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Abstract 
Lithium niobate (LiNbO3) is a unique photonic material, often referred to as the “silicon of 

photonics”, due to its excellent optical properties. In this thesis, we advanced the development of 
solution-phase approaches for the preparation of LiNbO3 nanoparticles (NPs) with an average, 
tunable size from 7 to 100 nm. This solution-phase process results in the formation of crystalline, 
uniform NPs of LiNbO3 at a reaction temperature of 220 °C with an optimal reaction time as short 
as 30 h. Advantages of these methods include the preparation of single-crystalline LiNbO3 NPs 
without the need for further heat treatment or without the need for using an inert reaction 
atmosphere. The growth of these nanoparticles began with a controlled agglomeration of nuclei 
formed during a solvolysis step. The reactions subsequently underwent the processes of 
condensation, aggregation, and Ostwald ripening, which remained the dominant process during 
further growth of the nanoparticles. These processes did produce single-crystalline nanoparticles 
of LiNbO3, suggesting an oriented attachment process. Average dimensions of the NPs were tuned 
from 7 to ~100 nm by either increasing the reaction time or changing the concentration of the 
lithium salts used in the solvothermal process. The nanoparticles were also confirmed to be 
optically active for SHG. These NPs could enable further development of SHG based microscopy 
techniques. In this thesis, we also performed a comparative study on the role of different Li 
precursors during the synthesis of LiNbO3 NPs. The results of these studies suggest that the type 
of Li precursor selected plays an important role in nanoparticle formation, such as through 
controlling the uniformity, crystallinity, and aggregation of LiNbO3 NPs. The average diameter of 
the resulting NPs can also vary from ~30 to ~830 nm as a function of the Li reagent used in the 
synthesis. The selection of Li precursors also influences the phase purity of the products. 
Nanoparticles of LiNbO3 are explored in literature as SHG bioimaging probes for their potential 
to expand underdeveloped SHG based microscopy techniques. The efficient use of SHG active 
LiNbO3 NPs as probes does, however, require their surface functionalization with polyethylene 
glycol and fluorescent molecules to enhance their colloidal stability, chemical stability, and to 
enable a correlative imaging platform. This surface functionalization approach used functional 
alcohols to serve as a platform for attaching a variety of reagents, including nonreactive surface 
coatings (e.g., polyethylene glycol). As a demonstration of this approach to utilizing the surface 
chemistry derived from the silanol-alcohol condensation reaction, the surfaces of the NPs were 
covalently functionalized with biologically important molecules such as polyethylene glycol and 
a fluorescent probe. This strategy in tuning the surface chemistry of the nanoparticles based on 
covalent bonding to their surfaces reduced aggregation of the NPs, provided chemical stability and 
enabled a multimodal tracking platform for SHG nanoprobes. We also developed the first porous 
and monodisperse LiNbO3 NPs that were also verified to be SHG active, which could be used as 
contrast agents in nonlinear optical microscopy, optical limiters, biosensors, and photocatalysts. 
The porous nonlinear optical material can also enhance the SHG response by loading the pores 
with organic guest molecules (e.g., carboxylic acids, anilines). We introduce a hydrothermal 
method to prepare monodisperse and mesoporous LiNbO3 NPs for enhanced SHG response. This 
approach forms mesoporous LiNbO3 NPs with diameters of ~600 nm without additional organic 
additives (e.g., surfactants) to control growth and aggregation of the nanoparticles. The mesopores 
of the LiNbO3 NPs were loaded with organic molecules such as tartrates that offer better 
photochemical stability and more acentric molecular alignment to the host material. The loading 
of tartrate anions onto the surfaces of these nanoparticles provides enrichment of pi-electrons to 
LiNbO3, which enhances the SHG response of mesoporous LiNbO3 by 4 times. 
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Chapter 1. Solution-phase Approaches to Prepare Lithium Niobate 
based Materials and their Characterization 
 
1.2 Importance of Lithium Niobate as a Material 

Non-linear optical (NLO) materials have a diverse range of applications in daily life 

(Figure 1.1). Lithium niobate (LiNbO3) is a technologically important NLO material and often 

referred to as the “silicon of photonics” due to its excellent optical properties.1 Lithium niobate 

has been recognized as a versatile material for over half a century due to its applications in 

piezoelectrics, electrooptics, photoacoustics and non-linear optics (Figure 1.2). Bulk crystals of 

LiNbO3 based materials are used in photonic devices and sought after for a diverse range of devices 

that include optical modulators,2 acoustic-wave transducers,3 optical filters in mobile telephones4, 

and wavelength converters in fiber optic-based telecommunication systems.5 Properties of interest 

for LiNbO3 also include its higher non-linear optical response than traditional non-linear optical 

crystals (e.g., potassium dihydrogen phosphate, barium borate).6–8 Moreover, lithium niobate 

based materials also have a larger piezoelectric coefficient, better acousto-optic response, and 

higher photoelastic activity than many commonly used NLO materials (e.g., BaTiO3).6–8 The 

Czochralski method has been widely used to grow macro-scale single-crystals of LiNbO3 and its 

derivatives to prepare kilogram-scale quantities for the commercial applications of these 

materials.9,10 For example, in 1986 Brice estimated the annual production rates of LiNbO3 crystals 

was 100 tons/year to meet the commercial demands of this material.11 Bulk crystals of LiNbO3 

grown by the Czochralski method have compositional variations along their growth axis and 

possess intrinsic defects that affect the photonic properties of these materials.10 Moreover, 

nanoscale materials of LiNbO3 having uniform compositions, tunable dimensions, and single-

crystalline nature are still not achievable through the Czochralski or other solid-state methods. 
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Bulk or micron-sized materials of LiNbO3 limit their utility in many applications (e.g., bioimaging, 

photocatalysis, piezoelectric sensors).12–15  

 

Figure 1.1. An overview of the applications of nonlinear optics in life. 

 

 

Figure 1.2. A summary of the diverse properties of LiNbO3 and its applications in different fields. 
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Nanostructures of the metal oxide-based materials are of great scientific interest as they are 

effectively a bridge between bulk materials and atomic or molecular structures.16 Owing to their 

smaller size, nanomaterials of LiNbO3 possess a higher surface area, and different surface 

properties (e.g., surface functionalities, hydrophilicity).16 Nanoscale materials also provide ease to 

obtain stoichiometric compositions and homogenous doping with other materials than bulk 

crystals.16 The non-linear optical (NLO) properties of LiNbO3 based materials depend on their 

size, shape, and chemical composition.17,18 The ferroelectric and piezoelectric properties of these 

nanomaterials are also strongly dependent upon their particle size and shape.19–21 

Nanostructures of LiNbO3 with a well-defined size distribution, crystallinity, and phase are 

also sought for their use in a diverse range of applications. These applications include the utility 

of LiNbO3 nanostructures as sensors for chemical and biological analyses,22–25 piezoelectric 

sensors,26 photocatalysis,27–29 and waveguides.30,31 For example, the applications of LiNbO3 as 

piezoelectric sensors require their dimensions to be tuned at the nanoscale to obtain a uniform 

distribution of particle sizes within a polymeric matrix to optimize their signal-to-noise ratio.26 

Lithium niobate is of particular interest in piezoelectric sensors in contrast to lead-containing 

piezoelectrics due to its nontoxic nature, which makes it suitable for long-term skin contact.26 In 

addition, single crystals of LiNbO3 have a higher Curie temperature (1210 °C) than many non-lead 

containing perovskites (e.g., BaTiO3).26 This higher Curie temperature of LiNbO3 based materials 

enable them to maintain stable piezoelectricity over a long time and a large temperature range. 

Nanowires of LiNbO3 used as photocatalysts have exhibited enhanced photocatalytic water 

splitting compared to bulk LiNbO3 due to the higher surface area of the nanostructures.27 The 

unique SHG response of LiNbO3 enables more electrons, and its wider bandgap (~ 4 eV) helps to 

minimize the electron-hole recombination during photocatalysis than commonly used materials 
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(e.g., titania, zinc oxide). These unique properties help to improve the efficiency and stability of 

LiNbO3 based materials during photocatalytic water splitting and denitrification.29 Similarly, 

waveguides based on nanoscale LiNbO3 can achieve a larger signal output than their bulk 

counterparts due to their smaller cross-sections that enable large confinement and highly efficient 

non-linear interactions.30,31 Nanoscale waveguides fabricated from LiNbO3 based materials allow 

access to a stronger response due to their ability to generate a higher second-order nonlinear 

frequency response relative to silicon based materials.30 Moreover, nanostructures of LiNbO3 also 

provide a platform to use them effectively in biomedical applications (e.g., bioimaging, 

biosensing) in contrast to bulk materials.  

Recently, LiNbO3 nanoparticles (NPs) have also been explored as second harmonic 

generation (SHG) imaging probes for their potential to expand SHG based microscopy 

techniques.23,24,32 For example, these nanoparticles have been used as probes to assist in imaging 

cells by taking advantage of the exceptional SHG properties of these particles. Efficient transport 

and cellular uptake of these SHG bio-imaging probes require their dimensions to be at the 

nanoscale. For example, LiNbO3 nanoparticles with average dimensions of ~150 nm were 

internalized effectively into cells as non-bleaching labels for SHG imaging of stem cells.24 

Nanoprobes based on SHG active materials provide a tunability of the SHG response, the absence 

of blinking and a flat frequency conversion response, contrary to quantum dots.23,33–35 These NLO 

materials have also been sought for their ability to generate coherent light emission and for 

exhibiting stability against bleaching, contrary to fluorescent dyes.23,33–35 The full width at half 

maximum (FWHM) of the SHG probes is significantly narrower than the FWHM of the emission 

signal reported for many fluorescent probes (e.g., 20 to 50 nm).36–38 The tunable wavelength and 

narrow bandwidth of the SHG response from the LiNbO3 nanocrystals enable advantages that 
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include generating multiplexed optical images, tuning the response to avoid autofluorescence, and 

increasing the penetration depth of the analysis by minimizing contributions from scattering and 

absorption.23,33–35 To meet the demands of these applications, different synthetic routes have been 

sought to prepare uniform NPs of LiNbO3. 

1.2 Solution-Phase Methods to Prepare Lithium Niobate Nanoparticles 
Solid-state methods are commonly used in literature to prepare nanostructures of LiNbO3.39 

In the solid-state syntheses of LiNbO3, precursors of Li and Nb are mixed together in the presence 

or absence of a melting salt (e.g., KCl) and heated at higher temperatures (e.g., > 500 °C). The 

most widespread process for the preparation of LiNbO3 is a solid-state reaction between niobium 

pentoxide and lithium carbonate.40 Several disadvantages are associated with solid-state 

approaches to prepare LiNbO3 that include the formation of non-stoichiometric products (e.g., 

Li3NbO4 and LiNb3O8), and inclusion of impurities (e.g., potassium ion and halides from KCl 

melts).40 The nanostructures of LiNbO3 prepared using solid-state reactions also exhibit a higher 

degree of aggregation and nonuniformity in shapes and sizes than those prepared using solution-

phase methods.40 These drawbacks limit the utilization of LiNbO3 in the field of non-linear optics. 

In recent years, solution-phase approaches have attracted further attention to preparing 

nanomaterials with control over their shapes, sizes, and crystallinity, as well as to achieve minimal 

aggregation of these products. Solution-phase approaches include some relatively low-temperature 

methods that are promising for the preparation of crystalline nanomaterials with dimensions below 

100 nm. 
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Figure 1.3. An overview of solution-phase methods reported in the literature to prepare 
nanomaterials and their relation to prepare LiNbO3 based materials. 

Stoichiometric LiNbO3 ( e.g., Nb5+ : Li+ = 1:1) NPs with well-controlled size, shape, and 

crystallinity can be obtained through solution-phase methods owing to the more uniform mixing 

of niobium and lithium precursors in the solvent systems.16,41–44 In solution-phase methods, the 

reactions occur in organic or aqueous solutions by increasing the solvent temperature to a desired 

temperature. 16,41–44 The required temperature for these reactions is usually higher than the normal 

boiling point of the solvent.16,41–44 Solvothermal/hydrothermal reactions can control the formation 

of NPs by changing the precursors, solvents, reaction temperatures, capping reagents/surfactants, 

pH, and the ratio of precursors.16,41–44 A number of synthetic methods fall into solution-phase 

approaches that include solvothermal methods, hydrothermal techniques, and thermal 

decomposition methods.16,41–44 These methods offer a relatively more flexible approach to obtain 

high-quality LiNbO3 NPs with control over their morphology (e.g., nanocrystals, nanorods, 
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nanocubes, nanowires), crystallinity, and composition. The solution-phase approach to prepare 

LiNbO3 NPs can also provide access to relatively low-temperature processes (< 500 °C), less 

aggregated products, and an ability to utilize a wide range of reagents. 

1.2.1 Hydrothermal methods: The hydrothermal methods to prepare LiNbO3 are low cost, one-

step reaction processes that involve an aqueous medium (e.g., water or a mixture of water with 

other solvents) under strongly alkaline conditions. Various niobium (Nb) precursors such as 

niobium pentaoxide (Nb2O5), niobium pentachloride (NbCl5), niobium alkoxides or niobium 

complexes with carboxylic acids have been used to prepare LiNbO3. The most common lithium 

(Li) precursor used in hydrothermal syntheses of LiNbO3 is lithium hydroxide monohydrate 

(LiOH.H2O). Other precursors of Li, such as lithium chloride (LiCl), lithium nitrate (LiNO3), 

lithium carbonate (Li2CO3), and lithium acetate (LiOOCCH3), have also been studied for their 

ability to prepare LiNbO3. Various hydrothermal methods have been explored in the literature to 

prepare LiNbO3 based materials using these precursors.  

The early demonstrations of solution-phase methods to prepare LiNbO3 involve a 

hydrothermal reaction between LiOH.H2O and Nb2O5 at the temperatures above the boiling point 

of water. In one simple hydrothermally synthesis, Nb2O5 and LiOH.H2O were used as precursors, 

and the reaction mixture was heated at 260 °C (above the boiling point of water) for 24 h to yield 

LiNbO3.45 This hydrothermal reaction can be categorized as a neutralization reaction since Nb2O5 

behaves as a weak acid, and LiOH.H2O acts as an alkaline reagent in aqueous media. This 

neutralization reaction may be favorable for the formation of LiNbO3 nanocrystals during 

hydrothermal syntheses. Products obtained through this reaction exhibited aggregation and have 

nonuniform shapes and an average dimension of ~2000 nm (Figure 1.4a).45 The following reaction 

mechanism was proposed for the formation of these LiNbO3 particles (Equation 1): 
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The reaction temperatures and processing times play a critical role in the formation of 

crystalline LiNbO3 during hydrothermal syntheses. For example, a reaction between LiOH·H2O 

and Nb2O5 at a reaction temperature below 260 °C for 24 h did not yield crystalline LiNbO3. 

However, when the reaction temperature reached 260 °C, the powder X-ray diffraction (XRD) 

patterns indicated the formation of the pure phase of LiNbO3. Similarly, the processing times of 

reactions at a specific temperature also play a critical role in the crystallization and formation of 

LiNbO3. The products obtained after hydrothermal reactions at 260 °C for 6 h and 12 h indicated 

that the LiNbO3 phase did not form under these reaction conditions and that 24 h was required to 

achieve the desired crystalline product. There is an ambiguity in the reaction times of hydrothermal 

methods reported to prepare LiNbO3 based materials. For example, another hydrothermal reaction 

between Nb2O5 and LiOH.H2O processed at 255 °C for 10 h also resulted in the formation of 

LiNbO3 particles.46 These products were crystalline and had flake-like shapes with dimensions 

between 40 to 100 nm (Figure 1.4 c). In a separate study, a hydrothermal reaction between Nb2O5 

and LiOH mixture in a Teflon lined autoclave at ~150 °C under pressure of ~5 bars yielded 

nanowires. The products of nanowires also contained smaller nanoparticles with diameters from 

~20 to 30 nm. Average dimensions of the nanowires were ~3 µm in length and ~50 nm in diameter 

(Figure 1.4 d).47 These hydrothermal systems are not yet fully understood in terms of controlling 

the reaction conditions for a desired outcome and a control of the key variables in the reaction to 

prepare desired products. The discrepancies in the results of these reactions to prepare LiNbO3 

can, however, can be attributed to a number of different factors, such as the ovens used in heating, 

the heating rates, the sizes of the autoclaves, the purities of the precursors, and the volumes of the 

reaction mixtures. In solution-phase syntheses, the ratio between Li and Nb precursors is also vital 
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to prepare LiNbO3 with a high degree of phase purity. A near stoichiometric and phase pure 

LiNbO3 is required for its applications in NLOs. An ideal mole ratio between Nb and Li precursors 

should be 1:1 to prepare phase pure LiNbO3. When this ratio between precursors is not balanced, 

the product can deviate from LiNbO3. For example, a ratio of 3:1 between Li and Nb can yield a 

Li-rich phase (e.g., Li3NbO4) in the products.46 

   

Figure 1.4. Scanning electron microscopy (SEM) analysis of lithium niobate (LiNbO3) particles 
obtained using (a) LiOH and (b) LiNO3 as the precursors. Copyright 2006 Elsevier B. V., and 
adapted with permission from ref (45). (c) Transmission electron microscopy (TEM) analysis of 
LiNbO3 nanoparticles obtained after another hydrothermal synthesis using LiOH as a precursor. 
Copyright 2002 Elsevier B. V., and adapted with permission from ref (46). (d) The nanowires of 
LiNbO3 prepared through a hydrothermal reaction using LiOH and Nb2O5 as precursors. Copyright 
2009 American Institute of Physics, and adapted with permission from ref (47). 

The choice of Li precursor during the hydrothermal syntheses also plays a critical role in 

the formation of LiNbO3. The alkalescence of LiOH·H2O is stronger than many other Li precursors 

(e.g., LiNO3, LiCl, Li2CO3).45,46 This stronger alkaline nature of LiOH·H2O promotes its reaction 

with Nb2O5 in the solution. Faster reaction rates promote the dissolution of Nb2O5 in aqueous 

solution and leads to the formation of stoichiometric LiNbO3 (i.e., 1:1 between Li+ and Nb5+). As 



10 
 

Nb2O5 acts as a weak acid, the reaction between LiOH and Nb2O5 can be attributed similar to a 

neutralization reaction. This reaction promotes the dissolution of insoluble Nb2O5 in water and 

leads to the formation of LiNbO3. Formation of LiNbO3 was not observed for the Li precursors 

with weaker alkalescence (e.g., LiNO3 or LiCl) when the hydrothermal reaction was processed at 

similar conditions reported for LiOH.H2O.45,46 For example, a hydrothermal reaction between 

LiNO3 and Nb2O5 at 260 °C for 96 h did not yield LiNbO3.45 This difficulty in preparing LiNbO3 

can be addressed by processing the reactions at longer reaction times for the syntheses mediated 

by Li precursors other than LiOH. Another strategy involves the addition of an alkaline solution 

(e.g., an NH3 based solution) into the reaction mixture to increase the pH of the reaction media, 

which promotes a reaction between the Li precursors and Nb2O5 to prepare LiNbO3.45 Optimal 

conditions to prepare crystalline LiNbO3 using LiNO3 as a precursor required 25% (v/v ratio) of 

an aqueous NH3 solution and longer processing times (e.g., 168 h) during hydrothermal 

synthesis.45 The addition of alkaline solutions into the reaction mixtures can, however, lead to an 

increase in the average dimensions of the particles (~5000 nm) than those prepared using LiOH 

(~2000 nm) (Figures 1.4 a, b).45 Lithium halides as the precursors to prepare LiNbO3 have been 

explored in a few hydrothermal syntheses. However, the hydrothermal routes using Li halide as 

precursors along with Nb2O5 are the least sought after in literature due to their potential to introduce 

halide impurities into the final products. This presence of halide impurities and formation of non-

stoichiometric products can be attributed to the weak alkalinity of Li halide-based precursors. 

Although most of the Li salts are soluble in water, Nb2O5 is insoluble in water and has a 

higher chemical stability. This limited solubility of Nb2O5 in water leads to an uncontrolled 

nucleation of precursors and results in the formation of products with impurities and aggregation. 

These problems in the preparation of LiNbO3 through hydrothermal syntheses were addressed by 
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exploring other precursors of Nb (e.g., niobic acid, niobium chloride, niobium alkoxides) and using 

various chelating or complexing agents.  

Chelation based approaches to prepare niobium complexes involve a coordination reaction 

between an aqueous solution of carboxylic acids (e.g., oxalic acid) and Nb2O5.48–50 The carboxylic 

acid groups of the chelating agents can coordinate with Nb at the higher temperature and pressure 

conditions of a hydrothermal reaction to form a metal-organic complex.48–50 The formation of these 

chelating complexes between Nb2O5 and carboxylic acids provides a driving force for the 

dissolution of Nb2O5. This dissolution of Nb2O5 in the solution leads to controlled nucleation and 

formation of stoichiometric LiNbO3 products. Some precursors of Li, such as Li2CO3, can also 

coordinate with the carboxylic acids to yield lithium carboxylate complexes (Equations 2 to 4).49 

These complexes of Li precursors also play a synergistic effect to form uniform and stoichiometric 

products of LiNbO3 during hydrothermal syntheses. The hydrothermal treatment of the reaction 

mixture at 340 °C for 10 h resulted in the formation of crystalline LiNbO3 particles.49 The obtained 

product contained cubes of LiNbO3 with average dimensions of ~1100 nm (Figures 1.5 a, b). 
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Figure 1.5. (a, b) SEM analysis of LiNbO3 particles prepared using oxalic acid as a complexing 
agent with niobium pentoxide and lithium carbonate as the precursors. The hydrothermal reaction 
was processed at 340 °C for 10 h to obtain the final product. Copyright 2005 Elsevier B. V., and 
adapted with permission from ref (49). (c) Low and (d) high magnification SEM analysis of 
spherical LiNbO3 particles prepared using niobic acid, LiOH as precursors and citric acid as a 
complexing agent. The products were obtained without any post-calcination treatment using a 
hydrothermal reaction processed at 240 °C. Copyright 2006 Elsevier B. V., and adapted with 
permission from ref (51). The SEM images of the as-synthesized LiNbO3 powders using niobic 
acid, LiOH as precursors and citric acid as a precursor. The products were obtained without any 
hydrothermal treatment after different calcination temperatures (e) 500 and (f) 700 °C. Copyright 
2006 Elsevier B. V., and adapted with permission from ref (70). 

Alkoxides and halides of niobium are frequently used as Nb precursors in the sol-gel 

syntheses of niobates, but their utilization in aqueous solvents is limited due to their rapid rates of 

hydrolysis.51–55 This rapid hydrolysis of the Nb alkoxides leads to an uncontrolled growth of 

niobate-based materials. Other inherent problems associated with Nb alkoxides include their 

higher flammability and greater sensitivity to air.51 It is worth mentioning that the Lewis acidity 

of the metal in many metal alkoxides is much higher than that of silicon in silicon alkoxides. This 
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higher Lewis acidity of Nb alkoxides results in a tendency to form oligomers [Nb(OR)m]n with 

alkoxo bridges between two or three Nb atoms.53 This degree of oligomerization of the precursors 

influences their physical properties, as well as their chemical reactivity.53 For example, species 

that can act as Lewis base can interact with the metal centers of alkoxides and change their 

coordination environment and reactivity.51–55 The most obvious molecules that act as Lewis bases 

in sol-gel systems are solvent molecules, such as alcohols. Complex equilibria may exist due to 

competition between solvent coordination and formation of alkoxo bridges, which lead to the 

formation of non-stoichiometric grains in the products.51–55 Alternatively, niobium complexes with 

carboxylic acids and niobic acid are explored as Nb sources due to their ease of handling under an 

ambient atmosphere, insensitivity to moisture, and rapid dissolution in water.51–55 

Niobic acid (Nb2O5·nH2O) is a hydrated form of Nb2O5 and is a promising candidate to 

prepare LiNbO3 due to its ease of handling at ambient conditions, moisture stability, and lower 

cost.50,56–65 Niobic acid can be precipitated by the hydrolysis of alkoxides or halides of Nb in the 

presence of alkaline media.50,56–65 Freshly prepared Nb2O5·nH2O is a white colored powder with 

an indeterminate water content.50,56–65 This species is relatively more reactive than Nb2O5 due to 

its hydrated nature and partial solubility in alkaline solutions. In alkaline media, niobic acid is not 

completely soluble, which limits its use to prepare stoichiometric and uniform products of 

LiNbO3.50,56–65 A variety of chelating agents (e.g., oxalic acid, maleic acid, acetic acid, and citrate 

acid) form soluble complexes with Nb2O5·nH2O that are water-soluble and have higher reaction 

activity than pristine Nb2O5·nH2O.66–69 

In a hydrothermal reaction, an activation reaction between Nb2O5 and KOH in water 

resulted in the formation of niobic acid.51 The freshly prepared Nb2O5·nH2O was chelated with 

glacial acetic acid. A reaction mixture was prepared by adding chelated Nb2O5·nH2O along with 
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LiOH and aqueous NH3 solution. The hydrothermal treatment of the reaction mixture at 240 °C 

for 3 d yielded spherical LiNbO3 particles with average diameters of ~2000 nm (Figures 1.5 c, 

d).51 Another solution-phase approach used the activation of Nb2O5 into Nb2O5·nH2O, followed 

by its complexation with citric acid to yield a water soluble Nb-citrate complex.70 This Nb-citrate 

complex was reacted with LiOH·H2O to yield a viscous gel. A post-calcination treatment of the 

viscous gel precursor at 500 °C and 700 °C, respectively yielded LiNbO3 particles having 

nonuniform shapes and dimensions >10 µm (Figures 1.5 e, f).70 Another report demonstrated a 

reaction between NbCl5 and malic acid in the presence of aqueous ammonia to stabilize the 

niobium ions in water.71 Ammonia played an important role in eliminating the chloride ions from 

NbCl5 as NH4Cl effectively and promoted the formation of soluble Nb-maleate complexes.71 To 

achieve a water soluble Nb-maleate complex, LiCl was used as a source for Li to prepare a uniform 

reaction mixture.71 The reaction mixture was dried at 70 °C, and the obtained powder was calcined 

at 650 °C to yield a carbon-free LiNbO3 product. The resultant product was free from the impurities 

from halide ions due to their elimination as NH4Cl.71 Similarly, other carboxylic acids such as 

oxalic acid was also used to prepare soluble complexes of niobic acid in the presence of aqueous 

ammonia. These complexes of Nb were converted to LiNbO3 by a post-calcination treatment.  

The mechanism of forming LiNbO3 using Nb2O5·H2O is believed to proceed through 

polyoxoniobate chemistry in which the precursor results in the formation of isolated Keggin ion 

clusters (heteropoly acids ions) in solution.72–76 This mechanism is still controversial in the 

literature as many researchers argue that an alkaline solution of Nb2O5, regardless of the precursor 

source, yields the Lindqvist ions ([Nb6O19]8-) in solution.74 Use of Lindqvist ion precursor instead 

of Nb2O5·H2O, niobium alkoxide, or niobium halide also reported in the literature, but the 

formation of LiNbO3 is not favored through this route.74 It was observed that the use of [Nb6O19]8- 
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ions as a precursor source yielded Keggin ion clusters in solution under identical conditions to that 

pursued for Nb2O5·H2O to prepare LiNbO3.74 These Keggin ion clusters are believed to link 

together by [Nb2O2] bridges that yield a one-dimensional morphology in the material.74 For 

example, a detailed investigation has suggested that a one-step hydrothermal reaction between 

Nb2O5 and aqueous LiOH at 240 °C for 18 h yields a disordered rock-salt structure having a 

composition of Li0.75Nb0.25O. Upon annealing, this rock-salt phase transforms into the known, 

ordered rock-salt material Li3NbO4.74 The absence of LiNbO3 formation can be attributed to the 

sensitivity of hydrothermal reactions to the choice of the precursor that can result in the formation 

of different products.  

Control of the morphology and dimensions of LiNbO3 nanoparticles prepared through 

hydrothermal syntheses has remained a challenge as many potential surfactant systems are 

insoluble in aqueous media that prevent their effective use. Many surfactant systems such as 

amines, sulfates, and glycols have been explored to control the morphology, dimensions, and 

aggregation of LiNbO3. Amine-based ligand systems play a significant role in the nucleation of 

niobium precursors and consequently control the growth and shapes of nanoparticles during 

hydrothermal syntheses.77 The selection of different amine ligands also helps to control the shapes 

of LiNbO3 nanostructures as described in the next paragraph. For example, the use of 

ethylenediamine and ethanolamine yielded one-dimensional (1D) nanorods, while n-butylamine 

resulted in the formation of hollow spheres of LiNbO3.  

A hydrothermal reaction that used Nb2O5·H2O and LiOH as precursors and amines as 

surfactants provided a control over the morphology of LiNbO3 nanostructures.77 Amine-based 

ligands can provide an effective way to control the shapes of LiNbO3 NPs due to the different 

geometries and steric hindrance of the amine-containing ligands.66,78–80 Ethylenediamine is a 
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versatile organic amine and acts as a complexation ligand due to its stronger coordination ability 

with transition metals, especially with Nb due to its Lewis acid character.77 This ability of 

ethylenediamine to coordinate with Nb forms a stable and more reactive niobium-amine complex, 

which may lower the activation-energy barriers for nucleation. In addition, ethylenediamine acts 

as a structure-directing molecule and can incorporate into the inorganic framework first and then 

detach from it to guide the formation of rod-like LiNbO3 nanostructures.77 However, other amine-

containing surfactants such as triethylamine and n-butylamine have a weaker coordination strength 

to Nb.77 For example, triethylamine did not lead to the formation of the LiNbO3 phase when using 

the same hydrothermal synthesis, but only with a replacement of the type of surfactant selected. 

Hollow structures of LiNbO3 with diameters from ~1500 to 2000 nm were formed in the presence 

of n-butylamine.77 The triethylamine-assisted reaction yielded monodisperse spherical NPs with 

average diameters of ~400 nm, which contained semi-crystalline phases of LiNbO3.77 

Other reaction parameters such as the duration of the reaction and the concentration of 

surfactants play a crucial role in controlling the nucleation and growth of LiNbO3. The optimal 

reaction time to prepare a crystalline and pure phase of LiNbO3 by hydrothermal techniques in the 

presence of the amine-based surfactants was 3 d.77 The crystalline phase and morphology of 

products can change as a function of the concentration of ethylenediamine while keeping the other 

reaction parameters constant (Figure 1.6). An appropriate concentration of ethylenediamine (e.g., 

~0.05 moles) was critical for the formation of crystalline LiNbO3 rods having diameters >600 nm 

and lengths >2000 nm. A further increase in the concentration of ethylenediamine did not change 

the crystalline phase of LiNbO3. The diameters of the as-obtained rods did increase with an 

increase in the concentration of ethylenediamine. For example, an increase in the concentration of 

ethylenediamine from 0.05 to 0.22 moles lead to increased diameters of rods from ~600 to 1000 
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nm (Figure 1.6). Although this hydrothermal route provides a control over the diameters of the 

resulting rods, the products were not single-crystalline and were quite large with dimensions on 

the micron scale. 

 

Figure 1.6. SEM images of LiNbO3 obtained after adding different volumes of ethylenediamine 
in the reaction mixture: (a) 1 mL; (b) 3 mL; (c) 5 mL; (d) 10 mL; (e) 15 mL; (f) 25 mL. Copyright 
2008 American Chemical Society, and adapted with permission from ref (77). 

Another hydrothermal method that involves an emulsion of water and ethylene glycol has 

been explored to control the dimensions and shapes of LiNbO3 NPs.81 Polyols such as ethylene 

glycol (EG), diethylene glycol (DEG) and triethylene glycol (TEG) tend to self-assemble in the 

aqueous solution and results in the formation of an emulsion system.82 Although alcohols and 

water are mutually soluble and form a completely homogenous system, the inter- and intra-

molecular hydrophobic interactions of the alcohols generate typical microheterogeneities in the 

mixed system that can act as micelles. This self-assembly of alcohols in aqueous media can act as 

a soft template to prepare nanostructures. Polyols are also well known to have a strong coordination 

ability towards metal ions.82 In an emulsion-based synthesis, the adsorption of reactants or reaction 

takes place on the interface of micelles in an emulsified solution and can result in the formation of 

hollow spheres. This method can be regarded as a soft template method in which the micellar 

templates can be removed directly from the hollow spheres after the reaction. A quasireverse 
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emulsion system to prepare LiNbO3 was formed by precisely controlling volume ratio of H2O:EG. 

An emulsion system that contains water as a solute in a hydrophilic, non-aqueous solvent is 

referred to as quasireverse emulsion system. Water molecules in the aqueous phase interact 

preferentially among themselves through strong hydrogen-bonding interactions, whereas the EG 

molecules have only a small disrupting effect on the hydrogen bonds. These interactions result in 

microheterogeneities within the mixed H2O and EG system. It was found that a volume ratio of 

1:5 (e.g., 4 mL of water and 20 mL of EG) between H2O:EG was suitable to form a “quasireverse 

emulsion”, in which EG presents a weaker hydrophobic effect than the hydrocarbons used in 

standard reverse-emulsion methods. Ethylene glycol acts as a versatile solvent for controlling the 

crystallization of nanoparticles due to the rapid diffusion of ions in EG at relatively lower 

temperatures (e.g., 100 to 250 °C), which leads to the acceleration in the solubilization of starting 

materials and the subsequent crystal growth. Niobic acid was prepared by dissolving Nb2O5 in 

hydrofluoric acid (HF), followed by its precipitation with an aqueous solution of NH3. Freshly 

prepared Nb2O5·H2O, along with LiOH and added surfactants, were mixed into a solution of EG 

and water. The reaction mixture was heated under the hydrothermal conditions at 250 °C for 5 d. 

The product was polycrystalline in phase and consist of hollow LiNbO3 particles with average 

diameters of ~4000 nm. 

The volume ratio of H2O:EG strongly affects the morphology of the as-obtained LiNbO3 

NPs.81 A volume ratio of 1:5 between H2O/EG was a key factor in preparing monodisperse hollow 

spheres of LiNbO3. Other volume ratios of H2O:EG did not yield the desired formation of uniform 

products. For example, nonuniform and aggregated LiNbO3 products were obtained when the 

solvent systems contained either a 7:20 (7 mL of H2O and 20 ml EG) or a 1:10 (e.g., 2 mL of H2O 

and 20 mL of EG) volume ratio between H2O and EG. The formation of hollow and uniform 
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spheres of LiNbO3 was due to an Ostwald ripening process in this quasireverse emulsion method. 

A time-dependent study indicated an increase in the diameters of the particles from 100 nm to 

~1000 nm with an increase in the reaction time of the hydrothermal reaction from 3 d to 4 d (Figure 

1.7). The products obtained after a reaction time of 4 d were no longer hollow and contained a 

spiky morphology that indicated a continual growth of the particles within these products, which 

ultimately became hollow with uniform surfaces after 5 d reaction time due to the Ostwald ripening 

process (Figures 1.8 a, b). 

 

Figure 1.7. SEM and TEM of samples obtained after:  (a) 3 d without surfactants; and (b) 4 days 
without surfactants. The inset in (b) is corresponding to the TEM analysis of the sample. Copyright 
2006 American Chemical Society, and adapted with permission from ref (81). 
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Surfactant systems have also been used in combination with an emulsion method for 

preparing LiNbO3 particles.81 These surfactants include sodium dodecyl sulfate (SDS) and 

hexadecyltrimethylammonium bromide (CTAB). The surfactants had a significant influence on 

the outcome of the reaction times, as well as the dimensions and morphology of LiNbO3 particles 

when combined with these quasireverse emulsion methods (Figure 1.8). For example, SDS and 

CTAB reduced the reaction times required to prepare LiNbO3 from 5 d to 3 d in this quaireverse 

emulsion method. Syntheses mediated by SDS yielded hollow spherical LiNbO3 particles with 

average diameters of ~1500 nm after a reaction time of 3 d. In comparison, the diameters of 

products prepared using CTAB were ~2000 nm.81 It is worth noting that the particles obtained 

using CTAB as a surfactant were not completely hollow in their morphology as these particles had 

thicker walls than those obtained using SDS.  
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Figure 1.8. Electron microscopy analyses of the as-obtained LiNbO3 samples: (a, b) after 5 d 
without surfactants; (c, d) after 3 d in the presence of SDS; and (e, f) after 3 d in the presence of 
CTAB. Copyright 2006 American Chemical Society, and adapted with permission from ref (81). 

In the hydrothermal syntheses of LiNbO3, the solubility of the niobium precursors, pH of 

the solution, ionic strength of dissolved species, and spectator ions in solution produce complex 

and unpredictable effects.16,83–85 These factors make it difficult to control the formation of LiNbO3 

products. On the other hand, nonaqueous solvents provide a better medium to dissolve niobium 

precursors, e.g., niobium alkoxides and halides, which produce a clear solution without 

precipitates. The use of nonaqueous solvents also provides a wider temperature window for 

processing the solvothermal reactions and allows many surfactants to be completely miscible in 

the reaction media.  
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1.2.2 Thermal decomposition methods: The thermal decomposition approaches to preparing 

particles have attracted attention for the syntheses of many materials due to the ease of tuning the 

material compositions using molecular precursors.41,86–88 In thermal decomposition syntheses, 

organometallic precursors are used that are soluble in a variety of high boiling point solvents. 

These precursors react on a molecular scale and facilitate the formation of products with control 

over their dimensions, morphology, and composition.41,86–88 These methods provide an ideal 

environment for controlling the growth of NPs due to the separation of the nucleation process and 

the subsequent growth steps.41,86–88 In a typical thermal decomposition method, an organometallic 

precursor is injected into a mixture of solvent and surfactant systems at a high temperature, which 

leads to the rapid nucleation of the precursors. The growth process follows the nucleation step and 

initiates the formation of NPs. Surfactants or capping agents present in the reaction mixture control 

the crystal growth processes and the morphology of the resulting NPs.41,86–88 

Although the thermal decomposition methods have achieved great success in synthesizing 

a rich variety of metal oxide NPs with control over their dimensions and shapes, these systems 

have rarely been explored for the synthesis of LiNbO3 NPs. In the literature, one report has been 

demonstrated to prepare LiNbO3 NPs through a thermal decomposition method.89 This method 

yielded the formation of anisotropic LiNbO3 nanostructures with lengths up to 100 nm and 

diameters around ~7 nm (Figure 1.9). In the synthesis, a single-source precursor lithium niobium 

isopropoxide [(LiNb(OPri)6)] was selected due to the 1:1 mole ratio between Li and Nb and its 

lower thermal stability relative to more readily available straight-chain alkoxides. The thermal 

decomposition of the precursor was carried out in the presence of triphenylphosphine oxide 

(TPPO) as a surfactant at 360 °C for 48 h under an inert atmosphere. The production of LiNbO3 

nuclei is presumed to begin with a non-hydrolytic decomposition.89 The decomposition of 
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LiNb(OPri)6 is initiated by the removal of a γ-hydrogen by an adjacent alkoxide ligand, which 

produces oxide linkages between the metal centers of soluble monomers, and gaseous alkenes and 

alcohols as by-products. The solution saturates with monomers, and a nucleation event occurs to 

alleviate this condition. The remaining monomers in solution contribute to the growth of these 

nuclei. This process is regulated by the interaction of TPPO with the surfaces of the nuclei. 

Monomers can access all faces of the crystal as observed in the isotropic growth of nuclei into 

nanoparticles.89 The properties of TPPO also contribute to the anisotropy of the final 

nanostructures. The rod-like structures of LiNbO3 result from the directed aggregation (sometimes 

referred to as oriented attachment) of nanoparticles during aging. This process is driven by 

differences in the surface energies for the various facets of the nanocrystals. The thermal 

decomposition methods are, however, still underdeveloped for the syntheses of LiNbO3 NPs and 

remain an area for future research pursuits. 

