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Abstract 

 

Luminescence characteristics of nanophosphors are of great interest for various 

applications, such as sensors, light-emitting diodes, lasers, etc. The common 

form of such materials is a host matrix doped with luminescent activators such 

as rare earth elements. The host matrix plays an important role in the 

sensitization of the activators in the photoluminescence processes. The GdNbO4 

micro-particles synthesized by the solid-state reaction are proposed in the 

literature as an efficient host matrix for Tm3+/Yb3+ and Ho3+/Yb3+ dopants for 

multi-modal luminescence. The GdNbO4 and GdTiNbO6 materials synthesized 

by the hydrothermal technique and co-doped with Er3+/Yb3+ show efficient up-

conversion characteristics. Nevertheless, control over the GdNbO4 and 

GdTiNbO6 morphologies during the synthesis remains a challenge.    

In this work, controlled hydrothermal synthesis of a new GdNb2O6 compound is 

developed for optical applications. The nanoscale bar-, cube-, and flower-like 

morphologies are synthesized solely by strict control of pH and temperature of 

the precursors’ solution and without the addition of any surfactant. A mixed 

GdNb2O6/GdNbO4 phase is obtained for the flower-like morphology. The 

GdNb2O6 has an aeschynite-type orthorhombic crystalline phase and a Pnma 

(62) space group, similar to GdTiNbO6.  

This work contains a study on the intrinsic and water-related photoluminescence 

emissions of GdNb2O6. Doping of GdNb2O6 compound with Tm3+ ions (Gd1-

xTmxNb2O6) leads to λem = 457 nm emission, excited with λex = 361 nm. In 

addition, doping this compound with Nd3+ ions result in an efficient emission in 

the near-infrared (NIR) region. The Nd3+ doped (Gd1-xNdxNb2O6) cube-like 

morphology is tested for random laser application.   

The cube- and bar-like morphologies of GdNb2O6 present Mie resonance in the 

UV-vis-NIR region. This phenomenon is studied by experimental and 

theoretical means in the current work. 

These GdNb2O6, Gd1-xTmxNb2O6, and Gd1-xNdxNb2O6 compounds can be 

potentially used in applications such as random lasers, photonics, solar cells, etc.  
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Resumen 

  

Las características de luminiscencia de nanofósforos son de gran interés para 

varias aplicaciones, tales como en sensores, diodos emisores de luz, láseres, etc. 

La forma más común de tales materiales es una matriz huésped dopada de 

activadores luminiscentes como algunos elementos de tierras raras. La matriz 

huésped juega un papel importante en la sensibilización de los activadores en 

los procesos de fotoluminiscencia. Las micropartículas de GdNbO4 sintetizadas 

por una reacción de estado sólido se han propuesto en la literatura como una 

matriz huésped eficiente para dopantes Tm3+/Yb3+ y Ho3+/Yb3+ para 

luminiscencia multimodal. Los materiales GdNbO4 y GdTiNbO6 sintetizados 

por la técnica hidrotérmica y codopados con Er3+/Yb3+ muestran características 

de conversión ascendente eficiente. Sin embargo, el control sobre las 

morfologías de GdNbO4 y GdTiNbO6 durante la síntesis es todavía un reto. 

En este trabajo, una síntesis hidrotérmica controlada de un nuevo compuesto de 

GdNb2O6 es desarrollada para aplicaciones ópticas. Las morfologías 

nanoscópicas tipo barras, cubos y flores son sintetizadas únicamente con el 

control estricto del pH y la temperatura de la solución de los precursores y sin 

la adicción de ningún surfactante. Se obtiene una fase mezcla 

GdNb2O6/GdNbO4 para la morfología tipo flor. El compuesto GdNb2O6 tiene 

una fase cristalina ortorrómbica tipo esquinita y un grupo espacial Pnma (62), 

similar al de GdTiNbO6. 

Este trabajo contiene un estudio de las emisiones fotoluminiscentes intrínsecas 

y relacionadas con agua del GdNb2O6. Dopando el compuesto GdNb2O6 con 

iones de Tm3+ (Gd1-xTmxNb2O6) lleva a 𝜆𝑒𝑚 = 361 nm. Además, el dopaje de 

este compuesto con iones de Nd3+ resulta en una emisión eficiente en la región 

de infrarrojo cercano (NIR). La morfología tipo cubo del compuesto dopado con 

Nd3+ (Gd1-xNdxNb2O6) se prueba para una aplicación como láser aleatorio. 

Las morfologías tipo cubo y barra del GdNb2O6 presentan resonancia Mie en las 

regiones UV-Vis-NIR (ultravioleta-visible-infrarrojo cercano). Este fenómeno 

es estudiado en este trabajo por medios experimentales y teóricos. Estos 
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compuestos de GdNb2O6, Gd1-xTmxNb2O6 y Gd1-xNdxNb2O6 podrían 

potencialmente ser usados en aplicaciones como láseres aleatorios, fotónica, 

celdas solares, etc. 
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1. Introduction  
 

Niobium oxides are a broad family of materials with diverse compositions and 

applications in the macro and nanoscale. The Nb2O5 semiconductor (band gap 

of 3.4 eV) is widely studied for several applications such as electrochromic 

materials [1], lithium storage [2], supercapacitors [3], and others [4]. Alkali 

niobates perovskites (ANbO3, A = Li, K, Na) presented nonlinear optical 

emission [5] and great photocatalytic activity [6]. Alkaline earth and transition-

metal niobates with general formula ANb2O6 (A = divalent cation) adopt 

orthorhombic and monoclinic crystalline structures [7–10]. This broad group of 

compounds has applications in energy storage [11], photoluminescence (PL) 

[12], photoelectrochemistry [13], etc.    

