either bulk LiNbOj crystals [5] or LiyO/Nb;Os [6] mixtures
is a top-down method for preparing LiNbO3 nanoparticles. The chemical bottom-up
synthesis of LINbO3; nanoparticles has already been performed by the application of several
methods [7] such as solid-state reactions [8] and solvothermal synthesis [9-15]. Kalinnikov
et al. [16] prepared LiNbOs from peroxide solutions, but Li3NbO, and LiNb3zOg phases
also appeared in their product. A modified Pechini polymeric precursor method was
elaborated [17] using Li;CO3 and ammonium niobate oxalate hydrate (C4HsNNbOg-xH,0)
as the starting materials, requiring a 500 °C calcination temperature.

The preparation of thin LN films and powders by the sol-gel process has also been
reported [18-21]. These synthesis routes often work at high temperatures, with the usual
problem of the agglomeration of the particles and the high cost of the reactant(s). For
solvothermal synthesis, the advantage of the water solubility of Li compounds was utilized
and, generally, the hydrothermal method was chosen. In these methods, the reaction takes
place in water, which limits the variability of the reaction parameters. A great variety of the
MeTrO3 compounds such as alkali (Na, K) niobates and tantalates have been prepared by
the hydrothermal method to study their photocatalytic activity [22]. A microwave-assisted
hydrothermal method was also optimized for preparing K¢.5Nag.5NbO3 [23,24].

The solvothermal synthesis using different organic media is an easy and effective
way for producing nanoparticles at a relatively low temperature in a thermal autoclave
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where the organic medium (ethylene glycol, diethylene glycol, glycerol, etc.) acting as
stabilizer can control the growth of the particles and prevent their agglomeration [25].
Besides the shape and size regulation of the particles being formed, the above-mentioned
media make it possible to reduce the pressure of the synthesis due to their relatively low
vapor pressure compared to water. Several types of nanotubes (such as NaNbOs [26]), bis-
muth nanowires [27] and other nanostructured materials (hydrozincite (Zns(CO3)2(OH)g)
microspheres [28], metal oxides [29], KNbOj3 fine powders [30]) were produced successfully
by the solvothermal method. Nakashima et. al. [31] tried lots of solvothermal media
(alcohols) and synthetized KNbOj3; nanotubes. Gu et al. [32] prepared NaNbO3; nanowires
successfully using ethylene glycol as a polyol medium. LiNbOj3 has already been prepared
by the solvothermal route [33] at a relatively high temperature (345 °C), although unreacted
Nb,Os residue was detected in the product.

In the present work, we apply several commonly used polyol media for optimizing
solvothermal synthesis in order to find an easy, low-cost way at a relatively low temperature
for preparing LiNbO3; nanocrystals with a high yield and sufficient purity. It was our goal
to replace solvents with high vapor tension (such as water and primary alcohols) with less
volatile solvents in order to reduce the pressure during the synthesis. The samples were
investigated by scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), dynamic light scattering (DLS) and X-ray diffraction (XRD) phase analysis.

2. Materials and Methods
2.1. Materials

The reagents: Nb,Os (Starck, LN grade, 99.99%), LiIOH-H,O (98%, Alfa Aesar), ethy-
lene glycol, EG (G. R., Lach:ner), diethylene glycol, dEG (puriss, Austranal), triethylene
glycol, tEG (purum) and glycerol (87%, Finomvegyszer Szovetkezet Budapest) were used
without further purification. The high-purity deionized water was provided by the ELGA
Purelab Option 7 device.

Nb,Os5 was pre-treated by milling the raw material down to 300-500 nm in particle
diameter using a Fritsch Pulverisette 7 Premium line planetary mill (zirconia vial, 70 g zirconia
balls of 3 mm, 1100 rpm, 10 min, 5g Nb,Os, 10 mL distilled water). Without this treatment,
the product retained the original columnar structure of Nb,Os and the LN formation could
only be completed on its surface.

2.2. Synthesis Route

The reaction was performed through the following process:
Nb205 + 2LiOH — ZLleO3 + H,O (1)

1.09 mmol Nby,Os was dispersed with the solution of LiOH-H,O in a Teflon-lined
hydrothermal autoclave prepared with 20 mL solvent of either EG, dEG, tEG or Glycerol.
The Li/Nb (r) atomic ratio was 1.0 (1.25 and 1.5 were also tried for ethylene- and diethylene
glycol). As it is shown later, the latter solvents exhibited the smallest ratio of unwanted
product; therefore, they were selected to change the component ratio to 1.0, 1.25 and
1.5. The mixtures were annealed at 220 °C for 24, 48 or 72 h. After they cooled down to
room temperature, the solid reaction product was separated from the liquid medium by
centrifugation. The residues of the polyol solvent, together with the excess dissolved Li salt,
was removed by washing the samples with deionized water (decantation). The morphology
of the dried powder was investigated by SEM and the formed phases were identified by
XRD measurements. The yield of the reaction (1) was calculated using Equation (2)
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where m; is the mass of LiNbOj after the solvothermal reaction from three parallel mass
measurements for the optimized case (the NbyOs residue in the product was neglected),
and m; is the calculated mass of LiNbO3; assuming a complete reaction.