 

Figure 1.9. (a, b) TEM micrographs of LiNbO3 nanostructures product obtained after excess 
thermal decomposition of the precursor and further purification with acetic acid. (c, d) high-
resolution transmission electron microscopy (HRTEM) images of the anisotropic LiNbO3 
nanostructures indicate the growth direction of four distinct nanorods and identify lattice fringe 
patterns corresponding to the (012), (104), and (006) planes of LiNbO3. Copyright 2008 WILEY‐
VCH Verlag GmbH & Co. KGaA, Weinheim, and adapted with permission from ref (89). 
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1.2.3 Solvothermal methods: Unlike the hydrothermal methods that use aqueous media, the 

solvothermal methods refer to reactions occurring in nonaqueous solvents.16 The solvothermal 

approaches provide a convenient one-step synthetic approach to preparing crystalline LiNbO3 that 

would usually be prepared by high-temperature calcination of precursors or annealing of oxide 

mixtures.16 Solvothermal approaches offer a number of advantages that include a control over 

crystal growth and an ability to tune the dimensions of the products from the nanometers to 

micrometres.16 Solvothermal methods also provide the ability to tune the stoichiometry of the 

products (e.g., Li:Nb = 1:1).16  

Factors that significantly influence the outcome of the solvothermal reaction can be 

categorized into chemical parameters and thermodynamic parameters.42,43,90 Chemical parameters 

include the chemical composition of the precursors, surfactants/additives, and solvents.42,43,90,91 

The thermodynamics parameters involve the reaction temperature, processing time, and volume 

of the vessel. Both the chemical and thermodynamic parameters play a significant role in the 

formation of the products, controlling their compositions, morphology, and dimensions.42,43,90,91 In 

a solvothermal reaction, the pressure is generated autogenously in the reaction vessel and is 

dependent on the boiling point of the solvent, reaction temperature, total volume of the vessel, the 

filling factor of the vessel, and the molar volume of the reactants. According to the Peng–Robinson 

equation of state, the pressure in vessel decreases with an increase in the volume of liquid and vice 

versa.83–85,92–94 The volume of precursors in the vessel is an important factor for controlling the 

internal pressure in the reaction vessel. This internal pressure determines the temperature of the 

solvent in reaction vessel, which ultimately facilitates the nucleation and growth of the 

nanoparticles.83–85,92–94 
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The selection of an appropriate organic solvent and the precursors is the key factor in the 

solvothermal syntheses to prepare crystalline, phase‐pure, and stoichiometric multimetal oxides.95–

100 There are, however, still no effective ways to predict which solvent and precursor are capable 

of forming crystalline, phase-pure nanoparticles with desired control over shapes and 

dimensions.95–100 Organic alcohols are the most common nonaqueous solvents explored in the 

solvothermal syntheses of LiNbO3 nanoparticles, and their choice is critical for the formation of 

the product.95–103 The syntheses mediated in the presence of 1,4-butanediol and benzyl alcohol as 

solvents yielded LiNbO3 while other polyol solvents (e.g., ethylene glycol, triethylene glycol) were 

not successful in the production of LiNbO3.104,105 

In a solvothermal synthesis, benzyl alcohol was used as a nonaqueous solvent to prepare 

LiNbO3 NPs.105 In a typical procedure to prepare LiNbO3 NPs, metallic lithium along with 

niobium ethoxide were used as precursors and dissolved in benzyl alcohol. The solvothermal 

treatment of the reaction mixture at 220 °C resulted in the formation of crystalline LiNbO3 NPs 

having an average size of 60 nm (Figures 1.10 a, b). This solvothermal approach provided LiNbO3 

at the nanoscale using a relatively green solvent, benzyl alcohol. An inert atmosphere was, 

however, required for handling the reagents (e.g., lithium metal). The obtained product included 

LiNbO3 NPs that exhibited a wide range of particle sizes with nonuniform shapes. The dimensions 

of these nonuniform LiNbO3 NPs varied between 20 and 50 nm. This solvothermal approach 

lacked a fine control over the dimensions and shapes of the LiNbO3 NPs. The LiNbO3 products 

obtained through this solvothermal approach were also polycrystalline. 

In another solvothermal method, 1,4-butanediol was used as a solvent to prepare LiNbO3 

NPs with a control over their shapes.104 The particle shape was tuned simply by changing the 

amount of single-source precursor, lithium niobium ethoxide [LiNb(O-Et)6]. Nearly spherical 
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LiNbO3 NPs were obtained for larger amounts of LiNb(O-Et)6, while a relatively small 

concentration of the precursor led to the formation of LiNbO3 with cubic morphologies. The 

average dimensions of LiNbO3 NPs were 50 to 60 nm (Figures 1.10 c-f). This change in the shapes 

of the products was attributed to the change in the pressure generated autogenously in the reaction 

vessel. According to the Peng–Robinson equation of state, larger volumes of the liquid inside the 

vessel lead to a decrease in the pressure inside the reaction vessel and smaller volumes of solutions 

lead to an increase in the pressure inside the vessel. It was also observed from these reactions that 

1,4-butanediol is critical to the synthesis of LiNbO3. Other polyol solvents (e.g., EG, TEG) did not 

yield the LiNbO3 phase in the products, and the syntheses were not successful in these solvents.104 

Optimal reaction times to prepare LiNbO3 with a pure phase was 4 days, and a decrease in the 

reaction time resulted in the formation of an impure product that contained LiNb3O8 impurities. A 

decrease in the reaction temperature from 250 to 220 °C did not induce crystallinity in the products. 

Although, the use of 1,4-butanediol provided nanoscale LiNbO3, the solvothermal methods that 

use of this reagent as a solvent are of a potential concern due to its toxicity and possible use as a 

recreational drug.106–109 This reagent has been categorized as a controlled substance in schedule 

VI of Canada and Class C of the United Kingdom.106–109   
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Figure 1.10. Lithium niobate nanoparticles prepared using benzyl alcohol as a solvent were 
characterized by: (a) TEM; (b) a selected area electron diffraction (SAED) analysis and insets in 
(b) represent a high resolution (HR) TEM analysis and depicts the results of a Fast Fourier 
Transformation (FFT) of the HRTEM image. Copyright 2004 WILEY‐VCH Verlag GmbH & Co. 
KGaA, Weinheim, and adapted with permission from ref (104). The TEM analyses of products 
prepared using 1,4-butanediol as a solvent indicated the formation of (c) semi-spherical LiNbO3 
nanoparticles and (d) cube-like LiNbO3 nanostructures. (e, f) The HRTEM analysis of one single 
nanocube along with its FFT transformation, shown as an inset in (f) depicts the crystalline nature 
of the nanoparticles. Copyright 2012 The Royal Society of Chemistry, and adapted with 
permission from ref (103). 

The choice of Li precursors plays an important role in the formation of LiNbO3 during 

solvothermal syntheses mediated by benzyl alcohol. For example, the rate of decomposition for 

LiNO3 is higher than Nb(OEt)5 in benzyl alcohol under solvothermal conditions, which led to the 

formation of a Li‐rich impurity phase (i.e., Li7NbO6).28 Enhancing the degree of decomposition of 

the Nb(OEt)5 would be favorable for increasing the yield of phase‐pure LiNbO3. This problem can 
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be addressed by pre-decomposing the Nb(OEt)5 to obtain a relatively comparable degree of 

decomposition to that of the more reactive LiNO3, which is highly desirable for the formation of 

phase‐pure LiNbO3. After Nb(OEt)5 was pre-decomposed, an equimolar concentration of 

LiNO3 was added into the reaction medium, which led to the formation of phase pure nearly 

monodisperse particles of LiNbO3 (Figure 1.11). There are, however, no further studies available 

in the literature that explore the role of other Li precursors in this approach to the formation of 

LiNbO3. Solvothermal methods that can prepare LiNbO3 NPs with a single-crystalline nature, a 

pure phase, a uniform shape, and tunable dimensions has been relatively unexplored in the 

literature. This area of research warrants additional research and development.   

 

Figure 1.11. SEM analyses of the LiNbO3 nanoparticles at lower (a) and higher (b) magnifications. 
(c) TEM image of a typical LiNbO3 particle and (d) the HRTEM analysis of a LiNbO3 particle. 
Copyright 2013 Wiley-VCH GmbH, Weinheim, and adapted with permission from ref (28). 

1.2.4 The Pechini method: A colloidally stable aqueous solution of metal precursors is essential 

to prepare homogeneous and stoichiometric metal oxides through wet chemical 

syntheses.41,95,110,111,112 Metal precursors, such as metal hydroxides, alkoxides, acetates, 
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chlorides, and nitrates, can form soluble complexes in aqueous environments with the assistance 

of chelating agents. This complexation of metal precursors also provides a platform to tune the 

concentration of metal ions over a wide range (e.g., from 0.1 to 1.0 M) without any noticeable 

precipitation.110  

The Pechini method is a wet chemical method in which the metal ions are chelated with 

multifunctional carboxylic acids to form soluble complexes.110,111,113 Hydroxycarboxylic acids, 

such as citric acid, are commonly used as complexation agents in the Pechini method due to its 

ability to form stable and soluble chelate complexes with a variety of metal cations.110,111,113 

These metal complexes can polymerize in situ in the presence of ethylene glycol to form a 

polymeric gel that contains a homogenous dispersion of metal ions at the molecular level.110,111,113 

These polymer gels are converted into nanoparticles or thin films of metal oxides through a post-

calcination treatment.110,111,113 This method has the distinct advantage of allowing the use of 

metals, e.g., Nb, that do not form stable hydroxo species. 

In traditional sol-gel methods, the metal precursors undergo fast hydrolysis and 

condensation to form the particles that become a part of a gel structure.110,111,113 These trapped 

particles in the gel structure reduce the ability to grow uniform nanoparticles and involve the 

formation of hard crystallite agglomerates.110,111,113 In the Pechini method the metal ions are, 

however, trapped in a polymer gel without hydrolysis and condensation. This approach provides 

relatively better control to an extent to tune the morphology and dimensions of the final product 

during the sintering process.110,111,113 Morphology and density of the polymeric resin 

significantly affect the physical morphology of the final oxide powder prepared by the Pechini 

method.110,111,113 
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During the first stage of the Pechini method, a uniform and colloidally stable aqueous 

solution of metal chelates or complexes provide a necessary environment to prevent cations 

segregation.110 The metal chelates act like monomers in the aqueous solution. Polymerization of 

these soluble complexes is required to cross-link the precursors to form a gel-like structure and 

is promoted by the addition of ethylene glycol through a polyesterification process.110,111,113 An 

in situ polymerization reaction between monomers of metal chelates and glycols leads to an 

increase in viscosity of the solution due to the formation of M-O-M bonds. This increase in 

viscosity is often referred to as a “gelation” or “inspissation” to reflect the nature and conditions 

of the polyesterification reaction.110,111,113 A post-calcination treatment of the polymeric resins 

in the air leads to their charring at ~400 °C that provides segregation of the cations, which 

oxidize to form crystallites of mixed cation oxides at temperatures ≥500 °C.110,111,113 The 

advantages of the Pechini method include the formation of pure stoichiometric phases, relatively 

uniform nanoparticles, and the possibility to handle the precursors in an aqueous 

environment.110,111,113 

Crystalline LiNbO3 NPs prepared by the Pechini method involves a reaction between citric 

acid as a chelating agent and a variety of niobium precursors (e.g., niobic acid, niobium oxide, and 

niobium alkoxides) in the presence of ethylene glycol as a polymerization initiator.111,113–117 

Common lithium precursors, such as Li2CO3, LiCl, and LiOH, are used in the Pechini route to 

prepare LiNbO3.114,115,117,118 For example, a number of methods employing the Pechini method to 

prepare LiNbO3 using NbCl5 and LiNO3 or Li2CO3 in the presence of citric acid yielded aggregated 

products of NPs during calcination.114,115,117,118 A higher degree of aggregation was observed for 

the products prepared using this approach, and it was difficult to discern individual NPs.115,117,119 

In another study employing a modified Pechini method, the calcination of the polymeric gel at 
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~500 °C leads to the formation of agglomerates of LiNbO3 NPs with diameters of ~20 nm (Figure 

1.12 a).116 This modified Pechini method used ammonium niobium oxalate as a precursor, which 

is relatively more soluble in water and produced a stable solution of the niobium citrate complex. 

The calcination temperature plays an important role in determining the size and aggregation of the 

LiNbO3 NPs. The dimension of the NPs increased with an increase in the calcination temperature. 

Polymeric precursors calcined at 600, 700 and 800 °C yielded LiNbO3 NPs having average 

diameters of 80, 100, and 250 nm, respectively (Figure 1.12).116 

 

Figure 1.12. SEM images of LiNbO3 nanoparticles obtained by calcination of the precursor at; (a) 
500 °C; (b) 600 °C; (c) 700 °C; and (d) 800 °C in the air for 2 h. Creative Commons CC BY 2016 
Springer, and adapted with permission from ref (116). 

The modified precursors of niobium (e.g., oxalates) offer several advantages over 

traditional precursors used to prepare LiNbO3. Alkoxides of niobium are commonly used as 

precursors in the sol-gel syntheses of LiNbO3, but are extremely sensitive to moisture and need to 

be handled under an inert atmosphere.51–55 In contrast, chlorides are relatively less sensitive to 

humidity, but often lead to the presence of halide impurities in the product. Niobium oxide is 

moisture insensitive and an inexpensive source compared to both alkoxides and chlorides. 

However, due to its higher chemical stability and insolubility in many aqueous and nonaqueous 
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solvents, it has a limited application in wet chemical syntheses. Niobic acid (Nb2O5·nH2O) is 

widely used in the preparation of alkali metal niobates through sol-gel and hydrothermal methods. 

Several disadvantages are associated with niobic acid as a precursor to prepare niobates that 

involve insolubility in aqueous media, time-consuming processing steps to prepare, and its 

compositional heterogeneity.55–64 These challenges in the use of niobic acid with the Pechini 

method can be addressed by using a more soluble precursor of Nb. Common precursors used in 

the Pechini method include niobium oxalate and ammonium niobium(V) oxalate hydrate to 

prepare stoichiometric polymeric gels. The solubility of these precursors varies in water and 

depend on the pH of the solution. For example, niobium oxalate is soluble in water at neutral pH 

while ammonium niobium oxalate requires an acidic pH ~3 to dissolve in aqueous media.  

The preparation of single-crystalline LiNbO3 nanoparticles with well-defined dimensions 

and that exhibit minimal aggregation is necessary for many of the targeted applications (e.g., SHG 

bioimaging, biosensing). Although the aforementioned solution-phase approaches have been 

explored to prepare LiNbO3 based materials, these methods have limitations. These limitations 

include their lack of ability to prepare single-crystalline and uniform nanoparticles with tunable 

dimensions and minimal aggregation. These prior arts to prepare LiNbO3 based materials also lack 

a detailed characterization of products to investigate their crystallinity, purity, compositions, 

surface properties and SHG response. In the literature, the roles of precursors and reaction 

conditions (e.g., time, temperature) are not explored in the formation of LiNbO3. The goal for this 

project was to prepare LiNbO3 nanoparticles having a pure phase, single-crystallinity, and 

minimum aggregation. These crystals are intended to function as optical probes in a rapidly 

growing field of SHG microscopy. A detailed characterization of LiNbO3 based materials by 

electron microscopy, powder X-ray diffraction and Raman spectroscopy techniques was also 
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sought herein to provide the knowledge for LiNbO3. The specific target of this research is to claim 

a portion of the growing niche among the methods for imaging biological samples and processes 

in vivo. In general, this research also fulfills part of the increasing demand for methods to prepare 

nanoscale photonic, electronic, and mechanical materials for function in devices. This demand 

stems from the continued miniaturization of devices and their components. 

1.3 Overview of the Thesis 
The principal aim of the research in this thesis was to prepare single-crystalline, uniform 

LiNbO3 NPs for SHG microscopy. For this purpose, we used the solution-phase methods in 

combination with the sol-gel chemistry (i.e., nonaqueous and aqueous routes) to synthesize 

LiNbO3 nanoparticles. At the first stage of the project in Chapter 3, we demonstrate a simple 

surfactant assisted solution-phase approach for the preparation of size-tunable LiNbO3 NPs 

through an Ostwald ripening process. The growth of these nanoparticles began with a controlled 

agglomeration of nuclei. The reaction subsequently underwent a process of oriented attachment 

and Ostwald ripening, which dominated and controlled the further growth of the nanoparticles. 

The average dimensions of the NPs were tuned from 30 to 95 nm by increasing the reaction time 

of the solvothermal process. In Chapter 4, we further extend this solution-phase method to prepare 

single-crystalline LiNbO3 nanoparticles with average diameters of ~7 nm by selecting an 

appropriate Li precursor. This one-pot approach forms well-dispersed LiNbO3 nanocrystals 

without additional organic additives (e.g., surfactants) to control the growth and aggregation of the 

nanoparticles. The nanoparticles were also confirmed to be optically active for the second 

harmonic generation (SHG). These particles could enable further development of SHG based 

microscopy techniques. In Chapter 5, we study the preparation of LiNbO3 nanostructures using a 

series of Li precursors through this nonaqueous solvothermal process. In this approach, the Li 

precursors containing either non-carbon or carbon-based anions were studied for their relative 
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influence on the preparation of LiNbO3 NPs. This comparative study on the preparation of 

crystalline LiNbO3 NPs represents a critical step forward to understand the influences and roles of 

precursors into the design of synthetic processes for the preparation of a variety of alkali metal 

niobates (e.g., including NaNbO3 and KNbO3) and crystalline metal oxide-based NPs containing 

other transition metals (e.g., titanium, tantalum). The efficient utilization of the LiNbO3 NPs in 

SHG bioimaging studies require their surface to functionalize with biologically important 

molecules. In Chapter 6, we develop a covalent approach to the surface functionalization of 

LiNbO3 NPs with alcohol-based reagents. As a demonstration of this approach to utilizing the 

surface chemistry derived from the silanol-alcohol condensation reaction, the surfaces of the NPs 

were covalently functionalized with biologically important molecules such as polyethylene glycol 

and a fluorescent probe. This surface functionalization approach improved the colloidal stability 

and chemical stability of the LiNbO3 NPs, as well as provides and a multimodal tracking platform 

for SHG nanoprobes. These and similar surface functionalization of LiNbO3 NPs can be used to 

extend their use in applications that include bioimaging and biosensing. In Chapter 7, we have 

successfully prepared mesoporous LiNbO3 nanoparticles with average diameters of 600 nm using 

a solution-phase method. This synthetic approach resulted in the formation of well-dispersed, 

monodisperse and mesoporous nanoparticles of LiNbO3 without requiring the addition of further 

organic additives (e.g., surfactants). We utilized the mesoporous nature of LiNbO3 NPs to enhance 

their SHG response by loading with pi-electron containing molecules (e.g., tartaric acid). The 

experimentally measured SHG response from the single mesoporous NP of LiNbO3 modified with 

tartaric acid showed an enhancement in the SHG response by 4 orders of magnitude compared to 

a single pristine mesoporous LiNbO3 NP. 
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2 Characterization Techniques 
2.1 Electron Microscopy 

Transmission electron microscopy (TEM) is a useful technique to characterize the 

morphology, dimensions, compositions, and crystallinity of nanomaterials. The working principle 

of a TEM is shown in Figure 2.1.1 A focused electron beam generated by an emission source (e.g., 

tungsten filament or lanthanum hexaboride) hits the sample supported on a TEM grid. Typical 

TEM grids are made of copper, nickel, or gold meshes. Support films of Formvar [poly(vinyl 

formal)] and carbon are used to coat these meshes so that the grids and samples can withstand the 

handling during sample preparation. A fraction of the electrons will be fully transmitted, whereas 

some electrons are scattered elastically or inelastically due to the interaction with the sample. The 

extent to which the electrons are scattered depends on the thickness and composition (e.g., atomic 

number of elements) of the materials.2–4 The beam passes through an objective aperture and is 

directed to a detector located beneath the sample holder and ultimately generates the contrast of 

the final image. TEMs are typically operated with voltages of 100-300 kV under ultrahigh 

vacuum.2–4 

Scanning transmission electron microscopy (STEM) combines the principles of TEM and 

scanning electron microscopy (SEM) and can be performed on either type of instrument.5–7 One 

of the principal advantages of STEM over TEM is its ability to enable the use of other electron 

signals (e.g., secondary electrons, scattered beam electrons, characteristic X-rays, and electron 

energy loss).5–7 Like SEM, the STEM technique uses a very finely focused beam of electrons 

scanned across the sample in a raster pattern. Interactions between the electrons of a beam and the 

atoms of the sample generate signal streams in electrons, which can be used for multiple analyses 

(e.g., compositions, imaging). In STEM, transmitted beam electrons that have been scattered 

through a relatively large angle are detected using a high angle annular dark-field (HAADF) 
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detector.5–7 The primary advantage of STEM over conventional SEM imaging is the improvement 

in spatial resolution of imaging. 

 

Figure 2.1. Working principle of a transmission electron microscope. The electron beam is shown 
in blue, and the paths of electrons are shown with orange and green lines. Gray brackets represent 
the electromagnetic lenses, apertures are represented with black bars; and the red arrows represents 
the images of the specimen. Copyright 2020 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim 
(Creative Commons CC BY license), and adapted with permission from ref (1). 

Selected area electron diffraction (SAED) is a TEM technique to obtain diffraction patterns 

that result from the electron beam scattered by the crystalline sample.2,4,8–10 In SAED, the 

elastically scattered electron from the crystal lattice obeys the Bragg's law; therefore, the 

diffraction pattern is completely dependent on the interplanar spacings (dhkl) and composition of 

the crystal being analyzed.2,4,8–10 The diffraction pattern could be regarded as a fingerprint for a 

crystal, and like X-ray diffraction (XRD), can be indexed to identify the crystal structure, unit cell 

parameter. The information obtained through SAED analyses can also be used to learn about 

texture, phase separation, and strains in materials. The SAED patterns generate a spot pattern or 

ring pattern for the samples. Typically, a pattern of diffraction spots results from the electron beam 
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diffracted by a single-crystal nanoparticle present in SAED aperture, while a large number of 

nanoparticles in SAED aperture results in the continuous rings. Every spot in the SAED pattern 

corresponds to lattice planes of a certain miller index in single-crystal nanoparticles. Each ring in 

the SAED pattern corresponds to a group of lattice planes belong to the same miller index family 

in the crystalline sample. The radii of the rings or position of spots from the center of the beam are 

inversely proportional to the interplanar spacings (dhkl) of a lattice plane of crystals. The features 

of concentric rings disappear for amorphous materials or the samples with smaller crystalline grain 

sizes. These amorphous materials or smaller crystallites only yield a halo around the bright spot in 

the center, which indicates that the electrons are diffracted randomly by the material of the 

amorphous structure.2,4,8–10 The area of the specimen examined by SAED can be in a few 

nanometers, which is significantly smaller than the size of the sample that is analyzed by XRD. 

This smaller area analyses by SAED provides a significant advantage over XRD to characterize 

the small amounts of samples, and nonhomogeneous compositions with discrete phases. 

Energy dispersive X-ray spectroscopy (EDS) technique can be hosted inside scanning 

electron microscopes and transmission electron microscopes and can be used as either a qualitative 

or quantitative technique.11–13 The EDS techniques utilize the characteristic X-ray emission that 

comes from the sample to generate the elemental maps, which can be used to determine the 

elemental composition of the materials qualitatively.11–13 The characteristic X-rays are produced 

from the interaction between the high energy electron beam and the atoms in a sample. The high 

energy electrons penetrate through the outer valence bands and interact with the inner-shell 

electrons. If the critical ionization energy is met, electrons can be knocked out of inner shells 

electron. The critical ionization energy is the amount of energy required for the inner-shell 

electrons to be ionized. The ejection of an inner shell electron forms a hole in the inner shell, and 
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the atom is ionized for a few seconds. An outer shell electron releases energy to fill the inner shell 

hole. This transition corresponds with the emission of a characteristic X-ray. These characteristic 

X-ray emissions are due to the energy difference between the outer shell electron and the inner 

shell hole. Since elements have unique atomic energy levels, the detection of the emitted X-rays 

can be used to reveal the elemental composition.11–13 

High‐resolution TEM (HRTEM) is one of the widely used imaging techniques in TEM 

mode to characterize the samples at an atomic level.2,8–10 The HRTEM images usually contain a 

periodic lattice fringe contrast resulting from the phase interference between the diffracted beams 

and other transmitted beams. The term lattice-fringe resolution refers to the finest visible lattice 

fringes for a crystalline material that form due to the interference between two or more diffracted 

beams. As HRTEM uses the phase‐contrast phenomenon, it is sensitive to the defocus value, 

specimen thickness, and the distributions of the elements. Detailed information related to 

crystallinity can be extracted from HRTEM images by applying the Fast Fourier transform (FFT) 

and inverse FFT (iFFT) filtering techniques.2,8–10 The HRTEM analyses enable the individual 

lattice-fringe resolution to be resolved for crystalline materials, making it possible to determine 

the atomic-scale microstructure of lattice defects and other inhomogeneities in structure. HRTEM 

techniques can also characterize several other structural features such as grain boundaries, twin 

planes, interfaces and crystallographic shear planes, dislocations and point defects.  The HRTEM 

analyses also help probe the influence of structural discontinuities during phase transformations, 

oxidation reactions, epitaxial growth and catalysis.2,8–10 
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Figure 2.2. An overview of the typical information and analyses that can be obtained from the 
electron microscopy. 

2.2 Powder X-ray diffraction 
Powder X-ray diffraction (XRD) can be used to characterize the phase and crystallinity of 

the samples. A beam of X-rays irradiate a sample and constructive interference of scattered X-rays 

by atoms organized into a crystalline lattice, which leads to the observed X-ray diffraction.14–17 

According to Bragg's law (Equation 5), the scattered X-rays will undergo constructive interference 

if the atoms are systematically arranged in a crystal structure (Figure 2.3). 
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Figure 2.3. Graphical representation of Bragg's Law showing the diffraction of X-ray beams from 
the atoms arranged in the lattice planes of a crystal.  

The XRD techniques are used to determine unit cell size, crystallite size, internal stresses 

and strains, the preferred orientation of the crystallites, the crystal structure, and qualitative and 

quantitative phase analysis (Figure 2.4). A database is used for phase identification, where the 

diffraction pattern of a sample is compared with a listed known substance together with the 

corresponding intensities. The Joint Committee on Powder Diffraction Standards (JCPDS) 

provides such databases that include the powder diffraction file (PDF) to compare the XRD 

patterns of compounds with known materials. A number of databases are available that include the 

Inorganic Crystal Structure Database (ICSD), Crystallography Open Database (COD) and the 

Cambridge Crystallographic Data Centre (CCDC).18–22 
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Figure 2.4. An overview of the general information content of powder diffraction patterns. 

2.3 Raman spectroscopy 
Raman spectroscopy is a molecular spectroscopic technique that utilizes the interaction of 

light with matter to gain information about the crystalline phase, purity surface functionality of 

materials. Raman spectroscopy is based on the measurement of inelastically scattered light (e.g., 

Stokes shifts) to investigate the vibrational (and rotational) modes of organic or inorganic 

materials.23–26 In Raman spectroscopy, photons of light from a laser beam are focused on the 

sample through the microscope objective at a defined magnification. These photons of light 

interact with the chemical bonds of samples and polarize those bonds to higher energy virtual 

energy levels.23–26 These higher energy bonds return to the original energy level by emitting a 

photon of the same energy (e.g., elastic or Rayleigh scattering), or it can undergo an energy shift 

(Raman scattering) and return at higher (Anti-Stokes) or lower (Stokes) energy levels (Figure 

2.5).27 Raman scattering is a relatively low probability process than an elastic scattering of photons. 

Some materials can also emit a fluorescence signal in Raman spectra if the electrons are excited 
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to electronic energy levels and return to the ground energy level by emitting a photon of light at a 

longer wavelength.   

 

Figure 2.5. Interaction of the laser beam with the surface of the sample and the origination of 
possible elastic and inelastic scattering processes. Copyright 2016 Springer Nature., and adapted 
with permission from ref (27). 

The Raman spectrum of a material is typically displayed as a plot of Raman shift in 

wavenumbers (cm-1) and the intensity of the Stokes-Raman-scattered light.23–26 The Raman shift 

can be calculated according to Equation 6. 

 

Raman spectroscopy can be used to evaluate the intrinsic stresses/strains in crystal 
structure, purity, composition, doping effects and surfaces properties of materials (Figure 2.6) 
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Figure 2.6. An overview of general information that can be obtained from the Raman spectroscopy 
analyses of materials. 

2.4 Fluorescence spectroscopy 
Fluorescence spectroscopy is based on fluorescence, which is a photoluminescence event 

(photo = light; luminescence = the emission of light).28–30 A simple fluorescence process is 

summarized in Figure 2.7. The absorption of a photon of appropriate energy results in the 

excitation of ground state electron to the excited state. In this excited state, the fluorophore 

undertakes conformational changes and experiences potential interactions with its molecular 

environment. These events result in a partial dissipation of energy leading to a relaxed, excited 

state. This step is followed by the emission of a photon, returning the fluorophore to its ground 

state.28–31 
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Figure 2.7. Jablonski diagram illustrating the processes involved in the excitation of an electron 
by photon absorption and subsequent emission of fluorescence. 

Fluorescence analyses can be performed in two settings that include steady-state or time-

resolved measurements.28–30 In steady-state measurements, a sample is illuminated with a 

continuous beam of light, and the fluorescence intensity spectrum is recorded as a function of 

wavelength. In time-resolved measurements, a sample is illuminated by a short pulse of photons, 

after which the fluorescent intensity is recorded as a function of decay time (i.e., fluorescence 

lifetimes). Fluorescence lifetimes are critically dependent on the local environment surrounding 

the fluorescent molecule. Fluorescence spectroscopy is a commonly used technique in analytical 

chemistry and biology to characterize fluorescent molecules and luminescent materials. The 

techniques based on fluorescence spectroscopy can be used to evaluate various properties of 

fluorescent materials (Figure 2.8). 
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Figure 2.8. An overview of general information that can be obtained from the fluorescence 
spectroscopic analyses of materials. 
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Chapter 3. Synthesis of Lithium Niobate Nanocrystals with Size 
Focusing through an Ostwald Ripening Process 
 
 
 
Notice of Permissions  
The following chapter is adapted with permission from “Synthesis of Lithium Niobate 
Nanocrystals with Size Focusing through an Ostwald Ripening Process”. Rana Faryad Ali and 
Byron D. Gates, Chemistry of Materials 2018, 30, 6, 2028–2035 ©2018 American Chemical 
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3.1 Abstract 
A simple surfactant assisted solution-phase approach is demonstrated here for the 

preparation of lithium niobate (LiNbO3) nanoparticles with an average size of 30 nm. This 

solution-phase process results in the formation of crystalline, uniform nanoparticles of LiNbO3 at 

220 oC with an optimal reaction time of 36 h. Advantages of this method also include the 

preparation of crystalline nanoparticles of LiNbO3 without the need for further heat treatment or 

the use of an inert atmosphere. The growth of these nanoparticles began with a controlled 

agglomeration of nuclei. The reaction subsequently underwent a process of oriented attachment 

and Ostwald ripening, which dominated and controlled the further growth of the nanoparticles. 

These processes produced single-crystalline nanoparticles of LiNbO3. The average dimensions of 

the nanoparticles were tuned from 30 to 95 nm by increasing the reaction time of the solvothermal 

process. The LiNbO3 nanoparticles were characterized using transmission electron microscopy 

(TEM), selected area electron diffraction (SAED), high resolution TEM, X-ray diffraction, and 

Raman spectroscopy techniques. The nanoparticles were also confirmed to be optically active for 

second harmonic generation (SHG). These particles could enable further development of SHG 

based microscopy techniques.  
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3.2 Introduction 
Single-crystal lithium niobate (LiNbO3) nanoparticles were prepared using a surfactant 

assisted solution-phase method. Lithium niobate based nanomaterials have attracted attention due 

to their wide range of applications in the fields of ferroelectrics,1,2 piezoelectrics,3 and non-linear 

optics.4 Lithium niobate is a unique optical material. This material has been referred to as the 

‘silicon of photonics’ due to its excellent optical properties.5,6 Single-crystals of LiNbO3 are one 

of the most versatile and sought after non-linear optical (NLO) materials due to its large second 

order susceptibilities (e.g., 41.7 pm/V), photostability, and wide transmission window (e.g., 400 

to 5000 nm).7,8 Due to its NLO response, LiNbO3 based materials are important components of 

wavelength conversion devices,9 ultrafast laser writers,10 optical switches,11 optical parametric 

oscillators,12 optical modulators,10 and holographic devices.13 The preparation of LiNbO3 materials 

with nanoscale dimensions has been of particular interest due to their potential applications in 

ferroelectric memory devices, micro-photonic devices, optical sensors, biosensors and non-linear 

photocatalysis.14–19 Nanoparticles of LiNbO3 have also been used as second harmonic generation 

(SHG) imaging probes and have potential applications in expanding SHG based microscopy 

techniques.20–22 Recently, LiNbO3 nanoparticles have been used as bio-imaging probes to image 

cells by taking advantage of the exceptional SHG properties of these particles.23–25 A wider 

utilization of nanoparticles as SHG bio-imaging probes will require their dimensions to be below 

100 nm.26,27 The NLO properties of nanomaterials can also depend on their size, shape, and/or 

specific chemical composition.26 Other physical properties of perovskite based nanomaterials, 

such as ferroelectricity and piezoelectricity can also be strongly dependent upon their particle size 

and shape.28,29 To meet the needs of applications that seek to utilize these properties, different 

synthetic routes have been sought to prepare uniform nanoparticles of LiNbO3. 
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The methods used to prepare nanomaterials of LiNbO3 include solid state chemistry, 

molten salt syntheses, sol-gel methods, and solution-phase syntheses.30 Molten salt syntheses and 

solid state methods, in particular, have been commonly used to prepare single-crystals and 

anisotropic nanostructures of LiNbO3.31,32 Disadvantages associated with some solid state methods 

include a relatively high degree of aggregation in the products, a lack of the ability to tune the size 

of the product, a need for high temperature treatment (>500 oC), and the inclusion of micron sized 

particles.30,33 Sol-gel methods are widely reported in the literature to prepare nanomaterials and 

nanocrystalline thin films of LiNbO3. Limitations associated with some sol-gel processes is the 

need for a calcination step to induce crystallization in the products, and the formation of aggregated 

nanostructures.34,35 The Pechini technique, a wet chemical method that uses polymeric precursors, 

has also been used to prepare nanoparticles of LiNbO3. This technique does, however, have 

limitations that include the need for high temperature calcination (~500 oC) and the formation of 

a relatively aggregated product.36,37 Solution-phase methods have been sought to overcome many 

of these limitations. 

A number of solution-phase methods are reported in the literature for the preparation of 

LiNbO3 nanomaterials. Many of these methods can provide good control over the size, shape and 

purity of LiNbO3 nanomaterials. The solution-phase approach to prepare LiNbO3 can also provide 

access to relatively low temperature processes, less aggregated products and an ability to 

incorporate a wide range of reagents.37 Limitations associated with some of the previously 

demonstrated solution-phase methods include the formation of some micrometer size by-products, 

relatively long reaction times, and/or multi-step processing of the products.37–42 To the best of our 

knowledge, very few reports have been published in the literature demonstrating methods to 

prepare LiNbO3 nanoparticles with diameters below 100 nm. Antonietti et al. reported the 
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synthesis of LiNbO3 nanoparticles with diameters between 30 to 90 nm using a solution-phase 

synthesis. This approach required an inert atmosphere for handling the reagents (e.g., lithium 

metal), 4 days to carry out the reaction, and yielded a product containing a wide range of particle 

sizes and non-uniform shapes.43 In a separate study, Wiley et al. prepared LiNbO3 nanoparticles 

with an average size of 50 nm through a solvothermal method using 1,4-butandiol, a controlled 

substance, as a solvent. This method required 3 days to carry out the reaction.14 Our group 

previously reported the preparation of spherical and anisotropic LiNbO3 nanoparticles via the 

thermal decomposition of a single source precursor through a solution-phase synthesis that also 

required a 1 to 2 day process. Average lengths and diameters of the anisotropic nanoparticles were 

100 nm and 7 nm, respectively. This approach used an inert atmosphere for processing the 

reagents, temperatures above 350 oC to initiate decomposition of the precursor, and the product 

contained some non-uniform shapes.44 An alternative synthetic approach was sought for preparing 

LiNbO3 nanoparticles with a uniform shape and size, as well as the use of simpler and shorter 

processing conditions. 

Here, we report a surfactant assisted solution-phase synthesis of LiNbO3 nanoparticles. To 

the best of our knowledge, this is the first report to prepare uniform LiNbO3 nanoparticles with 

diameters down to 30 nm through the use of a solvothermal process with a relatively short reaction 

time. This solution-phase approach to prepare LiNbO3 nanoparticles has a number of advantages, 

such as processing times as short as 36 h, and reaction temperatures down to 220 oC without the 

need for further heat treatment or the use of an inert atmosphere. The LiNbO3 nanoparticles 

prepared by this route were assessed as a function of reaction time (e.g., 24 h to 96 h) to probe the 

mechanism of their formation and to assess the evolution of their dimensions and shape. These 

particles were also demonstrated to be optically active for SHG.  
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3.3 Experimental Section 
3.3.1 Synthesis of Lithium Niobate Nanoparticles 

All the chemicals were of analytical grade and were used as received without further 

purification. Lithium niobate nanoparticles were prepared in a single step through a solvothermal 

process. In brief, 40 mM of niobium ethoxide [(Nb(OC2H5)5, >90%, Gelest Inc.] was dissolved in 

10.0 mL of benzyl alcohol (99%, Acros Organics) and stirred for 30 min, which resulted in the 

formation of a pale yellow solution. This step was followed by the addition of 0.1 mL (i.e. 72 mM) 

of triethylamine [N(C2H5)3, 99%, Anachemia], which served as a surfactant to assist in controlling 

the growth and colloidal stability of the nanocrystals. The mixture was stirred for another 30 min. 

After this period of time, 40 mM of lithium hydroxide monohydrate (LiOH·H2O, 99%, Alfa Aesar) 

was added to the solution, which was stirred for another 10 h at room temperature. The resulting 

mixture was transferred to a 23 mL Teflon lined autoclave (Model No. 4749, Parr Instruments Co., 

Moline, IL USA) and heated at 220 oC for a specific period of time ranging from 24 to 96 h. After 

cooling to room temperature, white precipitates were isolated from the solution via a process of 

centrifugation (Model No. AccuSpin 400, Fisher Scientific) at 8000 rpm for 20 min and decanting 

of the solution. These solids were washed three times by re-suspending with 10 mL of ethanol and 

repeating the process of centrifugation and decanting of the solution.  The purification process was 

repeated three more times with 10 mL of deionized water (18 MΩ·cm, produced using a Barnstead 

NANOpure DIamond water filtration system). The purified product was dried at 70 oC for 12 h to 

remove residual water prior to further analyses.  

3.3.2 Characterization of Lithium Niobate Nanoparticles 
The morphology, dimensions, crystallinity, and lattice parameters of the LiNbO3 

nanoparticles were characterized using an FEI Osiris X-FEG 8 transmission electron microscope 

(TEM) operated at an accelerating voltage of 200 kV. The TEM was calibrated using a thin film 

of aluminum before acquiring selected area electron diffraction (SAED) patterns from the samples. 
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The camera length was 220 mm. Samples for TEM analysis were prepared by dispersing the 

purified products in ethanol followed by drop casting 5 μL of each suspension onto separate TEM 

grids (300 mesh copper grids coated with formvar/carbon) purchased from Cedarlane Labs. Each 

TEM grid was dried at ~230 Torr for at least 20 min prior to analysis. The TEM apertures used to 

acquire SAED patterns from multiple nanoparticles and the diffraction from a single nanoparticle 

were 40 µm and 10 µm, respectively. 