The intrinsic [14,15] and doped [14,16–18] gadolinium niobates such as 

GdNbO4 are drawing substantial attention for optical applications in the past 

years. Nevertheless, control over the morphology of gadolinium niobate 

compounds in the nanoscale is still a challenge, and only a few studies are 

reported [19,20]. Also, thermal treatments at elevated temperatures (T ≥ 1000 

˚C) are often essential to obtain an efficient optical emission [17,20]. These 

thermal treatments result in aggregation of the nanomaterials and make them 

difficult to disperse in solvents and polymeric media and, as a result limiting 

their use.  

Submicron particles supporting Mie resonance in the UV-Vis and near-infrared 

(NIR) regions offer a range of applications such as enhanced photoluminescence 

[21], lasing [22], low-loss meta-optics [23], coloring [24], enhanced Raman 

scattering [25], etc. The most studied materials for these applications are 

spherical crystalline silicon [24,26], perovskites [21,22,27], and gold and silver 

nanoparticles (NP’s) [28]. The Mie resonance is not limited to spherical particles 

and is observed in cube-shape halide perovskites (CsPbBr3)[21], random-shape 

MAPbI3 [22], and fullerene-like WS2 NP’s [29]. Among the studied materials, 

all-dielectrics with high refractive indices such as silicon [25] and germanium 

[30] offer a great alternative to the plasmonic gold and silver NP’s [31]. 
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Replacing the plasmonic NP’s with all-dielectrics allows overcoming some 

limitations such as energy dissipation and absorption [31].     

 

1.1.  Photoluminescence 
 

Luminescent materials are of great interest for many applications, such as lasers, 

light-emitting diodes (LEDs), cathode rays’ tubes, field emission displays, 

sensors, etc. The most attractive luminescent materials are lanthanides (rare-

earth) doped phosphors. Lanthanides are commonly used as trivalent ions (Ln+3) 

(Figure 1.1.1a). Their emission (usually high color purity) is due to the f-f 

transitions inside the 4f shell [32]. The partially filled 4f shell is isolated from 

the environment by the closed 5s2 and 5p6 shells. This shielding is responsible 

for narrowband emission and the long lifetimes of the excited states. 

Photoluminescence (PL) of lanthanide ions is usually very efficient. 

Nevertheless, all lanthanide ions suffer from weak light absorption and, as a 

result, weak emission. The problem of weak light absorption can be overcome 

by energy sensitization processes such as energy transfer through the charge 

transfer band (CTB), codopants, ligands, etc. Another possibility is using self-

activated matrices [18]. Lanthanides doped phosphors can transfer energy by 

various mechanisms such as downshifting (DS), quantum cutting (QC), and up-

conversion (UC) (Figure 1.1.1b) [33]. In the DS process, after absorption of a 

high-energy photon by the system, a non-radiative relaxation takes place, 

followed by the emission of a lower energy photon. As for QC, a two-step 

radiative relaxation of two or more low-energy photons occurs upon absorption 

of a high-energy photon [34]. Up-conversion is a non-linear optical process, 

where two or more absorbed low energy photons (near-infrared - NIR) are 

emitted as a single high energy photon (ranging from NIR to ultraviolet - UV) 

[33]. Luminescence by all three processes in the same material is called multi-

modal luminescence [35].  
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Figure 1.1.1. (a) Partial energy level diagrams of Ln3+. Corresponding typical UC 

emissive excited levels are highlighted with red bold lines. (b) Schematic illustration of 

the three energy transfer modes of Ln3+. From left to right, these are DS, QC, and UC. 

Upward and downward full arrows stand for photon excitation and emission processes, 

respectively. The dashed line represents a non-radiative relaxation process [33]. 

 

 

1.2.  Hydrothermal Process 
 

The hydrothermal technique is simple, low-cost, and commonly used for 

inorganic nano/microstructures synthesis [36]. This process is defined as “Any 

heterogeneous or homogeneous chemical reaction in the presence of solvent 

(whether aqueous or non-aqueous) above room temperature and at a pressure 

greater than 1 atm in a closed system” [37]. For the non-aqueous solvent or 

solvents in or near supercritical conditions, the process is more frequently called 

solvothermal [36]. The pressure developed inside the closed chamber is 

described as a function of the temperature and percentage of the filled vessel 

(Figure 1.2.1) [38]. Hydrothermal conditions can affect the reactivity and 

solubility of inorganic materials. The hydrothermal process is originated in 

nature, and it is the main process responsible for the formation of the Earth’s 

crust minerals [39]. The hot to warm fluids (T = 50 to > 500 ˚C) circulation 

facilitates the formation of the mineral deposits. Water circulation followed by 
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the physico-chemical conditions allows the mineral precursors to be leached, 

transported, and finally precipitated. Water polarity is crucial in hydrothermal 

processes. Consequently, water is a good cations ligand for processes like 

hydration and hydrolysis. When water is surrounding the ion of interest, the 

dissolution process occurs. In some cases, the water of crystallization is a part 

of the mineral lattice [39]. Beyond the critical temperature (Tc ≈ 400 ˚C) and 

pressure (Pc ≈ 40 MPa), water properties change. This water is termed 

“supercritical” [40]. Supercritical water is less dense and becomes compressible. 

The density variates with temperature and pressure. In addition, dielectric 

constant drops with the pressure (ε = 1 – 10) compared to the value (ε = 80) at 

normal conditions (T < 400 ˚C, Pc < 40 MPa).  

 

 

Figure 1.2.1. Pressure as a function of temperature and percentage fill of water in a 

sealed vessel [38]. 

 

1.3.  Gadolinium Niobates 
 

Materials of the type AB2O6 (A = RE: rare earth, B = Ti and Nb) are of interest 

for optical applications such as luminescence [17,41] and laser gain media [42]. 