2.3. Characterization of the Materials Synthesized

Dynamic light scattering measurements were performed using Malvern Zetasizer
Nano S, Worcestershire, UK in the 0.1-10000 nm range for determining the size distribution
of the products.

X-ray diffractometry (XRD) measurements were performed by a Rigaku (Tokyo, Japan)
Smartlab X-ray diffractometer with CuK« radiation (wavelength: A = 0.15418 nm). The
measurements were taken in Bragg—Brentano geometry.

Scanning electron microscopy—A TESCAN MIRA3 scanning electron microscope
was used for imaging the particles produced by the ball-milling procedure. The optimum
of the acceleration voltage for the imaging of LN particles with secondary electrons was
found to be 12 kV. Possible contamination of Zr from the vial was checked by the same
electron microscope with an EDAX Element energy dispersive X-ray spectrometer (EDS).
The elemental analysis was carried out at 30 kV acceleration voltage, making it also possible
to detect the K-lines of both Nb and Zr around 18 keV.

3. Results and Discussion
3.1. Morphology and Size Distribution of LINbO3 Nanocrystals

The SEM investigations were performed to characterize the morphology and size
distribution of the samples. The raw material of Nb,Os has a column structure (Figure 1a).
Using it for the solvothermal reaction without any pre-treatment resulted in column-
structured products (Figure 1b). As the SEM micrographs in Figure 1 show, the majority of
the starting niobium(V) oxide grains larger than about half of a micrometer retained their
shape; hence, the reaction did not take place via the dissolution of Nb,Os.

(@) (b)

Figure 1. SEM images showing the columnar structure of the Nb,O5 raw material (a) and the product
after the solvothermal reaction using the Nb,Os without pre-milling (b).

For the above reasons, the Nb,Os starting material was ball-milled before using it
for the solvothermal reaction until its column structure disappeared. In all cases, using
milled Nb,Os, regardless of the quality and quantity of the formed phases, the product of
the solvothermal reaction showed a homogeneous morphology with a particle size under
100 nm (Figure 2).
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Figure 2. Typical SEM image of the LN samples prepared by the solvothermal synthesis by using
pre-milled Nb,Os as solid reactant.

The size distribution of the particles was followed by DLS measurements (Figure 3).
The shape and the position of the curves were found to be quite similar, so only the samples
treated for 72 h and with the highest starting r are shown.
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Figure 3. Size distribution of the nanoparticles after the synthesis. Curves are displaced by a multiple
of five units each along the ordinate for the sake of clarity.

According to the DLS measurements, the diameter of the particles produced by the
solvothermal methods are in the range of 60-100 nm, which shows a good agreement with
the SEM analysis.
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3.2. Phase Identification of LINbO3 Nanocrystals

XRD phase analysis revealed three different phases in the samples: the desired LiNbO3,
the residue of the starting Nb,Os and a Li-rich phase identified as LisNbO,. With the
correct choice of the synthesis parameters, the amount of the latter two phases could be
dramatically decreased, as shown in Table 1.

Table 1. The parameters of synthesis (polyol used, reaction time and r) and the intensity ratio of
selected diffraction peaks of LisNbO, and LiNbOj3 phases. The presence/absence of observable
amount of remnant Nb,Os is noted by +/— sign. With the optimized reaction parameters (marked
by bold and underlined), the LiNbOj3 phase could only be detected.

Polyol Reaction Time (h) r I(LizNbO4)/I(LiNbO3) Nb,Os5
24 1 4.81 +
48 1 2.29 +
Ethylene glycol 1 2.69 +
72 1.25 2.33 +
1.5 1.52 +
24 1 0.81 +
48 1 0.72 +
Diethylene glycol 1 0.1 +
72 1.25 0.00 +
1.5 0.00 -
24 1 26.85 +
Triethylene glycol 48 1 11.00 +
72 1 3.30 +
24 1 7.83 +
Glycerol 48 1 3.69 +
72 1 2.09 +

It has to be noted that the Li-rich phase is not exactly stoichiometric Li3NbO,, and
the exact composition of this phase may vary between the different samples. Therefore, a
quantitative analysis of the amount of the phases is not possible (i.e., the intensity of the
diffraction peaks associated with this phase does not solely depend on the amount of this
phase but on the exact composition, too). The proportion of LizNbO, and LiNbOj in the
product was characterized by the intensity ratio of the corresponding diffraction peaks of
each phase (13.4° and 14.2° for LisNbO,, while 56.1° and 56.7° for LiNbOs3).

3.2.1. Effect of the Reaction Time

As shown in Table 1, the amount of the Li-rich LisNbO, phase compared to LiNbOj3
decreases with increasing reaction time. In addition, as demonstrated in Figure 4, the
amount of residual Nb,Os also decreases with the increasing reaction time. This result
suggests that the reaction described by Equation (1) goes through two consecutive steps.
First, LiOH reacts with Nb,Os on the surface of the nanoparticles, forming the Li-rich
LizNbO;4 phase:

Nb205 + 6LiOH — 2LingO4 + 3H,0 (3)
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Figure 4. Effect of the reaction time on the chemical synthesis of LN as shown by the XRD diffrac-
tograms (the fixed synthesis parameters for the different samples were diethylene glycol as solvent
and 7 = 1). The intensity of the diffraction peaks corresponding to the LizNbOy4 phase decreases with
the increasing reaction time. A similar trend could be observed in the case of the other time triplets.