Phase and crystallinity of the samples were further determined from X-ray diffraction 

(XRD) patterns acquired with a Rigaku R-Axis Rapid diffractometer equipped with a 3 kW sealed 

tube copper source (Kα radiation, λ = 0.15418 nm) collimated to 0.5 mm. Powder samples were 

packed into a cylindrical recess drilled into a glass microscope slide (Leica 1 mm Surgipath 

Snowcoat X-tra Micro Slides) for acquiring XRD patterns of the products. 

Purity and phase of the product with respect to the desired rhombohedral phase were further 

assessed using Raman spectroscopy techniques. Raman spectra were collected using a Renishaw 

inVia Raman microscope with a 50X LWD objective lens (Leica, 0.5 NA), and a 514 nm laser 

(argon ion laser, Model No. Stellar-Pro 514/50) set to 100% laser power with an exposure time of 

30 s. The Raman spectrometer was calibrated by collecting the Raman spectrum of a polished 

silicon (Si) standard with a distinct peak centered at 520 cm-1. The Raman spectra for the samples 

were acquired from 100 to 1000 cm−1 using a 1200 lines/mm grating and a scan rate of 30 cm-1 per 

second. 

The SHG activity of the LiNbO3 nanoparticles were assessed using a Leica SP5 laser 

scanning confocal two photon microscope equipped with a Coherent Chameleon Vision II laser 

and a 20X objective lens (Leica, 1.0 NA). Dried powders of the LiNbO3 nanoparticles were loaded 

onto glass cover slips and brought into the focal point of the microscope. The excitation 
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wavelength was set to either 800 nm or 900 nm, and the corresponding band-pass filters were 

centered on 400 nm or 450 nm, respectively, to selectively collect the SHG signals.  

3.4 Results and Discussion 
We sought to develop a surfactant assisted solution-phase method to prepare single-

crystalline nanoparticles of LiNbO3 with uniform sizes and shapes. This surfactant assisted 

solution-phase approach to prepare LiNbO3 nanoparticles used niobium ethoxide and lithium 

hydroxide monohydrate as precursors. These reagents were reacted in the presence of 

triethylamine, which served as a surfactant during formation of the LiNbO3 nanoparticles. These 

reagents were dissolved in benzyl alcohol along with the triethylamine. Triethylamine, a short 

chain tertiary amine, was selected to passivate the surfaces of the nanocrystals during their growth 

and to minimize aggregation of the resulting nanoparticles.45 Niobium (V) ions are known to form 

labile complexes in which weaker coordinating ligands can be replaced by stronger ligands. Benzyl 

alcohol can act as a coordinating solvent due to its lower pKa value (e.g., 15.40) than ethanol (e.g., 

15.9), which results in a process of ligand exchange on the niobium.46–49 The ethoxide groups 

(C2H5O-) originally coordinated with the niobium (Nb5+) were exchanged with benzoxide groups 

(C7H7O-). This ligand exchange process resulted in a simultaneous change in the appearance of the 

solution from colorless to a pale yellow.  Triethylamine is also known to coordinate with the metal 

ions and may also interact with the niobium complexes in the solution to form adducts.49 

Hydrolysis of the niobium precursor likely occurs upon the addition of the lithium hydroxide 

monohydrate to this solution, resulting in the formation of niobium hydroxide. During the 

solvothermal treatment, these niobium hydroxide and lithium hydroxide precursors react further 

to form LiNbO3 nanoparticles. Solvothermal treatment of the precursors was performed at 220 oC 

over a period of time from 24 to 96 h.  
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Figure 3.1. A proposed mechanism for the synthesis of LiNbO3 nanocrystals through a solution-
phase process. The solvothermal treatment of the precursors produced nuclei that formed 
nanoparticles of LiNbO3. The growth of these nanoparticles initially followed a process of 
controlled agglomeration, but a process of Ostwald ripening dominated their subsequent growth 
with further heating of the reaction mixture.  

A proposed growth mechanism of the LiNbO3 nanoparticles is shown in Figure 3.1. The 

products prepared at 24 and 30 h contained agglomerated nanoparticles with average diameters 

less than 10 nm. A number of larger nanoparticles with dimensions between 20 and ~50 nm were 

also observed in the product at 30 h (Figures 3.2 and 3.3), indicating a bimodal size distribution at 

this stage of the reaction. This result is distinct from what is observed during a process that is only 

driven by Ostwald ripening.50,51 This increase in dimensions of the nanoparticles with progression 

of the reaction up to 30 h was instead attributed to a controlled agglomeration of the smaller 

nanoparticles, which was mediated by the presence of the triethylamine surfactant. Agglomeration 

of the smaller nanoparticles is attributed to their relatively high chemical potential due to their 

larger surface to volume ratio. These relatively small nanoparticles also have a greater mobility in 

solution, which increases their frequency of collision and enhances their probability to 

agglomerate.52 A further increase in the reaction time to 36 h resulted in the formation of a 

relatively well-dispersed and uniform product of LiNbO3 nanoparticles with average dimensions 

of 30 ± 5 nm (Figures 3.2 and 3.4). This further increase in particle size and the improvement in 

its uniformity were attributed to further growth of nanoparticles via processes of oriented 
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attachment and Ostwald ripening. During Ostwald ripening, the higher chemical potential of the 

smaller nanoparticles relative to the larger nanoparticles leads to a faster dissolution of the smaller 

particles in the solution.52 The larger nanoparticles are more stable due to their smaller chemical 

potential and they tend to progressively grow into larger nanoparticles. The potential dissolution 

of the smaller nanoparticles could generate monomeric or similar species in the solution, and the 

larger nanoparticles subsequently grow from addition of these highly reactive species to their 

surfaces.50,51,53 Under normal conditions, a process dominated by Ostwald ripening produces a 

unimodal size distribution, which is distinct from the size distribution observed in the early stages 

of this reaction. The size distribution of nanoparticles grown by Ostwald ripening can also broaden 

and shift to larger dimensions during subsequent coarsening processes (Figure 3.2).  

 

Figure 3.2. Transmission electron microscopy (TEM) analyses of LiNbO3 nanoparticles obtained 
after a reaction time of: (a) 30 h; (b) 36 h; (c) 48 h; and (d) 96 h. 
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Figure 3.3. Transmission electron microscopy (TEM) analyses of LiNbO3 nanoparticles obtained 
after a reaction time of: (a, b) 24 h; (c, d) 30 h; (e, f) 36 h; (g, h) 48 h; and (i, j) 96 h. 
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The growth of nanoparticles during the later stages of the reaction proceeds through 

deposition of material onto either individual nanoparticles or onto agglomerates of these 

nanoparticles. The mechanism of growth can be distinguished by analyzing the structure of the 

resulting nanoparticles. The nanoparticles grown through an oriented attachment process followed 

by Ostwald ripening usually consist of a single-crystal domain, but Ostwald ripening of 

agglomerates (or aggregates) can result in polycrystalline particles and potentially exhibit twinned 

crystal planes.50 The nanoparticles obtained at a reaction time of 36 h were single-crystalline vide 

infra, which further supported the hypothesis that the nanoparticles age through a process that 

includes oriented attachment and Ostwald ripening. In this synthesis, a product of single-

crystalline nanoparticles grew at the expense of smaller nanoparticles whether from individual or 

agglomerated species. As the growth proceeded at the elevated reaction temperatures, these 

smaller nanoparticles dissolved and contributed to the further growth of the larger nanoparticles 

into single-crystalline products. The driving force for this dissolution of the smaller particles, 

including those in the agglomerates, was from their higher chemical potential relative to the larger 

single-crystalline materials. The size of the single-crystalline nanoparticles increased as the 

reaction progressed from 36 to 96 h. Average dimensions of the LiNbO3 nanoparticles prepared at 

48 h and 96 h were 55 ± 14 nm and 95 ± 20 nm, respectively (Figures 3.2 and 3.4). It is worth 

noting that the size distribution of the nanoparticles continues to broaden. In summary, the results 

suggest that the formation of the LiNbO3 nanoparticles is initiated by a process of nucleation. As 

the reaction progressed, these relatively small nanocrystals start to agglomerate, which are 

reversible as their surfaces remain passivated with the triethylamine surfactant. Growth of 

individual nanoparticles proceeds in a controlled manner through a process of oriented attachment 

and Ostwald ripening to yield single-crystalline products. This secondary step of growth following 
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the initial agglomeration of the nuclei transforms the product from a bimodal size distribution into 

a fairly uniform product at 36 h.  

 

Figure 3.4. Histograms showing the dimensions of LiNbO3 nanoparticles synthesized at reaction 
times of: (a) 36 h; (b) 48 h; and (c) 96 h. The mean particle diameters and one standard deviation 
from each mean are reported on each histogram. Each analysis included measurements obtained 
from at least 100 individual nanoparticles.  
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Figure 3.5. Powder X-ray diffraction (XRD) patterns of LiNbO3 nanoparticles obtained after a 
reaction time of: (a) 24 h; (b) 30 h; (c) 36 h; (d) 48 h; and (e) 96 h. Also included are XRD patterns 
for (f) a reported LiNbO3 reference (JCPDS No. 020-0631). 

Evolution of the phase and crystallinity of the nanoparticles obtained at specific time points 

throughout the reaction were characterized using powder XRD analyses. The XRD patterns of the 

products obtained between 30 and 96 h indicated the formation of a crystalline product. All peaks 

were indexed with JCPDS No. 020-0631 corresponding to the formation of rhombohedral LiNbO3 

(Figure 3.5). Diffraction peaks between 2-theta values of 50° to 60° were absent for the materials 

prepared at a reaction time of 24 h, which indicated an incomplete crystallization of the product. 

In addition, the relatively broad peaks observed in the XRD patterns of the product prepared with 

a reaction time of 24 h indicated the presence of relatively small crystalline domains in the product 

(Table 3.1). The average dimensions of the crystallites in the products were calculated using the 

Scherrer equation.54  
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Table 3.1. Average dimensions of the crystallites estimated using Scherrer analyses for LiNbO3 
nanoparticles prepared at a reaction time of 24 h. 

peak position 
[2-theta (degree)] average crystallite sizes (nm) 

24.7  2.9 
31.7  3.6 
36.7  6.6 
42.5  4.9 
62.1 4.7 

 

High resolution TEM techniques were attempted to visualize the crystalline domains within 

the sample at 24 h, but these results were inconclusive likely due to a high degree of disorder 

within these samples. Analysis by SAED of the observed agglomerates did, however, further verify 

that the product at 24 h was polycrystalline (Figure 3.6).  

 

Figure 3.6. Selected area electron diffraction (SAED) of the product obtained after a 24 h 
solvothermal process.  

Dimensions of the crystallites in the products prepared between 30 to 96 h were calculated 

for the [012], [104], [110], and [116] directions (Table 3.2). The peak area of the (012) reflection 

increased relative to the other reflections for the products prepared with longer reaction times 
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indicating the growth of the nanoparticles along this direction during the solvothermal treatment. 

The relative intensities of the (110), (024), and (116) reflections decreased in the products prepared 

after the 36 h time point in the reaction, which indicated a non-uniform growth of the nanoparticles 

along the different crystalline planes. Longer reaction times resulted in a decrease in the uniformity 

of the product as a result of this differential growth of the crystalline facets. The average 

dimensions of the crystallites increased from ~21 to ~26 nm along the [012] direction with 

prolonged heating of the solvothermal product at 220 oC (Table 3.2). In contrast, the average 

crystalline dimensions along the other directions exhibited relatively little change throughout the 

duration of the reaction. The average dimensions of the nanoparticles as determined from TEM 

analyses of the products prepared after 48 and 96 h were significantly larger than the calculated 

dimensions of the crystallites. This inconsistency in the average particle size estimated from the 

XRD data with the measurements obtained from the TEM data is likely due to the presence of non-

spherical crystallites in the products.55  

Table 3.2. Average dimensions of LiNbO3 nanoparticles prepared at reaction times from 30 h to 
96 h as determined from the TEM and XRD data. 

reaction time 
(h) 

mean size(a) 
(nm) 

average 
crystallite  

size(b) (nm) 
[012] 

average 
crystallite 

size(b) (nm) 
[104] 

average 
crystallite 

size(b) (nm) 
[110] 

average 
crystallite 

size(b) (nm) 
[116] 

30  non-uniform 20.6  19.0 23.2 18.1 
36  30 ± 5 21.2  21.6 21.2 19.7 
48  55 ± 14 24.7  20.6 23.6 18.1 
96  95 ± 20 25.7  20.6 22.3 15.7 

 
(a) Results prepared from TEM analyses (see Figures 3.2 and 3.4 for further details). 
(b) Results prepared using Scherrer analyses of peak widths for the [012], [104], [110], and [116] 
reflections of the corresponding XRD patterns (see Figure 3.5 for the corresponding XRD 
patterns).  
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High resolution TEM analyses of the products collected at 36 to 96 h exhibit regular lattice 

fringe patterns (Figure 3.7). The observed lattice spacing matched the major reflections observed 

in the diffraction analyses of these products. These analyses suggested that growth by this solution-

phase process was controlled by the addition of the triethylamine surfactant, which produced 

single-crystalline nanoparticles of LiNbO3.  

 

 

Figure 3.7. High resolution (HR) TEM analyses of LiNbO3 nanoparticles prepared by a 
solvothermal synthesis after a reaction time of: (a, b) 36 h; (c, d) 48h; and (e, f) 96 h. 

The evolution of the phase and crystallinity of the LiNbO3 nanoparticles were evaluated 

further by Raman spectroscopy techniques (Figure 3.8). Characteristic peaks for LiNbO3 were 
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observed in the Raman spectra for samples prepared at reaction times from 30 to 96 h, which were 

indexed to the formation of rhombohedral LiNbO3 (Table 3.3).3,14,56 The Raman spectrum of the 

product prepared at a reaction time of 24 h indicated that the sample did not contain LiNbO3 with 

sufficiently large domain sizes for the detection limits of our Raman instrument, and/or that there 

is a relatively high degree of disorder within the sample at this early stage of the reaction. Raman 

spectroscopy was also utilized to confirm the purity of the LiNbO3 nanocrystals. This technique 

can differentiate the phase, as well as the composition of the lithium niobate (e.g., LiNbO3, 

Li3NbO4 and LiNb3O8).57 A commercial LiNbO3 powder was also analyzed as a reference material 

for comparison to the as-synthesized LiNbO3 nanoparticles. The products of this solvothermal 

method were not treated by high temperature processes (e.g., calcination), but were directly 

analyzed after the purification step as outlined in the Experimental Section of this chapter. The 

Raman spectra for the LiNbO3 nanoparticles matched the spectrum for the commercial LiNbO3 

powder, which further indicated the formation of a pure phase of rhombohedral LiNbO3 (Figure 

3.8). Raman spectroscopy of LiNbO3 is also sensitive to the nominal size of the nanoparticles 

(Figure 3.9). Significant changes can be observed in the Raman spectra of a material when 

comparing its bulk properties to those as a nanoparticle.58,59 A key contribution to this observation 

is that nanoparticles have a higher ratio of surface atoms to bulk atoms.58,60 Bond lengths can be 

different for species on the surfaces of the LiNbO3, due to their lower coordination number, than 

those in the bulk. For example, some surface bonds can undergo a contraction due to the formation 

of Nb=O species. A decrease in the average size of the nanoparticles was associated with the 

observation of new vibrational modes in the Raman spectra. The appearance of a Raman band at 

~900 cm-1 has been attributed to distortions of Nb=O species on the surfaces of the 

nanocrystals.56,59  
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Figure 3.8. Analyses by Raman spectroscopy of LiNbO3 nanoparticles obtained after a reaction 
time of: (a) 24 h; (b) 30 h; (c) 36 h; (d) 48 h; and (e) 96 h. Data is also included for (f) a commercial 
LiNbO3 powder. 

 

Figure 3.9. Raman spectra depicting the E-LO bands of LiNbO3 nanoparticles obtained after a 
reaction time of: (a) 24 h; (b) 30 h; (c) 36 h; (d) 48 h; and (e) 96 h. Data is also included for (f) a 
commercial powder of micrometer size LiNbO3 particles. Vertical lines overlapping the spectra 
indicate the vibrations observed at ~870 cm-1 and ~900 cm-1. 

The relative intensity of this Raman band decreased with an increase in the average 

diameter of the nanoparticles. The E-LO mode at ~870 cm-1 was largely unaffected by the changes 

in the dimensions of the nanoparticles. The TEM, XRD, and Raman results collectively confirmed 

that the optimal reaction time was 36 h for the formation of crystalline, uniform, and relatively 
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small LiNbO3 nanoparticles. A more detailed analysis was, therefore, performed on the product 

prepared at a reaction time of 36 h. 

Table 3.3. Bond vibrations associated with the Raman spectral bands of LiNbO3. 

 

 

 

 

 

Transmission electron microscopy analyses indicated the LiNbO3 nanoparticles obtained 

at 36 h were relatively uniform in size and that their shapes were semi-spherical (Figure 3.10). The 

average dimensions of these nanoparticles were calculated from measurements obtained from at 

least 250 nanoparticles. Their size distribution was unimodal with an average particle size of 30 ± 

5 nm as stated above. Crystallinity and phase of these LiNbO3 nanoparticles were further 

investigated using electron diffraction techniques. A well-defined ring pattern was observed in the 

SAED obtained from multiple nanoparticles, which confirmed the formation of crystalline 

materials (Figure 3.10 c). The SAED pattern was indexed to LiNbO3 and matched the assignment 

of the product to the rhombohedral phase of LiNbO3. The atomic-scale crystallinity of the LiNbO3 

nanoparticles was analyzed by high resolution TEM or HRTEM (Figure 3.10 d). A uniform lattice 

structure was observed throughout each of the nanocrystals, which suggested that each 

nanoparticle was a single-crystal. The periodic fringe patterns observed by HRTEM for some of 

these nanocrystals had a spacing of 3.7 Å. This spacing matched the inter-planar spacing for the 

(012) planes of LiNbO3 (e.g., Figure 3.10 e). Further analysis of the HRTEM images by a Fast 

Fourier Transformation (FFT) (e.g., Figure 3.10 e inset) indicated the presence of facets with 

{012} and {104} orientations when viewed along the [4̅2̅1] zone axis.  

wavenumber 
(cm-1) vibrations references 

152 NbO6 vibrations 1,2 
335 and 430  (Nb-O-Nb) 1 

365 ν (Li-O) 3 
~ 600 νas (NbO6) 1,4 
870 νas (Nb-O-Nb) 1,4 
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Figure 3.10. Lithium niobate nanoparticles obtained after a 36 h solvothermal process as 
characterized by: (a, b) TEM; (c) selected area electron diffraction (SAED); and (d) high resolution 
(HR) TEM. (e) Detailed analyses of the d-spacing and crystallographic orientation of the 
nanocrystal observed in (d). Insets depict a magnified view of the HRTEM image (scale bar = 2 
nm) corresponding to the box in (d) obtained along the [4̅2̅1] zone axis, and an analysis of this 
HRTEM image by a Fast Fourier Transformation (FFT). These analyses further confirmed the 
single-crystallinity of the nanoparticle.  

Electron diffraction patterns obtained from individual LiNbO3 nanoparticles further 

indicated the single-crystal nature of the product prepared after a reaction time of 36 h (Figure 

3.11). For example, the spot pattern from one nanocrystal was indexed to diffraction along the 

[11̅0] zone axis of LiNbO3 (Figure 3.11). These analyses collectively indicated the presence of 
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{012}, {104}, {116} and {110} as major facets within the individual single-crystalline 

nanoparticles of LiNbO3. 

 

Figure 3.11. Selected area electron diffraction from one nanocrystal (shown within the inset) 
viewed along the [11̅0] zone axis. The SAED pattern indicated the single-crystalline nature of the 
LiNbO3 nanoparticle.  

Purity, crystallinity, and phase of the LiNbO3 nanocrystals prepared at 36 h by the 

solvothermal process were further analyzed using XRD techniques. The XRD patterns for a 

commercial LiNbO3 powder (99.9%, Sigma Aldrich) were compared with these LiNbO3 

nanocrystals (Figure 3.12). The XRD patterns of the product matched well to the patterns observed 

for the commercial sample and to the rhombohedral structure of LiNbO3 (space group R3c, JCPDS 

No. 020-0631).61 Peak areas for the different XRD reflections relative to the (012) peak were 

determined to evaluate the presence of dominant facets in the product (Table 3.4). It is worth noting 

that the ratio of the areas of the (104)/(012), (110)/(012), and (116)/(012) peaks exhibited relatively 

high values of 0.65, 0.49, and 0.66, respectively, which indicates an enrichment of the {104}, 

{110}, and {116} facets in the LiNbO3 nanocrystals relative to what is observed in larger crystals 

of LiNbO3.  
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Figure 3.12. Powder X-ray diffraction patterns of: (a) LiNbO3 nanoparticles prepared by the 
solvothermal synthesis after a reaction time of 36 h; (b) a commercially available LiNbO3 
powder; and (c) a reported LiNbO3 reference (JCPDS No. 020-0631). 

Table 3.4. Ratios between the peak areas as measured from the XRD reflections for the reported 
LiNbO3 reference material (JCPDS No. 020-0631) and nanoparticles of LiNbO3 prepared between 
reaction times of 36 and 96 h. 

 

The uniform dimensions of the crystallites, as determined from the Scherrer analysis of the 

XRD peaks, and the relatively uniform size of the nanoparticles, as determined from the TEM 

analysis, suggests no preferred growth direction at this stage of the reaction. Nanoparticles of 

LiNbO3 have been previously observed to grow through a process dominated by oriented 

attachment.44 The uniform growth of LiNbO3 nanocrystals prepared by the solution-phase route 

XRD peak 
ratios 

reference JCPDS 
No. 020-0631 36 h product 48 h product 96 h product 

(104)/(012)  0.37 0.65 0.44 0.44 

(110)/(012)  0.22 0.49 0.27 0.26 

(113)/(012)  0.07 0.19 0.15 0.09 

(202)/(012)  0.11 0.22 0.19 0.18 

(024)/(012) 0.17 0.36 0.23 0.20 

(116)/(012) 0.25 0.66 0.34 0.32 



85 
 

described herein suggests there is an effective passivation of the crystal facets with inclusion of 

triethylamine in the reaction mixture. 

 

Figure 3.13. Second harmonic generation (SHG) results of LiNbO3 nanoparticles indicating their 
emission at 400 and 450 nm when excited at 800 and 900 nm, respectively. The inset image 
represents the false-colored emission from a dispersion of LiNbO3 nanocrystals prepared at a 
reaction time of 36 h 

Lithium niobate based materials have been widely studied for their SHG properties. The 

SHG response of a material is a second order nonlinear optical phenomenon in which two photons 

at a fundamental frequency (ω) are converted to one photon at a frequency of 2ω.21 The SHG 

properties of materials have been utilized for a number of applications that include non-linear 

optical microscopy, photodynamic therapy, generation of visible coherent light, and the 

verification of crystal structures.21,62–64 The SHG response of the as-prepared LiNbO3 

nanoparticles was characterized using a two photon microscope. The LiNbO3 nanocrystals 

exhibited a tunable SHG response. For example, the SHG response was tuned from wavelengths 

of 400 nm and 450 nm when exposed an incident laser centered at 800 nm and 900 nm, respectively 

(Figure 3.13). This SHG response of LiNbO3 could be further tuned to extend across the near 

infrared and visible regions of the electromagnetic spectrum.65,66 These SHG active LiNbO3 
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nanocrystals could be used as contrast agents or markers for bio-imaging applications, as well as 

for enabling advanced NLO microscopy studies of the interactions between nanoparticles and live 

cells (e.g., cell adhesion, cell release, and enzymatic activities of cells).19,67 

3.5 Conclusions 
In summary, we demonstrated a surfactant assisted solution-phase method to prepare 

uniform, single-crystalline LiNbO3 nanoparticles having an average size down to 30 nm. The 

solution-phase process to prepare these nanoparticles was carried out at a relatively low 

temperature (e.g., 220 oC) in benzyl alcohol over short reaction times (e.g., 36 h). During this 

solvothermal process, the precursors reacted to produce nuclei, which subsequently formed 

nanoparticles of LiNbO3. The growth of these nanoparticles initially proceeded through a 

surfactant controlled agglomeration of nanoparticles. Processes of Ostwald ripening and oriented 

attachment dominated the later stages of this reaction, which controlled further growth of the 

nanoparticles. The resulting nanoparticles of LiNbO3 exhibited minimal aggregation. The optimal 

reaction time to prepare small and uniform nanocrystals of LiNbO3 was 36 h. Their size could be 

further tuned by increasing the reaction time. Phase and purity of the products were characterized 

by XRD and Raman spectroscopy and compared to a commercially available LiNbO3 powder. 

These results indicated the formation of a pure rhombohedral phase of LiNbO3 at a relatively low 

temperature (e.g., 220 oC). The 30-nm diameter LiNbO3 nanocrystals contain {110}, {104}, 

{116}, and {012} as major facets as characterized through SAED, HRTEM and XRD analyses. 

The results of these analyses suggested that there was no preferred growth direction at this stage 

of the reaction, which resulted in the formation of semi-spherical nanoparticles of LiNbO3. The 

product was also SHG active and could be explored in the future for use as SHG imaging probes 

for applications requiring long-term monitoring of biological or other systems.   
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Chapter 4: One-pot Synthesis of Sub-10 nm LiNbO3 Nanocrystals 
Exhibiting a Tunable Optical Second Harmonic Response 
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4.1 Abstract  
Nanophotonics, dealing with the properties of light interacting with nanometer scale 

materials and structures, has emerged as a sought after platform for sensing and imaging 

applications, and is impacting fields that include advanced information technology, signal 

processing circuits, and cryptography. In this chapter, we introduce a solution-phase method to 

prepare single-crystalline LiNbO3 nanoparticles with average diameters of 7 nm. This one-pot 

approach forms well-dispersed LiNbO3 nanocrystals without additional organic additives (e.g., 

surfactants) to control growth and aggregation of the nanoparticles. Formation of these LiNbO3 

nanocrystals proceeds through a non-aqueous sol-gel reaction, in which lithium hydroxide and 

niobium hydroxide species were generated in situ. The reaction proceeded through both a 

condensation and crystallization of these reactants to form the solid nanoparticles. These 

nanocrystals of LiNbO3 were active for optical second harmonic generation (SHG) with a tunable 

response from 400 to 500 nm. These nanoparticles could enable further development of non-linear 

optical techniques such as SHG microscopy for bioimaging, which requires the dimensions of 

nanoparticles to be well below 100 nm. 
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4.2 Introduction 
 This report demonstrates a solution-phase method to prepare single-crystalline lithium niobate 

(LiNbO3) nanoparticles with an average diameter of 7 nm. Lithium niobate is a technologically 

important material.1 Lithium niobate based materials are used in photonic devices and sought for 

a diverse range of applications including optical modulators, acoustic-wave transducers, optical 

filters in mobile telephones, and wavelength converters in fiber optic based telecommunication 

systems.2–7 Nanostructures of LiNbO3 with a well-defined size distribution, crystallinity, and phase 

are sought for use in a diverse range of applications that include optical sensors for chemical and 

biological analyses, waveguides and electro-optical ceramics.2,6,8–11 Properties of interest for 

LiNbO3 are its relatively high non-linear optical response, piezoelectric coefficient, acousto-optic 

response, and photoelastic activity.4,7,11–15 Recently, LiNbO3 nanoparticles have also been 

explored as second harmonic generation (SHG) imaging probes for their potential to expand SHG 

based microscopy techniques. For example, these nanoparticles have been used as probes to assist 

in imaging cells by taking advantage of the exceptional SHG properties of these particles. Efficient 

transport and cellular uptake of these SHG bio-imaging probes require their dimensions to be well 

below 100 nm.16 The non-linear optical (NLO) properties of these materials also depend on their 

size, shape, and chemical composition.1,17–19 The ferroelectric and piezoelectric properties of these 

nanomaterials are also strongly dependent upon their particle size and shape.20–22 To meet the 

demands of these applications, different synthetic routes have been sought to prepare uniform 

nanoparticles of LiNbO3. 

 The preparation of single-crystalline LiNbO3 nanostructures, with well-defined dimensions and 

that exhibit minimal aggregation, is necessary for many of the targeted applications.23–27 Many 

solid state approaches, molten salt syntheses, and sol-gel methods have been reported for preparing 

nanomaterials of LiNbO3. These methods have been limited in their ability to tune the size of the 
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nanoparticles and to overcome aggregation in the products, and often require high temperature 

treatment (>500 °C) that result in the inclusion of micron sized particles.26,28–30 In recent years, 

solution-phase approaches have attracted further attention to prepare nanomaterials with control 

over their shapes, sizes, and crystallinity, as well as to achieve minimal aggregation of these 

products. Solution-phase approaches include some relatively low temperature methods that are 

promising for the preparation of crystalline nanomaterials with dimensions below 100 nm.31,32 In 

the literature, crystalline nanoparticles of LiNbO3 with dimensions between 30 and 100 nm have 

been prepared using solvothermal techniques. These synthetic techniques can provide robust 

routes to prepare well-dispersed, crystalline, and pure nanoparticles of LiNbO3. Antonietti and 

coworkers reported the synthesis of LiNbO3 nanoparticles having an average size of 60 nm through 

a solution-phase synthesis.33 This method required an inert atmosphere for handling the reagents 

(e.g., lithium metal) and the product contained a wide range of particle sizes and non-uniform 

shapes. Wiley et.al. prepared ~50-nm diameter LiNbO3 nanoparticles through a solvothermal 

method using 1,4-butandiol, a controlled substance, as a solvent.34 Our group reported two 

different solution-phase methods for the synthesis of LiNbO3 nanoparticles. In our first report, we 

demonstrated the formation of anisotropic LiNbO3 nanoparticles with lengths and diameters 

around 100 nm and 7 nm, respectively, through a relatively high temperature solution-phase 

approach.35 An inert atmosphere was used when handling the reagents, and reaction temperatures 

above 350 °C were used to initiate decomposition of the precursor. In our second report, single-

crystalline LiNbO3 nanoparticles with an average diameter down to 30 nm were prepared using a 

surfactant-assisted solvothermal method.36 This synthetic method provided a route to prepare 

LiNbO3 nanoparticles with a nanoscale diameter. It has, however, remained a challenge to further 

decrease in the diameter of single-crystalline LiNbO3 nanoparticles below 30 nm. Synthesis of 
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LiNbO3 materials with these smaller dimensions has been of particular interest for their potential 

utilization in SHG microscopy techniques, ferroelectric memory materials, photonic devices, 

optical sensors and non-linear photocatalyst.37–41 To meet the demands of these applications, a 

further decrease in the dimensions of the LiNbO3 nanoparticles was sought in this study. 

Herein, we demonstrate a solution-phase method to prepare single-crystalline LiNbO3 

nanoparticles with average diameters of 7 nm. An alternative preparation of LiNbO3 nanoparticles 

was sought through a non-aqueous sol-gel reaction, which involved the dissolution and 

condensation of reagents at high temperatures. The synthesis was carried out under ambient 

conditions without the need of an inert atmosphere or post-synthetic thermal annealing of the 

product. The size, dispersion, and crystallinity of the product were characterized by transmission 

electron microscopy (TEM) techniques. The composition, phase, and purity of the products were 

further characterized by X-ray diffraction and Raman spectroscopy techniques, which indicated 

the formation of crystalline LiNbO3 nanoparticles with a rhombohedral phase. The optical second 

harmonic response or SHG of these LiNbO3 nanocrystals was characterized and tuned over visible 

wavelengths by adjusting the incident wavelength of the laser.  

4.3 Experimental Section 
4.3.1 Materials and Supplies 

All the chemicals were of analytical grade and were used as received without further 

purification. Niobium ethoxide [(Nb(OC2H5)5, >90%)] was obtained from Gelest Inc., and lithium 

acetylacetonate ([Li(acac)], 99.5%) and benzyl alcohol (99%) were purchased from Alfa Aesar 

and Acros Organics, respectively. Anhydrous ethanol and a crystalline lithium niobate powder 

(LiNbO3, 99.9%, to serve as a reference material) were obtained from Commercial Alcohols and 

Sigma Aldrich, respectively. 
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4.3.2 Synthesis of Lithium Niobate Nanoparticles 
Lithium niobate nanoparticles having an average size of 7 nm were prepared through a 

solvothermal process. In brief, 40 mM of niobium ethoxide was dissolved in 10.0 mL of benzyl 

alcohol and stirred for 20 min. After this period of time, 70 mM of Li(acac) was added to the 

solution and stirred for another 6 h at room temperature. The resulting mixture was transferred to 

a 23 mL Teflon lined autoclave (Model No. 4749, Parr Instruments Co., Moline, IL USA) and 

heated at 220 oC for 96 h. After cooling to room temperature, white precipitates were isolated from 

the reaction mixture by centrifugation (Model No. accuSpin 400, Fisher Scientific) of the 

suspension at 8,000 rpm for 30 min. The obtained solids were washed three times by re-suspension 

in 10 mL of ethanol and repeating the process of centrifugation and decanting of the solution. The 

purification process was repeated three more times with 10 mL of deionized water (18 MΩ·cm, 

produced using a Barnstead NANOpure DIamond water filtration system). The purified product 

was dried at 70 oC for 10 h prior to further analyses to remove moisture present from the 

purification process. 

4.3.3 Characterization of the Lithium Niobate Nanoparticles 
The size, morphology, crystallinity, and phase of the LiNbO3 nanoparticles were each 

analyzed using an FEI Osiris X-FEG 8 scanning/TEM operated at an accelerating voltage of 200 

kV. Samples for TEM analysis were prepared by dispersing the purified products in ethanol 

followed by drop casting 3 μL of the suspension onto separate TEM grids (300 mesh copper grid 

coated with formvar/carbon, or CVD Graphene TEM support on a Copper 2,000 grid) purchased 

from Cedarlane Labs and Graphene Laboratories Inc. Each TEM grid was vacuum dried at ~230 

Torr for at least 30 min prior to analysis. The TEM was calibrated using a thin film of aluminum 

before acquiring the selected area electron diffraction (SAED) patterns from the samples. The 
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camera length was 220 mm and the TEM aperture used to acquire the SAED patterns from multiple 

nanoparticles was 40 μm. 

Phase and crystallinity of the products were further assessed using powder XRD. The XRD 

patterns of the samples were acquired with a Rigaku R-Axis Rapid diffractometer equipped with 

a 3 kW sealed tube copper source (Kα radiation, λ = 0.15418 nm) collimated to 0.5 mm. The 

samples were packed into a cylindrical recess drilled into glass microscope slides (Leica 1 mm 

Surgipath Snowcoat X-tra Micro Slides) for acquiring XRD patterns for the products. 

Purity and phase of the product were further characterized using Raman spectroscopy techniques. 

A Renishaw inVia Raman microscope, equipped with a 50× LWD lens (Leica, 0.5 NA) and a 514 

nm laser (e.g., argon ion laser, Model No. Stellar-Pro 514/50) set to 100% of the laser power, was 

used to acquire the Raman spectra. The Raman spectrometer was calibrated by collecting the static 

Raman spectra of a polished silicon (Si) standard at 520 cm-1. Raman spectra of the samples were 

measured from 100 to 950 cm−1 using a 1,200 lines/mm grating and an exposure time of 30 s at a 

scan rate of 10 cm-1/s. 

The second harmonic response of the LiNbO3 nanoparticles was analyzed using a Leica 

SP5 laser scanning confocal, two photon microscope equipped with a Coherent Chameleon Vision 

II laser (tunable from 680 to 1,080 nm for two photon excitations) and a 20× objective lens (Leica, 

1.0 NA). The average peak power of the laser was 3.0 W at a wavelength of 800 nm. Powdered 

samples of the LiNbO3 nanoparticles were mounted onto glass coverslips and brought into the 

focal point of the microscope. The excitation wavelengths were set to 800, 850, 900, 950 and 1,000 

nm, and the corresponding band-pass filters were centered at 400, 425, 450, 475, and 500 nm, 

respectively, to selectively collect the second harmonic response of the LiNbO3 nanocrystals.  
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4.4 Results and Discussion   
4.4.1 Mechanism for the Formation of Lithium Niobate Nanoparticles 
 

 

Figure 4.1. Formation of LiNbO3 nanoparticles through a non-aqueous sol-gel process, which 
were prepared through the condensation of LiOH and NbOx(OH)y(OR)z species generated in situ 
by a solvothermal treatment of Nb(OC2H5)5 and Li(acac) dissolved in benzyl alcohol. 

In the solution-phase method reported herein, the formation of LiNbO3 nanoparticles 

proceeded through a mechanism of dissolution, condensation, and crystallization. In this non-

aqueous sol-gel route, niobium ethoxide [Nb(OR)5, where R = -C2H5] and lithium acetylacetonate 

[Li(acac)] were first dissolved in benzyl alcohol (Figure 4.1). A subsequent solvothermal treatment 

of this solution was performed in a Teflon lined autoclave at 220 oC for 96 h. Solvolysis of the 

precursors generated LiOH and NbOx(OH)y(OR)z species in situ. Formation of these hydroxyl 

based species within the reaction mixture was pursued to generate the necessary sol-gel precursors, 

which subsequently solidified through a condensation process in the solution. Condensation of the 

precursors formed a series of metal-oxygen-metal (M-O-M) bonds. Aging these species at the 

temperatures of the solvothermal process can result in the formation of crystalline LiNbO3 

nanoparticles.42–45 We choose Li(acac) as a precursor for its acetylacetonate or  β-diketone ligand. 

This bidentate “acac” ligand coordinates with the Li ions, and is believed to control the rate of 

solvolysis during formation of the LiOH in the reaction mixture, which helps to control the 

formation of the LiNbO3 nanoparticles.46,47 Regulating the rate of solvolysis of the precursors 

could provide control over the production of monomers in the solution and was sought to achieve 

a regulated growth of the nanoparticles at elevated temperatures. This controlled solvolysis of the 
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precursors in solution could control the production of monomers and, therefore, the process 

involved in nucleation and growth of the nanoparticles, as well as to possibly minimize aggregation 

of the final product.48,49 Therefore, limiting the rate of solvolysis and the condensation of the Li 

and Nb precursors may lead to the formation of uniform, well-dispersed LiNbO3 nanoparticles. 

4.4.2 Morphology and Structural Characterization of the LiNbO3 Nanoparticles 

 

Figure 4.2. Lithium niobate nanoparticles characterized by: (a, b) transmission electron 
microscopy (TEM); (c) a selected area electron diffraction (SAED) analysis; and (d) a high 
resolution (HR) TEM analysis. (e) A detailed analysis of the d-spacing and the crystallographic 
orientation of the nanocrystal as observed in the HRTEM image. The inset in (e) depicts the results 
of a Fast Fourier Transformation (FFT) of the HRTEM image in (d). 

Size and shape of the products prepared through the solvothermal treatment at 220 oC for 

96 h were characterized by TEM (Figure 4.2). The nanoparticles of LiNbO3 were relatively well 
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dispersed with a semispherical shape (Figures 4a, 4b). The mean diameter of these nanoparticles, 

calculated from the measurement of at least 230 individual nanoparticles, were 7 ± 2 nm (Figure 

4.3). The error is reported here as one standard deviation from the calculated mean diameter. 

Crystallinity and phase of the nanoparticles were characterized by selected area electron diffraction 

(SAED) techniques.  

 

Figure 4.3. Histogram depicting the size distribution for the diameters of the LiNbO3 nanoparticles 
prepared at a reaction time of 96 h. This analysis included measurements obtained from 230 
independent nanoparticles. The variance of 2 nm is reported as one standard deviation from the 
calculated mean of 7 nm. 