For RE = La, Ce, Pr, Nd, Sm, and Eu (atomic number Z = 57-63), these 

compounds have aeschynite crystalline phase, and for RE = Gd, Tb, Dy, Ho, Er, 
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Tm, Yb, Lu (Z = 64-71) the phase can be aeschynite or euxenite depending on 

the synthesis conditions [42–44]. The (Eu, Gd)TiNbO6 synthesized via 

hydrothermal method has an aeschynite-type orthorhombic crystalline phase 

with a Pnma (62) space group [43]. Annealing this material at 1300 ˚C leads to 

a euxenite-type orthorhombic crystalline structure with a Pbcn (60) space group. 

The aeschynite-type EuTiNbO6 has an indirect band gap (Eg) of 3.55 eV [45]. 

Co-doping of GdTiNbO6 with Er3+/Yb3+ leads to up-conversion PL [17].  

Other niobate compounds of type ANbO4 (A = RE3+) are monoclinic with a 

fergusonite structure and a space group C12/c1 (15) [46,47]. In the GdNbO4 

matrix, the niobate groups (NbO4
3-) act as fluorescent centers with blue emission 

under UV excitation [16]. When the NbO4
3- groups are excited, the absorbed 

energy is transferred to the Gd3+ ions. This process leads to luminescence 

quenching due to the abundance of gadolinium ions. On the other hand, when 

the excitation is through the Gd3+ ions, the energy is transferred in a nonradiative 

manner to the NbO4
3- groups, resulting in stronger luminescence [18]. A typical 

luminescence spectrum of the GdNbO4 is a broad peak centered at 440 nm 

[14,15], excited with 254 [48] and 305 [49] nm. The submicron mesoporous 

GdNbO4 presents a distinct behavior of broad emission between 400 – 600 nm 

with peaks maxima at 440, 483, and 522 nm when excited with 346 nm [19]. 

The GdNbO4 is an indirect band gap material with Eg of 3.745 eV according to 

the first-principle calculation and 3.84 eV extracted experimentally [50]. The 

experimental refractive index (n) of this material is about 2.15 and calculated 

2.14 – 2.108 ( wavelength range 600 – 2000 nm) [51]. Multi-modal 

luminescence is present in GdNbO4 microcrystals co-doped with Yb+3/Tm+3 

[16] and Yb+3/Ho+3 [18]. The GdNbO4 nanoparticles (NP’s) co-doped with 

Yb+3/Er+3 synthesized by the hydrothermal technique show efficient up-

conversion characteristics [14]. Doping of GdNbO4 with Nd3+ ions leads to a 

near-infrared (NIR) emission incorporated in lasers and solar cells in macro 

[52,53] and nanoscale [54]. Numerous works are published on a solid-state 

synthesis of GdNbO4 microcrystals [15,18]. In the case of the sol-gel reaction, 

spherical GdNbO4 NP’s are realized [20]. Only a few studies reported the 
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hydrothermal synthesis of GdNbO4 micro [55] and nanocrystals [56]. Recently, 

mesoporous nanospheroids of this material were synthesized by the 

hydrothermal process with the assistance of Ethylenediaminetetraacetic acid 

(EDTA) [19]. These Eu+3 doped GdNbO4 mesoporous nanospheroids are 

promising nanoprobes for multimodal bio-imaging and photodynamic therapy.  

 

 

 

1.4.  Rietveld Analysis 
 

Rietveld analysis is named after Hugo Rietveld, who developed a computer-

based procedure to analyze diffraction data [57,58]. This method consists of 

least-squares refinements that are carried on until the best fit between the 

experimental and the calculated data is obtained. In the refinement, the 

diffraction optics effects, instrumental factors, and structural characteristics 

(lattice parameters, space group, etc.) are considered [58]. Rietveld analysis uses 

step intensity data y(i), where each data point is observable. The full diffraction 

pattern is considered with different parameters that can be refined. For 

polycrystalline materials, the three-dimensional reciprocal lattice is reduced to 

a one-dimensional diagram, leading to peaks overlap [57]. This problem is 

solved by using the step-scanned profile intensities instead of integrated ones. 

Diffraction pattern can provide information on the crystal structure (peaks 

intensities), atomic positions, lattice parameters and space group (from peaks 

position), amorphous fraction in the sample and local order/disorder (from the 

background), particles size, strain/stress, and domain size (from the broadening 

of the peak). In addition, qualitative and quantitative phase analysis can be 

performed [57].   

In the Rietveld analysis, several parameters indicate the goodness of fit between 

the experimental and the calculated diffraction data. One of them is the profile 

fitting R-factor (Rp) (equation 1.4.1) that is calculated from the difference 

between the observed y(i)(obs.) and the calculated y(i)(calc.) step intensities at 
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the observed scanning points Δ(2-theta), before any calculation or refinement 

[57]. This calculation can be done, on a single peak, various peaks, or the full 

profile. The important factor in this calculation is the absolute number of counts 

(y(i)(obs.)).  

 

(1.4.1.) 

𝑅𝑝 =  
∑ |𝑦𝑖(𝑜𝑏𝑠. ) − 𝑦𝑖(𝑐𝑙𝑎𝑐. )|𝑖

∑ |𝑦𝑖(𝑜𝑏𝑠. )|𝑖
 

  

The second parameter is the weighted R-factor (Rwp), where wi (equation 1.4.2) 

is the weight taken from the experimental error margins [57]. The experimental 

standard deviation of the observed counts (yi’(obs.)) is strongly dependent on 

the Bragg scattering and the background.   

(1.4.2.) 

 

𝑤𝑖 =
1

𝑦𝑖
′(𝑜𝑏𝑠. )

 

The Rwp with the background is calculated with equation 1.4.3 and without with 

equation 1.4.4: 

(1.4.3.) 