Then, the second step is that the Li;O already incorporated to the peripheral Li;NbOy4
phase penetrates further into the Nb,Os particle and forms lithium niobate:

Li3NbO4 + Nb205 — 3L1Nb03 (4)

Since the rate of reaction three is limited by solid-state diffusion, an observable amount
of the metastable LizNbOy phase could remain in the sample if the time of the heat treatment
is not long enough. Figure 3 shows that, with the increase in the reaction time, the amount
of LisNbO, decreases. This trend is the same for all the time triplets of the samples (Table 1).
Reaction times of 24 or 48 h were not sufficient for accomplishing the solid-state reaction;
therefore, the raw material, Nb,Os, was found in these products. For EG and dEG, 72 h
was found to be enough for completing the LN formation.

It appears that reaction two is an “uphill” process in the sense that the ingress of
the lithium oxide into the Nb,Os phase is much more intense than what is needed for
the formation of any solid phase with relatively little lithium content (such as LiNb3Og
or LiNbOj3). The driving force of the “supersaturation” of the solid material with the
lithium-rich Li3NbOy phase could be that the lithium oxide uptake requires a significant
redistribution of the Nb,Os lattice. Once the original crystal lattice is expanded by some
lithium oxide uptake, the further ingress of lithium oxide is relatively less hindered than the
transformation of the neighboring Nb,Os zone, with the crystal structure yet unchanged.
After a sufficiently long time, the composition of the grains is levelled off. Although it is
hard to find any explanation for why and how the solid-state processes can depend on the
solvent quality, the component ratios, as shown in Table 1, unambiguously indicate that
the solvent plays a crucial role in the formation rate of the final product.

The appearance of the LisNbO, phase and the absence of the LiNb3Og phase indicate
that the lithium oxide uptake during the solvothermal synthesis is fundamentally different
than the lithium oxide release and uptake of LINbO3;. With an appropriate heat treatment
and lithium oxide vapor pressure, the lithium oxide content of LN can be finely tuned
(like the congruent — stoichiometric transition with some 1.6 mol% Li;O uptake). In this
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process, the LisNbO, phase does not appear prior to the saturation of LN with Li;O. The
explanation of the difference lies in the role of the mechanochemical effect, which is high
when the Nb,Os phase is transformed to LN and insignificant when the niobate structure
is already present.

3.2.2. Effect of the Polyol Medium

Using EG or dEG, the phases found under the identical reaction circumstances were
the same with very similar peak intensities in the diffractograms. In these cases, we could
find optimal parameters for LN forming. Using tEG or glycerol as reaction media, a
significant amount of initial Nb,Os phase was found in the product because the reaction
could not be completed at this temperature (220 °C) during 72 h. Figure 5 shows the
identified phases after the 72 h reaction time.
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= Triethylene glycol
80 —— Glycerol
o LizNbO,
= 604 v Nb,Oy
p o LiNbO,
>
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Figure 5. Effect of the polyol medium for the chemical synthesis of LN as shown by the XRD
diffractograms (r = 1 and all samples were treated for 72 h).

3.2.3. Effect of the Li/Nb Atomic Ratio

During the experiments with the r = 1 in the starting mixture, the Nb,Os phase could
not completely disappear. The research hypothesis was that, with the consumption of the
LiOH in the liquid medium, the driving force of the lithium oxide uptake of the solid phase
decreased so much that the process essentially stopped. For this reason, for the dEG (i.e.,
for the solvent by using which the Li-rich phase was the least abundant already at the
smallest reaction time), different r were tried. The optimal reactant ratio was found to be
1.5, where the Nb,O5 phase completely disappeared. Figure 6 shows this result through
the X-ray diffractograms of the three samples.
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Figure 6. Effect of the Li excess on the chemical synthesis of LN showed through XRD diffractograms
(the fixed parameters for the synthesis of different samples were as follows: diethylene glycol solvent,
72 h reaction time).

4. Conclusions

An easy, relatively low-temperature and moderate-pressure solvothermal method was
optimized for preparing LiNbO3; nanocrystals with a homogenous particle size distribution
between 60-100 nm with a yield of 90%. At 220 °C, the optimal synthesis parameters
for the reaction of Nb,O5 with LiOH to form LiNbO; were found to be diethylene glycol
as the polyol medium, a 72 h reaction time and r = 1.5. Independently of the polyol
medium used, the lithium oxide uptake of the niobium(V) oxide grains started with the
formation of a lithium-rich phase, Li3NbQOy, very likely at the Nb,Os/solvent boundary,
which was followed by the equilibration of the concentrations within the grains. For the
accomplishment of the LiNbO3 formation, a lithium oxide excess was necessary.
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