The SAED patterns indicated the formation of a crystalline product, and the observed ring 

patterns were indexed to the rhombohedral phase of LiNbO3 (Figure 4.2 c). The crystallinity of the 

nanoparticles was further confirmed through high resolution (HR) TEM analyses. A regular lattice 

structure was observed by HRTEM, which suggested the formation of single-crystals for 

individual nanoparticles (Figure 4.2 d). A typical analysis of the lattice spacing observed within 

the nanoparticles is shown in Figure 4.2 e. The average lattice spacing was 0.37 nm, which was 

indexed to the (012) planes of rhombohedral LiNbO3. A Fast Fourier Transform (FFT) pattern of 

this HRTEM image, obtained along the [42-1] one axis, is shown in the inset of Figure 4.2 e. The 

FFT pattern indicated the presence of lattice spacings of 0.37 nm and 0.27 nm, which were indexed 
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to the {012} and {104} facets of rhombohedral LiNbO3, respectively. The morphology and 

dominant facets for rhombohedral, single-crystal LiNbO3 nanoparticles were predicted using 

Bravais-Friedel-Donnay-Harker (BFDH) calculations (Figure 4.4) using Mercury software.50,51 

According to the results of these calculations, the shapes of the crystals were determined by the 

facets with greatest inter-planar spacing. The shape of the resulting crystal is governed by the 

relative growth rates of each of the crystal facets. The most prominent facets of the crystal are 

those that are the slowest growing, while the smallest facets are the fastest growing and may be 

absent in the final product.52,53 The BFDH calculations for a single-crystal of LiNbO3 indicated 

the presence of {012} and {104} as major facets, which agreed with the FFT analyses of the 

HRTEM results. The HRTEM results and the BFDH calculations suggested the formation of 

single-crystalline nanoparticles of LiNbO3. 

 

Figure 4.4. Bravais-Friedel-Donnay-Harker (BFDH) morphology calculations for LiNbO3 
indicated that {012}, {104}, and {006} are dominant facets in a single-crystal product. 

4.4.3 Further Analyses of the Phase and Crystallinity of the LiNbO3 Nanoparticles 
Crystal structure and phase of the LiNbO3 nanoparticles were further characterized by 

powder X-ray diffraction (XRD) techniques (Figure 4.5). For comparison, XRD patterns were also 

acquired for a commercial LiNbO3 powder purchased from Sigma Aldrich. The XRD patterns of 
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this commercial sample were indexed to rhombohedral LiNbO3 in agreement with a reference 

material reported in the literature.54 

 

Figure 4.5. Powder X-ray diffraction patterns for: (a) LiNbO3 nanoparticles prepared by the 
described solution-phase synthesis; (b) a commercial LiNbO3 powder purchased from Sigma 
Aldrich; and (c) a reported LiNbO3 reference (JCPDS No. 020-0631). 

The XRD patterns of the LiNbO3 nanoparticles were indexed, and the results correlated 

well with the commercial LiNbO3 powder and the reported LiNbO3 reference (space group R3c, 

JCPDS No. 020-0631). This further indicated the formation of a rhombohedral LiNbO3 product 

supporting the SAED analyses (Figure 4.2 c). Peak areas for the different XRD reflections relative 

to the (012) peak were determined to evaluate the presence of dominant facets in the product. It is 

worth noting that the ratio of the areas of the (104)/(012), (202)/(012), and (116)/(012) peaks 

exhibited relatively high values of 0.56, 0.75 and 0.41, respectively. These results indicated an 

enrichment of the {104}, {202}, and {116} facets in the LiNbO3 nanocrystals relative to those 

observed in larger crystals of LiNbO3 (Table 4.1).  
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Table 4.1. Ratios between the peak areas as measured from the X-ray diffraction (XRD) reflections 
for a reported LiNbO3 reference material (JCPDS No. 020-0631) and the nanoparticles of LiNbO3 
prepared by the solvothermal synthesis. 

 

 

 

 

 

The combined results of the SAED, HRTEM, and XRD analyses indicated that the major 

facets in the 7 nm nanocrystals of LiNbO3 were {012}, {104}, {116}, and {202}. The results of 

the HRTEM, SAED and XRD analyses also suggested that there was no single preferred growth 

direction for the nanocrystals, which resulted in the formation of semispherical nanoparticles of 

LiNbO3.  

We also assessed the optimal reaction time to prepare crystalline LiNbO3 nanoparticles. 

Samples obtained at shorter reaction times (e.g., 72 h versus 96 h) resulted in the formation of 

semi-crystalline products as observed by XRD analyses (Figure 4.6). Several diffractions peaks 

for samples obtained at shorter reaction times were absent between 45o and 60o indicating an 

incomplete crystallization of the products when prepared at a reaction time of 72 h. Several of the 

diffraction peaks were also broader for these products, which indicated the presence of relatively 

small crystalline domains within these materials.  

 

 

 

XRD peak 
ratios 

reference JCPDS 
No. 020-0631 96 h product 

(104)/(012)  0.37 0.56 

(110)/(012)  0.22 0.24 

(202)/(012) 0.11 0.75 

(116)/(012) 0.25 0.41 
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Figure 4.6. Powder XRD patterns of the products obtained after reaction times of: (a) 72 h; and 
(b) 96 h. For comparison, XRD patterns are included for: (c) a commercial LiNbO3 powder 
purchased from Sigma Aldrich; and (d) a reported LiNbO3 reference material (JCPDS No. 020-
0631). 

The composition, purity and phase of the LiNbO3 nanoparticles obtained by solvothermal 

treatment for 96 h were also characterized by Raman spectroscopy. Raman spectra of these 

samples were acquired over a spectral range from 100 to 950 cm-1 (Figure 4.7). A Raman analysis 

of the commercial LiNbO3 powder purchased from Sigma Aldrich was also acquired to compare 

its phase and purity with the nanoparticles. The Raman spectrum of the LiNbO3 nanoparticles was 

in agreement with the spectrum observed for the commercial LiNbO3 sample, which further 

indicated the formation of a rhombohedral product.28 The Raman bands below 250 cm-1 (E-TO) 

were assigned to the deformation of the NbO6 framework, and the band centered at ~600 cm-1 (A1-

TO) corresponded to the symmetric stretching of Nb-O-Nb bonds in the rhombohedral LiNbO3 

nanocrystals. Raman peaks at ~430 cm-1 and ~375 cm-1 (E-TO) were associated with the bending 

modes of the Nb-O-Nb bond, while the Raman band above 800 cm-1 was assigned to the 

antisymmetric stretching of the Nb-O-Nb bonds in the NbO6 octahedra of LiNbO3. The relative 

intensities and positions of the Raman bands can be strongly influenced by particle sizes smaller 
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than 100 nm. A new and relatively intense peak ~900 cm-1 was observed in the smaller 

nanocrystals of LiNbO3, which can be assigned to Nb=O stretching.55–57  

 

Figure 4.7. Analysis by Raman spectroscopy of: (a) LiNbO3 nanoparticles prepared after a period 
96 h by the solution-phase synthesis; and (b) a commercial LiNbO3 powder purchased from Sigma 
Aldrich. 

This Raman band could be attributed to the enrichment of Nb=O bonds on the surfaces of 

the nanoparticles due to their relatively high surface to volume ratio and the presence of under-

coordinated Nb atoms on their surfaces. The relative intensity of the Raman bands corresponding 

to the Nb=O stretch is inversely proportional to the diameter of the nanocrystals (e.g., nanocrystals 

of smaller diameters possess a relatively intense Raman band).36 It is worth noting that the A1-TO 

band centered around ~600 cm-1 for the nanocrystals of LiNbO3 exhibited a red shift (~37 cm-1) 

and an asymmetric broadening in comparison to those observed for the commercial LiNbO3 

powder. This red shift and asymmetric broadening of the Raman bands can be attributed to a 

stronger influence of surface effects for the smaller diameter nanocrystals. This effect is due to 

the increased surface to volume ratio and the larger proportion of under-coordinated surface Nb 

atoms in the smaller LiNbO3 nanocrystals, which shift the vibrational density of states (VDOS) to 

lower frequencies.58,59 Raman spectroscopy techniques are also very sensitive to the symmetry of 



110 
 

a material and can be used to assess compositional changes in a product. The physical and 

structural properties of LiNbO3 change linearly as a function of Li concentration due to the 

formation of Li rich (e.g., Li3NbO4) and Li poor (e.g., LiNb3O8) phases.60 The presence of Li poor 

or Li rich phases is undesirable due to their non-stoichiometric composition, which reduces the 

non-linear optical, electro-optical, and piezoelectric properties of the desired LiNbO3 

product.18,60,61 Characteristic Raman bands for LiNb3O8 (e.g., 59, 79, 96, 542 701 and 738 cm-1) 

and Li3NbO4 (e.g., 470, 520, 748 and 824 cm-1)60 were absent in the Raman spectra of the LiNbO3 

nanoparticles prepared at 96 h through this solution-phase approach. In conclusion, these Raman 

spectroscopy results indicated the formation of pure nanocrystals of rhombohedral LiNbO3.  

 

Figure 4.8. Raman spectra for the products obtained at reaction times of: (a) 72 h; and (b) 96 h. 
For comparison, a Raman spectrum is included for (c) a commercial LiNbO3 powder purchased 
from Sigma Aldrich.  

Crystallinity of the product obtained by solvothermal treatment for 72 h was also 

investigated by Raman spectroscopy (Figure 4.8). This Raman spectrum indicated the formation 

of a semi-crystalline product as the characteristic E-TO Raman bands for rhombohedral LiNbO3 

were absent in the product.62  
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4.4.4 Analysis of the Optical Second Harmonic Response of LiNbO3 Nanoparticles 
The optical second harmonic response of the LiNbO3 nanocrystals was also examined to 

evaluate their non-linear optical (NLO) properties. Non-linear optical materials have a wide range 

of important applications that include quantum light sources, frequency convertors, ultrafast 

optical switches, and memory storage devices.63–66 Non-linear optical processes, such as second 

harmonic and third harmonic generation, can be observed when a sufficiently intense light source 

interacts with the electric fields within a NLO medium. Distinct from linear optical materials, the 

properties of a NLO medium such as its refractive index and absorption coefficient are dependent 

on the intensity of the incident light. The non-linear interactions between the incident photons and 

electric fields of the NLO materials usually requires a relatively high intensity of these incident 

photons.66,67 Second harmonic generation is a second-order NLO process in which two incident 

photons of the same frequency (ω) are converted into a single photon having double the initial 

frequency (2ω).67 The SHG signal is produced when light of a sufficiently intensity interacts with 

a material lacking an inversion symmetry. The oscillating electric field of the incident photons at 

a particular frequency (ωi) results in a non-linear polarization of the NLO medium, which upon 

relaxation results in the emission of single photon at the twice incident frequency (2ωi).68,69  Unlike 

two-photon based excitation of fluorescence that involves the transition of electrons to a real 

excited state, the SHG process is a non-linear polarization process that involves the transition of 

dipoles to a virtual excited state (Figure 4.9). The resulting SHG response can be tuned by changing 

the excitation wavelength.68 The SHG signal intensity does, however, depend on several factors 

that include the intensity, polarization, and wavelength of the incident light, the dimensions and 

non-linear susceptibility of the materials, and the numerical aperture (NA) of the optical lenses 

used in these measurements.66,68 
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Figure 4.9. Schematic diagrams for optical transitions associated with non-linear optical excitation 
and the corresponding photon emission: (a) a Perrin–Jablonski fluorescence diagram 
demonstrating that a two-photon induced fluorescence results from the absorption of two photons 
of an appropriate frequency (ωi), followed by a vibrational relaxation to the lowest energy level of 
the excited electronic states. Subsequent relaxation to the ground state results in a spontaneous 
fluorescence emission of a photon with an energy equivalent to less than 2ωi; and (b) a depiction 
of second harmonic generation (SHG) in which two incident photons of a frequency (ωi) are 
converted into a single photon with double the frequency (2ωi) of the incident photons. This 
conversion involves a virtual excited state.  

Recently, nanometer sized materials have received interest for their potential use as probes 

in SHG based microscopy, with the absence of blinking and a flat frequency conversion response, 

contrary to quantum dots.69 The NLO materials have also been sought for their ability to generate 

coherent light emission and for exhibiting stability against bleaching, contrary to fluorescent 

dyes.70 Nanoscale NLO crystals are also beneficial for the preparation of hybrid materials by 

embedding these nanocrystals into easily processable polymers.71–73 Another advantage of 

nanoscale NLO materials is their ability to generate a second harmonic response without requiring 

phase-matching conditions. The intensity of the SHG in bulk NLO materials (e.g., where size of 

the crystals exceeds the wavelength of the incident light) is only appreciable if it obeys phase-

matching conditions, which occurs if the second harmonic response moves in the material at the 

same velocity and in the same direction as the incident photons, resulting in a constructive 

interference. However, nanoscale NLO crystals do not require this phase-matching condition for 

producing an appreciable second harmonic response due to their relatively small diameters with 
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respect to the wavelength of the incident photons. Due to the lack of phase-matching conditions, 

the SHG produced anywhere in the nanocrystal will be approximately in phase, allowing SHG 

response to efficiently proceed along multiple directions.73–76  

Lithium niobate is a non-centrosymmetric material and is one of the most versatile NLO 

materials with a variety of interesting properties, such as its optical second harmonic response, 

ferroelectric response, electro-optic activity, and piezoelectric response. Lithium niobate based 

nanomaterials have attracted attention due to their relatively large second order susceptibilities 

(e.g., 41.7 pm/V) and relatively wide window of optical transparency (e.g., 400 to 5000 nm).36 

Lithium niobate is also a fairly stable SHG material and has a relatively large non-linear optical 

coefficient.77–79 The preparation of nanoscale LiNbO3 nanocrystals has been of particular interest 

due to their properties emerging from dimensional confinement, which have potential applications 

in bio-imaging, biological and chemical sensing, and NLO devices.67,70,80–82  

Our nanocrystals of LiNbO3 were optically transparent between at wavelengths longer than 

400 nm and up to 1,000 nm, and had a direct band gap 3.85 eV (Figures 4.10 and 4.11). The SHG 

activity and its tunability for the ~7 nm diameter LiNbO3 nanoparticles were studied for different 

incident fundamental wavelengths (FW) using a tunable femtosecond (fs) pulsed laser. The 

incident FWs were generated using a mode-locked Ti:sapphire laser with a pulse width of ~140 fs 

and a tunable output of FWs from 680 to 1,080 nm. The repetition rate and tuning speed of the fs 

pulses were 80 MHz and >40 nm/s, respectively. 
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Figure 4.10. Extinction spectrum of a suspension of the ~7-nm diameter LiNbO3 nanocrystals in 
an ethanol solution. This spectrum indicates the optical transparency of these nanoparticles from 
~400 to 1000 nm. The non-linear background is associated with an absorbance edge of the LiNbO3 
particles. This contribution can be further observed in the details provided in Figure 4.11.   

 

Figure 4.11. Analyses of the optical band gap for the LiNbO3 nanoparticles as determined using a 
Tauc plot. The Tauc plot was obtained by plotting (αhν)1/n versus the incident light in values of hν, 
where α represents the absorption coefficient and n denotes the type of electronic transition 
involved in the excitation process. A value of n = ½ was used for these analyses, which corresponds 
to a direct band gap transition. The calculated band gap is 3.85 eV or ~322 nm, which is consistent 
with prior reports for LiNbO3. 
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The SHG for a powdered sample of the LiNbO3 nanoparticles was assessed for a series 

of discrete FWs while maintaining a constant incident power. A second harmonic response was 

observed at 400, 425, 450, 475 and 500 nm when the LiNbO3 product was excited with FWs of 

800, 850, 900, 950, and 1,000 nm, respectively. These results correlated well to the anticipated 

frequency doubling of the FWs (Figure 4.12).  

 

Figure 4.12. The false-colored second harmonic generation (SHG) based images (scale bars = 5 
µm) for powders of the LiNbO3 nanoparticles placed on a glass cover-slip and irradiated using a 
pulsed laser with an excitation wavelength of: (a) 800 nm; (b) 850 nm; (c) 900 nm; (d) 950 nm; 
and (e) 1000 nm. (f) Second harmonic response of the ~7-nm diameter LiNbO3 nanoparticles 
indicate their tunable emission at 400, 425, 450, 475 and 500 nm when excited at the corresponding 
wavelengths reported for samples (a) to (e). 

False-colored images were prepared corresponding to the intensity and wavelength of the 

second harmonic response from the powdered LiNbO3 product, as shown in Figure 4.12. These 

false-color images were prepared from grey-scale images through the use of Leica Application 

Suite X to match their color to the corresponding wavelength of the resulting SHG signal. These 

results indicated that the ~7-nm diameter nanocrystals of LiNbO3 are SHG active and can 
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generate a second harmonic response over a broad range of wavelengths by adjusting the 

wavelength of the incident fs pulsed laser. Due to limitations in the configuration of our source and 

detector, we were limited to studying the NLO properties of these materials over the range from 400 to 

500 nm. The SHG of these LiNbO3 nanocrystals could be further extended and tuned to near-

infrared wavelengths by choosing appropriate incident wavelengths.71 Intensity of the SHG signals 

obtained from these samples decreased with increasing wavelength of the incident light (Figure 

4.13).  

 

Figure 4.13. Relative intensity of the SHG signal obtained from the ~7-nm diameter LiNbO3 
nanoparticles as obtained at 400, 425, 450, 475 and 500 nm when excited with incident 
wavelengths of 800, 850, 900, 950 and 1000 nm, respectively. For comparative purposes, the SHG 
intensities of were each normalized against the maximum intensity of the SHG signal that was 
measured at 400 nm when the incident light was 800 nm. These intensities of the SHG signals 
were not normalized against the incident power of the laser. 

This decrease in the intensity of the SHG signals corresponded to a decrease in the peak 

power of the fs pulsed laser with increasing wavelength (Figure 4.13 and Equation 4.1). The 

observed decrease in power also correlated with an increase in the beam waist, which resulted a 

decreased intensity of the SHG signals (Equation 4.2). The intensity of the SHG signal is 

dependent on the frequency of the fundamental, incident light. This relation is represented in 

part through Equation 4.1, listed below.  This equation shows that an increase in the wavelength 
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of the incident light inversely effects the intensity of the resulting SHG signals. Furthermore, 

the observed decrease in intensity of the SHG signals also correlates with a decrease in the 

power of the incident light with an increase in wavelength, which results an increase in the 

beam waist (Equation 4.2). It is the combination of these contributions that leads to a decrease 

in the observed SHG signal with an increase in wavelength of the incident light. 

𝐼2𝜔 ∝ 16𝜋(𝜔/𝑛𝜔
2 𝑛2𝜔𝑐)2 𝑘𝑆2𝜔

2  |𝜒𝑒𝑓𝑓
(2)

|2 𝐼𝜔       
2  Equation 4.1 

Herein,   

I2ω, intensity of the SHG signal  

ω, frequency of the fundamental excitation 

nω, refractive index of the material at the fundamental wavelength of the excitation 

n2ω, refractive index of the material at the second harmonic wavelength 

2ω, frequency of the SHG signal 

c, speed of light 

k, a function related to the particle size  

S2ω, backscattering coefficient at 2ω 

χeff
(2), second order susceptibility of the material 

Iω , intensity of the fundamental excitation wavelength 

 

𝜔0 = 
1.27 × 𝑓 ×  𝜆

𝑑
  ≈   

1.27 ×  𝜆

2𝑁𝐴
    Equation 4.2 

Herein,  

ωo, beam waist/radius d, clear aperture 

f, focal length   λ, wavelength of incident light 

NA, numerical aperture of the lens 
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The full width at half maximum (FWHM) of the measured second harmonic response 

should corresponded to 1/√2 of the bandwidth of the femtosecond pulsed laser used to generate 

the SHG response.[82] An average FWHM of 7 nm was measured for the SHG from the ~7-nm 

diameter LiNbO3 nanocrystals, which is significantly narrower than the FWHM of the emission 

signal reported for many fluorescent probes. Fluorescence markers, including quantum dots and 

organic dyes, have spectral bandwidths (e.g., FWHM) for their emission signals within the range 

of 20 to 50 nm.83,84 The tunable wavelength and narrow bandwidth of the SHG response from the 

LiNbO3 nanocrystals enable advantages that include generating multiplexed optical images, tuning 

the response to avoid autofluorescence, and increasing the penetration depth of the analysis by 

minimizing contributions from scattering and absorption.70 These SHG active LiNbO3 

nanocrystals could be used as bio-imaging probes, and could open up new opportunities in SHG 

microscopy techniques. 

4.5 Conclusions 
In conclusion, we have successfully prepared single-crystalline LiNbO3 nanoparticles with 

average diameters of 7 nm using a solution-phase method. Advantages of this solution-phase 

method include the formation of crystalline nanoparticles without needing post-synthetic thermal 

processing of the product, and no need for an inert atmosphere to process the reagents or for the 

reaction. This solvothermal one-pot approach resulted in the formation of well-dispersed 

nanoparticles of LiNbO3 without requiring the addition of further organic additives (e.g., 

surfactants). The non-aqueous sol-gel processes of this solvothermal method resulted in the in situ 

formation of LiOH and NbOx(OH)y(OR)z species, followed by their condensation and aging at 

higher temperatures to form crystalline LiNbO3 nanoparticles. Structural characterization by TEM, 

HRTEM, SAED, and XRD indicated that the product contained single-crystalline, LiNbO3 

nanoparticles with {012}, {104} {116} and {202} as major facets. The results of these analyses 
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suggested that there was no single preferred growth direction for the nanoparticles. This reaction 

resulted in the formation of semispherical nanoparticles of LiNbO3. Composition and phase of the 

products were characterized using XRD and Raman spectroscopy techniques, which indicated the 

formation of rhombohedral nanocrystals of LiNbO3. The LiNbO3 nanoparticles were determined 

to be SHG active. Their optical second harmonic response was tuned from 400 to 500 nm by 

adjusting the wavelength of incident pulsed laser. The second harmonic response of the 

nanocrystals could be further tuned by choosing a suitable wavelength for the incident laser. These 

SHG active LiNbO3 nanoparticles could be used as optical imaging probes and for the fabrication 

of non-linear optical devices (e.g., electro-optical devices, biosensors).  
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5.1 Abstract 
A number of solution-based procedures have been realized for the synthesis of lithium 

niobate (LiNbO3) nanoparticles (NPs). Relatively little is, however, known about the influences of 

the selection of lithium (Li) precursors on the resulting dimensions, shapes, crystallinity, and purity 

of the products. A comparative study is provided herein on the role of different Li precursors 

during the synthesis of LiNbO3 NPs. To the best of our knowledge, this study provides the first 

systematic comparison of the effects of various Li reagents on the preparation of LiNbO3 NPs 

through solvothermal processes. This solution-phase approach was tuned by the inclusion of Li 

precursors that either lacked carbon anions (e.g., F¯, Cl¯, Br¯, I¯, OH¯, NO3
¯, or  SO4

2−) or contained 

carbon-based anions (e.g., C2H5O¯, C2H3OO¯, C4H7OO¯, or CO3
2−). All other variables were held 

constant during the synthesis, such as reaction temperature, solvent, niobium precursor, and 

surfactants. The results of these studies suggest that the type of Li precursor selected plays an 

important role in nanoparticle formation, such as through controlling the uniformity, crystallinity, 

and aggregation of LiNbO3 NPs. The average diameter of the resulting NPs can also vary from 

~30 to ~830 nm as a function of the Li reagent used in the synthesis. The selection of Li precursors 

also influences the phase purity of the products. This comparative study on the preparation of 

crystalline LiNbO3 NPs represents a critical step forward to understand the influences and roles of 

precursors into the design of synthetic processes for the preparation of a variety of alkali metal 

niobates (e.g., including NaNbO3 and KNbO3) and crystalline metal oxide-based NPs containing 

other transition metals (e.g., titanium, tantalum). 
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5.2 Introduction 
We investigate herein the relative effects of various lithium (Li) precursors on the success 

of synthesizing lithium niobate (LiNbO3) nanoparticles (NPs) through a solution-phase method. 

Lithium niobate has excellent nonlinear optical (NLO) properties and is one of the most well 

investigated optoelectronic materials in modern optical technology.1 LiNbO3 has been of great 

importance to the development of NLO applications due to its large second-order susceptibility 

(e.g., d33 = 41.7 pm/V), wide transmission window (e.g., 400 to 5000 nm), and photostability.2–4 

These excellent optical properties have made LiNbO3 a standard reference material for the 

polarization of transmitted light and the frequency conversion of incident light.2–4 The preparation 

of nanoscale LiNbO3 has been of particular interest for potential applications in microphotonics, 

optical sensing, biosensing, ferroelectric memory devices, and nonlinear photocatalysis.4–10  

Recently, LiNbO3 NPs have also been used as probes to image cells by taking advantage 

of their exceptional second harmonic generation (SHG) properties. These NPs have potential 

applications in expanding SHG-based microscopy techniques.11–13 The use of NPs as effective 

SHG bioimaging probes will require that their dimensions be well below 100 nm.13–15 The NLO 

properties of nanomaterials can, however, depend on their size, shape, crystallinity, phase purity, 

and atomic composition.16,17 Other physical properties of perovskite-based nanomaterials, such as 

their ferroelectricity and piezoelectricity, can also be strongly dependent upon their elemental 

composition, crystallinity, size, shape, phase purity, and defects within their lattice.18–20 

Applications that seek to utilize these properties will require access to reliable methods to prepare 

these nanoscale materials. A range of synthetic routes have been developed to adjust the properties 

of perovskite-based nanomaterials, and to specifically prepare uniform nanoparticles of LiNbO3. 

Many NLO applications require the preparation of LiNbO3 nanomaterials that exhibit minimal 

aggregation, are single-crystalline, lack impurities, and have well-defined dimensions. Achieving 
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these desirable properties of LiNbO3 NPs will depend on the synthetic conditions used in their 

preparation. The methods available to prepare nanomaterials of LiNbO3 include solid-state 

approaches,21 molten salt syntheses,22,23 chemical vapor deposition (CVD) techniques,24 

combustion methods,25 mechanochemical approaches,26 and sol-gel methods.27,28 Disadvantages 

associated with these methods can include a relatively high degree of aggregation in the products, 

a lack of the ability to tune the size of the resulting NPs, and/or a need for high-temperature 

treatment (>500 °C) of the products. Further restrictions can include operating under moisture-free 

conditions. Often these products include micron-sized particles or compositional impurities. In 

recent years, solution-phase approaches have attracted attention for the preparation of LiNbO3 NPs 

with control over the shape, size, and crystallinity of the products.29–31 These solution-phase 

approaches include some relatively low-temperature methods (e.g., 220 °C) for preparing single-

crystalline LiNbO3 NPs with average diameters ranging from 7 to 95 nm.31–33 Solution-phase 

methods to prepare LiNbO3 NPs can also be operated without the need for an inert atmosphere and 

without requiring further heat treatment of the products to induce crystallinity. It was observed in 

these prior studies that reaction times, reaction temperatures, and the inclusion of surfactants can 

strongly influence the dimensions, shapes, crystallinity, and aggregation of the LiNbO3 NPs.31–34 

A systematic study is, however, needed to investigate the effects of Li precursors and, specifically, 

their anions on the preparation of LiNbO3 NPs through solution-phase methods. 

In solution-phase syntheses, the rates of both nucleation and growth of nanoparticles 

depend on the species present in the solution. A number of internal factors (e.g., selection of 

precursors and surfactants, concentration of reagents, and choice of solvents) and external factors 

(e.g., reaction temperature and reaction time) play a critical role in the synthesis of NPs.35–37 The 

type of precursors chosen for a particular reaction condition will directly influence their rates of 
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decomposition and, therefore, the processes associated with nucleation and growth of NPs in the 

solution.38 Anionic species associated with metal precursors have also been found to interfere with 

the synthesis of some types of NPs.39,40,41 The anions in solution can compete with ligands, 

solvents, and capping agents for coordination to the metal centers. These interactions effect the 

stability of the precursors and stability of the NPs.41,42 The presence of different anions can alter 

phase, morphology, surface chemistry, and even composition of the final product due to 

differences in the reactivity, ionic nature, and electronegativity of the anionic species.40,41 A 

systematic study is, therefore, sought herein to investigate the effects of different anionic species 

associated with Li precursors and their role in the preparation of LiNbO3 NPs via solvothermal 

methods. 

In this comparative study, we demonstrate a surfactant-assisted, solvothermal approach to 

investigate the relative influences of different Li precursors on the synthesis of LiNbO3 NPs. This 

solution-phase method used niobium ethoxide as the source of niobium, triethylamine as a 

surfactant to stabilize the NPs, and benzyl alcohol as the solvent.31 We evaluated a series of Li 

precursors, which contained either a non-carbon-based anionic species (e.g., halide, hydroxide, 

nitrate, sulfate) or a carbon-containing anionic species (e.g., acetate, acetylacetonate, carbonate, 

ethoxide). To enable a direct comparison between the results, the reaction time (i.e., 96 h) and 

reaction temperatures (i.e., 220 °C) were kept constant along with the choice of niobium precursor, 

surfactant, and solvent. The relative effects of the Li precursors and their anionic species on the 

purity, aggregation, and other properties of the LiNbO3 NP products were evaluated through a 

series of solvothermal syntheses. The LiNbO3 NPs were characterized using transmission electron 

microscopy (TEM), selected area electron diffraction (SAED), high resolution (HR) TEM, X-ray 

diffraction, and Raman spectroscopy techniques. This study demonstrated the relative influences 
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of the Li precursors on this solution-phase synthesis of LiNbO3 NPs. The anionic species present 

from these precursors influenced the overall dimensions, shapes, crystallinity, and phase purity of 

the resulting NPs. This study could be extended in the future to the preparation of nanomaterials 

of different metal oxides and other perovskite phases. The results herein are anticipated to help to 

identify suitable precursors for the synthesis of LiNbO3 and other types of NPs. 

5.3 Experimental Section 
5.3.1 Materials and supplies 

All chemicals were of analytical grade and were used as received without further 

purification. Niobium ethoxide [Nb(OC2H5)5, >90%] was obtained from Gelest Inc., and benzyl 

alcohol (C7H7OH, 99%) and triethylamine [N(C2H5)3, 99.0%] were purchased from Acros 

Organics and Anachemia, respectively. Lithium chloride (LiCl, ~99.0%) was obtained from BDH 

Chemicals, and lithium bromide (LiBr, ≥99.0%), lithium fluoride (LiF, ~99.9%), and lithium 

iodide (LiI, 99.0%) were purchased from Sigma Aldrich. Lithium ethoxide (LiOC2H5, 95.0%), 

lithium nitrate (LiNO3, ≥99.0%), lithium acetate (LiOOC2H3, 98.0%), lithium carbonate (Li2CO3, 

99.9%), lithium sulfate (Li2SO4, 99.9%), and a crystalline lithium niobate powder (LiNbO3, 

99.9%, to serve as a reference material) were obtained from Sigma Aldrich. Lithium 

acetylacetonate [Li(acac), 99.5%], and lithium hydroxide monohydrate (LiOH·H2O, 99.0%) were 

purchased from Alfa Aesar. Anhydrous ethanol was obtained from Commercial Alcohols. 

5.3.2 Synthesis of lithium niobate nanoparticles 
Lithium niobate NPs were prepared in a single-step reaction using a previously reported 

solvothermal method.1 In brief, 40 mM niobium ethoxide was dissolved in 10.0 mL of benzyl 

alcohol and stirred for 30 min, which resulted in the formation of a pale-yellow solution. This step 

was followed by the addition of 0.1 mL (i.e., 72 mM) of triethylamine and the mixture was stirred 

for another 30 min. After this period, a certain amount of each lithium precursor (selected from 

one of the reagents listed above) was added to the solution to produce a mixture containing a 1:1 
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mole ratio between Nb5+ and Li+. The solution was stirred for another 10 h at room temperature. 

The resulting mixture was transferred to a 23 mL Teflon lined autoclave (Model No. 4749, Parr 

Instruments Co., Moline, IL, USA) and heated at 220 °C for 96 h. After cooling to room 

temperature, white precipitates were isolated from each solution via a process of centrifugation 

(Model No. AccuSpin 400, Fisher Scientific) at 8,000 rpm (8,888 x g) for 20 min and decanting of 

the solution. These solids were washed three times by suspending the solids each time with 10 mL 

of ethanol and repeating the process of centrifugation and decanting of the solution. The 

purification process was also repeated three more times with 10 mL aliquots of deionized water 

(18 MΩ·cm, produced using a Barnstead NANOpure DIamond water filtration system). The 

purified products were dried at 70 °C for 12 h to remove residual water prior to further analyses. 

5.3.3 Characterization of lithium niobate nanoparticles 
The morphology, dimensions, crystallinity, and lattice parameters of the LiNbO3 NPs were 

characterized using an FEI Osiris X-FEG 8 transmission electron microscope (TEM) operated at 

an accelerating voltage of 200 kV. The TEM was calibrated using a thin film of aluminum before 

acquiring selected area electron diffraction (SAED) patterns from the samples. Samples for the 

TEM analyses were prepared by dispersing the purified products in ethanol followed by drop-

casting 5 μL of each suspension onto a separate TEM grid (200 mesh copper grids coated with 

Formvar/carbon) purchased from Cedarlane Laboratories. Each TEM grid was dried at ∼230 Torr 

for at least 20 min prior to analysis. The TEM apertures used to acquire the SAED patterns from 

multiple NPs were 40 μm and 200 μm. 

Phase and crystallinity of the samples were further determined from X-ray diffraction 

(XRD) patterns acquired with a Rigaku R-Axis Rapid diffractometer equipped with a 3 kW sealed 

tube copper source (Kα radiation, λ = 0.15418 nm) collimated to 0.5 mm. Powder samples were 
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packed into a cylindrical recess drilled into a glass microscope slide (Leica 1 mm Surgipath 

Snowcoat X-tra Micro Slides) for acquiring XRD patterns of the products. 

Purity and phase of the product with respect to the desired rhombohedral phase were further 

assessed using Raman spectroscopy techniques. Raman spectra were collected using a Renishaw 

inVia Raman microscope with a 50× objective lens (Leica, 0.5 NA) and a 514 nm laser (argon-ion 

laser, Model No. Stellar-Pro 514/50) set to 100% laser power with an exposure time of 60 s. The 

Raman spectrometer was calibrated by collecting the Raman spectrum of a polished silicon (Si) 

standard with a distinct peak centered at 520 cm–1. The Raman spectra for the samples were 

acquired from 100 to 1,000 cm–1 using a 1,800 lines/mm grating. 

5.4 Results and Discussion 
Lithium niobate belongs to a group of non-centrosymmetric materials whose crystalline 

structure belongs to the rhombohedral (trigonal) space group R3c with point group 3m.3,43,44 This 

crystal has a preferential growth along the c-axis with a 3-fold rotational symmetry; any turn by 

120° around this axis leads to an identical image.43,44 The LiNbO3 unit cell has a lattice structure 

that consists of parallel layers of oxygen atoms coordinated to lithium (Li+) and niobium (Nb5+) 

cations arranged along the c-axis, which is the [006] direction for LiNbO3 (Figures 5.1 and 5.2). 

The Li+ and Nb5+ are each separately coordinated within neighboring oxygen octahedra while each 

oxygen (O2−) has a coordination number of four. One unit cell of LiNbO3 contains octahedral 

interstices that are one-third occupied by Li+ cations, another one-third by Nb5+ cations, and the 

remaining one-third interstices are structural voids (Figure 5.1). The crystal lattice of LiNbO3 also 

has a distortion within the unit cell due to the smaller radius of the Li+ relative to the Nb5+, which 

hinders an effective packing of cations within the lattice assembled from the oxygen octahedra.3,45 

This distortion leads to a displacement of the O2− anions from their expected sites, and causes 
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displacements of both the Li+ and Nb5+ cations relative to the center of their corresponding oxygen 

octahedra.46  

 

Figure 5.1. Crystal structure of the ferroelectric phase of lithium niobate (LiNbO3) depicting the 
displacements of lithium and niobium cations relative to the center of the octahedral formed by 
the coordinating oxygen atoms (a). These displacements induce a spontaneous polarization (Ps) 
within the LiNbO3 crystal lattice along the c-axis (i.e., the [006] direction) as shown in (b). 
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Figure 5.2. Crystal structure of the lithium niobate (LiNbO3) depicting its growth along the [006] 
direction, which corresponds to the direction of spontaneous polarization (Ps) of the LiNbO3 
lattice.  

This distortion results in a spontaneous polarization of LiNbO3 along its c-axis at 

temperatures below 1,210 °C (Figure 5.1 b).45 The resulting polarization is not canceled even under 

an applied external electric field.45 These properties have made LiNbO3 a unique piezoelectric, 

ferroelectric, and nonlinear optical material of importance for optical-field polarization and 

frequency conversion.1,3,9,47 This non-centrosymmetric and spontaneously polarized crystal is one 

of the most extensively studied nonlinear optical materials for use in frequency doubling processes 

(i.e., second harmonic generation).1,3,9,47 The process of SHG in LiNbO3 is relatively efficient due 

to its high second-order electric susceptibility (e.g., 41.7 pm/V) arising from its large spontaneous 

polarization (e.g.,  0.7 C/m2 at 300 K).31,45 In SHG, two incident photons at their fundamental 

frequency interact with a material, inducing a second‐order polarization.33 Upon relaxation of this 

second-order polarization to the ground state, a single photon is emitted at exactly double the 

frequency of the incident photons and without the absorption of energy.33 
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The nonlinear optical properties of a material are sensitive to intrinsic defects and the 

presence of impurities.48,49 For nonlinear optical applications it is crucial that there are no refractive 

index changes due to foreign impurities in the material along the direction of light propagation 

because these would decrease the efficiency of nonlinear optical processes, such as inducing a 

phase shift of the photons.49–51 Further complicating factors are the formation of non-

stoichiometric products or the presence of impurities (e.g., Li2O, or Nb2O5). These alterations can 

significantly influence the crystallinity and physical properties of the products.52 For example, 

these impurities can alter a material’s refractive index and lead to phase modulation and light 

scattering, which decrease the SHG efficiency.1,9,53–55 The preparation of crystalline LiNbO3 

materials of a pure phase and composition are necessary to utilize their NLO properties. 

We investigated the influences of altering the Li precursors in a nonaqueous solution-phase 

synthesis for the preparation of LiNbO3 NPs. In contrast to many other reported methods for the 

preparation of LiNbO3 NPs, this nonaqueous solution-phase method enables a more controlled rate 

of hydrolysis of the precursors. During the solvothermal reaction, the dissolved precursors 

underwent a controlled process of hydrolysis and condensation to form the LiNbO3 NPs. The 

reaction pathway and the reaction rates were, however, likely altered as a function of the choice of 

Li precursor. Importantly, the stability of the reaction intermediates and products will depend on 

the species that are coordinated in solution to the niobium and lithium.36,56,57 In nonaqueous sol-

gel systems, molecular precursors such as metal alkoxides, metal acetates, metal halides, or metal 

acetylacetonates can be dissolved in polar organic solvents (e.g., alcohols, ketones, and 

amines).36,57 In aqueous systems, water molecules can donate the oxygen atom required for metal 

oxide bond formation (e.g., M−O−M) via processes of hydrolysis and condensation. In 

nonaqueous sol-gel processes, chemical reactions often take place between the precursor and the 
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solvent.36,57 These intermediate species can participate in the formation of metal oxide bonds (e.g., 

M−O−M). The reaction pathway in a nonaqueous sol-gel process is often determined by the 

reactivity of C−O bonds rather than O−H bonds that otherwise dominate the reaction pathway and 

kinetics in an aqueous system. A nonaqueous approach can enable better control over the rates of 

hydrolysis of precursors in the solution. This control can be used to regulate the production of 

hydrolyzed monomeric species and, therefore, the processes involved in nucleation and growth of 

the LiNbO3 NPs. It could also minimize the aggregation of the final product. The roles of organic 

species (e.g., solvent, precursors, intermediates, and byproducts) in nonaqueous sol-gel reactions 

can be complex.36 As a result the size, shape, composition, crystal structure, surface chemistry, 

and colloidal behavior of the products are each affected by the species (e.g., surfactants, solvents, 

and reagents) present in the reaction medium.  