𝑅𝑤𝑝 =  
√∑ 𝑤𝑖

′(𝑦𝑖
′(𝑜𝑏𝑠. ) − 𝑦𝑖

′(𝑐𝑙𝑎𝑐. ))
2

𝑖

√∑ 𝑤𝑖
′(𝑦𝑖

′(𝑜𝑏𝑠. ))
2

𝑖

 

(1.4.4.) 

 

𝑅𝑤𝑝 =  
√∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠. ) − 𝑦𝑖(𝑐𝑙𝑎𝑐. ))

2
𝑖

√∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠. ))
2

𝑖

 

An additional parameter is the expected profile R-factor (Rexp) (equation 1.4.5). 

This parameter specifies the possible limit for the Rwp using the statistics in the 
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nominators, where n is the number of steps and m is the number of refined 

parameters [57].    

(1.4.5.) 

𝑅𝑒𝑥𝑝 =  
√𝑛 − 𝑚

√∑ 𝑤𝑖(𝑦𝑖(𝑜𝑏𝑠. ))
2

𝑖

 

Finally, the goodness of fit (GOF) is defined from the ratio between the Rwp and 

the Rexp (equation 1.4.6) [59]. 

 

(1.4.6.) 

𝐺𝑂𝐹2 = (
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)

2

 

 

1.5.  Mie Scattering 
 

When electromagnetic (EM) radiation is traveling through a medium containing 

small particles, several phenomena can occur [60]. For example, particles can 

convert part of the EM energy to heat (absorption), and part of it can be 

transmitted (transmission) without a loss. Another phenomenon is elastic 

scattering, where the light is scattered in all directions at the frequency of the 

incident beam. Accordingly, the polarization of the scattered beams diverges 

from the polarization of incident one. The total scattering depends on the 

arrangement of the particles’ charges with respect to the scattered and incident 

directions. Thus, the charges forming the particle are treated as a macroscopic 

body with specific distribution of the refractive index. The energy of the incident 

beam that passes through a particle is reduced by the amount of the sum: 

absorption + scattering, and it is termed extinction. In addition, if the 

temperature of the particle is deviating from T = 0 ̊ C, the particle emits radiation 

at all the frequencies and directions (thermal emission) [60].  
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The scattering mechanism by small particles can be described by two main 

theories [60,61]. Rayleigh scattering theory works best for particles that are 

much smaller than the wavelength (a (particle radius) << λ). As for the bigger 

particles (a ≤ λ), the Mie theory is the appropriate one.  

According to the Rayleigh scattering theory, a light that interacts with a particle 

is a plane electromagnetic wave. The spherical particle is assumed to be small 

under the restrictions of (a << λ) x << 1 and |m|x << 1, with particle and medium 

permittivity’s εp and εm, respectively. Where x is a size parameter with formula 

x = 2πNma/λ, Nm = n + ik is a complex refractive index of the medium, a is the 

particle radius, λ is the wavelength, and m is a relative refractive index m = Np 

(refractive index particle)/Nm [61].  

The electrostatic approximation implies a uniform static electric field inside and 

near the particle, where the particle is getting polarized, and an electric dipole is 

induced. This dipole can oscillate and radiate (scatter) electromagnetic energy 

into the far-field. The absorption (Qabs) and scattering (Qsct) efficiencies can be 

described by equations 1.5.1 and 1.5.2. 

 

(1.5.1.) 

𝑄𝑎𝑏𝑠 =  4𝑥𝐼𝑚
𝜀𝑝 − 𝜀𝑚

𝜀𝑝 + 2𝜀𝑚
 ∝  

1

𝜆
 

(1.5.2.) 

𝑄𝑠𝑐𝑡 =  
8

3
𝑥4 |

𝜀𝑝 − 𝜀𝑚

𝜀𝑝 + 2𝜀𝑚
|

2

∝  
1

𝜆4
 

In the Mie theory, the assumption is that a plane x-polarized wave incident a 

homogeneous isotropic sphere of a radius a (a  ≤ λ) [61]. The incident electric 

field is expanded in an infinite series of vector spherical harmonics. Similar 

expansion is applied on the scattered and inside the sphere electromagnetic field. 

The corresponding magnetic field is obtained from the curl. The form of 

expansions for the scattered and the inside sphere fields is dictated by the 

orthogonality of the vector harmonics, boundary conditions, and the form of 

expansion of the incident field.  In the Mie theory, the scattered field is the 
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superposition of the normal modes, each weighted by the appropriate coefficient 

an or bn. The natural frequencies of the sphere are complex, and the related 

modes are called virtual. Nevertheless, when the real part of these frequencies 

is bigger compared with the imaginary part, these frequencies can be related to 

as real frequencies of the EM waves at which the various EM modes of the 

sphere are excited. When the permeability of the particle is equal to the one of 

the media (μp = μm), the an and bn coefficients can be described by the equations 

1.5.3 and 1.5.4 [61]: 

 

(1.5.3.) 

𝑎𝑛 =
𝑚𝜓𝑛(𝑚𝑥)𝜓𝑛

′ (𝑥) − 𝜓𝑛(𝑥)𝜓𝑛
′ (𝑚𝑥)

𝑚𝜓𝑛(𝑚𝑥)𝜉𝑛
′ (𝑥) − 𝜉𝑛(𝑥)𝜓𝑛

′ (𝑚𝑥)
 

(1.5.4.) 