Lithium speciation in solution, and the anions associated with the Li precursors 

specifically, can play an important role in the preparation of LiNbO3 NPs during solution-phase 

processes. The source of Li can be selected from a diverse array of species. Commercially available 

Li precursors include those with non-carbon containing anions (e.g., halides, hydroxide, nitrate, or 

sulfate) or carbon-containing hetero-atomic anions (e.g., alkoxides, acetylacetonate, carbonate, or 

carboxylates). Each anion could have a distinct influence on the solution-phase nucleation and 

growth of nanomaterials. The role of anions during the syntheses of nanomaterials can include the 

stabilization of nuclei by balancing the local positive charges of the metal cations and serving as a 

“template” to control the size and shape of NPs.40,41 The anion can be a key factor influencing the 

surface chemistry of nanomaterials. Furthermore, coordination with or complexes formed between 

the anions and either the solvent or surfactant molecules during solution-phase syntheses can also 
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influence the preparation of NPs.40,41,58,59 In summary, the anion associated with this selection of 

precursors could play a significant role in the synthesis and properties of LiNbO3 NPs. 

The selected series of Li precursors were each indirectly assessed for their influences on 

the processes involved in a nonaqueous solution-phase synthesis of LiNbO3 NPs. The products 

were analyzed for their crystallinity, particle morphology, and degree of aggregation. The Li 

precursors were separately reacted with niobium ethoxide using solution-phase reaction conditions 

previously demonstrated for the production of LiNbO3 NPs.31 The reagents were dissolved in 

benzyl alcohol along with triethylamine, which served as a surfactant to stabilize the NPs. A 

nonaqueous solvothermal treatment of each solution with a distinct Li precursor was performed at 

220 °C. The resulting products were LiNbO3 NPs of distinct sizes, shapes, and crystallinities that 

depended on the selection of Li precursors. 

5.4.1 Preparation of LiNbO3 Nanoparticles using Li Precursors Containing Non-Carbon-
Based Anions 

We evaluated the phase purity, morphology, and crystallinity of LiNbO3 NPs prepared 

through a solvothermal synthesis using a series of Li precursors containing anions that lacked 

carbon atoms. These precursors included halide species, such as lithium fluoride (LiF), lithium 

chloride (LiCl), lithium bromide (LiBr), and lithium iodide (LiI). This analysis also included 

lithium hydroxide monohydrate (LiOH·H2O), lithium nitrate (LiNO3), and lithium sulfate 

(Li2SO4). These anionic species have been previously used to prepare a variety of nanomaterials. 

These previous products included metal oxides (e.g., Fe3O4, TiO2, ZnO, CuO),39,60–62 plasmonic 

nanostructures (e.g., Ag, Au, Cu),63–68 and halide perovskite-based nanomaterials (e.g., ABX3).69,70 

The concentrations of the Li precursors and niobium ethoxide, as well as the other reaction 

conditions (e.g., reaction temperature, reaction time), were held constant for each synthesis. The 

LiCl, LiBr, LiI, LiOH·H2O, and LiNO3 exhibited a relatively good solubility in benzyl alcohol, 
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which served as the reaction medium, while LiF and Li2SO4 were relatively insoluble in the alcohol 

(Figure 5.3). The LiI precursor in benzyl alcohol yielded a brown solution indicating the formation 

of iodine/iodide species (or triiodide) in the solution (Figure 5.3). Each solution yielded a white-

colored precipitate after the solvothermal treatment. In most cases, these white precipitates were 

identified as LiNbO3 solids. These products were each characterized to examine the relative 

influences of the non-carbon containing Li precursors on the preparation of LiNbO3 NPs. 

 

 

Figure 5.3. Image depicting the benzyl alcohol solubility of a series of the lithium (Li) precursors 
with non-carbon-based anionic species: (a) lithium fluoride (LiF); (b) lithium chloride (LiCl); (c) 
lithium bromide (LiBr); (d) lithium iodide (LiI); (e) lithium sulfate (Li2SO4); (f) lithium hydroxide 
monohydrate (LiOH.H2O); and (g) lithium nitrate (LiNO3). Each of these precursors exhibited a 
good solubility in the benzyl alcohol, yielding relatively clear solutions except for LiF and Li2SO4. 
The color of solution containing the LiI precursor turned brown, which indicated the formation of 
triiodide in the benzyl alcohol. 

The crystallinity and composition of the NPs prepared using Li precursors with non-

carbon-based anionic species were analyzed through powder XRD techniques. The XRD patterns 

for the products prepared using LiCl, LiBr, LiOH·H2O, or LiNO3 as a source of Li indicated the 

successful preparation of crystalline LiNbO3 (Figure 5.4). These diffraction patterns were indexed 

against a LiNbO3 reference (space group R3c, JCPDS No. 020-0631), corresponding to the 

formation of rhombohedral LiNbO3. The products prepared through the use of either LiCl, LiBr or 

LiNO3 had an additional set of small peaks at 2-theta values of ~38° and ~64°. It is also worth 

noting that the XRD peak at a 2-theta value of ~35° appeared to be a doublet for the products 
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prepared using the LiCl, LiBr and LiNO3 precursors. These reflections were attributed to the 

presence of a relatively small amount of crystalline niobium oxide (Nb2O5, JCPDS No. 028-0317) 

in the products. This additional reflection was also attributed to the presence of Nb2O5 impurities.71 

Metal halide and nitrates precursors tend to form less pure products during nonaqueous sol-gel 

reactions.71,72 Impurities in the products prepared using the LiCl, LiBr and LiNO3 could be 

attributed to an incomplete sol-gel reaction due to an insufficient formation of Li-O bonds, which 

likely resulted in the evolution of the Nb2O5 along with the formation of LiNbO3. In contrast, all 

diffraction peaks for the products prepared using LiOH․H2O as the source of Li were assigned to 

the rhombohedral phase of LiNbO3.  

 

Figure 5.4. Powder X-ray diffraction (XRD) patterns of LiNbO3 nanoparticles prepared using: (a) 
LiCl; (b) LiBr; (c) LiOH.H2O; or (d) LiNO3 as the Li precursor. (e) Also included is an XRD 
pattern for a reported LiNbO3 reference (space group R3c, JCPDS No. 020-0631). The presence 
of a niobium oxide impurity in some of the products is indicated by (*).  

Analysis of the XRD patterns for the products prepared using LiF, LiI, or Li2SO4 as the 

source of Li indicated a lack of LiNbO3 in the isolated solids (Figures 5.5, 5.6, and 5.7). The XRD 

patterns for the products prepared in the presence of LiF and Li2SO4 matched those of the 
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pseudohexagonal phase of niobium pentoxide or Nb2O5 (space group P6/mmm, JCPDS No. 28-

0317).  

 

Figure 5.5. Powder X-ray diffraction patterns for: (a) niobium oxide (Nb2O5) nanowires prepared 
using LiF as one of the precursors in the described solution-phase synthesis that evaluated various 
precursors on the ability to prepare LiNbO3 particles; and (b) a reported Nb2O5 reference (JCPDS 
No. 028-0317). The presence of a LiF impurity in the products is indicated by (*). 

A small amount of LiF impurity was also present in the products prepared using LiF as a 

precursor. Reflections from this impurity can be observed at 2-theta values of ~38° and 45° (Figure 

5.5). This impurity is likely a result of the intrinsic insolubility of LiF in aqueous and alcohol-

based solvents. This insolubility results in a lack of Li availability in solution during the formation 

of the products and also presents a challenge for removing the LiF from the products using the 

methods outlined herein.  

The Li2SO4 is also insoluble in alcohols, hence its inability to form LiNbO3 in the product. 

In contrast, this salt is soluble in water and is, therefore, effectively removed from the product 

during the second stage of the purification process (Figure 5.6).  
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Figure 5.6. Powder X-ray diffraction patterns for: (a) Nb2O5 nanowires prepared using Li2SO4 as 
one of the precursors in the described solution-phase synthesis that evaluated various precursors 
on the ability to prepare LiNbO3 particles; and (b) a reported Nb2O5 reference (JCPDS No. 028-
0317).  

The products prepared using LiI as a precursor yielded the formation of a semi-crystalline 

and niobium rich phase of lithium niobate (LiNb3O8) as observed from the XRD analyses (Figure 

5.7). All major diffraction peaks in product can be indexed to the reference JCPDS No. 011-2140 

for LiNb3O8. Absence of the smaller diffraction peaks in the products can be attributed to the semi-

crystlline nature of the product. This formation of a niobium rich and semi-crystalline phase of 

lithium niobate is attributed in part to the oxidation of iodide to triiodide (giving the solution a 

brown coloration) and to the potential transformation of benzyl alcohol to benzyl iodide. These 

transformations and the presence of the triiodide interfere with the formation of pure LiNbO3.  
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Figure 5.7. Powder X-ray diffraction patterns for: (a) products prepared using LiI as one of the 
precursors in the described solution-phase synthesis that evaluated various precursors on the ability 
to prepare LiNbO3 particles; and (b) a reported LiNb3O8 reference (JCPDS No. 011-2140). 

Average dimensions of the LiNbO3 crystallites were calculated using the Scherrer 

equation.73 Dimensions of the crystallites were calculated for the [012], [104], [110], and [116] 

directions. In comparison, average dimensions of the NPs determined from TEM analyses were 

significantly larger than the dimensions of the crystallites present in the samples as calculated from 

the XRD patterns (Table 5.1). This inconsistency between these datasets could be due to the 

formation of polycrystalline NPs or to the presence of nonspherical crystallites in the products.74,75 
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Table 5.1. Average dimensions of LiNbO3 nanoparticles prepared using lithium precursors with 
non-carbon-based anionic species. 

lithium 
precursor 

mean 
particle 
size* 
(nm) 

average size of 
crystallite ‡ 

(nm) 
[012] 

average size of 
crystallite ‡ 

(nm) 
[104] 

average size of 
crystallite ‡ 

(nm) 
[110] 

average size of 
crystallite ‡ 

(nm) 
[116] 

LiCl 48 ± 10 25.2 25.7 8.5 20.7 

LiBr 43 ± 11 24.1 23.7 13.9 14.7 

LiOH.H2O 91 ± 18 25.2 20.3 22.4 15.7 

LiNO3 44 ± 12 22.2 21.5 9.7 19.6 

* Results prepared from TEM analyses (e.g., see Figure 5.8 for further details). 
‡ Results prepared using Scherrer analyses of the peak widths for the [012], [104], [110], and [116] 
reflections of the corresponding X-ray diffraction (XRD) patterns (Figure 5.4).  

Peak area ratios for a few of the primary reflections were determined relative to the (012) 

peak to evaluate the presence of dominant facets in each of the products (Table 5.2).  

Table 5.2. Peak area ratios as measured from specific XRD reflections for a LiNbO3 reference 
material and for the LiNbO3 nanoparticles prepared using the specific Li precursors indicated 
above each column. 

‡ Reference material included for comparative purposes. 

 

 

 

XRD peak 
ratios 

LiNbO3
‡ (JCPDS 

No. 020-0631) LiCl  LiBr  LiOH.H2O  LiNO3  

(104)/(012)  0.37 0.62 0.32 0.44 0.56 

(110)/(012)  0.22 1.02 1.95 0.26 0.63 

(024)/(012) 0.17 0.41 0.20 0.20 0.34 

(116)/(012) 0.25 1.59 3.84 0.34 0.99 
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The (012) planes were chosen for its relatively high intensity and peak area in comparison 

to the other peaks for the LiNbO3 reference (space group R3c, JCPDS No. 020-0631). The ratio of 

the (116)/(012) and (110)/(012) peaks exhibited higher values for NPs prepared from LiCl or LiBr 

than for the NPs obtained using LiNO3 or LiOH.H2O. The relative peak ratios were the most similar 

to the reference material for the NPs prepared from LiOH.H2O. Overall, LiNbO3 NPs prepared 

using LiCl, LiBr, and LiNO3 had higher values for the (116)/(012) and (110)/(012) peak ratios 

relative to those of reference LiNbO3 and relative to the larger NPs prepared using LiOH․H2O. The 

higher values observed for these (116)/(012) and (110)/(012) peak ratios indicated an enrichment 

of the {116} and {110} facets in these LiNbO3 NPs (Table 5.2). This enrichment of specific facets 

suggests the growth of the NPs along those directions, which could indicate that these NPs have a 

suppressed growth along the (006) direction possibly due to aggregation of the NPs and/or the 

interactions of the stabilizing triethylamine surfactants. 

The size and shape of the NPs, and the uniformity of each property were assessed for the 

LiNbO3 products obtained from these reactions. This characterization included the use of 

transmission electron microscopy (TEM) techniques. Nanoparticles with relatively uniform 

dimensions were obtained from the use of LiBr or LiCl precursors in contrast to the products 

obtained from the LiOH·H2O and LiNO3 precursors (Figure 5.8). The mean diameters for each set 

of NPs were determined from the analysis of a series of TEM images (e.g., Figure 5.9). The average 

diameters of the NPs prepared from LiCl (e.g., ~48 nm), LiBr (e.g., ~43 nm) and LiNO3 (e.g., ~44 

nm) were comparable to each other. Larger NPs with an average diameter of ~91 nm were obtained 

using LiOH·H2O. The significantly larger dimensions of these NPs were likely due to a faster rate 

of hydrolysis and condensation of the niobium species in the presence of the hydrated hydroxide 

species. This accelerated reaction likely resulted in a faster process of nucleation and growth of 

https://pubs.acs.org/doi/full/10.1021/acs.cgd.7b00500#fig2
https://pubs.acs.org/doi/full/10.1021/acs.cgd.7b00500#fig2
https://pubs.acs.org/doi/full/10.1021/acs.cgd.7b00500#fig2
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the NPs in the benzyl alcohol solvent. The NPs prepared from LiOH·H2O were also the least 

aggregated as observed by TEM.  

 

Figure 5.8. Transmission electron microscopy (TEM) analyses of LiNbO3 nanoparticles 
synthesized by a solvothermal method using: (a, b) lithium chloride (LiCl); (c, d) lithium bromide 
(LiBr); (e, f) lithium hydroxide monohydrate (LiOH.H2O); or (g, h) lithium nitrate (LiNO3) as the 
lithium (Li) precursor. 
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Figure 5.9. Histograms showing the dimensions of lithium niobate (LiNbO3) nanoparticles 
synthesized using: (a) LiCl; (b) LiBr; (c) LiOH.H2O; or (d) LiNO3 as the Li precursor. The mean 
particle diameter and one standard deviation from the calculated mean value are reported on each 
histogram. These measurements were obtained from the analysis of transmission electron 
microscopy (TEM) data obtained for each product. The total number of nanoparticles measured 
for each dataset (n) are reported on their respective histograms. 
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For the LiNO3 and LiBr mediated syntheses, the products were relatively aggregated in 

comparison to the NPs prepared through the LiOH·H2O or LiCl assisted growth. The formation of 

more aggregated products in the presence of LiNO3 and LiBr could be attributed to the presence 

of the NO3
¯and Br¯ anions in the solution along with the triethylamine surfactant. Berr et al. found 

that the aggregation number for micelles of trialkylamine-based surfactants increases in the order 

of OH¯<< Cl¯ < Br¯ < NO3
¯.76 The higher aggregation number of these surfactants in the presence 

of NO3
¯ and Br¯ may lead to insufficient free surfactant molecules to passivate the surfaces of the 

NPs. The observed aggregation of some NP products could also be due to an induced aggregation 

of surfactants at the surfaces of neighboring NPs when prepared in the presence of LiBr or LiNO3.  

Crystallinity and phase of these LiNbO3 NPs were investigated further using electron 

diffraction and high-resolution TEM techniques. A series of concentric rings were observed in the 

selected area electron diffraction (SAED) data obtained from the analysis of multiple NPs for each 

sample. These results confirmed the formation of crystalline nanomaterials prepared from each of 

these Li precursors (Figure 5.10). The SAED patterns of the products obtained using the LiCl, 

LiBr, and LiNO3 precursors were each indexed to the rhombohedral phase of LiNbO3. In contrast, 

the SAED analysis of the NPs prepared using LiOH·H2O resulted in the formation of a series of 

nonuniform concentric rings. This nonuniform pattern might be due in part to random scattering 

of electrons from these larger LiNbO3 NPs, preferential orientation(s) of these NPs on the TEM 

grid, and/or differences in the crystal growth directions as indicated in the XRD data. 

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig6
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Figure 5.10. Analyses by selected area electron diffraction (SAED) of LiNbO3 nanoparticles 
obtained using: (a) LiCl; (b) LiBr; (c) LiOH.H2O; or (d) LiNO3. Inset images portray the collection 
of nanoparticles analyzed for each sample as viewed by TEM. 

The atomic-scale crystallinity of each set of LiNbO3 NPs was analyzed further by high 

resolution TEM or HRTEM (Figure 5.11). A uniform lattice structure was observed throughout 

each of the nanocrystals, which further confirmed that each nanoparticle was crystalline in nature. 

The periodic fringe patterns observed by HRTEM for many of the nanocrystals prepared using 

LiCl, LiBr, and LiNO3 had a spacing of 3.7 Å, which matched the interplanar spacing for the (012) 

planes of LiNbO3. The fringe patterns observed by HRTEM for the nanocrystals prepared using 

LiOH.H2O had a spacing of 2.8 Å, which matched the interplanar spacing for the (104) planes of 

LiNbO3.  

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig6
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Figure 5.11. Representative high resolution TEM (HRTEM) analyses of LiNbO3 nanoparticles 
obtained using: (a) LiCl; (b) LiBr; (c) LiOH.H2O; or (d) LiNO3. The insets portray a higher 
magnification of each sample obtained from the regions indicated by the white boxes. The white 
arrows depict the direction of the observed fringe patterns, whose d-spacing is assigned on each 
image.  

The analyses of size, shape, and the uniformity of the products obtained using the LiF, LiI, 

and Li2SO4 precursors were also characterized by TEM, HRTEM, and SAED. These analyses 

further confirmed the formation of products other than LiNbO3 nanoparticles as suggested in 

results of the XRD analyses. Single-crystalline nanowires of Nb2O5 were obtained for the products 

prepared using LiF (Figure 5.12) and Li2SO4 (Figure 5.13), while semi-spherical polycrystalline 

nanoparticles were formed when the synthesis was conducted in the presence of LiI (Figure 5.14). 

These results further established the conclusion that a decreased solubility (e.g., LiF, Li2SO4) 

and/or an increased reactivity (e.g., LiI) of the Li precursors as a result of the anionic species can 

lead to the formation of products other than the desired single crystalline, uniform NPs of LiNbO3.  
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Figure 5.12. Products synthesized by a solvothermal method using LiF as a precursor, which were 
characterized by: (a and b) TEM; (c) SAED; and (d) HRTEM analyses.  

 

Figure 5.13. Products synthesized by a solvothermal method using Li2SO4 as a precursor, which 
were characterized by: (a and b) TEM; (c) SAED; and (d) HRTEM analyses.  
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Figure 5.14. Products synthesized by a solvothermal method using LiI as a precursor, which were 
characterized by: (a and b) TEM; (c) SAED; and (d) HRTEM analyses.  

The crystallinity and phase purity of the LiNbO3 NPs were also evaluated by Raman 

spectroscopy techniques. This technique can differentiate the phase, as well as the composition of 

the lithium niobate (e.g., LiNbO3, Li3NbO4, and LiNb3O8).52 The LiNbO3 contains a hexagonal 

close-packed structure containing NbO6 and LiO6 octahedra, which are connected by shared 

corners (Figure 5.1a). The distortions of the Nb and Li centers within these octahedra induce a tilt 

of 30° between adjacent NbO6 octahedra (Figure 5.1b), which have a greater contribution to the 

Raman spectra of LiNbO3 in comparison to other ANbO3 (e.g., NaNbO3, KNbO3) type 

perovskites.77 Raman spectroscopy is also commonly used to probe intrinsic defects or disorder 

within the crystal structure of LiNbO3 based materials.78,79 Each Raman peak can be assigned to a 

particular ionic motion within the product and can be sensitive to changes in lattice strain, applied 

electric fields, and temperature.78 Vibrational modes associated with the Li+ or Nb5+ species, or 

with the oxygen octahedra appear in the Raman spectra of LiNbO3. Bandwidth and intensity of the 

E and A Raman bands are affected by structural defects, changes in the concentration of dopants, 
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and other local disorders within the LiNbO3 lattice.78–80 A relative increase in the bandwidth is 

usually related to an increase in the disorder within the crystal lattice. Intensities of the Raman 

bands for LiNbO3 are sensitive to changes in the polarizability of specific vibrational modes, which 

are also affected by impurities, defects, and dopants.78,81 The most common imperfections in the 

LiNbO3 lattice are due to the presence of impurities, the incorporation of dopant ions, the 

polycrystalline nature of the material, or inhomogeneities in the LiNbO3 stoichiometry (e.g., Li 

occupancy of Nb sites and Nb vacancies).  

 

Figure 5.15. Analyses by Raman spectroscopy of LiNbO3 nanoparticles prepared using: (a) LiCl; 
(b) LiBr; (c) LiOH.H2O; or (d) LiNO3 as the Li precursor. A Raman spectrum is also included for 
(e) a commercially available LiNbO3 powder. 

Characteristic peaks of the niobate lattice were observed in the Raman spectra for each of 

the samples containing LiNbO3 NPs. These spectra were indexed to the rhombohedral phase of 

LiNbO3 (Table 5.3). A commercial LiNbO3 powder was also analyzed as a reference material for 

comparison to the as-synthesized LiNbO3 NPs. The Raman spectra for the LiNbO3 NPs matched 

the spectrum for the commercial LiNbO3 powder, which further indicated the formation of a 

crystalline, rhombohedral phase of LiNbO3 (Figure 5.15). The Raman bands ~150 cm-1 can be 

assigned to the vibrations of the Nb-O bonds (E-TO), while Raman bands at ~225 cm-1 and ~334 

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b05282/suppl_file/cm7b05282_si_001.pdf
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cm-1 are associated with the deformations of NbO6 octahedra. The Raman peaks at ~375 cm-1 and 

~430 cm-1 are associated with the bending modes of the Nb-O-Nb bond (E-TO). The Raman band 

centered at ~620 cm-1 corresponded to the symmetric stretching of Nb-O-Nb bonds (A1-TO), and 

the Raman band at ~870 cm-1 is assigned to the antisymmetric stretching of the Nb-O-Nb bonds 

in the NbO6 octahedra of LiNbO3. A Raman peak at ~900 cm-1 was observed in the LiNbO3 

nanocrystals prepared using LiOH.H2O as the source of Li. This peak is assigned to a Nb=O stretch. 

This Raman band is believed to arise from octahedral distortions of surface species such as O═Nb-

--OH, which include a double-bond-like behavior and a single elongated Nb---O bond attached to 

a niobium hydroxide-based species.31 The presence of Nb---OH bonds on the surfaces of the NPs 

prepared using the LiOH.H2O precursor can be attributed to the contribution of –OH groups from 

the Li precursor, which likely assist in the hydrolysis of the niobium precursor. In other words, a 

more extensive hydrolysis of the niobium ethoxide precursor in the presence of LiOH may lead to 

the presence of excessive O═Nb---OH species on the surfaces of these LiNbO3 NPs. 

Table 5.3. Bond vibrations associated with the Raman spectral bands of LiNbO3. 

 

wavenumber (cm-1) vibrations modes of vibration 

~150 Nb-O vibrations E-TO 

~260  (Li-O + LiO6) E-TO 

~225 and ~334 NbO6 deformations A1-TO and E-TO 

~375 and ~430  (Nb-O-Nb) E-TO 

~620 νs (NbO6) A1-TO 

~870 νas (Nb-O-Nb) E-LO 

~900 ν (Nb=O) - 
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Defects in the LiNbO3 lattice from non-stoichiometric compositions or local disorders 

within the lattice, such as due to the incorporation of impurities, can be assessed by line broadening 

in the Raman spectra. The peak intensities and peak broadening of the Raman active modes of 

LiNbO3 at ~150 cm-1 and ~620 cm-1 are strongly dependent on structural defects. A decreased 

intensity and an increased broadening of these peaks could indicate the presence of stresses in the 

lattice owing to the incorporation of impurities or the presence of other defects.78 The Raman bands 

at ~150 cm-1 and ~620 cm-1 were broader and less intense for the products prepared using the LiCl, 

LiBr, and LiNO3 precursors relative to the LiNbO3 NPs obtained from the use of LiOH.H2O. These 

results suggest that the products obtained using LiCl, LiBr or LiNO3 could have a lower overall 

crystallinity and more defects in the crystal structure of these products. The combined results from 

the XRD and Raman analyses suggested the presence of a low concentration of impurities in the 

products prepared using the LiCl, LiBr, or LiNO3. These minor impurities also lead to the 

formation of defects in the NPs. 

5.4.2 Preparation of LiNbO3 Nanoparticles using Li Precursors with Anions Containing 
Carbon Atoms 

We also studied the preparation of LiNbO3 NPs through the same solution-phase method, 

but with a series of Li precursors containing carbon-based anionic species. These precursors 

included lithium ethoxide [Li(OC2H5)], lithium acetylacetonate [Li(acac)], lithium acetate 

[Li(OOC2H3)], and lithium carbonate (Li2CO3). The concentrations of niobium ethoxide and each 

Li precursor, as well as the other reaction conditions (e.g., reaction temperature, reaction time), 

remained unchanged in each synthesis. Metal acetates, alkoxides, acetylacetonates, and carbonates 

have also been widely used in the synthesis of a variety of nanomaterials.36,57 For example, metal 

acetates, alkoxides, and acetylacetonates are commonly used to prepare magnetic NPs,82,83 noble 
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metals (e.g., Cu, Ag),68,84 and transition metal oxides (e.g., Nb2O5, TiO2)85,86 through solution-

phase synthetic techniques.  

A nonaqueous sol-gel reaction was carried out to prepare LiNbO3 NPs from this series of 

Li precursors with anions derived from carbon containing species. These precursors exhibited a 

relatively high solubility in the benzyl alcohol solvent with the exception of the Li2CO3 (Figure 

5.16). 

 

Figure 5.16. Image depicting the benzyl alcohol solubility of a series of Li precursors containing 
carbon-based anionic species: (a) lithium ethoxide [Li(OC2H5)]; (b) lithium acetylacetonate 
[Li(acac)]; (c) lithium acetate [Li(OOC2H3)]; and (d) lithium carbonate (Li2CO3). Each of these 
precursors exhibited a good solubility in benzyl alcohol except for the Li2CO3, which yielded white 
precipitates due to its relatively poor solubility in the solvent. 

As we have observed above, the choice of Li precursors, their chemical composition, their 

reactivity, and their solubility can have a significant influence over the dimensions and purity of 

the resulting LiNbO3 NPs. Crystallinity and phase purity of the NPs were characterized by powder 

XRD analyses (Figure 5.17). The XRD patterns for each of the products matched that of the 

rhombohedral structure of LiNbO3 (space group R3c, JCPDS No. 020-0631). The products 

prepared using either Li(OOC2H3) and Li2CO3 as the source of Li had a small additional peak at a 

2-theta value of ~64°, which was attributed to the presence of niobium oxide.71 It is also worth 

noting that the XRD peak at a 2-theta value of ~35° exhibited a doublet in the products prepared 

using the Li(OOC2H3) and Li2CO3 precursors. This apparent peak splitting could further indicate 
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the inclusion of a Nb2O5 phase within these samples. The intensities of the two peaks in the doublet 

were not equivalent, which implied the additional peak was not due to a change in the lattice 

symmetry.87 

 

Figure 5.17. Powder XRD patterns of LiNbO3 nanoparticles prepared using: (a) Li(OC2H5); (b) 
Li(acac); (c) Li(OOC2H3); or (d) Li2CO3 as the Li precursor. (e) Also included is an XRD pattern 
for a reported LiNbO3 reference (space group R3c, JCPDS No. 020-0631). The presence of a 
niobium oxide impurity in some of the products is indicated by (*).  

The average size of the crystallites within the LiNbO3 NPs were calculated for the [012], [104], 

[110], and [116] directions using a Scherrer analysis of the XRD data.73 Average dimensions of 

the NPs, as determined from the TEM analyses, were significantly larger than the dimensions 

calculated for the crystallites (Table 5.4). The large variation between the dimensions of the NPs 

and the crystallites as determined from TEM and XRD measurements, respectively, is likely due 

to the nonspherical shapes and polycrystallinity of the products. The Scherrer equation is also 

limited to its ability to calculate the dimensions of crystallites larger than 100 nm.74,75  
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Table 5.4. Average dimensions of LiNbO3 nanoparticles prepared using Li precursors containing 
carbon-based anionic species. 

lithium 
precursor 

mean 
particle 
size* 
(nm) 

average size 
of crystallite ‡ 

(nm) 
[012] 

average size 
of crystallite ‡ 

(nm) 
[104] 

average size 
of crystallite ‡ 

(nm) 
[110] 

average size 
of crystallite ‡ 

(nm) 
[116] 

Li(OC2H5) 48 ± 9 23.4  22.0 23.5 18.1 

Li(acac) 31 ± 7 11.9  12.7 15.6 28.7 

Li(OOC2H3) 390 ± 54 23.1  24.7 11.8 22.3 

Li2CO3 827 ± 147 26.1  26.6 25.4 22.0 

* Results prepared from TEM analyses (e.g., see Figure 5.18 for further details). 
‡ Results prepared using Scherrer analyses of the peak widths for the [012], [104], [110], and [116] 
reflections of the corresponding XRD patterns (Figure 5.17). 

The peak area ratio for the (110)/(012) and (116)/(012) peaks exhibited relatively high 

values for the products prepared using the Li(OOC2H3) and Li2CO3 precursors. These results 

indicated an enrichment of the {110} and {116} facets in these NPs relative to what is observed 

in larger crystals (e.g., reference material), as well as for the NPs obtained from either [Li(OC2H5)] 

or [Li(acac)] (Table 5.5). The higher peak area ratios associated with the (110) and (116) 

reflections indicated a growth along additional directions other than the direction of spontaneous 

polarization within the LiNbO3 lattice of the NPs when prepared using either Li(OOC2H3) or 

Li2CO3 as precursors, in contrast to those NPs obtained when using [Li(OC2H5)] or [Li(acac)] as 

precursors (Table 5.5). 
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Table 5.5. Peak area ratios as measured from specific XRD reflections for a LiNbO3 reference 
material and for the LiNbO3 nanoparticles prepared using the specific Li precursors indicated 
above each column. 

‡ Reference material included for comparative purposes. 

The size and shape of the NPs, and the uniformity of each of these variables, were assessed 

by TEM for the LiNbO3 products obtained from the reactions performed using Li precursors with 

carbon containing anions. Representative TEM images of the products are shown in Figure 5.18. 

Mean diameters of the NPs obtained from these syntheses were determined from the analysis of 

multiple TEM images (Figure 5.19). Average diameters of the NPs prepared using Li(OC2H5) and 

Li(acac) were ~48 nm and ~31 nm, respectively. The NPs prepared using Li(OC2H5) were 

relatively well-dispersed and had relatively uniform shapes in contrast to those obtained using 

Li(acac). For the Li(OOC2H3) and Li2CO3 mediated syntheses, the particles were relatively large 

and had semi-spherical shapes in comparison to the smaller and more spherical NPs prepared using 

Li(OC2H5) or Li(acac). Average diameters of the particles obtained using Li(OOC2H3) and Li2CO3 

were ~390 nm and ~827 nm, respectively, based on the TEM analyses. A significant difference in 

the diameter of the NPs prepared using Li2CO3 relative to the other precursors could be due to the 

poor solubility observed for the Li2CO3 in benzyl alcohol. Solubility of the precursors can play an 

important role in the reaction kinetics, which affects the purity of the phases and morphology of 

XRD peak 
ratios 

LiNbO3
‡ (JCPDS 

No. 020-0631) Li(OC2H5) Li(acac) Li(OOC2H3) Li2CO3 

(104)/(012)  0.37 0.58 0.47 0.84 0.55 

(110)/(012)  0.22 0.35 0.37 1.27 0.62 

(024)/(012) 0.17 0.37 0.23 0.50 0.35 

(116)/(012) 0.25 0.56 0.53 2.23 0.83 

https://pubs.acs.org/doi/full/10.1021/acs.cgd.7b00500#fig3
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the NPs.39 The poor solubility of Li2CO3 in the reaction mixture likely affects growth of the 

LiNbO3 NPs during the solvothermal treatment.  

 

Figure 5.18. Representative results from the TEM analyses of LiNbO3 nanoparticles synthesized 
using: (a, b) lithium ethoxide [Li(OC2H5)]; (c, d) lithium acetylacetonate [Li(acac)]; (e, f) lithium 
acetate [(Li(OOC2H3)]; or (g, h) lithium carbonate (Li2CO3) as the source of Li in a solvothermal 
process. 
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Figure 5.19. Histograms showing the dimensions of LiNbO3 nanoparticles synthesized using: (a) 
Li(OC2H5); (b) Li(acac); (c) Li(OOC2H3); or (d) Li2CO3 as the Li precursor. The mean particle 
diameter and one standard deviation from the calculated mean value are reported on each 
histogram. These measurements were obtained from the analyses of TEM data obtained for each 
product. The total number of nanoparticles measured for each type of sample (n) are reported on 
each of the corresponding histograms. 
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The differences observed in the dimensions, crystallinity, and degree of aggregation of this 

series of LiNbO3 NPs could be associated with the anions present in the reaction mixtures, which 

are expected to have distinct influences on the reaction. These anions may associate with the 

surfactant molecules and/or specific facets during crystallization and growth of the LiNbO3. The 

relative strength of these interactions could result in the observed differences in the diameters and 

crystallinity of the NPs obtained from each reaction mixture.39,40 The studies herein focused on 

comparing the quality of the LiNbO3 NPs prepared using a series of Li precursors with carbon 

containing anionic species. The quality of these products were assessed by their crystallinity, phase 

purity, and particle uniformity.   

Crystallinity and phase of the LiNbO3 NPs were also investigated using electron diffraction 

techniques. A series of concentric rings were observed in the SAED analyses obtained from 

multiple NPs that were prepared using the Li(OC2H5) or Li(acac) precursors. These results 

confirmed the formation of crystalline products (Figure 5.20). The SAED patterns for these 

products were indexed to the rhombohedral phase of LiNbO3. In contrast, the SAED patterns for 

the NPs obtained using Li(OOC2H3) contained a series of seemingly random diffraction spots. The 

SAED patterns of particles prepared using the Li2CO3 precursor contained relatively incomplete 

diffraction rings in contrast to those observed for the NPs prepared using the Li(acac) or Li(OC2H5) 

precursors. The observation of nonuniform diffraction patterns and fewer concentric rings for the 

products derived from Li(OOC2H3) and Li2CO3 could be due to the significantly larger dimensions 

of these particles (>> 100 nm). The analysis of these larger NPs required the use of a 200-µm 

aperture, and likely electron scatter from these large particles contributed to the observed patterns.  

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig6
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Figure 5.20. The SAED analyses of LiNbO3 nanoparticles synthesized using: (a) Li(OC2H5); (b) 
Li(acac); (c) Li(OOC2H3); or (d) Li2CO3 as the Li precursor. Inset images portray the collection of 
nanoparticles analyzed for each sample as viewed by TEM. 

The atomic-scale crystallinity of this series of LiNbO3 NPs was characterized in further 

detail by HRTEM analyses (Figure 5.21). A uniform lattice structure was observed for the 

nanocrystals prepared from Li(OC2H5) or Li(acac), which suggested that these precursors lead to 

the formation of single-crystalline NPs. The periodic fringe patterns observed by HRTEM for 

many of these nanocrystals had a spacing of 3.7 Å. This spacing matched the inter-planar spacing 

for the (012) planes of LiNbO3. Due to the larger size of the particles obtained using the 

Li(OOC2H3) and Li2CO3 precursors, the HRTEM analyses for these products were performed only 

at the edges of these particles. A series of lattice fringes with d-spacings corresponding to the 

(012), (104), and (110) planes of LiNbO3 were each present at the edges of these NPs indicating 

their polycrystalline nature. The combined results of XRD, SAED and HRTEM revealed the 

formation of polycrystalline LiNbO3 NPs when prepared using the Li(OOC2H3) and Li2CO3 

precursors. 

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig6
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Figure 5.21. Representative HRTEM analyses of LiNbO3 nanoparticles prepared using: (a) 
Li(OC2H5); (b) Li(acac); (c) Li(OOC2H3); or (d) Li2CO3. The inset in (a) portrays a higher 
magnification of the sample from the region indicated by the white box. The white arrows depict 
the directions of the observed fringe patterns, whose d-spacing is assigned upon each image.  

Crystallinity and phase purity of this series of LiNbO3 NPs were also investigated by 

Raman spectroscopy techniques (Figure 5.22). Characteristic peaks associated with LiNbO3 were 

observed in the Raman spectra for each of the products. These spectra were indexed to 

rhombohedral LiNbO3 (Table 5.3). The Raman peaks associated with Li3NbO4 and LiNb3O8 were 

absent in each of the samples, which indicated the absence of Li rich or Li poor phases in the 

products.52 The Raman spectra for the LiNbO3 NPs matched the spectrum for a commercial 

LiNbO3 powder. The Raman spectra of the products prepared using Li precursors containing non-

carbon-based anionic species were comparable to those obtained using Li precursors containing 

carbon-based anionic species. These results indicated that the major phase present in the products 

was crystalline, rhombohedral LiNbO3. As discussed above, the intensity and width of the peaks 

at ~150 cm-1 and ~620 cm-1 are sensitive to the presence of structural defects. A relative decrease 

in the peak intensity and broadening of the widths of the peaks in the Raman spectra for LiNbO3 

https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig4
https://pubs.acs.org/doi/10.1021/acs.chemmater.7b05282#fig4
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b05282/suppl_file/cm7b05282_si_001.pdf
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could be attributed to the presence of stresses in the lattice owing to a number of different types of 

defects.78 A significant decrease in the peak intensity and an increase in broadening of the peaks 

at ~150 cm-1 and ~620 cm-1 were observed for the NPs prepared using the Li(OOC2H3) and Li2CO3 

precursors in contrast to the other products. These changes in the Raman spectra could be attributed 

to the presence of defects or stresses in the crystal lattices within these particles. The combined 

results of these XRD and Raman analyses suggested the presence of impurities (e.g., Nb2O5) in 

the products prepared using the Li(OOC2H3) and Li2CO3 precursors.  Impurities incorporated into 

the crystalline lattices likely lead to the evolution of defects in the crystalline lattices of the NPs. 

The polycrystalline nature of the particles prepared using Li(OOC2H3) and Li2CO3 could be the 

result of the formation of these lattice defects that lead to the genesis of aggregation and multiple 

grain boundaries in the products. 

 

Figure 5.22. Analyses by Raman spectroscopy of LiNbO3 nanoparticles prepared using: (a) 
Li(OC2H5); (b) Li(acac); (c) Li(OOC2H3); or (d) Li2CO3 as the Li precursor. Also included is a 
Raman spectrum for (e) a commercially available LiNbO3 powder. 

We observed that the form of the Li precursor used in the solvothermal synthesis of LiNbO3 

NPs can have a significant influence on the uniformity of the dimensions, crystallinity, and purity 

of the products (Figure 5.23). The impact of these Li precursors on the rates of nucleation and 
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processes for crystal growth in these nonaqueous sol-gel reactions cannot be quantified from these 

studies. These assessments would require coupling the results of modeling studies with a series of 

carefully controlled kinetic studies.  

 

Figure 5.23. A comparative summary of the influences of anionic species from Li precursors on a 
nonaqueous, solvothermal synthesis of LiNbO3 nanoparticles: (a) the size and shape of the 
resulting nanoparticles, as well as their uniformity and degree of aggregation vary as a function of 
the anionic species present in the reaction; and (b) the purity of the products also vary as a function 
of the solubility of the anionic species within the reaction mixture.  

The effects observed for the series of Li precursors evaluated herein did, however, provide 

qualitative insights into some of the processes involved with the preparation of crystalline LiNbO3 

NPs when altering the composition of anionic species present in solution. These anionic species 

can associate with the surfactant molecules, metal ions, and/or the surfaces of the NPs. The 

synthesis of LiNbO3 NPs from Li precursors containing both carbon and non-carbon-based anionic 

species suggests that Li(OC2H5), LiOH.H2O, and Li(acac) can serve as reliable sources of Li to 

prepare single-crystalline, nanoscale LiNbO3 of a pure phase via a nonaqueous solvothermal 

process. These three types of precursors could be more versatile precursors relative to the use of 

LiCl, LiBr, LiNO3, Li(OOC2H3), and Li2CO3 during these solvothermal reactions when prepared 
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in benzyl alcohol and in the presence of triethylamine. In contrast, the Li precursors containing 

fluoride, iodide, and sulfate anions did not lead to the formation of LiNbO3 largely due to 

challenges with the solubility and/or reactivity of these reagents. It could be possible to further 

improve the purity, dispersion, and uniformity of the LiNbO3 products by identifying more suitable 

solvents and surfactants. These changes to the reaction conditions will, however, likely have an 

impact on the solubility and reactivity of the reagents, requiring a further assessment similar to 

that summarized in Figure 5.23. The lessons from this systematic investigation into the benefits 

and limitations when selecting a type of Li precursor to be used for the synthesis of LiNbO3 NPs 

could also be adapted to controlling and tuning the synthetic yields and quality of NPs prepared 

from other alkali metal niobates (e.g., KNbO3, NaNbO3), other Li precursors (e.g., LiBF4, Li2PO4) 

and other transition metal oxides (e.g., LiMnO2, LiNiO2).  

5.5 Conclusions 
In summary, we studied the preparation of LiNbO3 nanostructures using a series of Li 

precursors in a nonaqueous solvothermal process. In this solution-phase method, the Li precursors 

containing either non-carbon or carbon-based anions were studied for their relative influence on 

the preparation of LiNbO3 NPs. The selection of the Li precursor can have a significant effect on 

the dimensions, crystallinity, and phase purity of LiNbO3 NPs. Syntheses using Li precursors 

containing a number of non-carbon-based anions (i.e., Cl¯, Br¯, OH¯, and NO3
¯) yielded LiNbO3 

NPs with diameters below 100 nm. The LiNbO3 NPs obtained using LiOH.H2O were the least 

aggregated of this series of products, while those obtained using LiNO3 were more aggregated. 

Aggregated products observed within the NPs prepared from LiNO3, as well as for NPs 

synthesized from LiCl and LiBr, were attributed to the relative degree of aggregation of 

triethylamine in the presence of the anionic species in the Li precursors. The NPs of LiNbO3 

prepared using LiCl and LiBr also contained an impurity of Nb2O5, while those obtained using 
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LiOH.H2O and LiNO3 had a pure phase within the detection limits of the techniques used herein. 

A uniform crystallinity was observed during the HRTEM analyses of the LiNbO3 NPs derived 

from LiCl, LiBr, LiOH, or LiNO3. In contrast, the solvothermal reactions performed using LiF and 

Li2SO4 as precursors yielded single-crystalline nanowires of Nb2O5, while a semi-crystalline phase 

of niobium rich lithium niobate (i.e., LiNb3O8) was obtained for reactions using LiI as the 

precursor. For the Li precursors having carbon-based anions (i.e., C2H5O¯, C2H3OO¯, C4H7OO¯, 

and CO3
¯), the Li2CO3 and Li(OOC2H3) yielded LiNbO3 particles with diameters much larger than 

100 nm, while those of prepared using Li(OC2H5) and Li(acac) had dimensions well below 100 

nm. The products prepared using the Li2CO3 and Li(OOC2H3) precursors also had an impurity of 

Nb2O5, while a pure rhombohedral phase of LiNbO3 was obtained using Li(OC2H5) and Li(acac) 

as the Li precursors. Single-crystalline LiNbO3 NPs were also achieved when using either 

Li(OC2H5) or Li(acac) as precursors, while the Li(OOC2H3) and Li2CO3 precursors lead to the 

formation of polycrystalline particles that appear to be aggregates of NPs. The anion associated 

with the Li precursors could play a significant role in the solution-phase synthesis of LiNbO3, such 

as through stabilizing the precursor species and/or the nuclei. These anions could serve to influence 

the surface passivation of the nuclei and the NPs, such as through coordination to cationic surface 

sites (i.e., Nb5+ and Li+). The anionic species can also interact either adversely or favorably with 

the solvent and/or surfactant molecules present during these solution-phase syntheses. In summary, 

the selection of Li precursors during the synthesis of nanomaterials can play a significant role in 

determining the dimensions, shapes, phase purity, and crystallinity of the LiNbO3 NPs. This work 

provides critical insights into the multiple influences that anionic species can have in controlling 

the growth, purity, uniformity, crystallinity, and aggregation of alkali niobate-based 

nanomaterials. These studies advance our understanding of the many roles that the counterion 
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species within a reactive reagent (e.g., the anions to Li or other cationic precursors) can play in the 

preparation of nanomaterials using nonaqueous synthetic processes. The insights from this 

systematic study could help to further study the influence of other Li precursors (e.g., phosphates, 

tetrafluoroborates), and to optimize the preparation of other complex metal oxides (e.g., tantalates, 

titanates, borates, iodates, and phosphates) and mixed compounds therein.  
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6.1 Abstract 
Surface functionalization of nanoparticles (NPs) and their use in therapeutic and diagnostic 

applications are of great interest. The conjugation of NPs with specific molecules through covalent 

linkages is preferred to provide higher colloidal stability, biocompatibility, chemical stability, and 

functional groups for further bioconjugation. Nanoparticles of LiNbO3 are explored in literature 

as second harmonic generation (SHG) bioimaging probes for their potential to expand 

underdeveloped SHG based microscopy techniques. The efficient use of SHG active LiNbO3 NPs 

as probes, however, require their surface functionalization with polyethylene glycol and 

fluorescent molecules to enhance their colloidal stability, chemical stability, and to yield a 

correlative imaging platform. Herein, we demonstrate a covalent approach to the surface 

functionalization of LiNbO3 NPs with alcohol-based reagents. Alcohol-based molecular reagents 

can have a range of functional groups, such as carboxylic acids, amines, halides, and aldehydes, 

which can be displayed on the surfaces of NPs through silanol-alcohol condensation reactions. In 

this study, we have utilized the carboxylic acid (–COOH) group as an additional reactive site for 

further functionalization of the LiNbO3 NPs. This surface functionalization approach using 

functional alcohols acts as a platform for a variety of chemistries, including nonreactive surface 

coatings (e.g., polyethylene glycol). As a demonstration of this approach to utilizing the surface 

chemistry derived from the silanol-alcohol condensation reaction, the surfaces of the NPs were 

covalently functionalized with biologically important molecules such as polyethylene glycol and 

a fluorescent probe. This surface chemistry based on covalent bonding provides a way to reduce 

aggregation of NPs, provide chemical stability and to enable multimodal tracking for SHG 

nanoprobes. These surface functionalizations of LiNbO3 NPs can be used to extend their use in 

applications that include bioimaging, biosensing, and photodynamic therapy. 
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6.2 Introduction 
This chapter demonstrates a versatile approach to functionalize the surfaces of silica (SiOx) 

coated lithium niobate (LiNbO3) nanoparticles (NPs) with alcohol-based reagents. Nanoparticles 

of LiNbO3 are active towards second harmonic generation (SHG), which are sought after for their 

applications in SHG based bioimaging.1–3 Unlike most fluorescent probes, the SHG signal of 

nanoprobes does not bleach or blink, and this signal also does not saturate with increasing 

illumination intensity.4–7 The SHG active probes can also achieve a decoupling of the SHG signals 

from the background and provide a narrower full width at half maximum (FWHM) signal (e.g., 

typically less than 10 nm) that lead to a higher signal-to-noise ratio.4–7 Similar to near-infrared 

(NIR) fluorophores, SHG imaging probes can use NIR wavelengths that enable an excellent depth 

of penetration of light under skin due to the smaller absorption of NIR light than visible light.8,9 

This enables SHG probes to be well-suited for studying the thick tissue samples and to reveal the 

biological complexity in deep tissues.8,9 As well, the SHG active probes have the ability to 

decouple the excitation and emission signals at double the original frequency, which can 

potentially provide a higher signal-to-noise ratio during bioimaging.8,9 Few reports demonstrated 

the utility of LiNbO3 based nanoprobes for SHG based bioimaging.10,11 In these previous studies, 

LiNbO3 NPs used for SHG based bioimaging lacked surface modifications for colloidal stability, 

which resulted in aggregation and a relatively poor cellular uptake.10,11 To circumvent these 

drawbacks and to improve the potential utility of these NPs in bioimaging, the surfaces of SHG 

nanoprobes should be functionalized for improved chemical stability (e.g., avoiding the leaching 

of ions, and fouling of surfaces) and colloidal stability (e.g., avoiding agglomeration and 

aggregation).12–14 Surface modifications of NPs can add a diverse range of functional groups (e.g., 

–CH3, –COOH, –NH2, –OH, –SH, or –CN) on the surfaces of the NPs. The surface 

functionalization of NPs provides a platform to further tune the properties of the NPs for their use 
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in biological systems.13,15,16 The chemical and colloidal stability, as well as the biocompatibility 

and biofunctionalization of NPs can be further tuned through the subsequent attachment of 

additional molecular species to the modified surfaces. 13,13,17,18 

Many approaches to the surface modification of NPs for biological applications are based 

on covalent linkages between the surfaces of NPs and functional molecules.19,20 Unlike physical 

adsorption, the surface modifications that utilize covalent bonds offer a stronger, more robust, and 

stable linkage of biologically important molecules to the surfaces of NPs.19,20 To covalently attach 

organic molecules to the surfaces of the NPs, these NPs are usually modified through ligand 

exchange reactions, direct encapsulation with polymers, or a direct encapsulation with silica.13 

These strategies provide a relatively robust platform to functionalize the surfaces of NPs through 

covalent bonding than those of pristine NPs.13 Silica (SiOx) encapsulation is one of the most widely 

utilized and reproducible coating method for surface functionalization of NPs.13 The SiOx coating 

is also chemically stable, hydrophilic in nature, and helps to prevent non-specific interactions with 

biological molecules (e.g., proteins, lipids) in body fluids (e.g., blood, interstitial fluid) .13,21–24 

This SiOx encapsulation platform is extended here to coat the surfaces of LiNbO3 NPs to improve 

their chemical stability, colloidal stability, and to achieve reaction sites for further surface 

modification with organic molecules. The SiOx shell presents surfaces that are enriched with 

silanol groups (Si–OH), which provide reactive sites for the covalent attachment of various 

functional groups.13,21,22,24–26 Organic molecules such as silanes (R4–Si) and alcohols (R–OH) can 

link covalently with the surface –Si–OH groups of SiOx to modify the properties of NPs. A 

common strategy to add functional groups to SiOx coated NPs is first to hydrolyze silane-based 

reagents to form silanol groups (–Si–OH), followed by their condensation with silanol groups on 

the surfaces of the SiOx coating.25–27 The main advantage of using silane-based reagents for these 
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modifications is their ability to rapidly form covalent silyl ether (M-O-Si-R) bonds between the 

reagent and the surfaces (M = Si or a metal atom) of the NPs at relatively low temperatures.28–30 

Silane-based reagents for surface modifications, however, have several limitations that include the 

extensive procedures required to perform well-controlled reactions, moisture sensitivity, and their 

susceptibility to side reactions (e.g., self-condensation to form siloxanes).28–30 Another 

disadvantage of silanes is their ability to impart limited functional groups on the surfaces of NPs 

through their direct reactions with the surface silanol groups. For example, relatively few studies 

have focused on the surface modification of NPs with –COOH groups using silane-based reagents 

due to the multi-step processes involved in silane-based chemistries to impart –COOH groups on 

the surfaces of materials.31–34  

Alternatively, alcohol-containing reagents have been explored for the surface 

functionalization of materials. The silanol-alcohol condensation reaction can be used to modify 

the surface chemistry of a variety of substrates (e.g., silica, alumina, indium tin oxides).35–38 

Alcohol (R–OH) reagents are an alternative class of  molecules to the silane-based reagents and 

have been used to functionalize the surfaces of silica.35–38 A number of alcohol-containing 

molecules can be covalently bound to surfaces of SiOx through the silanol-alcohol condensation 

reaction, forming stable silyl ether (Si-O-C) bonds.39,40  Alcohol-based reagents have several 

advantages over silane-based precursors for modifying the surfaces of materials. Advantages of 

using alcohol-based reagents include their moisture stability, mono-reactivity, and their 

availability as a reagent with a variety of functional groups.35–38 These alcohol-based reagents have 

been used to add molecular functionality to silica surfaces with species that include amines, 

aldehydes, fluorocarbons, nucleic acids, thiols, and cyanides.35–38 The availability of these 

important functional groups on the surfaces of materials is a vital platform to further covalently 
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bond biologically important molecules (e.g., PEG, antibodies, fluorescent molecules) for a number 

of applications (e.g., bioimaging, and biosensing). Surface functionalization of SHG nanoprobes 

with biologically important molecules such as fluorescent molecules and PEGs is essential for 

targeted bioimaging, correlated imaging and to enhance their colloidal stability, respectively. The 

functionalization of NPs with carboxylic acid (–COOH) groups is of particular interest due to their 

ability to tune colloidal stability under physiological conditions and to serve as reactive sites for 

these further surface modifications.34,41–44 These Si–O–COOH reactive sites can be utilized for the 

covalent attachment of amine-containing reagents (e.g., polyethylene glycol, peptides, proteins, 

fluorophores, and DNAs).34,41–45 Alcohols containing –COOH groups provide a facile and single-

step reaction to impart –COOH on the surfaces of NPs.36,37 These silanol-alcohol condensation 

reactions have studied to functionalize the surfaces of flat substrates (e.g., silica and glass), but 

have not studied broadly for NPs. Surface modifications of optical contrast agents (e.g., SHG 

active probes) via the silanol-alcohol condensation reaction, therefore, provides an opportunity to 

extend this approach to functionalize the surfaces of NPs. 

Herein, we demonstrate the surface functionalization of SiOx coated LiNbO3 NPs through 

the silanol-alcohol condensation reaction. These SiOx coated NPs were functionalized with 

carboxylic acid (–COOH) groups through the covalent attachment of 12-hydroxydodecanoic acid 

(12-HDA). The silanol-alcohol condensation reaction with 12-HDA was carried out in propylene 

carbonate. This polar aprotic solvent has been demonstrated for its utility in the silanol-alcohol 

condensation reaction.36 We selected polyethylene glycol (PEG) and a fluorescent probe molecule 

to covalently functionalize the surfaces of LiNbO3 NPs. Both the PEG and fluorescent probe were 

each coupled to the –COOH functionalized NPs through reaction with primary amines using N-

(3-dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling 
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reactions. These molecules (e.g., PEG and fluorescent probe) are commonly used in bioimaging 

and drug delivery studies. For example, PEG was selected to improve the colloidal stability and 

increase the retention times of NPs in the blood circulation. The fluorescent probe was selected to 

provide complementary tracking of fluorescent signals along with the SHG signals from NPs in 

biological systems.46,47 The products were characterized using transmission electron microscopy 

(TEM), high resolution TEM (HRTEM), energy dispersive X-ray spectroscopy (EDS), X-ray 

diffraction (XRD), Raman spectroscopy, and fluorescence spectroscopy techniques. These surface 

functionalized SHG active LiNbO3 NPs can be used as imaging probes for the long-term 

monitoring of biological systems. This platform of silanol-alcohol condensation to functionalize 

the surfaces of LiNbO3 can be further extended to modify the surface properties of other types of 

NPs (e.g., metal NPs and metal oxide NPs). 

6.3 Experimental Section 
6.3.1 Synthesis of Lithium Niobate Nanoparticles 

Lithium niobate (LiNbO3) nanoparticles were prepared using a previously reported 

method.48 In brief, 40 mM of niobium ethoxide [(Nb(OC2H5)5, >90%, Gelest Inc.] was dissolved 

in 10.0 mL of benzyl alcohol (99%, Acros Organics) and stirred for 30 min. This step was followed 

by the addition of 0.1 mL of triethylamine [N(C2H5)3, 99%, Anachemia] as a surfactant, and the 

mixture was stirred for another 30 min. After this period of time, 40 mM of lithium hydroxide 

monohydrate (LiOH·H2O, 99%, Alfa Aesar) was added to the solution, which was stirred for 

another 10 h at room temperature. The resulting mixture was transferred to a 23 mL Teflon lined 

autoclave (Model No. 4749, Parr Instruments Co., Moline, IL USA) and heated at 220 oC for 36 

h. After cooling to room temperature, white precipitates were isolated from the solution via a 

process of centrifugation (Model No. AccuSpin 400, Fisher Scientific) at 8,000 rpm (8,888 x g) 

for 20 min and decanting of the solution. These solids were washed three times by re-suspending 
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with 10 mL of ethanol, and repeating the process of centrifugation and decanting of the solution. 

The purification process was repeated three more times with 10 mL of deionized water (18 

MΩ·cm, produced using a Barnstead NANOpure DIamond water filtration system). The purified 

product was dried at 70 oC for 12 h to remove residual water prior to further analyses.  

6.3.2 Silica Coating of LiNbO3 Nanoparticles  
Silica coated LiNbO3 nanoparticles were prepared using a modified Stöber method.49 First, 

tetraethyl orthosilicate (TEOS; purity, 99.999%, Sigma Aldrich) was diluted with anhydrous 

methanol (MeOH, 99.9%, Fisher Scientific) to a 20% v/v TEOS solution. A 0.1 M solution of 

sodium hydroxide (NaOH; ACS grade, Sigma Aldrich) was prepared in 18.2 MΩ·cm DI water. In 

brief, 1 mg of LiNbO3 NPs were added to 3 mL of distilled water and dispersed via sonication for 

5 min. This step was followed by the addition of 100 µL of 0.1 M NaOH and the mixture stirred 

for 30 min using a magnetic stir bar. A 40 µL aliquot of TEOS the diluted (20% v/v) in methanol 

was subsequently injected into the reaction mixture, and the suspension was stirred at 25 °C for 20 

h. The resulting silica coated LiNbO3 NPs were isolated from the reaction mixture by 

centrifugation at 13,000 rpm (23,417 x g) for 10 min. The obtained solids were washed two times 

by suspending the solids each time with 2 mL of ethanol and repeating the process of centrifugation 

and decanting of the solution. The purified product of silica-coated LiNbO3 NPs was suspended in 

propylene carbonate (99%, Sigma Aldrich) via sonication prior to functionalizing the NP’s 

surfaces with alcohol-based reagents through the silanol-alcohol condensation reaction. 

6.3.3 Surface Functionalization of Silica Coated LiNbO3 Nanoparticles 
The surfaces of silica-coated LiNbO3 nanoparticles were functionalized using 12-

hydroxydodecanoic acid (12-HDA, 97%, Sigma Aldrich) through a silanol-alcohol condensation 

reaction. A 500 mM solution of 12-HDA was prepared in 2 mL of propylene carbonate, and this 

solution was heated to 80 °C in a temperature-controlled oil bath. The silica-coated NPs were added 
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to the heated solution (2 mg particles/mL of PC). The resulting mixture was stirred at 80 °C for 20 

h. After this heat treatment, the sample was cooled for 2 min, and 10 mL of isopropanol (IPA, 

ACS plus, Fisher Scientific) was added into the reaction mixture to prevent the solidification of 

the excess surfactants. The mixture was centrifuged at 13,000 rpm (23,417 x g) for 10 min to isolate 

the NPs. The obtained solids were washed twice with 2 mL of IPA via a process that included 

agitation using a vortexer for 1 min, followed by centrifugation at 13,000 rpm (23,417 x g) for 10 

min. The NPs functionalized with 12-HDA were re-dispersed in 1 mL of dimethyl sulfoxide 

(DMSO, 99.9%, Caledon Laboratories) for their subsequent reaction with amine-containing 

molecular reagents. 

6.3.4 Further Tuning of the Properties of LiNbO3 Nanoparticles by Attaching Additional 
Species 

Surfaces of the 12-HDA modified SiOx coated LiNbO3 NPs were further functionalized 

with polyethylene glycol (PEG) and a fluorescent probe. A maleimide-PEG-amine (Mal-PEG-

NH2, MW = 5k, Biochempeg) was covalently attached to these NPs through a N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling 

reaction. Specifically, 1 mL of purified 12-HDA modified SiOx coated LiNbO3 NPs (1 mg NPs/mL 

of DMSO) was added to a 1 mL solution of DMSO containing 2.60 mg (0.0135 mM) of N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC, >98%, Sigma Aldrich). This 

mixture was stirred for 1 h at room temperature. Following this period of stirring, 1 mL of DMSO 

containing 5.60 mg (0.0486 mM) of N-hydroxysuccinimide (NHS, 98%, Sigma Aldrich) was 

added to the mixture. The resulting solution was stirred for 2 h at room temperature. Finally, 2.40 

mg of Mal-PEG-NH2 suspended in 1 mL of DMSO was added to the reaction mixture at room 

temperature and stirred for another 12 h. To collect the Mal-PEG-NH2 functionalized NPs, the 

mixture was centrifuged at 10,000 rpm (13,888 x g) for 15 min. The collected NPs were washed 
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twice with 2 mL of DMSO via a process that included agitation using a vortexer for 1 min, 

followed by centrifugation at 8,000 rpm (8,888 x g) for 10 min. The purified product was re-

dispersed in DMSO for further functionalization with an amine-containing fluorophore. An aliquot 

of the product was also dried under vacuum to characterize the NPs by Raman spectroscopy.   

To add further functionality to the PEG modified LiNbO3 NPs, CFTM-647 amine (CF-647-

NH2, ~969.0 g/mol, Biotium), a fluorescent molecular probe was attached to the NPs through an 

additional EDC/NHS coupling reaction. The purified PEG stabilized NPs were mixed with 1 mL 

of DMSO containing 2.60 mg (0.0135 mM) of EDC and stirred for 1 h at room temperature. After 

this step, 1 mL of DMSO containing 5.60 mg (0.0486 mM) of NHS was added, and the mixture 

stirred for 2 h at room temperature. Finally, an aliquot (20 µL) of a 2 mM solution of CF-647-NH2 

prepared in DMSO was added to the reaction mixture with continuous stirring for another 18 h at 

room temperature. The suspension was centrifuged at 13,000 rpm (23,417 x g) for 15 min to isolate 

the NPs. The solids were washed twice with 2 mL of DMSO via a process that included agitation 

using a vortexer for 1 min, followed by centrifugation at 8,000 rpm (8,888 x g) for 20 min. All the 

supernatant obtained after the washing of NPs were collected and characterized by fluorescence 

spectroscopy to ensure the absence of unbound and physically adsorbed molecules of the 

fluorescent probe. The purified NPs were re-dispersed in DMSO prior to further analyses by 

fluorescence spectroscopy to confirm the covalent attachment of fluorescent molecules to the 

surfaces of modified LiNbO3 NPs. 

6.3.5 Characterization of the Products 
The morphology and dimensions of the LiNbO3 based NPs were characterized using an 

FEI Osiris X-FEG 8 scanning/TEM operated at an accelerating voltage of 200 kV. Samples for 

TEM analysis were prepared by dispersing the purified products in ethanol, followed by drop-

casting 5 μL of each suspension onto separate TEM grids (200 mesh copper grids coated with a 
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formvar/carbon coating) purchased from Cedarlane Labs. Each TEM grid was dried under vacuum 

at ~230 Torr for at least 20 min prior to analysis. Energy dispersive X-ray spectroscopy (EDS) 

analyses were performed using the FEI Osiris scanning/TEM, which was equipped with a Super-

X EDS system with ChemiSTEM Technology integrating the signal from four spectrometers. 

Phase and crystallinity of the LiNbO3 NPs were determined from X-ray diffraction (XRD) patterns 

acquired with a Rigaku R-Axis Rapid diffractometer equipped with a 3 kW sealed tube copper 

source (Kα radiation, λ = 0.15418 nm) collimated to 0.5 mm. Powder samples were packed into a 

cylindrical recess drilled into a glass microscope slide (Leica 1 mm Surgipath Snowcoat X-tra 

Micro Slides) for acquiring XRD patterns of the products. 

Raman spectroscopy was used to characterize the surface modifications to the SiOx coated 

LiNbO3 NPs. The products of NPs were supported on a glass microscope slide (Leica 1 mm 

Surgipath Snowcoat X-tra Micro Slides). These measurements confirmed the attachment of the 

12-HDA to the NPs, and the further reaction of the attached 12-HDA with Mal-PEG-NH2. Raman 

spectra were collected using a Renishaw inVia Raman microscope with a 50× LWD objective lens 

(Leica, 0.5 NA), and a 514 nm laser (argon-ion laser, Model No. Stellar-Pro 514/50) set to 100% 

laser power with an exposure time of 60 s. The Raman spectra for the samples were acquired from 

100 to 1800 cm−1 using a 1200 lines/mm grating and a scan rate of 10 cm-1 per second. 

The covalent attachment of the CF-647-NH2 fluorophore to the surfaces of NPs was 

assessed using both steady-state and time-resolved fluorescence spectroscopy techniques. Steady-

state fluorescence measurements of the products were carried out using a Photon Technology 

International (PTI) Quantamaster Spectrofluorometer. The time‐resolved fluorescence spectra 

were collected on a Horiba PTI QuantaMaster™ 400 with a DeltaFlex time-correlated single-

photon counting (TCSPC) lifetime measurement system equipped with a 370 nm excitation laser. 
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The instrument response function was measured using a non-fluorescent LUDOX-50 scatterer 

(i.e., a suspension of 50-nm diameter silica beads). 

The second harmonic generation response of the SiOx coated LiNbO3 NPs was analyzed 

using a Leica SP5 laser scanning confocal, two photon microscope equipped with a Coherent 

Chameleon Vision II laser (tunable from 680 to 1080 nm for two photon excitations) and a 20× 

objective lens (Leica, 1.0 NA). The average peak power of the laser was 3.0 W at a wavelength of 

800 nm. Powdered samples of the LiNbO3 NPs were mounted onto glass coverslips and brought 

into the focal point of the microscope. The excitation wavelengths were set to 800, 850, 900, 950 

and 1000 nm, and the corresponding band-pass filters were centred at 400, 425, 450, 475, and 500 

nm, respectively, to selectively collect the second harmonic response of the SiOx coated LiNbO3 

NPs. 

6.4 Results and Discussion 
This report demonstrates a platform to covalently functionalize the surfaces of LiNbO3 NPs 

for their potential use as second harmonic generation (SHG) active nanoprobes in bioimaging. 

Figures 6.1 and 6.2 provides an overview of the processes utilized for functionalizing the surfaces 

of the LiNbO3 NPs.  

The first step used here for tuning the surface chemistry of the LiNbO3 NPs is to coat their 

surfaces with a thin shell of silica (SiOx) using the Stöber method.49 Surfaces of LiNbO3 NPs were 

coated with a thin shell of SiOx, which improves the chemical stability of LiNbO3 by avoiding the 

leaching of Li+ ions from its crystal structure. This thin SiOx shell also provides surface silanol 

groups that were utilized to covalently attach multifunctional molecules (e.g., alcohols) through a 

silanol-alcohol condensation reaction. This step was followed by the covalent attachment of 

carboxylic acid (–COOH) containing alcohols via a silanol-alcohol condensation reaction. We 

used alcohol-reactive reagents to functionalize the surfaces of NPs that are relatively more stable 

https://www.sciencedirect.com/topics/chemical-engineering/amine
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than silanes-based molecules and provide surface functionalities for covalently bonding 

biologically important molecules (e.g., polyethylene glycol and fluorescent probes). The 

carboxylic acid groups on the surfaces of NPs provided reactive sites for their further conjugation 

with polyethylene glycol (PEG) and a near-infrared (NIR) fluorophore through N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling 

reactions. Surface functionalization of LiNbO3 NPs with polyethylene glycol was sought to 

improve their colloidal stability in the physiochemical environment (e.g., bloodstream). 

 

 

Figure 6.1. An overview of the steps to tune the surface chemistry of lithium niobate (LiNbO3) 
nanoparticles (NPs) to enhance their colloidal stability, improved chemical stability, and to achieve 
a fluorescent tracking platform for second harmonic generation (SHG) nanoprobes. The LiNbO3 
NPs were first coated with silica using tetraethyl orthosilicate (TEOS) to provide surface silanol 
(-Si-OH) groups and chemical stability. This step was followed by the functionalization of NPs 
with 12- hydroxydodecanoic acid (12-HDA) at 85 ºC by utilizing the silanol-alcohol condensation 
reaction to covalently attach molecules to LiNbO3 NPs. This step provided the surface carboxylic 
acid groups to attach biologically important molecules on the surfaces of NPs. A specific example 
is shown here for the attachment of a Mal-PEG-NH2, and a CF-647-NH2 fluorophore to carboxylic 
acid functionalized NPs of LiNbO3. The Mal-PEG-NH2 and CF-647-NH2 fluorophore were linked 
to the carboxylic acid functionalized surfaces via a carbodiimide assisted cross-linking method, 
and the coupling agents were N-(3-dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride 
(EDC) and N-hydroxysuccinimide (NHS). The PEG was sought to increase the colloidal stability 
of the NPs, and the fluorescent probe provides a correlative tracking platform along with SHG 
signals. 
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Figure 6.2. Utilizing the alcohol condensation reaction to attach molecules to lithium niobate 
(LiNbO3) nanoparticles (NPs). A specific example is shown here for the attachment of a Mal-PEG-
NH2 and CF-647-amine reactive dye to carboxylic acid-functionalized NPs of LiNbO3. These 
LiNbO3 NPs were first coated with silica using tetraethyl orthosilicate (TEOS) followed by 
functionalization with 12-hydroxydodecanoic acid (12-HDA) at 85 ºC for 24 h through a silanol-
alcohol condensation reaction. The Mal-PEG-NH2 and CF-647-amine fluorophore were linked to 
the carboxylic acid functionalized surfaces via a carbodiimide assisted cross-linking method, and 
the coupling agents were N-(3-dimethylaminopropyl)-N’ethylcarbodiimide hydrochloride (EDC) 
and N-hydroxysuccinimide (NHS). 

The fluorescent probe was covalently attached to the surfaces of LiNbO3 NPs to provide a 

multimodal platform for the colocalization tracking of SHG signals with fluorescence signals. The 

nanoprobes based on LiNbO3 can provide a bright, photostable and efficient SHG labelling tool 

that allows long-term tracking and in vivo imaging in whole organisms. 

Lithium niobate was selected as a core material for its utility in SHG based 

bioimaging.10,11,50 Lithium niobate, a non-centrosymmetric material, is one of the most widely 

explored non-linear optical (NLO) materials due to its excellent SHG response.48,51 Second 

harmonic generation is a second-order NLO process in which two incident photons of a 

fundamental frequency (ω) are converted into a single photon having double the initial frequency 

(2ω).52,53  Unlike fluorescent probes, the SHG probes have a stable, non-blinking signal that does 

not saturate with increasing excitation power, and their emission wavelength can be widely tuned 

https://www.sciencedirect.com/topics/engineering/saturates
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by adjusting the excitation wavelength.5,6,54,55 The processes associated with the SHG response are 

on the femtosecond time scale, which is four to five orders of magnitude faster than the nanosecond 

response time of typical fluorophores.60–62 These properties enable SHG probes to be used in the 

study of thick tissue samples that enable deep tissue imaging.2,52–54,56,57 The SHG nanoprobes also 

enable a long-term (e.g., months) monitoring and tracking of biological processes in whole 

organisms and tissues.2,52–54,56,57, While SHG probes based on LiNbO3 NPs have several 

advantages over fluorescent molecules, the development of efficient SHG probes for bioimaging 

requires further research to tune the surface chemistry of harmonic NPs. Surfaces functionalization 

of SHG active LiNbO3 NPs with biologically relevant molecules such as polyethylene glycol and 

fluorescent molecules is essential to improve their colloidal stability and multimodal tracking in 

long-term tracking of biological processes. Nanoparticles of LiNbO3 with dimensions < 100 nm, 

single-crystalline in nature and having minimum aggregation are also essential to develop efficient 

SHG nanoprobes. 

The TEM analyses of these NPs indicated the formation of a well-dispersed product with 

an average diameter of 33 ± 5 nm (Figures 6.3 and 6.4).  

 

Figure 6.3. Transmission electron microscopy (TEM) analyses of LiNbO3 NPs prepared by a 
solvothermal method. 

 

https://www.sciencedirect.com/topics/engineering/femtosecond
https://www.sciencedirect.com/topics/engineering/fluorophores
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Figure 6.4. Histogram showing the dimensions of the as-synthesized LiNbO3 NPs as measured by 
TEM. (a) The as-synthesized LiNbO3 NPs. Mean dimensions of the as-synthesized NPs were 33 
nm. Variance of 5 nm for each product were calculated from one standard deviation from the 
calculated mean values. 

The high resolution TEM (HRTEM) analysis suggested the formation of single-crystalline 

NPs (Figure 6.5).  

 

Figure 6.5. High resolution TEM (HRTEM) analysis of a single LiNbO3
 NP. A uniform inter-

planar spacing of 3.7 Å corresponding to the (012) planes of LiNbO3 indicated the single-
crystalline nature of these NPs. 
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The purity and phase of the product were characterized by Raman spectroscopy (Figure 

6.6). Characteristic Raman bands were observed and matched well to those of a commercially 

available LiNbO3 standard indicating the formation of a pure rhombohedral phase of LiNbO3 for 

these NPs.48 The results from these analyses confirmed the formation of crystalline, ~33 nm 

LiNbO3 NPs with a pure rhombohedral phase that is known to exhibit a SHG response. 

 

Figure 6.6. Raman spectra for (a) LiNbO3 NPs prepared by the solvothermal synthesis, and (b) a 
commercially available powder of LiNbO3 particles. 

The TEM analysis of these modified NPs indicated the formation of a core-shell structure 

having a thin SiOx shell covering the surfaces of the LiNbO3 NPs (Figure 6.7). The average 

thickness of the SiOx shell was ~4 nm, with an increase in the average dimensions of the NPs from 

33 nm to 37 nm (Figures 6.8, and 6.9). These –Si–OH groups provide reactive sites for covalently 

binding organic molecules (e.g., silanes, amines, and biomolecules) to the surfaces of the NPs.58,59 
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Figure 6.7. Silica (SiOx) coated LiNbO3 NPs as characterized by: (a, b) transmission electron 
microscopy (TEM); (c) high-angle annular dark-field (HAADF) imaging by scanning TEM 
(STEM); and (d) energy dispersive X-ray spectroscopy (EDS) showing the elemental distributions 
of Nb and Si species for the same NPs observed in (b and c). 

 

Figure 6.8. Histogram showing the dimensions of the LiNbO3 NPs after coating with a thin layer 
of silica. Mean dimensions of NPs after silica coating were 37 nm, respectively. Variances of 5 
nm for each product were calculated from one standard deviation from the calculated mean values. 
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Figure 6.9. High resolution TEM (HRTEM) analysis of silica coated LiNbO3 NPs indicating a 
thin silica shell covering the surfaces of the NP and showing the single-crystalline nature of the 
LiNbO3 NP. The thickness of the SiOx shell was 4 nm indicating a thin layer uniformly coated the 
surface of NPs. Single-crystallinity of LiNbO3 did not change in the alkaline conditions of sol-gel 
reactions indicating the stability of the NPs. 

Elemental analysis of the SiOx coated LiNbO3 NPs by energy dispersive X-ray 

spectroscopy (EDS) further confirmed the presence of a SiOx shell on the NPs (Figure 6.9). The 

EDS mapping of niobium, oxygen, and silicon indicates a regular distribution of these three 

elements in the core-shell nanostructures, which further indicated the surfaces of the LiNbO3 NPs 

were covered by a continuous thin SiOx shell. 

The SHG response of the LiNbO3 NPs after SiOx coating was characterized using a 

confocal microscope equipped with a femtosecond laser. Nanoparticles of LiNbO3 coated with a 

thin shell of SiOx exhibited a tunable SHG response (Figure 6.10). This tunable SHG response 

was similar to the bare LiNbO3 NPs and indicated no change in the SHG properties of LiNbO3.48 
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Figure 6.9. Silica (SiOx) coated LiNbO3 NPs characterized by: (a)  high-angle annular dark-field 
(HAADF) scanning TEM (STEM); (b) energy dispersive X-ray spectroscopy (EDS) showing 
different elements in the NPs and corresponding elemental distribution maps of (c) Nb and (d) Si 
for the same NPs observed during STEM analysis. An EDS spectrum of the silica-coated NPs, 
which further verified the presence of Nb and Si in the product. The source of the Cu signals in 
the spectrum was the TEM grid supporting the sample. The absence of the EDS signal for the Li 
is due to the sensitivity limitation of our EDS detector. 
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Figure 6.10. The tunable second harmonic generation (SHG) emission at 400, 425, 450, 475 and 
500 nm for powders of the silica coated LiNbO3 nanoparticles placed on a glass cover-slip and 
irradiated using a pulsed laser with an excitation wavelength of 800 nm, 850 nm, 900 nm, 950 nm, 
and 1000 nm, respectively.  

The –R group of the alcohol reagent can have different numbers of carbon atoms and 

various functional groups within its structure. For the silanol-alcohol condensation reaction, the 

SiOx coated NPs were suspended in propylene carbonate. This polar aprotic solvent has been 

demonstrated to work efficiently relative to protic solvents for the surface modification of SiOx 

with alcohol-based reagents.36 Propylene carbonate helps to eliminate water (a by-product of 

silanol-alcohol condensation reactions) from the surfaces of NPs, which interfere in the formation 

of R–O–Si bonds.36 For the silanol-alcohol condensation reaction, 12-hydroxydodecanoic acid 

(12-HDA) was selected for binding to the SiOx coated NPs. One reason for selecting 12-HDA was 

its suitable carbon chain length (i.e., 12 carbons), which enables an efficient packing of the 

molecules on the surfaces of NPs. This covalent attachment of 12-HDA results in the formation of 

–COOH functional groups on the surfaces of SiOx coated LiNbO3 NPs.  