𝑏𝑛 =
𝜓𝑛(𝑚𝑥)𝜓𝑛

′ (𝑥) − 𝑚𝜓𝑛(𝑥)𝜓𝑛
′ (𝑚𝑥)

𝜓𝑛(𝑚𝑥)𝜉𝑛
′ (𝑥) − 𝑚𝜉𝑛(𝑥)𝜓𝑛

′ (𝑚𝑥)
 

Where the Riccati-Bessel functions are introduced (Figure 1.5.1): 

𝜓𝑛(𝜌) = 𝜌𝑗𝑛(𝜌),   𝜉𝑛(𝜌) = 𝜌ℎ𝑛
(1)(𝜌), 𝜌 (𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) = k𝑟  

 

Where k is the wave vector, k = k’ + ik” = ωN/c, ω – is the angular frequency, 

N – is the complex refractive index, c – is the speed of light in a vacuum, and r 

is the radius of the imaginary sphere. 

It is important to note that an and bn vanish as m approaches unity. That is when 

the refractive index of the medium is similar to the one of the particle. 
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Figure 1.5.1. Spherical Bessel functions of the first (a) and second (b) kind [61].  

The spherical Bessel function of the third kind can be described by equation 

1.5.5.  

(1.5.5.) 

ℎ𝑛
(1)(𝜌) = 𝑗𝑛(𝜌) + 𝑖𝑦𝑛(𝜌) 

 

This equation (1.5.5) originated from a physical ground where the scattered 

field is an outgoing wave at a large distance from the particle (far-field). The 

hn
(1) function specifies the radial dependence for the vector spherical harmonics.  

The larger the sphere, the more intense the forward scattering direction 

compared to the backscattered one (Figure 1.5.2).  
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Figure 1.5.2. The angular distribution of Rayleigh scattering of light by molecules and 

Mie scattering by nanoparticles and microparticles [62].  

 

When scattering coefficients (an and bn) are known, the measurable quantities 

associated with the scattering and absorption (cross-sections and scattering 

matrix elements) can be determined. The net rate at which the electromagnetic 

energy is crossing the surface of an imaginary sphere is denoted as Wabs, Wabs = 

Wext – Wsct, where abs is the absorption, ext – extinction, and sct – is the 

scattering. For the nonabsorbing surrounding medium, Wabs is independent of 

the radius of this imaginary sphere. To use the far-field approximation for the 

electromagnetic field the radius of the sphere has to be adequately large. The 

scattering and the extinction cross-sections are described by equations 1.5.6 and 

1.5.7. 

(1.5.6.) 

𝐶𝑠𝑐𝑡 =
𝑊𝑠𝑐

𝐼𝑖
=

2𝜋

k2
∑(2𝑛 + 1)(|𝑎𝑛|2 + |𝑏𝑛|2)

∞

𝑛=1

 

(1.5.7.) 

𝐶𝑒𝑥𝑡 =
𝑊𝑒𝑥𝑡

𝐼𝑖
=

2𝜋

k2
∑(2𝑛 + 1)𝑅𝑒{𝑎𝑛 + 𝑏𝑛}

∞

𝑛=1
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Where k is the k-vector and Ii is the irradiance incident on the imaginary sphere.  

The scattering and the extinction efficiencies can be derived from the relation 

Qsct/ext = Csct/ext/πa2 and the absorption efficiency is Qabs = Qext – Qsct.  

 

 

1.6.  Random Lasers 
 

Lasing materials have been always drawn attention. With a growing field of 

nanoscience and nanotechnology, nanoparticles with lasing properties have 

become an attractive topic. Laser stands for light amplification by stimulated 

emission of radiation. For a proper lasing action a population inversion is 

essential, where a major part of the luminescent ions (active medium) are excited 

[63]. When the ions are emitting in a coherent, monochromatic, and non-

divergent way, the process is called stimulated emission. The working principle 

of the conventional and random lasers is illustrated in Figure 1.6.1a. The 

conventional laser is composed of an active medium, which is responsible for 

the amplification of electromagnetic (EM) radiation. The pump system is 

accountable for the population inversion, and the laser resonator (2 parallel 

mirrors) can store a coherent EM field. In addition, laser resonators enable the 

EM field to interact with the active medium [64].  

Earlier, light scattering was considered to be harmful to laser action. The main 

reason is the removal of the photons from the lasing modes of a conventional 

laser resonator. Nevertheless, in a strongly scattering active medium, light 

scatterings play an important role; (1) multiple scattering increases the time light 

is traveling in the active medium, thus enhancing light amplification by 

stimulated emission; (2) multiple light scattering leading to coherent feedback 

(Figures 1.6.1b and 1.6.1c) [65]. An essential condition for the random laser’s 

proper operation is a sufficient amplification of light (to balance the loss) before 

it leaves the system (active medium). Thus, the scattering mean free path (ls) 
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must be equal or greater than gain (active) length (lg). The lg is defined as a path 

length over which the intensity is amplified by a factor of e [66]. There are two 

types of random lasers, the first presents incoherent (non-resonant) feedback 

(single spectral peak) (Figures 1.6.1b and 1.6.1c). In the first case, the 

spontaneously emitted photons undergo multiple scattering before exiting the 

system. In the course of the photon travel in the active medium, additional 

photons are generated through stimulated emissions and the EM radiation is 

being amplified [66]. The second type of random laser displays coherent 

(resonant) feedback (several laser-like spectral lines). In this type of random 

laser ls ≤ λ (wavelength), as a result, light can return to a scatter from which it 

was scattered, and a closed-loop is formed. Consequently, laser oscillations 

might occur, and the loop acts as a laser resonator [67] (Figure 1.6.1b). 

Coherent feedback (Figure 1.6.1c) is observed in ZnO NP’s deposited on ITO-

coated substrate [68] or pellet [65]. In this case, ZnO NP’s are scatterers and 

active media at the same time. Incoherent feedback was presented in lanthanides 

doped powders [69] and dye solution (active medium) with nanoparticles like 

TiO2 as scattered centers [70].  