Raman spectroscopy was used to characterize the NPs functionalized with 12-HDA 

through silanol-alcohol condensation reactions. The functionalized NPs were washed with 

isopropanol using agitation with a vortexer for 1 min to assist with dispersing the NPs into solution. 

javascript:popupOBO('CHEBI:50803','c1jm14683a','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=50803')
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Repeating this process two more times was used to remove the unreacted 12-HDA molecules from 

the NPs. Raman spectroscopy was used to characterize the presence of 12-HDA covalently 

attached to the surfaces of the NPs. The –COOH groups have two characteristics Raman bands 

between 1400 to 1700 cm−1 due to symmetric and asymmetric stretching vibrations of the carbonyl 

groups, respectively.60–63 Raman spectra were acquired for the pristine LiNbO3 NPs, the SiOx 

coated NPs, and the 12-HDA modified LiNbO3 NPs. Two characteristics Raman bands ~1480 cm−1 

and ~1600 cm−1 were present in the product modified with 12-HDA, which were absent in the 

pristine NPs and SiOx coated NPs (Figure 6.12). The presence of these characteristic Raman bands 

for –COOH groups indicated the successful functionalization of the SiOx coated LiNbO3 NPs with 

12-HDA.60,62 The available –COOH functional groups of the 12-HDA on NP’s surfaces provided 

sites for the covalent attachment of other organic molecules, such as those widely used in preparing 

optical probes for biological systems. 
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Figure 6.12. The Raman spectra from (a) 100 to 1000 cm-1 and (b) 1000 to 1800 cm-1 for: (i) 
LiNbO3 nanoparticles; (ii) SiOx coated LiNbO3 nanoparticles; and (iii) SiOx coated LiNbO3 
nanoparticles functionalized with 12-hydroxydodecanoic acid (12-HDA). 

The SiOx coated LiNbO3 NPs were further functionalized with PEG for increased colloidal 

stability and a NIR fluorescent probe for multimodal tracking of the NPs. The amine groups are 

one of the most common functionalities used for the covalent attachment of many biologically 

important molecules (e.g., fluorophores, peptides, and antibodies) with the surfaces of the NPs. 

Surface functionalization of NPs with PEG and fluorescent molecules is highly sought after for 

their applications as optical probes in bioimaging.12,14,64 An amine-containing PEG and an amine 

functionalized NIR fluorophore were each covalently attached to the surfaces of the 12-HDA 

functionalized NPs through sequential EDC/NHS coupling reactions. This coupling reaction forms 
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stable amide bonds that enable the covalent attachment of amine-containing molecules to 

carboxylic acid functional groups.65 Polyethylene glycol is a non-toxic and hydrophilic polymer 

approved by the Food and Drug Administration (FDA) of the United States for its use in medicines 

and food items.66 The process of PEGlyation (i.e., attachment of PEG to surfaces) is desired for 

many biomedical applications, such as bioimaging and drug delivery.46,67–69 The PEGylation of 

surfaces has been demonstrated to reduce the aggregation of NPs, to minimize non-specific 

interactions of NPs with biomolecules (e.g., proteins), and to enhance the circulation times of NPs 

in the bloodstream.46,68,69 Development of LiNbO3 based SHG bioimaging probes also require their 

surfaces to covalently functionalize with PEG to enhance the colloidal stability of NPs in 

biological systems.  

The surfaces of the LiNbO3 NPs were functionalized with an amine-terminated maleimide 

PEG (Mal-PEG-NH2) having a molecular weight of 5,000 (Figure 6.1). The primary –NH2 of the 

PEG unit was covalently linked to activated –COOH groups on the NPs via N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) coupling 

chemistry. This EDC/NHC coupling process uses a step to activate the –COOH groups for their 

covalent bonding with –NH2 groups. The process to activate the –COOH functional groups used 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC), which formed an O-

acylisourea intermediate.70–72 The O-acylisourea intermediate is labile in the presence of polar 

solvents and must be utilized in the reaction soon after their formation.70–72 This intermediate can 

be stabilized by adding N-hydroxysuccinimide (NHS), which converts this liable linkage to a 

relatively stable sulfo-NHS ester.70 This sulfo-NHS ester is relatively more hydrophilic and 

hydrolyzes slower in polar solvents than non-sulfonated NHS esters. The increased stability of the 

amine-reactive ester in polar solvents is advantageous for these coupling reactions.70 The 
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formation of an amide bond through EDC-mediated reactions in aqueous solution can result in a 

number of potential side reactions (e.g., hydrolysis that leads to the formation of inactive isourea 

intermediate).70,72 To avoid these side reactions and to minimize the hydrolysis of the O-

acylisourea intermediate, we carried out the EDC/NHS coupling reactions in DMSO. The addition 

of Mal-PEG-NH2 to the reaction mixture triggers a nucleophilic attack between –NH2 group (e.g., 

nucleophile) of PEG and amine-ester linkage of O-acylisourea intermediate on the surfaces of the 

NPs. This nucleophilic reaction resulted in the formation of a stable amide bond between the –

NH2 groups of PEG and the –COOH groups of the NPs. The resulting PEGlyated LiNbO3 NPs 

were washed three times with DMSO to remove the unbound Mal-PEG-NH2 molecules. The 

purified product was characterized by Raman spectroscopy to assess the functionalization of the 

NPs with Mal-PEG-NH2. The Raman spectra of PEGlyated NPs have characteristic bands 

associated with the PEG polymer (Figure 6.13). The Raman bands observed at ~846 and ~864 

cm−1 were attributed to the skeletal vibrations of the PEG. The bands between 1000 and 1200 cm−1 

were due to the mixed vibrations of the C–O, C–C and C–H bonds.73–76 The intense Raman bands 

at ~1080 and ~1110 cm−1 were assigned to the C–O stretching and –CH2 rocking vibrations, 

respectively. The mixed vibrations of C–O and C–C yielded two relatively less intense Raman 

bands at ~1060 and ~1145 cm−1.73–76 The twisting (), wagging (), and bending () vibrations of 

–CH2 and –CH2–CH2 bonds gave four distinct Raman bands between 1200 and 1500 cm−1.73-76 

This was also worth noting that the intensity of the Raman bands belong to the -COOH bands 

diminished in the Raman spectra of PEGylated NPs indicating their utilization during EDC/NHS. 

The Raman spectroscopy analyses suggested a successful grafting of the Mal-PEG-NH2 onto the 

surfaces of the 12-HDA modified LiNbO3 NPs as a result of the EDC/NHS coupling reaction. 

https://www.sciencedirect.com/topics/chemistry/colloids
https://www.sciencedirect.com/topics/chemical-engineering/polymers
https://www.sciencedirect.com/topics/chemistry/stretching-vibration
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Figure 6.13. The Raman spectra from (a) 100 to 1000 cm-1 and (b) 1000 to 1800 cm-1 for: (i) the 
LiNbO3 NPs coated with SiOx and covalently functionalized 12-HDA after attachment of Mal-
PEG-NH2 via an EDC/NHS coupling reaction that forms amide bonds between these reagents; and 
(ii) 12-HDA grafted onto the SiOx coated LiNbO3 NPs. Major Raman bands in the top panel 
between 100 to 1000 cm-1 are associated with LiNbO3. Characteristic Raman bands for the PEG 
containing sample observed between 1000 to 1800 cm-1 indicated the formation of PEGlyated 
LiNbO3 NPs.  

Fluorescent molecules, often called labels, tags, or probes, are relatively small modifying 

agents that can be used to label NPs and help in their tracking in the biological systems.77–81 The 

covalent attachment of fluorescent molecules to NPs is more efficient than their physical 

adsorption due to the stronger bindings between molecules and surfaces of NPs. The covalent 

attachment of fluorescent molecules eliminates uncertainties with respect to the entity being 

labelled, such as incorporation into other materials due to dissolution of any adsorbed molecules 
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from the surfaces of the NPs or their leaching in the surroundings of NPs.47,82–84 The attachment 

of fluorescent molecules to SHG probes provides a complementary means of tracking the NPs 

within biological systems and also enables the colocalization of linear and non-linear optical 

responses associate with fluorescence and SHG imaging modalities.54,94 The remaining –COOH 

functional groups on the surfaces of PEGlyated LiNbO3 were further functionalized with an amine-

containing fluorophore through an EDC/NHS coupling reaction. A commercially available 

fluorescent probe, CFTM-647-amine (henceforth referred to as CF-647-NH2), was selected for the 

surface functionalization of PEGlyated LiNbO3 NPs.86,87 It is a cyanine-based far-red fluorescent 

dye spectrally similar to CyTM-5 and Alexa Fluor® 647.86,87 The CF-647-NH2 is more photostable 

than fluorescein-based dyes, and has good fluorescence brightness with emission at ~650 nm.86,87 

After the EDC/NHS coupling reaction, the functionalized NPs were washed twice with DMSO as 

the rinse solution by agitation using a vortexer for 1 min to remove the unbound and physically 

adsorbed CF-647-NH2 molecules from the surfaces of NPs. The obtained NPs and supernatant 

solutions after washing were analyzed by fluorescence spectroscopy. 

Steady-state fluorescence spectroscopy techniques were used to characterize the covalent 

attachment of fluorescent probe molecules to the surfaces of PEGlyated LiNbO3 NPs and to ensure 

a complete removal of unbound and physically adsorbed fluorescent molecules from the surfaces 

of NPs after washing. The fluorescence emission spectra of CF-647-NH2 probe was recorded in 

DMSO and had a λmax value of ~645 nm (Figure 6.14).  
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Figure 6.14. Fluorescence spectra of: (a) the PEGlyated LiNbO3 NPs dispersed in DMSO after 
functionalization with CF-647-NH2 via an EDC/NHS coupling reaction; (b) CF-647-NH2 
fluorescent molecular probe dissolved in DMSO; (c) PEGlyated LiNbO3 NPs dispersed in DMSO 
; (d) SiOx coated LiNbO3 NPs dispsersed in DMSO; and (e) pure DMSO. 

A control experiment was also performed in the absence of the EDC and NHS reagents, 

which are necessary to covalently link the fluorophore molecules to the surfaces of the NPs. The 

control reaction contained a mixture of freely dispersed CF-647-NH2 and the PEGylated NPs. The 

sample was purified using the same processes used for the sample containing the CF-647-NH2 

covalently bounded to the NPs via the EDC/NHS coupling reaction. No fluorescence was observed 

for the control sample after washing the NPs (Figure 6.15).  
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Figure 6.15. A control experiment that contained a mixture of CF-647-NH2 and PEGylated 
LiNbO3 NPs in DMSO with the absence of the EDC and NHS reagents, which are responsible to 
covalently link the fluorescent molecules to the surfaces of the NPs. Fluorescence spectra of: (a) a 
mixture of PEGlyated LiNbO3 NPs and CF-647-NH2 fluorophore without the EDC/NHS coupling 
reaction; (b) these same NPs after a first step of washing with DMSO to remove unbound CF-647-
NH2; and (c) these NPs after a second step of washing with DMSO. The fluorescence spectra for 
(d) SiOx coated LiNbO3 NPs in DMSO, and (e) pure DMSO are also added for a comparison to 
the results of the purification process. This control experiment indicated that two washes of the 
NPs were enough to remove the non-covalently attached fluorescent probe molecule from the 
surfaces of the NPs. 

No measurable amounts of CF-647-NH2 remained in this purified sample. These results 

implied that in the absence of EDC and NHS the CF-647-NH2 did not covalently attach to or 

otherwise associate with the surfaces of the NPs. The purification process effectively separated 

unbound species from the NPs. After EDC/NHS coupling of the fluorescent molecule to the NPs, 

the fluorescence emission band of CF-647-NH2 red-shifted to ~675 nm. This red-shift of 30 nm 
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observed for the emission of the fluorophore-labelled NPs is attributed to the changes in the local 

dielectric environment of these fluorescence species (Figure 6.16). The spectral shift could also be 

influenced by the covalent bond formed between the –NH2 of the fluorescent molecular probe and 

the –COOH groups of the remaining 12-HDA molecules bound to the NPs. The formation of this 

covalent bond could change the molecular bandgap of the fluorescent molecule and result in a red 

shift in its fluorescence emission.88–90 This observation of the fluorescent signals for washed 

PEGlyated LiNbO3 NPs indicated the presence of fluorescent probe molecules on the surfaces of 

NP. Steady‐state fluorescence spectroscopy was used to study the properties of the fluorescent 

probe molecules attached to the surfaces of the NPs, but this technique is limited in its ability to 

provide insight into the types of bonding between the fluorescent molecules and the surfaces of 

the NPs. 

 

Figure 6.16. Fluorescence spectra of: (a) the PEGlyated LiNbO3 NPs functionalized with CF-647-
NH2 via an EDC/NHS coupling reaction; and (b) PEGlyated LiNbO3 NPs in DMSO. 

Time-resolved fluorescence spectroscopy is generally capable of providing transient 

information regarding the excited state behaviour of molecules having different bonding types and 

the surrounding environment. Time-resolved fluorescence spectra were acquired to understand 
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further the molecular environment of the CF-647-NH2 probe covalently attached to the –COOH 

groups on the surfaces of PEGlyated LiNbO3 NPs (Figures 6.17 and 6.18).  

 

Figure 6.17. Fluorescence lifetimes measured with a time‐correlated single-photon counting 
(TCSPC) method at an excitation wavelength of 370 nm for CF-647-NH2 dissolved in DMSO, a 
mixture of CF-647-NH2 and NPs prepared in the absence of the EDC/NHS coupling reaction, and 
CF-647-NH2 functionalized NPs prepared via the EDC/NHS coupling reaction. 

The fluorescence lifetimes were measured by a time-correlated single-photon counting 

(TCSPC) technique.91 In TCSPC, a molecule is repetitively excited by a series of short laser pulses, 

and the time delays between emitted photons and the exciting photon pulses are measured to record 

the fluorescence decay times of the molecules.91–94 The measured photon emission is typically 

plotted as signal intensity versus time and used to determine fluorescence lifetimes of the 

molecular species under study.91–94 The fluorescence decay times of fluorescent molecules in their 

free form and those bound to the surfaces of NPs are distinct due to changes in their surrounding 

environment.91,92,95 The fluorescence lifetime can be shortened or lengthened, depending on the 

relative orientation of molecular dipole moment, the geometry of the molecules, and the 

composition of the NP and other molecules attached to their surfaces.91,92,95 Environmental factors 

such as temperature, viscosity, a change in the dielectric environment of the reaction mixture, and 
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polarity can affect the fluorescence lifetime of the NPs by inducing conformational changes, and 

reversible changes to the electron distribution in the excited state.91  

 
Figure 6.18. Biexponential fits of the time-resolved PL spectra obtained with an excitation 
wavelength of 370 nm for: (a, b) the CF-647-NH2 dissolved in DMSO; (c, d) a dispersion in DMSO 
of a mixture of freely dispersed CF-647-NH2 and NPs prepared without the EDC/NHS coupling 
reaction; and (e, f) a dispersion in DMSO of CF-647-NH2 modified NPs prepared via an EDC/NHS 
coupling reaction.  

Time-resolved fluorescence spectra were acquired for the NPs associated with CF-647-

NH2, pure CF-647-NH2 in DMSO, and pure DMSO. The decay times were also acquired for 

another control sample that contained a mixture of CF-647-NH2 and the PEGlyated NPs prepared 

without the covalent attachment of the CF-647-NH2 molecules (i.e., without EDC/NHS coupling). 

The goal was to evaluate differences in the decay times of the control samples and that of the free 

CF-647-NH2 fluorophore. The PL decay of samples was fit with a biexponential decay function 

composed of a short-lived PL lifetime (1) and a long-lived PL lifetime (2) having different 

percent distributions (Table 6.1).  
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Table 6.1. Fluorescence decay time of the products acquired with a time-correlated single photon 
counting (TCSPC) set-up using an excitation wavelength of 370 nm.*  

product 
PL lifetime 

() ns 
1 contribution 

to PL 
PL lifetime 

(2) ns 
2 contribution 

to PL 
pure CF-647-NH2 fluorescent 

probe molecules 0.96 23 % 1.99 77 % 

fluorescent probe molecule 
and PEGlyated NPs w/out 

EDC/NHS coupling  
1.11 28 %  2.00 72 % 

fluorescent probe molecule 
covalently attached to 

PEGlyated NPs  
1.19 72 %  2.75 28 % 

* The photoluminescence (PL) plots for the products were fit with a biexponential decay, giving 
both a short-lived PL lifetime (1) and a long-lived PL lifetime (2). 

A higher percent contribution of decay times indicates the predominant pathway available 

for the species for time dependant photon emissions. The fluorescence decay times were 

comparable for the freely dispersed CF-647-NH2 (τ = 1.99 ns) and the control sample containing 

a mixture of CF-647-NH2 and PEGylated NPs (τ = 2.00 ns). The fluorescent molecules in both 

systems had similar fluorescence decay kinetics and confirmed that the CF-647-NH2 molecules 

are not covalently associated with the nanoparticles in the absence of EDC-NHS coupling reaction. 

A significant shortening of the fluorescence lifetime (τ = 1.19 ns) was observed in the fluorescence 

decay curve of the CF-647-NH2 when it was covalently bound to the NPs. These shorter 

fluorescence decay times indicated a transition from long-lived decay pathways to the formation 

of short-lived decay pathways for the fluorescent molecules after the EDC/NHS coupling of CF-

647-NH2 with NPs. This decrease in the fluorescence lifetime might be due to interactions between 

the fluorophore and defect states at the surfaces of the NPs .91 The covalent attachment of these 

molecules to NPs provides new pathways for decay of the electrons from their excited state. These 

pathways can lead to a decrease in the fluorescence lifetime or a quenching of the excited state. 
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These results suggest that the fluorescence decay dynamics of CF-647-NH2 molecules were altered 

indicating its covalent attachment to the surfaces of LiNbO3 NPs. We evaluated the colloidal 

stability of SiOx coated LiNbO3 NPs after their functionalization with PEG and CF-647-NH2 

molecules in phosphate-buffered saline (PBS) solution. The surface functionalized NPs of LiNbO3 

were colloidally stable in the PBS even after 4 d (Figure 6.19).  

 

Figure 6.19. An optical image depicting the colloidal stability of SiOx coated LiNbO3 NPs in 
phosphate-buffered saline (PBS) solution after their functionalization with functionalized with 
PEG and CF-649-NH2. The NPs were stored at 4 °C for 4 d to evaluate their colloidal stability and 
indicated uniform dispersion of NPs in the PBS after storage. 

These surface functionalized SHG active LiNbO3 NPs could be used as contrast agents or 

markers for bioimaging applications, long-term tracking in full animals, as well as for enabling 

advanced SHG microscopy studies of the interactions between nanoparticles and live cells  

6.5 Conclusions 
In summary, we covalently functionalized the surfaces SHG active LiNbO3 nanoprobes to 

improve their colloidal stability and to provide a multimodal tracking platform with fluorescent 

signals. The surfaces of bare LiNbO3 NPs were coated with 3 nm thick SiOx shell to improve their 



218 
 

chemical stability and to render surface –Si–OH groups for silanol-alcohol condensation reactions. 

A silanol-alcohol condensation reaction between the silanol groups present on the surfaces of the 

thin SiOx shell on the NPs with the alcohol groups on 12-HDA (a carboxylic acid-containing 

alcohol) results in the formation of covalent silyl ether bonds (R–O–Si). Surface modification of 

SiOx coated LiNbO3 with 12-HDA was carried out in propylene carbonate, which is considered as 

a green, and polar aprotic solvent. The characteristic Raman bands associated with carboxylic acid 

groups were one indication of successful surface functionalization of the SiOx coated LiNbO3 NPs 

with 12-HDA. An amine-containing PEG was covalently attached to the 12-HDA modified NPs 

via N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS) 

coupling chemistry. Further Raman spectroscopy analyses indicated the presence of characteristic 

peaks associated with the PEG and confirmed the covalent attachment of Mal-PEG-NH2 to the 

surfaces of the NPs. The residual –COOH groups on the surfaces of the PEGlyated LiNbO3 NPs 

were further functionalized with a fluorescent molecule, CFTM-647-NH2, via an EDC/NHS 

coupling reaction. A combination of steady-state fluorescence measurements and time-resolved 

fluorescence measurements verified the covalent attachment of the fluorophore on the surfaces of 

the NPs. A red-shift in the steady-state fluorescence spectra of this fluorescent probe and a decrease 

in the decay time of its fluorescence when covalently bound to the NPs, relative to that of the free 

CF-647-NH2, confirmed the attachment of this fluorescent species to the surfaces of the NPs. The 

covalent attachment of PEG on the surfaces of the SHG active LiNbO3 probes improves their 

colloidal stability, which is essential to increase the retention times of NPs in blood circulation. 

Other amine-containing molecules such as DNAs, proteins, peptides, and antibodies could also be 

attached to the surfaces of these –COOH functionalized SiOx coated LiNbO3 NPs. This strategy of 

silanol-alcohol condensation reaction can be further extended to attach other functional groups to 
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other SHG active NPs (e.g., BaTiO3) and nanoparticles of metals (e.g., Au, Ag) and metal oxides 

(e.g., Fe3O4, TiO2).  
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7.1 Abstract 

Porous and monodisperse nanomaterials with tunable second harmonic generation (SHG) 

response can be used as contrast agents in nonlinear microscopy, optical limiters, biosensors, and 

photocatalysts. The porous nonlinear optical material can also enhance the SHG response by 

loading the pores with organic guest molecules (e.g., carboxylic acids, anilines). In this chapter, 

we introduce a hydrothermal method to prepare monodisperse and mesoporous lithium niobate 

(LiNbO3) nanoparticles (NPs) for enhanced SHG response. This approach forms mesoporous 

LiNbO3 NPs with diameters ~600 nm without additional organic additives (e.g., surfactants) to 

control growth and aggregation of the nanoparticles. Formation of these LiNbO3 NPs proceeds 

through a sol-gel reaction, in which niobium hydroxide species were generated in situ and undergo 

a condensation reaction in the presence of lithium hydroxide to form a colloidal sol solution. A 

hydrothermal reaction of the sol solution resulted in the formation of solid monodisperse NPs. A 

post-calcination step induces the crystallinity in the product and yield the mesoporous 

rhombohedral phase of LiNbO3 in the NPs. These NPs of LiNbO3 were active for the optical 

second harmonic generation (SHG) with a tunable response from 400 to 500 nm. The mesoporous 

size of the LiNbO3 NPs provides a higher surface-to-volume ratio, which is considered desirable 

in the resulting host-guest system to load the organic molecules. The mesopores of the LiNbO3 

NPs were loaded with organic molecules such as tartrates that offer better photochemical stability 

and more acentric molecular alignment to the host material. The loading of tartrates anions 

provides enrichment of pi (π) electrons, which enhances the SHG response of mesoporous LiNbO3 

by 4 orders of magnitude. These mesoporous LiNbO3 NPs could enable further development of 

nonlinear optical techniques such as SHG microscopy for bioimaging, photocatalysis and platform 

to enhance the SHG properties further. 
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7.2 Introduction  
This report demonstrates a method to prepare monodisperse, uniform and mesoporous lithium 

niobate (LiNbO3) nanoparticles (NPs), which exhibit a tunable second harmonic generation (SHG) 

response. These mesoporous LiNbO3 NPs provide a host system with a high surface-to-volume ratio to 

load the organic guest molecules to enhance the SHG response. Lithium niobate is a non-

centrosymmetric material and is one of the most versatile nonlinear optical (NLO) materials with a 

variety of interesting properties,1 such as its optical second harmonic response,1,2 non-volatile 

holographic storage,3 ultrafast laser writing,4 electro-optic activity,5 and surface acoustic wave devices.6 

Lithium niobate based nanomaterials have attracted attention due to their relatively large nonlinear 

optical coefficient (e.g., 41.7 pm V−1) than many traditional NLO materials (e.g., BaTiO3, KDP).7–9 

Lithium niobate is also fairly stable (e.g., optically and chemically) SHG material and has a relatively 

wide window of optical transparency (e.g., 400 to 5000 nm).10,11 The preparation of LiNbO3 NPs with 

a uniform size distribution, crystallinity, and phase has been of particular interest due to their properties 

emerging from dimensional confinement, which have potential applications in bioimaging 

(extracellular and intracellular process),12,13 drug delivery,14,15 biological and chemical sensing,14,16–18 

and diseases diagnostics.15 To meet the demands of these applications, there is a need to prepare 

monodisperse NPs of LiNbO3 with an enhanced SHG response. 

Many solid-state approaches, molten salt syntheses, and sol-gel methods have been reported for 

preparing nanomaterials of LiNbO3. These methods have been limited in their ability to tune the size of 

the NPs and to overcome aggregation in the products, and often require high-temperature treatment 

(>600 °C) that result in the inclusion of micron-sized particles.19–22 In recent years, solution-phase 

approaches have attracted further attention to preparing nanomaterials of LiNbO3 with control over their 

shapes, sizes, and crystallinity, as well as to achieve minimal aggregation of these products. Solution-

phase approaches include some relatively low-temperature methods that are promising for the 
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preparation of crystalline nanomaterials with dimensions below 100 nm.23–26 These nanosized LiNbO3 

based materials with well-defined dimensions and uniformity are necessary for many of the targeted 

applications that use NLO SHG response such as bioimaging, drug delivery, biosensing, and 

photocatalysis. The SHG signal intensity does, however, depend on several factors that include the 

intensity, polarization, and wavelength of the incident light, the dimensions and nonlinear 

susceptibility of the materials, and the numerical aperture (NA) of the optical lenses used in these 

measurements.27,28 A reduction in the size of NLO materials result in a decrease in the intensity of 

the SHG response of materials at nanoscale.29–32 This decrease in the intensity of the SHG response 

of materials at the nanoscale potentially makes these materials less attractive for their potential use 

in biological applications (e.g., bioimaging).33,34 For nanostructures of NLO materials, the SHG 

response can be significantly enhanced by employing various strategies. These approaches include 

the syntheses of hybrid structures with plasmonic metals or with π-electron containing organic 

molecules.35–39 A higher surface-to-volume ratio of NLO materials such as porous structures 

provides a platform to maximize the loading of plasmonic nanostructures and organic molecules 

on NPs to enhance the SHG response. 

Precise control of the size and morphology of nanomaterials provides an effective strategy 

for tuning their physical and chemical properties. Similarly, the design and synthesis of porous 

nanostructures with a uniform pore size distribution and well-defined morphology provide a high 

surface area to volume ratio that is highly desirable in a number of applications.40–43 These 

applications include nanoscale reactors, drug-carrier, hydrogen storage, optical devices, battery 

materials, and catalysis.40–43 The most prevalent strategies for synthesizing porous nanostructures 

include the use of templates (e.g., porous silicon, block copolymers, water in oil emulsions, 

micellar systems, and polymers beads), to guide the formation of outer shells.40,44 This approach 
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provides limited template porosity as to form mesoporous structures.40,44 The rigid, uniform, and 

size- and shape-tunable pores of these template materials can be utilized to adsorb/deposit the 

precursors onto the pores from solution or through vapors. Sequentially, the crystallization and 

removal of templates by post-treatment such as calcination convert precursors inside rigid, uniform 

pores of templates into porous nanostructures.40,44 Although the template methods have proven 

very effective and versatile for synthesizing various porous structures, however, the removal of 

templates complicates the fabrication procedure, and it unfavorably affects the quality (e.g., 

remnant impurity and sometimes collapse of structures) of the products.40,44 Ideally, template-free 

methods are more attractive for the preparation of porous nanostructures lacking the impurities 

and uniform structures.40,45 Only hard template-based approaches (e.g., using polystyrene spheres, 

silicon oxide/silica templates) have been used to prepare porous LiNbO3 nanomaterials.46–48 These 

approaches, however, have disadvantages such as sometimes inclusion of impurities, the 

sometimes collapse of porous structures, non-uniformity, and aggregation of the NPs.  

Herein, we demonstrate a new method to prepare porous and monodisperse LiNbO3 NPs. This 

is the first report to prepare monodisperse and mesoporous LiNbO3 NPs exhibiting a tunable SHG 

response. The preparation of porous LiNbO3 NPs was sought through a solution-phase reaction, which 

involved the hydrolysis and condensation of reagents at high temperatures to form NPs. This 

hydrothermal reaction is followed by a calcination step to induce the crystallinity in the product to 

prepare the mesoporous rhombohedral phase of LiNbO3. This approach to preparing monodisperse and 

porous LiNbO3 NPs has a number of advantages, such as processing without hard or soft templates to 

induce porosity and organic additives as surfactants to control the morphology. These mesoporous 

LiNbO3 NPs were prepared without the need for an inert atmosphere and exhibited minimal aggregation 

of the prepared NPs. The size, dispersion, and crystallinity of the product were characterized by 
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transmission electron microscopy (TEM) and scanning TEM (STEM) techniques. The average 

diameters of the LiNbO3 NPs were ~600 nm, and the product exhibits minimum aggregation. The 

mesopores were uniformly distributed on the topology of LiNbO3 NPs and had average diameters of 

~21 nm. The composition, phase evolution, and purity of the products were further characterized by 

variable temperature X-ray diffraction (XRD) and Raman spectroscopy techniques, which indicated the 

formation of crystalline LiNbO3 NPs with a rhombohedral phase. The porosity of the NPs was studied 

by three-dimensional (3D) TEM tomography that confirmed a uniform distribution of the pores on 

LiNbO3 NPs. The optical second harmonic response (or SHG) of these LiNbO3 NPs were characterized 

and tuned over visible wavelengths by adjusting the incident wavelength of the laser. The analyses of 

LiNbO3 NPs through polarization dependent SHG showed a similar SHG response as those of bulk 

LiNbO3, indicated the preservation of crystal structure in the NPs required for SHG. Loading of the 

tartaric acid as a π-bond containing organic molecule into the mesoporous LiNbO3 showed a 4 times 

enhancement in the SHG response than pristine mesoporous LiNbO3 NPs. These SHG active 

mesoporous LiNbO3 NPs could be used for enabling advanced NLO microscopy studies (e.g., 

biological tracking), and to probe the interactions between NPs other π-bond containing organic 

molecules (e.g., amino acids, alkenes). 

7.3 Experimental Section 
7.3.1 Synthesis of Mesoporous Lithium Niobate Nanoparticles 

All chemicals were used without further purification. In a typical reaction, 0.8 mM (0.336 

mL) of niobium n-butoxide [Nb(OBu)5, 99%, Alfa Aesar] was added into a glass vial containing 4 

mL of ethanol. This solution was aged for 72 h in a desiccator containing a humid atmosphere that 

was maintained using an open glass vial containing 15 mL of water. The resulting gel-like 

precursor was mixed with 20 mL of an aqueous solution of 0.1 M lithium hydroxide monohydrate 

(LiOH·H2O, 99%, Alfa Aesar) in a scintillation glass vial (Trident technologies) and sonicated 
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(Branson 3510 Ultrasonic Cleaner, maximum output of 100 W) for 20 min. A 10 mL aliquot of the 

resulting suspension was transferred to a 23 mL Teflon lined autoclave (Model No. 4749, Parr 

Instruments Co., Moline, IL USA) and heated at 200 °C for 24 h.  After cooling to room 

temperature, white precipitates were isolated from the solution via a process of centrifugation 

(Model No. AccuSpin 400, Fisher Scientific) at 8,000 rpm (8,888 g) for 15 min and decanting of 

the solution. These solids were washed by re-suspending them in 10 mL deionized water (18 

MΩ·cm, produced using a Barnstead NANOpure DIamond water filtration system) and isolated 

through the process of centrifugation at 8,000 rpm (8,888 x g) for 15 min. This purification process 

was repeated for a total of three times. The purified product was dried in air at 70 oC for 10 h to 

remove residual water prior to further analyses. The dried precipitates were calcined in the air by 

heating from room temperature to 600 °C at a rate of 5 °C/min and held at 600 °C for 45 min to 

induce complete crystallization. 

An aqueous solution of tartaric acid (C4H6O6, ≥99.5%, Sigma Aldrich) (5 M in 5 mL 

water), and a suspension of mesoporous LiNbO3 NPs (1 mg in 0.5 mL water) were mixed in a 10 

mL glass vial. This mixture was agitated on an orbital shaker at 250 rpm (VWR orbital shaker, 

VWR 57018-754) for 5 h at room temperature. After this process, the NPs were isolated from the 

excess reagents via a process of centrifugation (Model No. AccuSpin 400, Fisher Scientific) at 

8,000 rpm (8,888 g) for 15 min for 5 min and decanting of the solution. These solids were washed 

two times by re-suspending them in 10 mL ethanol and were isolated using the same process of 

centrifugation. 
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7.3.2 Characterization of Mesoporous Lithium Niobate Nanoparticles 
The morphology, dimensions, crystallinity, and lattice parameters of the lithium niobate 

(LiNbO3) NPs were characterized using an FEI Osiris X-FEG 8 scanning/transmission electron 

microscope (TEM/STEM) operated at an accelerating voltage of 200 kV. Samples for TEM 

analysis were prepared by dispersing the purified products in ethanol followed by drop-casting 

5 μL of each suspension onto separate TEM grids (300 mesh copper grids coated with 

Formvar/carbon) purchased from Cedarlane Labs. Each TEM grid was dried at ~230 Torr for at 

least 20 min prior to analysis. Electron tomography was performed using an FEI Tecnai Osiris 

STEM (X-FEG Schottky field emitter) operated at 200 kV voltage and 245 μA current, using a 

Fischione 2020 advanced tomography holder. The holder allows for tilting of the specimen up to 

±80°. A tilt series of images were acquired from -70° to +70°, with an interval of 1° between each 

image. The data was acquired using Xplore3D (FEI package) software, and the post-alignment and 

reconstruction were performed using Inspect3D (FEI package) software. We used the Amira 6.5 

(FEI package) software for three-dimensional (3D) segmentation and rendering. The 

hydrodynamic diameter of the NPs was measured by using a Nano ZS Malvern dynamic light 

scattering (DLS) system. We made three separate DLS measurements at 25 °C and each 

measurement consisting of three sub-runs with a 10 second duration to find the coefficient of 

variation. The optical absorption spectra of the LiNbO3 NPs were measured using an Agilent 

Technologies UV-visible spectrophotometer (Agilent 8453, Model No. G1103). 

Phase and crystallinity of the samples were further determined from powder X-ray 

diffraction (XRD) patterns acquired with a Rigaku R-Axis Rapid diffractometer equipped with a 

3 kW sealed tube copper source (Kα radiation, λ = 0.15418 nm) collimated to 0.5 mm. Powder 

samples were packed into a cylindrical recess drilled into a glass microscope slide (Leica 1 mm 

Surgipath Snowcoat X-tra Micro Slides) for acquiring XRD patterns of the products. The 
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temperature-dependent phase transformation of the products was assessed by high-resolution in 

situ powder XRD performed using a Bruker D8 advance diffractometer equipped with a Cu Kα source, 

a LynxEye silicon strip detector, and an Anton Paar HTK 1200N thermal sample chamber. An 

alumina/corundum sample holder, with an inner diameter of 16 mm and a depth of 0.8 mm, was filled 

with the powdered samples. These samples were heated using a thermal vacuum stage, which was 

operated from 30 to 600 °C in increments varying from 70 to 100 °C. Each XRD profile was collected 

over diffraction angles (2θ) from 10° to 70° with a step size of 0.02°, a dwell time of 2 s per step (i.e., 

100 min total time to heat at a given temperature), and a heating rate of 0.5 °C/s. 

Purity, phase and surface properties of the product were further characterized using Raman 

spectroscopy techniques. Raman spectra were collected using a Renishaw inVia Raman 

microscope with a 50× SWD objective lens (Leica, 0.5 NA), and a 514 nm laser (argon-ion laser, 

Model No. Stellar-Pro 514/50) set to 100% laser power with an exposure time of 30 s. The Raman 

spectrometer was calibrated by collecting the Raman spectrum of a polished silicon (Si) standard 

with a distinct band centred at 520 cm-1. The Raman spectra for the samples were acquired from 

100 to 1,000 cm−1 using a grating with 1,800 lines/mm. 

The second harmonic generation (SHG) activity of the LiNbO3 NPs was assessed using a 

Leica SP5 laser scanning confocal two photon microscope equipped with a Coherent Chameleon 

Vision II laser and a 20× objective lens (Leica, 1.0 NA). Dried powders of the LiNbO3 NPs were 

loaded onto glass coverslips and brought into the focal point of the microscope. The excitation 

wavelengths were set to 800, 850, 900, 950 and 1000 nm, and the corresponding band-pass filters 

were centred at 400, 425, 450, 475, and 500 nm, respectively, to selectively collect the second 

harmonic response of the LiNbO3 nanoparticles. Polarization-dependent SHG intensity from 

individual LiNbO3 NPs was recorded using the Leica SP5 laser scanning confocal two photon 
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microscope. The individual LiNbO3 NPs were located through a 63× oil immersion objective 

aperture. We controlled the polarization of the incident laser beam of 800 nm with a half-wave 

plate placed in front of the incident beam. The SHG images were recorded for each polarization 

between 0° and 360° with a step-size of 10° using an excitation wavelength of 800 nm. The 

intensity of the SHG signal at 400 nm for each of the resulting images was analyzed precisely in 

each pixel using the LAS X (Leica Microsystems suite) software. 

7.4 Results and Discussion 
In the method reported herein, the formation of lithium niobate (LiNbO3) nanoparticles (NPs) 

proceeded through a mechanism of hydrolysis, condensation, and crystallization. The first step of 

synthesis involves a controlled hydrolysis reaction. Niobium n-butoxide precursor was dissolved in 

ethanol and aged for 72 h in a desiccator under a humid atmosphere. The humid atmosphere in the 

desiccator was created by keeping a beaker containing 30 mL of water in a desiccator (internal diameter 

of 20 cm). This method controlled the hydrolysis of the niobium precursor in the presence of the water 

vapour in the desiccator and resulted in the formation of a yellow-coloured gel. The resulting gel was 

mixed with a 10 mL aqueous solution of 0.1 M lithium hydroxide monohydrate LiOH·H2O via 

sonication. Mixing the gel with this solution led to the formation of a white suspension, indicating the 

hydrolysis of the niobium precursor into niobium hydroxide based species [e.g., NbOx(OH)y(OR)z]. 

These NbOx(OH)y(OR)z based species can also undergo a condensation reaction to form Nb–O–

Nb bonds among the hydrolyzed precursors to yield a suspension containing metal oxide 

colloids.23 Subsequent hydrothermal treatment of this suspension was performed in a Teflon lined 

autoclave at 200 °C for 24 h (Figure 7.1). An increase in the size of the organic groups in the metal 

alkoxides is associated with a lower rate of hydrolysis due to the steric hindrance.49–53 We choose 

niobium n-butoxide as a precursor due to its slower rate of hydrolysis than ethoxides and isopropoxides 

of niobium. This slower rate of hydrolysis can control the generation of the NbOx(OH)y(OR) species in 
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the reaction mixture, which helps to control the condensation of niobium hydroxide based species and 

formation of the Nb–O–Nb bonds.23 Lithium hydroxide as a source of Li was selected due to the 

presence of hydroxide groups that can act as a catalyst for the complete hydrolysis of alkoxides to metal 

hydroxides and their condensation from metal oxides in the reaction mixture. This complete hydrolysis 

and condensation of the species of Nb and Li are necessary to prepare the stoichiometric and pure phase 

of LiNbO3. At the temperatures of the hydrothermal process, these condensed species underwent 

aggregation, and their subsequent ageing led to the formation of particles in the solution. The particles 

obtained after hydrothermal treatment were semi-crystalline solid and required a calcination step to 

induce a complete crystallinity to form LiNbO3. 

Figure 7.1. Schematic depiction of the synthesis of lithium niobate (LiNbO3) nanoparticles (NPs) 
through a solvothermal process. Niobium butoxide in ethanol was aged in a humid environment to 
obtain a gel-like precursor. This precursor was mixed under sonication with an aqueous solution 
of 0.1 M LiOH·H2O. Solvothermal treatment of this mixture formed monodisperse NPs, which 
were calcined at 600 °C to isolate crystalline, porous LiNbO3 NPs. 