 

Figure 1.6.1. Working principle of lasing in traditional cavity and random media. (a) 

conventional laser cavity; (b) random laser cavity illustrating the incoherent feedback 

(red arrows) and coherent feedback (green arrows); (c) illustration of spectral outputs 

of a conventional laser and a random laser, where the spikes free correspond to 

incoherent feedback, whereas the coherent feedback is recognized by its spiky signature 

[66]. 
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Recently, lasing properties have been addressed to the nanoparticles such as 

gold [71] and silver [72] supporting surface Plasmon. Due to the interaction of 

the free conduction electrons in the metal with the electromagnetic radiation, the 

free electrons collectively oscillate at the resonance frequency [73]. These 

oscillations are called surface Plasmon (SP). Materials with negative real and 

small positive imaginary dielectric constant can support a surface Plasmon 

resonance (SPR) [74]. In spherical subwavelength NP’s, it is termed localized 

surface Plasmon resonance (LSPR) (Figure 1.6.2).  

 

 

 

Figure 1.6.2. Localized surface Plasmon resonance (LSPR) exists when the metal 

nanoparticle (NP) is smaller than the incident wavelength, making the electron 

oscillations in phase. (a) The collective oscillations lead to a large absorption and 

scattering cross-section, as well as an amplified local EM field. For small particles less 

than (b) R < 15 nm, absorption dominates and the absorption cross-section is large. For 

bigger nanoparticles greater than (c) R > 15 nm, the scattering cross-section dominates 

[75]. 
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It is shown in the literature that by the proper transfer of energy between the 

metal NP’s (gold or silver) and fluorophore, the fluorescence processes are 

enhanced (Figure 1.6.3) [75]. After the excitation of the LSPR in metal NP’s, 

the energy is stored as an intense local EM field. In the case of small NP’s (< 15 

nm), this energy will mainly convert to heat and eventually will be absorbed by 

the particle (Figure 1.6.2b). The bigger particles (> 15 nm) will mainly scatter 

the light back into the far-field (Figure 1.6.2c). The energy transfers between 

NP’s Plasmon and the fluorophore are dominated by the dipole-dipole 

interactions. When the distance between the plasmonic NP’s and the 

fluorophore is 1–10 nm, the non-radiative local field of one dipole can excite 

the second one (known as FRET- Förster resonance energy transfer). When the 

radiative dipole is placed in a resonant cavity, the emission intensity will be 

enhanced on-resonance and quenched off-resonance when compared to free 

space (Purcell effect). This process is justified by the modification of the local 

density of optical states by the cavity. The spectral overlap between the Plasmon 

and the fluorophore is needed for the proper energy transfer by the Purcell effect 

or FRET mechanisms (Figure 1.6.3). When Plasmon resonance overlaps with 

the fluorophore’s absorption, the excitation rate of the fluorophore will be 

enhanced from its free space value (Figure 1.6.3a). If the Plasmon resonance is 

overlaps with the fluorophore emission, an enhancement or quenching of the 

emission intensity is possible (Figure 1.6.3b). For metal nanoparticles 

dominated by absorption mechanism (< 15 nm) at a distance less than ~10 nm 

from the fluorophore, the Plasmon has to overlap with the excitation band of the 

fluorophore to avoid emission quenching. If mainly scattering NP’s are used, 

the Plasmon should overlap with both the absorption and the emission at a 

distance about ~10 – 30 nm from the fluorophore for the maximum fluorescence 

enhancement [75]. 
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Figure 1.6.3. Dependence on distance and sphere radius of Plasmon-enhanced 

fluorescence. (a) If the Plasmon overlaps with the absorption of the fluorophore, an 

excitation enhancement is possible through the near field and FRET or scattering. (b) 

If the Plasmon overlaps with the emission of the fluorophore, an emission enhancement 

is possible through the Purcell effect or FRET [75]. 
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2. Experimental Section 

 

2.1.  Materials 

 

Gadolinium(Ⅲ) nitrate hexahydrate (Gd(NO3)3·6H2O, 99.9%), Thulium(Ⅲ) 

chloride hexahydrate (TmCl3·6H2O, 99.9%), Neodymium(Ⅲ) chloride 

hexahydrate (NdCl3·6H2O, 99.9%), Niobium(Ⅴ) chloride (NbCl5, 99%), 

potassium hydroxide (KOH, ≥ 85%), and poly(methyl methacrylate) 

[(CH2C(CH3)(CO2CH3)]n, Mw ~ 120,000 ) are purchased from Sigma-Aldrich. 

 

2.2.  Synthesis  

 

The GdNb2O6 and GdNb2O6/GdNbO4 submicron morphologies are synthesized 

via the hydrothermal method (Figure 2.2.1). First, Gd(NO3)3·6H2O (0.504 g) is 

dissolved in deionized water (DI, 18 MΩ·cm-1, 20 mL). The NbCl5 (0.308 g) 

fine powder is added to 75 mL DI and sonicated (about 15 min) until a turbid 

colloidal suspension is obtained. For the basic solution, KOH pellets (4.43 g) 

are dissolved in 50 mL DI. The Gd(NO3)3·6H2O and NbCl5 solutions are mixed 

(pH ≈ 1) and transferred to a hot plate magnetic stirrer (IKA® C-MAG HS-7, 

100 – 1500 rpm speed) for a constant stirring (the stirring velocity is set to 2). 

Then, 2.8 mL of the KOH solution is instantly added to the Gd(NO3)3/NbCl5 

mixture, while the rest of the KOH solution is added slowly to adjust the pH 

(Table 2.2.1). A gel-like precipitate is formed after the KOH addition (precursor 

solution). The final pH of the precursor solution is 6.53 ± 0.03, 7.21 ± 0.09, 7.93 

± 0.05 for the bar-, cube-, and flower-like morphologies, respectively (they will 

also be referred to as bars, cubes, and flowers, respectively). The temperature of 

the mixture is constantly monitored during the KOH addition (Table 2.2.1). 

Finally, the precursor solution is transferred to a Teflon vessel (volume 150 mL) 

(Figure 2.2.1a) and further sealed into the stainless steel chamber (Figure 

2.2.1b). The synthesis is carried out at 160 ˚C for 24 h (Figure 2.2.2a). The 
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resulting white precipitate is washed and centrifuged (5000 rpm) three times 

with DI, and then dried at 75 ˚C for 1.5 h. Similar experimental procedure is 

applied for preparation of GdNb2O6 with different content of thulium Tm3+ (Gd1-

xTmxNb2O6) (Table 2.2.2) and neodymium Nd3+ (Gd1-xNdxNb2O6) (Table 

2.2.3).  

All the thermal treatments are conducted in a closed system with a nitrogen (N2) 

atmosphere (Figure 2.2.2b). For the proper elimination of water three-step 

thermal treatments are performed: (1) 120 ˚C – 3h, (2) 200 ˚C – 2h, and (3) T = 

250, 400, 500, 600, 700 and 800 ˚C for 16 h. 

 

 

 

 

 

 

Figure 2.2.1. The hydrothermal system used in the experiment (a) Teflon vessel and 

(b) Stainless Steel chamber. 

 

  

Figure 2.2.2. (a) Oven of the brand Thermo scientific used to heat the hydrothermal 

system, (b) system for the powders annealing in the nitrogen atmosphere.  
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Table 2.2.1. The pH and temperature of the precursors’ solution, and the KOH solution 

(C = 1.34 M) volume (V) are added at the rate of μL/min to obtain the various 

morphologies.  

Morphology pH T [˚C] V [μL] 

50  

μL/2 min 

V [μL] 

10  

μL/2 min 

V [μL] 

10  

μL/3 min 

Bars 6.53 ± 0.03 16.5 – 17.5 300 50 90 – 110 

Cubes 7.26 ± 0.07 18.0 – 19.0 300 70 180 – 190 

Flowers 7.93 ± 0.05 18.0 – 19.0 500 180 210 – 220 

 

Table 2.2.2. The moles (n) number and weight (m) of Gd(NO3)3·6H2O and 

TmCl3·6H2O are used for the preparation of Gd1-xTmxNb2O6 compounds with different 

content of Tm3+. 

Gd1-xTmxNb2O6 n (mol) 

Gd(NO3)3 

m (g) 

Gd(NO3)3 

n (mol) 

TmCl3 

m (g) 

TmCl3
 

x = 0.01 11.06·10-4 0.499 11.17·10-6 0.004 

x = 0.02 10.94·10-4 0.494 22.33·10-6 0.009 

x = 0.03 10.83·10-4 0.489 33.50·10-6 0.013 

x = 0.04 10.72·10-4 0.484 44.67·10-6 0.017 
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Table 2.2.3. The moles (n) number and weight (m) of Gd(NO3)3·6H2O and 

NdCl3·6H2O are used for the preparation of Gd1-xNdxNb2O6 compounds with different 

content of Nd3+. 

Gd1-xNdxNb2O6 n (mol) 

Gd(NO3)3 

m (g) 

Gd(NO3)3 

n (mol) 

NdCl3 

m (g) 

NdCl3
 

x = 0.01 11.06·10-4 0.499 11.17·10-6 0.004 

x = 0.02 10.94·10-4 0.494 22.33·10-6 0.008 

x = 0.03 10.83·10-4 0.489 33.50·10-6 0.012 

x = 0.04 10.72·10-4 0.484 44.67·10-6 0.016 

 

2.3.  Calculations (Mie theory)  

 

Wolfram Mathematica 12.1.1 is used to compute the absolute absorbance and 

extinction for a homogeneous sphere by Mie theory. As a starting point, code 

provided by Sarid and Challener in Ch. 9 [76] is used. This code is originally 

developed by Bohren and Huffman in Appendix A [61].  The real part of the 

refractive index is approximated with data for potassium niobate (KNbO3), 

available at refractiveindex.info database [77]. The imaginary part of the 

refractive index (extinction coefficient k) is obtained from equations 2.3.1-2.3.3 

[78] using the absolute absorbance (Qabs) measured for powder samples in the 

air between 250-380 nm: 

(2.3.1.) 

𝑂𝐷 = log10 (
1

1 − 𝑄𝑎𝑏𝑠
) → 

(2.3.2.) 

𝛼 =
2.303 ∙ (𝑂𝐷)

𝑥
→ 

(2.3.3.) 

𝑘 =
𝛼 ∙ 𝜆

4𝜋
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where α is the absorption coefficient, OD is the optical density, and x is the 

sample thickness (0.2 cm in the current case). Further on, the absorption 

coefficient (Qabs) is fitted with one Gaussian function, and it is used to calculate 

the extinction spectra (Qext). The Qext is calculated in two ways: (1) using Mie 

theory with weight functions from the particle size distribution (~ 300 particles) 

measured from SEM images (Mie-Measured Size) and (2) by fitting 

experimentally measured Qext (240-1100 nm range) using Mie theory particle 

size distribution of two Gaussian functions (Mie-2-Gaussian). For the measured 

size distribution, the size of the bar-like particles is approximated with two 

equally-weighted dimensions called length and width (Figure 2.3.1a). The 

dimensions of the cube-like morphology are approximated with three equally-

weighted dimensions: length, width, and diagonal (Figure 2.3.1b). For the 

fitting (Mie-2-Gaussian), the Mie extinction spectra are first calculated for 490 

spheres of diameters 20 to 1000 nm. Then the minimum square fit of the 

experimentally measured Qext is done using a two Gaussian weighted size 

distribution.  

Figure 2.3.1. SEM images with measured particles dimensions of (a) bars and (b) 

cubes.    