To study the structural evolution and phase transformation of LiNbO3, the X-ray diffraction 

(XRD) patterns were monitored as a function of temperature from 30 to 600 °C. These in situ 

powder XRD techniques also provide information about the purity and crystallinity of the as-

obtained product (Figure 7.2). At ambient conditions, the major diffraction peaks in the as-

prepared product obtained after the hydrothermal treatment appeared at 2-theta values of ~23.9°, 

36.5°, 42.5°, and 61.6° indicating the presence of semi-crystalline phase of the LiNbO3. Prominent 
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diffraction peaks associated with the rhombohedral phase of LiNbO3 were absent for these 

materials, which also indicated an incomplete crystallization of the product. During a thermal 

treatment of these products between 30 °C to 500 °C, this series of diffraction peaks remained 

consistent in terms of their respective 2-theta positions and relative intensities. These results 

further indicated that there was a lack of phase transformation or changes in the crystallinity of the 

products up to at least 500 °C (Figures 7.2 and 7.3).  

 

Figure 7.2. The X-ray diffraction (XRD) patterns of the LiNbO3 obtained from the hydrothermal 
process after heating these particles to: (a) 30 oC; (b) 100 oC; (c) 200 oC; (d) 300 oC; (e) 400 oC; (f) 
500 oC; and (g) 600 oC. (h) A reported LiNbO3 reference (ICSD No. 28294) included for 
comparison. The diffraction patterns were each normalized by dividing their intensities by the 
maximum diffraction intensity within each pattern. 
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Figure 7.3. Powder X-ray diffraction (XRD) patterns of the products: (a) before calcination; (b) 
after calcination at 500 °C; and (c) after calcination at 600 °C. Also included are XRD patterns for 
(d) a reported LiNbO3 reference (ICSD No. 28294).  

It is worth noting that the diffraction peak at a 2-theta value of ~42.5° begins to shift toward 

smaller 2-theta values at 400 °C and continued to shift when heated to 500 °C. This shift indicated 

the start of a phase transformation in the products (Figure 7.4). An increase in the calcination 

temperature from 500 °C to 600 °C leads to the appearance of new diffraction peaks and a 

significant change in the relative intensities of multiple diffraction peaks. At 600 °C, the intensity 

of diffraction peak at ~42.5° decreased significantly, and this peak shifted to a smaller 2-theta 

value. This transformed peak matched the (202) reflection of the rhombohedral phase of LiNbO3. 

The intensity of the diffraction peak corresponding to the [012] direction also increased when 

raising the temperature of the sample from 500 °C to 600 °C, further indicating a phase 

transformation and improved crystallinity of the products. The XRD patterns of the products 

calcined at 600 °C were all indexed to LiNbO3. The results correlated well with a commercial 

LiNbO3 powder and with a reported LiNbO3 reference sample (space group R3c, ICSD No. 

28294).23,25 This in situ variable temperature XRD study indicated that the calcination of the 

products at 600 °C is required to obtain crystalline LiNbO3. 
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Figure 7.4. Temperature-dependent XRD patterns of lithium niobate (LiNbO3) nanoparticles 
(NPs) at 2-theta values from 41° to 44° indicating a shift toward lower 2-theta values with an 
increase in temperature. This shift represents a change in the crystallinity of the sample and an 
evolution of the (202) peak of LiNbO3. 

The composition, purity, and crystallinity of the products were further characterized by 

Raman spectroscopy techniques. The Raman spectrum of this non-calcined sample further indicated 

the formation of a semi-crystalline product following hydrothermal treatment (Figure 7.5).23,25  

 

Figure 7.5. Raman spectra for the products: (a) before calcination; and (b) after calcination at 600 
°C. Data is also included for (c) a commercial LiNbO3 powder. 
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The characteristic E-TO Raman bands for rhombohedral LiNbO3 were absent in the product. 

Characteristic peaks for crystalline LiNbO3 were observed in the Raman spectra of the sample 

obtained after calcination at 600 °C. These spectra were indexed to the rhombohedral phase of 

LiNbO3 (Table 7.1 and Figure 7.5).  

Table 7.1. Bond vibrations associated with the Raman spectral bands of LiNbO3. 

 

 

 

 

 

 

 

 

 

The analysis of a commercial LiNbO3 powder was also included as reference. The Raman 

spectra for the LiNbO3 obtained after calcination at 600 °C matched the spectrum for the 

commercial LiNbO3 powder, which further indicated the formation of a crystalline, rhombohedral 

phase of LiNbO3 product.23,25 The Raman bands centered at ~150 cm-1 can be assigned to the E-

TO vibrations of the Nb-O bonds, while Raman bands at ~225 cm-1and ~334 cm-1 are associated 

with the deformations of NbO6 octahedra. The Raman bands at ~375 cm-1, and ~430 cm-1 are 

associated with the E-TO bending modes of the Nb-O-Nb bond. The Raman band centered at ~620 

cm-1 corresponded to the symmetric stretching of Nb-O-Nb bonds (A1-TO), and the Raman band 

at ~870 cm-1 is assigned to the antisymmetric stretching of the Nb-O-Nb bonds in the NbO6 

octahedra of LiNbO3.23,25 A Raman band at ~900 cm-1 was observed for both the products (i.e., 

wavenumber (cm-1) vibrations 

~150 Nb-O vibrations 

~260  (Li-O + LiO6) 

~225 and ~334 NbO6 deformations 

~375 and ~430  (Nb-O-Nb) 

~620 νs (NbO6) 

~870 νas (Nb-O-Nb) 

~900 ν (Nb=O) 

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b05282/suppl_file/cm7b05282_si_001.pdf
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those obtained after hydrothermal synthesis) and these products after calcination at 600 °C. This 

band is assigned to a Nb=O stretch. This Raman band is believed to arise from octahedral 

distortions of surface species such as O═Nb---OH, which include a double-bond-like behaviour 

and a single elongated Nb---O bond attached to a niobium hydroxide based species.23,25 The 

presence of Nb---OH bonds on the surfaces of the products prepared using the LiOH.H2O precursor 

can be attributed to the hydrolysis of the niobium precursor.23,25 The hydrolysis of the niobium n-

butoxide precursor was controlled through a two-step process from controlled exposure to water 

vapour and then the purposeful blending with a solution of the lithium hydroxide precursor. The 

degree of hydrolysis of the niobium n-butoxide could be indicated by the presence of the O═Nb--

-OH species in these materials. The intensity of this Raman band is higher in the non-calcined 

products relative to its intensity in the calcined products. This change in the intensity of this band 

indicated a decrease in the amount of O═Nb---OH species in the calcined product. This decrease 

in the intensity of the O═Nb---OH species in the calcined products can be attributed to the 

condensation of these species during the temperature-induced crystallization of these particles to form 

Nb-O-Nb bonds.23,25  

Size and shape of the products before calcination and after their annealing at 600 °C were 

assessed by transmission electron microscopy (TEM) and scanning TEM (STEM) techniques. The 

TEM and STEM analyses indicated the formation of nearly monodisperse NPs having spherical 

shapes after the hydrothermal treatment (Figures 7.6 and 7.7). The average diameter of the NPs 

was ~600 nm. The nominal diameter and spherical shape of the NPs did not change significantly 

following their calcination at 600 °C to induce the crystallinity (Figures 7.6 and 7.7).  
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Figure 7.6. Scanning transmission electron microscopy (STEM) analyses of LiNbO3 NPs 
obtained: (a, b) without calcination; and (c, d) with calcination at 600 °C. The figure contains high-
angle annular dark-field (HAADF) images, (a, c), and bright-field STEM images (b, d).  

 

 

Figure 7.7. Transmission electron microscopy (TEM) analyses of the LiNbO3 particles: (a, b) 
before calcination; and (c, d) after calcination at 600 °C. 
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Dynamic light scattering (DLS) measurements indicated a similarity between the 

hydrodynamic diameter of the NPs both before and after calcination (Figure 7.8).  

 

Figure 7.8. Dynamic light scattering (DLS) analyses of products dispersed in water: (a) before 
calcination; and (b) after calcination at 600 °C.  

The calcination of the NPs at 600 °C did, however, transform the solid NPs into a porous 

product as observed in the high-resolution STEM analyses. A series of STEM analyses were 

performed to assess the pores, their dimensions, and their connectivity within the NPs. The STEM 

images obtained from both high-angle annular dark-field (HAADF) imaging and bright-field 

imaging mode show a clear indication of pores within the otherwise solid matrix of the NPs 

(Figures 7.6 and 7.9).  
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Figure 7.9. Further scanning transmission electron microscopy (STEM) analysis of LiNbO3 NPs 
after their calcination at 600 °C. 

According to the International Union for Pure and Applied Chemistry (IUPAC), the porous 

materials can be classified into three classes based on their pore size.54 These classes of porous 

structures include microporous (pore size <2 nm), mesoporous (pore size 2-50 nm) and 

macroporous (pore size >50 nm) materials.54 The dimensions of inner pores were calculated based 

on the observed diameter and the numbers of the inner pores, which were measured directly from 

the high‐resolution STEM images. The average diameter of the pores was ~21 nm as determined 

through the STEM analyses (Figure 7.10). 

 

Figure 7.10. Histogram showing the average dimensions of the pores in the calcined LiNbO3 NPs. 
Mean size of the pores was 21 nm as measured from 162 independent pores within the NPs. The 
variance of 1.4 nm is reported as one standard deviation from the calculated mean value. 
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Although there can be a greater number of pores that would be captured inside a particle 

as due to the three‐dimensional (3D) morphology only the projected pores are counted and shown 

in the STEM images of mesoporous LiNbO3 NPs. A three‐dimensional tomography analysis on 

the inner pores is ideal, effective, and critical to identifying the actual distribution of the pores. 

The 3D tomographic analyses by TEM were performed to verify the distribution of the pores 

within the calcined NPs. Distribution of pores was observed throughout these LiNbO3 NPs (Figure 

7.11).  

 

Figure 7.11. Reconstructed and rendered STEM tomogram of LiNbO3 NPs obtained after 
calcination at 600 °C, which indicated a mesoporous structure throughout these particles. Data 
were acquired using the FEI Tecnai Osiris using the FEI Xplore3D and Inspect3D acquisition, 
post-alignment, and reconstruction software. 

The formation of mesoporous structure in the LiNbO3 NPs after calcination can be 

attributed due to the base-catalyzed sol-gel reaction. The basic conditions of the sol-gel reaction 

result in the formation of a branched metal oxide species with more porous networks in the 

particles than reactions catalyzed by an acid.54 These porous and branched metal oxide species 

have trapped water and residual organic groups of the alkoxides.54 During calcination, the 

vaporization of water and decomposition of the residual organic moieties (e.g., butoxide groups) 

leads to the release of gases (e.g., H2O and CO2), which induce porosity into LiNbO3 NPs.  
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The atomic-scale crystallinity of the LiNbO3 NPs was also analyzed by high-resolution 

TEM or HRTEM. Some of the periodic fringe patterns observed by HRTEM for these NPs had a 

spacing of 3.7 Å, which matched the anticipated interplanar spacing of the (012) planes of LiNbO3 

(Figure 7.12). Further analysis of the HRTEM images by fast Fourier transform (FFT) (Figure 7.12 

b) indicated the presence of facets with {012} and {104} orientations when viewed along the [4̅ 2̅1] 

zone axis.  

 

Figure 7.12. Mesoporous LiNbO3 NPs as characterized by (a) high resolution (HR) TEM (or 
HRTEM) showing the crystalline nature of the nanoparticles. (b) Analysis of the inset HRTEM 
image by a fast Fourier transform (FFT) indicated the presence of {012} and {104} facets. (c) A 
detailed analysis of the d-spacings observed within the HRTEM image. These analyses further 
confirmed the crystallinity of the NPs. 

The chemical composition of individual NPs was analyzed by energy-dispersive X-ray 

spectroscopy (EDS). Dark field imaging and EDS maps of the NPs are shown in Figure 7.13. The EDS 

mapping overlaid upon the dark-field image suggested a uniform distribution of Nb and O within the 

https://pubs.rsc.org/en/content/articlelanding/2019/nr/c8nr10385b#fig3
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porous NPs. Quantitative EDS mapping of the NPs indicated the presence of Nb and O in a mole ratio 

of ∼1 : 3, which agreed with the theoretical molar ratio for LiNbO3.  

 

Figure 7.13. (a) The high-angle annular dark-field imaging (HAADF) STEM image for the 
product after calcination at 600 °C, and (b-d) corresponding elemental maps obtained by energy 
dispersive X-ray spectroscopy (EDS). (b) Distribution of Nb and O within each NP, overlaid upon 
the HAADF image. The dispersion of (c) Nb and (d) O species within the sample indicate a 
uniform distribution of these species in the NPs. (e) A typical EDS spectrum corresponding to the 
nanoparticles, which indicated the presence of Nb and O in the product. The C and Cu 
contributions were from the TEM grids supporting the sample.  
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The optical second harmonic response of the porous LiNbO3 NPs was also examined to evaluate 

their nonlinear optical (NLO) properties. The resulting SHG response of the NLO material can be tuned 

by changing the excitation wavelength. The SHG signal intensity of NLO materials depends on several 

factors such as the properties of incident light (e.g., intensity, polarization, and wavelength) and NLO 

materials (e.g.,  dimensions, nonlinear susceptibility).23 The SHG is a nonresonant process that offers 

flexibility to tune the wavelength of the SHG signals by changing the wavelength of the excitation 

wavelength. Recently, nanometer-sized SHG active materials have received interest for their potential 

use as probes in SHG based microscopy, with the absence of blinking and a flat frequency conversion 

response, contrary to quantum dots.14,57,58 The NLO materials have also been sought for their ability to 

generate coherent light emission and for exhibiting stability against bleaching, contrary to fluorescent 

dyes.14,57,58 Besides, SHG has proven to be a very useful analytical tool for monitoring surfaces, and 

interfaces in biological systems.16–18  

Mesoporous LiNbO3 based materials can provide an efficient platform for the bioimaging 

due to their porous structure, high surface area, and ease of surface functionalization. The organic 

molecules containing π electrons can also penetrate into the larger pore volumes of the mesoporous 

LiNbO3 NPs, which can enhance the SHG response of NPs.39,59 We characterized the SHG response of 

the mesoporous NPs of LiNbO3. These mesoporous NPs of LiNbO3 were optically transparent between 

400 and 1,000 nm and had a direct bandgap of ~3.1 eV (Figure 7.14).  
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Figure 7.14. Extinction spectrum of a suspension of the ~600 nm diameter, mesoporous LiNbO3 
NPs dispersed in an aqueous solution. This spectrum indicates the optical transparency of these 
nanoparticles from wavelengths between 500 and  to 1,000 nm.  

The SHG activity and its tunability for the LiNbO3 NPs were studied for different incident 

fundamental wavelengths (FW) using a tunable femtosecond (fs) pulsed laser. The incident FWs were 

generated using a mode-locked Ti:sapphire laser with a pulse width of ∼140 fs and a tunable output of 

FWs from 680 to 1080 nm. The repetition rate and tuning speed of the fs pulses were 80 MHz and >40 

nm s−1, respectively. The SHG response for a powdered sample of the porous LiNbO3 NPs was assessed 

for a series of discrete FWs while maintaining a constant incident power. A second harmonic response 

was detected at 400, 425, 450, 475 and 500 nm (Figure 7.15) when the LiNbO3 product was excited 

with FWs of 800, 850, 900, 950, and 1000 nm, respectively.  
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Figure 7.15. The false-colored images of the second harmonic generation (SHG) response for 
powders of the mesoporous LiNbO3 particles obtained after calcination at 600 °C (scale bar = 200 
µm). The samples were placed on a glass coverslip, and the SHG data obtained using a pulsed 
laser excitation at: (a) 800 nm; (b) 850 nm; (c) 900 nm; (d) 950 nm; and (e) 1000 nm. The SHG 
signals collected from the mesoporous LiNbO3 NPs indicate their tunable emission at 400, 425, 
450, 475 and 500 nm in correlation to the excitation wavelengths indicated for the SHG images in 
(a) to (e). 

These results correlated well to the anticipated frequency doubling of the FWs. False-colored 

images were prepared corresponding to the intensity and wavelength of the second harmonic response 

from the powdered LiNbO3 product, as shown in Figure 7.15. These results indicated that the porous 

LiNbO3 NPs are SHG active and can generate a second harmonic response over a broad range of 

wavelengths by adjusting the wavelength of the incident fs pulsed laser.  

Beyond the tunable SHG intensity measurements, the polarization-dependant SHG 

analyses of NLO materials provide an interesting way to probe the crystal structures, disorder in 

materials and impurities in crystal structures.60 The SHG intensity depends on the relative 

orientation between the polarization of the incoming light and the second-order susceptibility [χ(2)] 

https://pubs.rsc.org/en/content/articlelanding/2019/na/c8na00171e#fig5
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of the materials.61–64 The intensity of the SHG signals vary with a change in the polarization of the 

light incident on an NLO material.61 Lithium niobate is a uniaxial material and has a rhombohedral 

crystal structure at room temperature and a single optical axis, the so-called c-axis.65 Uniaxial 

minerals are a class of anisotropic minerals that include all minerals that crystallize in the 

tetragonal and hexagonal crystal systems. They are called uniaxial because they have a single optic 

axis or c-axis that lead to unique optical properties.65 The crystal of LiNbO3 like other uniaxial and 

anisotropic crystals has a rotational symmetry with respect to the c-axis.65,66 Lithium niobate is 

characterized by the threefold rotational symmetry about the crystallographic c-axis and by three 

mirror planes containing this axis.65,66 Crystals belonging to the trigonal group are typically 

described either by a hexagonal or by a rhombohedral primitive cell. A change in the relative 

orientation between the polarization of the incident light and the c-axis of the LiNbO3 crystal 

significantly affects the intensity of the resulting SHG signals.67,68 In other words, the SHG 

response of the LiNbO3 crystal will be determined by the orientation of the c-axis, which can be 

related to the laboratory frame (x,y,z) by the three Euler angles (γ,θ, ϕ) in the Euler coordinate 

system, as depicted in Figure 7.16 a. Euler angles (γ,θ, ϕ) relate the crystal coordinates (cx, cy, cz 

axis) to the laboratory coordinates (x, y, z axes) and helps to define the position of the particle in 

an electric field.61 The incident excitation propagates along the z-axis, and the excitation 

polarization angle (γ) can be rotated in the xy plane by a half-wave plate. The excitation 

polarization at an angle (γ) generates a SHG response, which can be related to the laboratory frame 

(x,y,z) by the angles θ and ϕ.62 



257 
 

 

Figure 7.16. (a) Relative geometry of the polarization of incident light from the laboratory frame 
(x, y, z) and crystallographic frame (cx, cy, cz), which was rotated with respect to the laboratory 
frame in this series of measurements. The linearly polarized incident laser light propagates along 
the z-axis with a polarization angle (γ). The electric field of the incident laser is in the xy plane 
with the variable angles along the x-axis (θ) and y-axis (ϕ) (b) Schematic of the confocal laser 
scanning microscope for measuring the polarized SHG response of the mesoporous LiNbO3 NPs.  

The nonlinear optical characterization of the LiNbO3 NPs was performed by recording their 

SHG response at different polarizations of the incident laser. The SHG response P⃗⃗ (2ω) depends 

on the polarization of the incident electric field E⃗⃗ (ω) and the nonlinear second-order susceptibility 

tensor χ(2) (Equation 7.1).61 

P⃗⃗ (2ω) ∝ χ2 ×  E⃗⃗ (ω) × E⃗⃗ (ω)       Equation 7.1 

The components and shapes of the χ(2) tensors depend on the type of the crystallographic 

point group in the material. The crystal structure of the LiNbO3 NPs belongs to the 3m 

crystallographic point group. Because each class of point group has different χ(2) components, its 

SHG response will be different. The analysis of the polarization-dependent SHG response of single 

LiNbO3 NP will, therefore, allow us to distinguish the structures of the NPs. Since the term [χ(2)] 

depends on the polarization of the excitation source, the intensity of the SHG is sensitive to the 

polarization of the incident light.60,61 
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To correlate the relationship between the crystal structure of LiNbO3 and polarization of 

the incident light, we also studied the polarization-dependent analysis for individual LiNbO3 NPs 

to see any deviation of the origin of SHG from the bulk crystal of LiNbO3. The experimental 

studies of the polarization-dependent SHG in LiNbO3 NPs were carried out at ambient conditions 

(Figure 7.16 b). For the SHG microscopy, a pulsed laser beam from a Ti-sapphire oscillator was 

focused with a 63× objective down to a single NP of mesoporous LiNbO3 in the focal plane of the 

incident laser beam. The central wavelength of the incident laser was set to 800 nm with a pulse 

duration of ~140 fs, a repetition rate of 80 MHz, and an average power output set to 3.2 mW. 

Figure 7.16 presents a schematic of the experimental setup used for the polarization-dependent 

SHG analyses. The polarization of the incident laser light was adjusted by rotating a half-wave 

(HW) plate along the path of the laser light (Figure 7.16 b). 

The resulting SHG signal was collected with a Lecia spectrometer equipped with a 

photomultiplier tube (PMT) detector to confirm the frequency doubling of the incident laser light. 

Polarization-dependent SHG measurements for a single LiNbO3 NP were acquired by recording 

the images of the SHG intensities by varying the polarization of the incident pump beam from 0° 

to 360° in increments of 10°. For each polarization, we recorded a single SHG image and extracted 

the mean intensity profiles from a single NP.  For example, Figures 7.17 show the four SHG 

images acquired by illuminating a single LiNbO3 NP with the electric field of the laser beam at 0°, 

90°, 180°, and 270°. Analysis of the SHG intensity within each pixel of the resulting SHG images 

obtained at each polarization angle (ϕ), enabled the creation of polar plots of the SHG intensity, 

which further indicated the formation of SHG active LiNbO3 products.62 

The incident light is assumed to propagate along the z-axis as a plane wave having electric 

field components Ex and Ey. This incident field defined in normal Cartesian coordinates has to be 

https://pubs.acs.org/doi/full/10.1021/acs.nanolett.6b02592#fig4
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first projected onto the crystal coordinate system (cx,cy,cz). The analyses show the results of 

polarization-dependent measurements based on the bulk tensor parameters (Figure 7.17). The polar 

plot for individual LiNbO3 NPs resembled the polarization-dependant SHG response of bulk 

rhombohedral LiNbO3. This similarity of SHG features for LiNbO3 NPs and those for bulk 

substrates strongly suggests that the symmetry for NPs is identical to that of bulk rhombohedral 

LiNbO3 crystals. The shape of the particle and the polycrystallinity of materials likely play a role 

in the quality of the fitting.61 Since our studies assume spherical shapes, some discrepancies may 

occur in the fitting due to different shapes and crystallinity of the NPs. These SHG active porous 

LiNbO3 NPs could enable a further study of the advanced NLO studies (e.g., plasmonic enhanced SHG), 

and to prepare hybrid materials for bioimaging and photodynamic therapy. 
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Figure 7.17. Images of the SHG response of a single mesoporous LiNbO3 NP as observed at 
different angles of polarization of the incident light: (a) 0°; (b) 90°; (c) 180°; and (d) 270°. (e) A 
polar plot of the SHG response (in arbitrary units) was generated with an excitation wavelength of 
800 nm for a single LiNbO3 NP. This plot shows the dependence of the resulting SHG intensity 
on the polarization of the incident light. 

Recently, nanoscale LiNbO3 based materials have received interest for their potential use 

as probes in SHG based microscopy, with the absence of blinking and a flat frequency conversion 

response, contrary to quantum dots.12,13,58 The NLO materials have also been explored for their 

ability to generate coherent light emission and for exhibiting stability against bleaching, contrary 

to fluorescent dyes. Nanoscale NLO crystals are also beneficial for the preparation of hybrid 

materials by embedding these nanocrystals into easily processable polymers.14,58 Another 

advantage of nanoscale NLO materials is their ability to generate a second harmonic response 

without requiring phase-matching conditions.16,57 The intensity of the SHG in bulk NLO materials 

(e.g., where the size of the crystals exceeds the wavelength of the incident light) is only appreciable 

if it obeys phase-matching conditions, which occurs if the second harmonic response moves in the 
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material at the same velocity and in the same direction as the incident photons, resulting in a 

constructive interference.16,57,69 However, nanoscale NLO crystals do not require this phase-

matching condition for producing an appreciable second harmonic response due to their relatively 

small diameters with respect to the wavelength of the incident photons. Due to the lack of phase-

matching conditions, the SHG produced anywhere in the nanocrystal will be approximately in 

phase, allowing non-linear polarization to efficiently proceed along with multiple directions.16,57,69 

However, the SHG frequency conversion processes from NPs are intrinsically very weak in 

contrast to bulk materials.70,71 Various strategies to overcome the poor SHG conversion efficiency 

of nanoscale materials involve preparing hybrid materials with plasmonic nanostructures 

and/incorporating organic molecules in NLO materials.35,37,59,72,73 The metal and metal oxide 

plasmonic nanostructures can exhibit strong electric field enhancements, but some can suffer from 

high optical losses due to absorption in the visible and near-infrared region.74–77 These optical 

losses limit their applications in NLO processes (e.g., SHG) that need strong electric field 

enhancements.74–77 The plasmonic nanostructures could result in the formation of nonuniform 

coatings on the NLO materials that can lead to a random electric field enhancements in the vicinity 

of these materials.34 Organic molecules with π-electrons on the other hand are particularly 

promising due to their ease of loading and uniform deposition on NLO materials.39,59,78  

Incorporation of carboxylic acids (e.g., citrates, tartrates, oxalates) in NLO materials can 

enhance their SHG response.39,78–82 This enhancement in the SHG response is due to the 

electrostatic interactions between the NLO media and organic molecules influence the 

hyperpolarizability of the materials.39,78–82 Organic molecules containing double bonds make the 

dominant contribution to enhancing the hyperpolarizability for SHG at the near-infrared (NIR) 

wavelengths. The π-bonds in these molecules provide a larger dipole moment that is particularly 
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suited to increase the hyperpolarizability.39,78–83 The carboxylic acids are promising candidates that 

are found to trigger the enhancement in the polarizability of the NLO media. Carboxylic acids are 

relatively more soluble in aqueous media than many other π-bond containing molecules (e.g., 

hydrocarbons).39,78–83 This higher solubility of carboxylic acids in water helps their uniform 

loading on NPs. Moreover, the core carboxylate anions of carboxylic acids do not undergo 

hydrolysis and remain stable in the aqueous media.39,78–83 Optical transparency of carboxylic acids 

at visible and NIR wavelengths is also an important parameter that helps to generate efficient SHG 

response.39,78–83 

We used tartaric acid to enhance the SHG response of the mesoporous LiNbO3 NPs. An 

aqueous solution of tartaric acid was mixed with mesoporous LiNbO3 NPs and the resulting 

mixture was incubated for 5 h at room temperature. The incubated NPs were washed with ethanol 

using agitation with a vortexer for 1 min to assist with dispersing the NPs into solution. Repeating 

this wash process two more times was used to remove the unbounded tartaric acid molecules from 

the surfaces and pores of NPs.  

The purified product was characterized by Raman spectroscopy to assess the loading and 

surface adsorption of tartaric acid on the NPs. The –COOH groups have two characteristics Raman 

bands between 1400 to 1700 cm−1 due to symmetric and asymmetric stretching vibrations of the 

carbonyl groups, respectively. Raman spectra were acquired for the pristine LiNbO3 NPs, and the 

tartaric acid modified LiNbO3 NPs. Characteristics Raman bands ~1,100 cm−1 and ~1,800 cm−1 

were present in the product modified with tartaric acid, which were absent in the pristine NPs 

(Figure 7.18). The presence of these characteristic Raman bands for –COOH groups indicated the 

successful modification of mesoporous LiNbO3 NPs with tartaric acid.84–86 The polar surfaces of 

LiNbO3 NPs have Nb-OH groups that can provide the sites to interact with tartaric acid through 
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the electrostatic interactions and physical adsorptions.25 The mesoporous nature of the LiNbO3 

NPs provides a higher surface-to-volume ratio that helps to increase the loading of acid molecules 

per NP relative to a solid NP.40 This modification of mesoporous LiNbO3 NPs with tartaric acid 

can enhance the SHG response of the resulting product.  

 

Figure 7.18. The Raman spectra from (a) 100 to 950 cm-1 and (b) 1000 to 1800 cm-1 for: (i) pure 
tartaric acid; (ii) tartaric acid modified mesoporous LiNbO3 nanoparticles; and (iii) pristine 
mesoporous LiNbO3 nanoparticles. 

  The same above mentioned experimental setup of the Leica microscope was used to 

measure the SHG enhancement for mesoporous LiNbO3 loaded with tartaric acid. The SHG 
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response of individual bare and tartaric acid modified LiNbO3 NPs was acquired across the range 

of the excitation wavelength (800 nm to 1,040 nm). The output SHG signals intensities at each 

excitation wavelength were normalized with corresponding laser power for both pristine and 

tartaric acid modified LiNbO3 NP. The enhancement factor for the SHG signals was calculated by 

dividing the power normalized SHG intensity of tartaric acid modified LiNbO3 NPs with the power 

normalized SHG intensity of pristine LiNbO3 NP.  

 

Figure 7.19. (a) Representative schematic diagram of tartaric acid modification mesoporous 
LiNbO3 NPs. (b) Measurement of the enhancement factor for mesoporous LiNbO3 modified with 
tartaric acid over fundamental excitation wavelengths ranging from 790 nm to 1,040 nm. An 
enhancement factor of 4 was observed for the tartaric acid modified LiNbO3 NPs relative to 
pristine mesoporous LiNbO3 NPs.  

The as-obtained enhancement factor was plotted along the corresponding fundamental 

wavelengths and showed its highest value at an excitation wavelength of 960 nm, reaching an 

enhancement of 4 times (Figure 7.19 b). This enhancement in the SHG response for mesoporous 

LiNbO3 modified with tartaric acid can be attributed to the presence of the tartrate species in the 
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vicinity of LiNbO3. An increase in the anisotropy of tartrate anions can occur during the formation 

of intermolecular associates with surface Nb-OH groups through dipole-dipole interactions, which 

can increase the electron polarizability in the hybrids.87 When laser light is incident to the tartrate 

modified LiNbO3 NPs, the anisotropic molecular assemblies on the surfaces of the NPs  might 

undergo a photoinduced transient increase in the polarization at the interface between the 

molecular coating and the surfaces of the NPs.61 The π-bonds of tartrate species provide an 

additional increase in the polarization due to charge transfer from π-bonded molecules.80 Both 

photoinduced and charge transfer due to π-bonded network and anisotropy of tartrate groups lead 

to an increase in the hyperpolarizability of LiNbO3. This higher hyperpolarizability of tartrate 

modified LiNbO3 than pristine LiNbO3 leads to an enhancement in the SHG response for the 

product. These mesoporous LiNbO3 NPs with enhanced SHG response could enable advanced 

SHG microscopy for bioimaging, photocatalysis and a platform to further study the role of other 

organic molecules to enhance the SHG response. 

7.5 Conclusions 
In conclusion, we have successfully prepared mesoporous LiNbO3 nanoparticles with 

average diameters of 600 nm using a solution-phase method. The advantages of this solution-phase 

method include the formation of monodisperse NPs, which after post-synthetic thermal processing 

at 600 °C lead to the formation of mesoporous LiNbO3. This synthetic approach resulted in the 

formation of well-dispersed, monodisperse and mesoporous nanoparticles of LiNbO3 without 

requiring the addition of further organic additives (e.g., surfactants). The aqueous sol-gel processes 

of this hydrothermal method resulted in the in situ formation of niobium hydroxide species, 

followed by their condensation and aging at higher temperatures in the presence of LiOH to form 

porous M-O-M networks. Structural characterization by TEM, HRTEM, SAED, and XRD 

indicated that the product contained crystalline, uniform and mesoporous LiNbO3 nanoparticles. 



266 
 

There was a uniform distribution of mesopores over LiNbO3 NPs, as observed through three-

dimensional TEM tomography. The composition and phase of the products were characterized 

using XRD and Raman spectroscopy techniques, which indicated the formation of rhombohedral 

nanocrystals of LiNbO3. The LiNbO3 nanoparticles were determined to be SHG active. Their 

optical second harmonic response was tuned from 400 to 500 nm by adjusting the wavelength of 

an incident pulsed laser. The second harmonic response of the nanocrystals could be further tuned 

by choosing a suitable wavelength for the incident laser. Polarization-dependent SHG analyses 

indicated that the nanoscale mesoporous LiNbO3 nanoparticle has a non-centrosymmetric 

crystalline structure and generates an SHG response similar to rhombohedral LiNbO3 crystals. We 

utilized the mesoporous nature of LiNbO3 NPs to enhance their SHG response by loading with π 

electrons containing molecules, tartaric acid. The experimentally measured SHG response from 

the single mesoporous NP of LiNbO3 modified with tartaric acid showed an enhancement in the 

SHG response by 4 orders of magnitude compared to a single pristine mesoporous LiNbO3 NP. 

These mesoporous SHG active LiNbO3 nanoparticles could be used as optical imaging probes, 

photocatalysts, and to investigate further the role of organic molecules and plasmonic materials in 

enhancing the SHG response. 
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Chapter 8. Summary and Future Directions 
Nanoscale lithium niobate (LiNbO3) based non-linear optical materials are a sought after 

platform for bioimaging and sensing applications, and are impacting fields that include advanced 

information technology, signal processing circuits, and cryptography. The preparation of single-

crystalline LiNbO3 nanostructures with single-crystallinity, well-defined dimensions and that 

exhibit minimal aggregation, is necessary for many of the targeted applications. In this thesis, we 

have solved many challenges associated with the syntheses of crystalline, uniform and nanoscale 

LiNbO3. We have demonstrated a number of solution-phase approaches to prepare nanomaterials 

of LiNbO3 with control over their dimensions and crystallinity, as well as to achieve minimal 

aggregation of these products.  

In Chapter 3, a simple surfactant assisted solution-phase approach was demonstrated for 

the preparation of lithium niobate (LiNbO3) nanoparticles with an average size of 30 nm. This 

solution-phase process results in the formation of crystalline, uniform nanoparticles of LiNbO3 at 

220 °C with an optimal reaction time of 36 h. Advantages of this method also include the 

preparation of crystalline nanoparticles of LiNbO3 without the need for further heat treatment or 

the use of an inert atmosphere. The growth of these nanoparticles began with a controlled 

agglomeration of nuclei. The reaction subsequently underwent a process of oriented attachment 

and Ostwald ripening, which dominated and controlled the further growth of the nanoparticles. 

These processes produced single-crystalline nanoparticles of LiNbO3. The average dimensions of 

the nanoparticles were tuned from 30 to 95 nm by increasing the reaction time of the solvothermal 

process. In Chapter 4, we have successfully prepared single-crystalline LiNbO3 nanoparticles with 

average diameters of ~7 nm using a solution-phase method. Advantages of this solution-phase 

method include the formation of crystalline nanoparticles without needing post-synthetic thermal 
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processing of the product and no need for an inert atmosphere to process the reagents or for the 

reaction. This solvothermal one-pot approach resulted in the formation of well-dispersed 

nanoparticles of LiNbO3 without requiring the addition of further organic additives (e.g., 

surfactants). The LiNbO3 nanoparticles were determined to be SHG active. Their optical second 

harmonic response was tuned from 400 to 500 nm by adjusting the wavelength of the incident 

pulsed laser. The second harmonic response of the nanocrystals could be further tuned by choosing 

a suitable wavelength for the incident laser. These nanoparticles could enable further development 

of non-linear optical techniques such as SHG microscopy for bioimaging, which requires the 

dimensions of nanoparticles to be well below 100 nm. The SHG imaging probes are particularly 

interesting for applications requiring long-term monitoring of biological or other systems. 

Moreover, the synthesis approach reported herein could be extended to prepare other alkali metal 

niobates (NaNbO3 and KNbO3) based nanomaterials. 

In Chapter 5, we studied the preparation of LiNbO3 nanostructures using a series of Li 

precursors in a nonaqueous solvothermal process. In this solution-phase method, the Li precursors 

containing either non-carbon or carbon-based anions were studied for their relative influence on 

the preparation of LiNbO3 NPs. The selection of the Li precursor can have a significant effect on 

the dimensions, crystallinity, and phase purity of LiNbO3 NPs. This comparative study on the 

preparation of crystalline LiNbO3 NPs represents a critical step forward to understand the 

influences and roles of precursors into the design of synthetic processes for the preparation of a 

variety of alkali metal niobates (e.g., including NaNbO3 and KNbO3) and crystalline metal oxide-

based NPs containing other transition metals (e.g., titanium, tantalum). This work provides critical 

insights into the multiple influences that anionic species can have in controlling the growth, purity, 

uniformity, crystallinity, and aggregation of alkali metal niobate-based nanomaterials. These 
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studies advance our understanding of the many roles that the counterion species within a reactive 

reagent (e.g., the anions to Li or other cationic precursors) can play in the preparation of 

nanomaterials using nonaqueous synthetic processes. The insights from this comprehensive study 

could help further to optimize the preparation of other complex metal oxides (e.g., tantalates, 

titanates, borates, and phosphates) and mixed compounds therein. 

In Chapter 6, we demonstrate a covalent approach to the surface functionalization of 

LiNbO3 NPs with alcohol-based reagents. Alcohol-based molecular reagents can have a range of 

functional groups, such as carboxylic acids, amines, halides, and aldehydes, which can be 

displayed on the surfaces of NPs through silanol-alcohol condensation reactions. In this study, we 

have utilized the carboxylic acid (–COOH) group as an additional reactive site for further 

functionalization of the LiNbO3 NPs. This surface functionalization approach using functional 

alcohols acts as a platform for a variety of chemistries, including nonreactive surface coatings 

(e.g., polyethylene glycol). As a demonstration of this approach to utilizing the surface chemistry 

derived from the silanol-alcohol condensation reaction, the surfaces of the NPs were covalently 

functionalized with biologically important molecules such as polyethylene glycol and a fluorescent 

probe. This surface chemistry tuning strategy based on covalent bonding, and provide a better way 

to reduce the aggregation of NPs, provide chemical stability and a multimodal tracking platform 

for SHG nanoprobes. These and similar surface functionalization of LiNbO3 NPs can be used to 

extend their use in applications that include bioimaging and biosensing. This strategy of silanol-

alcohol condensation reaction can be further extended to attach other functional groups to other 

SHG active NPs (e.g., BaTiO3) and oxide coated metal NPs (e.g., Au, Ag) and metal oxides (e.g., 

Fe3O4, TiO2).  



280 
 

In Chapter 7, we have successfully prepared the first mesoporous LiNbO3 nanoparticles 

with average diameters of 600 nm using a solution-phase method. The advantages of this solution-

phase method include the formation of monodisperse NPs, which after post-synthetic thermal 

processing at 600 °C lead to the formation of mesoporous LiNbO3. This synthetic approach 

resulted in the formation of well-dispersed, monodisperse and mesoporous nanoparticles of 

LiNbO3 without requiring the addition of further organic additives (e.g., surfactants). The aqueous 

sol-gel processes of this hydrothermal method resulted in the in situ formation of niobium 

hydroxide species, followed by their condensation and ageing at higher temperatures in the 

presence of LiOH to form porous M-O-M networks. Their optical second harmonic response was 

tuned from 400 to 500 nm by adjusting the wavelength of an incident pulsed laser. The second 

harmonic response of the nanoparticles could be further tuned by choosing a suitable wavelength 

for the incident laser. Polarization-dependent SHG analyses indicated that the nanoscale 

mesoporous LiNbO3 nanoparticle has a non-centrosymmetric crystalline structure and generates 

SHG response similar to rhombohedral LiNbO3 crystal. We utilized the mesoporous nature of 

LiNbO3 NPs to enhance their SHG response by loading with pi-electron containing molecules, 

tartaric acid. The experimentally measured SHG response from the single mesoporous NP of 

LiNbO3 modified with tartaric acid showed an enhancement in the SHG response by 4 orders of 

magnitude compared to the single pristine mesoporous LiNbO3 NP. These mesoporous SHG active 

LiNbO3 nanoparticles could be used as optical imaging probes, photocatalysts, and to investigate 

further the role of other organic molecules and plasmonic materials in enhancing the SHG 

response. 
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