 

It assumed that the orientation of the particles in the solution is random. 

Therefore, all the dimensions above have to be considered in the sizes 

distribution. The bar- and cube-like morphologies are approximated as cylinders 

and cubes, respectively (Figure 2.3.1). 
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To calculate the refractive index, equation 2.3.4 is used. This equation is 

proposed by Herve and Vandamme [79,80].  

(2.3.4.) 

𝑛 =  √1 + (
𝐴

𝐸𝑔 + 𝐵
)

2

 

 

Where Eg is the material band gap, A is the constant of value 13.6 eV, which 

corresponds to the hydrogen ionization energy, and B is equal to 3.4 eV.  

 

 

2.4.  Preparation of PMMA Films  

 

To prepare the poly(methyl methacrylate) (PMMA) films, 0.009 g of Gd1-

xNdxNb2O6 powder (cube-like morphology) are first dispersed in chloroform by 

15 min sonication. Then 1.0 g of PMMA is added to the solution. The 

chloroform solution with the Gd1-xNdxNb2O6 powder and PMMA is sonicated 

for about 40 min, followed by manual agitation every 10 min until the polymer 

completely dissolves. Next, the formed solution is drop-cast into polypropylene 

ice molds and dries in the laminar flow cabinet overnight. Finally, the PMMA 

films are ejected from the molds and analyzed.    
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2.5.  Characterization  
 

 

2.5.1. Electron Microscopy and Energy-Dispersive X-Ray 

Spectroscopy  

 

The transmission electron microscopy (TEM) is done using JEM-ARM200F, 

operated at the accelerated voltage of 200 kV. Scanning electron microscopy 

(SEM) is performed with JEOL JSM-7401F, using a secondary electrons (SEI) 

detector. The accelerated voltage and the working distance are 3.5 – 4.5 kV and 

3 mm, respectively. SEM is equipped with Thermo ScientificTM Noran System 

SIX Energy-dispersive X-ray spectrometer (EDS). EDS is done with an 

accelerated voltage of 20 kV. Particles dimensions are measured with ImageJ 

[81]. 

 

 

2.5.2. X-Ray Diffraction  
 

X-ray Diffraction (XRD) is measured using D8 ADVANCE Eco, BRUKER 

diffractometer. The pattern is recorded using a 1-D LYNXEYE detector. The 

diffractometer is equipped with a Cu anode (CuKα radiation with 1.5418 Å 

wavelength), operated at 40 kV, 25 mA. The 2-theta scans are performed in the 

Bragg-Brentano mode in the interval 9.5 – 100 degrees, with step size and a scan 

speed of 0.015 degrees and 8 s/step, respectively.  

 

 

2.5.3. Rietveld Analysis 
 

The crystalline structure is first analyzed using Fox Wiki [82] software. This 

software is based on the ab-initio crystal structure solution from diffraction data. 

X-ray diffractograms of the bar- and cube-like morphologies are used for the 

analysis. The obtained lattice parameters (a = 11.1539, b = 7.4940, and c = 

5.2690 Å) and the space group (Pnma (62)) are used to simulate a perfect 
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GdNb2O6 structure using HighScore Plus (HSP) [83] software. The Gd3+ and 

Nb5+ ions are used for the simulation. Atoms coordinates of the EuTiNbO6 

structure are used as a template to simulate the GdNb2O6 structure 

(SpringerMaterials database) [84]. Finally, the lattice parameters are refined 

with Rietveld analysis incorporated in HSP [85].  

 

 

2.5.4. Raman 
 

Raman analysis is done using i-Raman Plus (BWTEK) spectrometer BWS465 

– 785H, resolution < 3.5 cm-1@912 nm. It is equipped with a 785 nm excitation 

laser, exiting probe is 340 mW, at the laser point 455 mW.  

 

 

2.5.5. Fourier-Transform Infrared Spectroscopy  
 

Fourier-transform infrared spectroscopy (FTIR) spectra are acquired using 

Varian 640-IR spectrometer by Agilent Technologies. The samples are 

measured with a resolution of 4 cm-1 and 20 scans per sample. The 

measurements are standardized with a KBr pellet, dried at 150 ˚C for 24 h. 

 

 

2.5.6. X-Ray Photoelectron Spectroscopy  
 

X-ray photoelectron spectroscopy (XPS) measurements are done with the 

ESCALABTM 250Xi, Thermo ScientificTM. The equipment is equipped with 

the monochromatic Al K Alpha X-ray gun source. The spot size, energy step 

size, and pass energy are 650 μm, 0.1 eV, and 20 eV, respectively. Peaks 

deconvolution is performed with Fityk [86] software.  
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2.5.7. Photoluminescence and Absolute Reflectance  
 

The absolute reflectance and photoluminescence (PL) of the powders are 

measured using EDINBURGH INSTRUMENTS FLS980 spectrometer 

equipped with an integrated sphere. For the absolute reflectance, each spectrum 

is averaged over four measurements, and the excitation and emission beam slits 

are 10 and 0.4, accordingly. The step and the dwell time are 0.1 nm and 0.25 s, 

respectively. For the PL measurements, the excitation and emission beam slits 

are 3.0 and 1.0 for the undoped and Tm3+ doped materials and 10.0 and 1.0 for 

the Nd3+ doped materials. The step and dwell time are 1.0 nm and 0.1 s, 

correspondingly.   

 

 

2.5.8. UV-Vis  
 

The UV-vis extinction spectra are taken in the absorbance mode with Perkin 

Elmer Lambda 12 spectrometer, in the 200 – 1100 nm range with a step interval 

of 1 nm. For this analysis, the powders are dispersed in the solvent by sonication 

for about 5 min. To analyze the effect of the refractive index on the position of 

the Mie scattering peak, the powders are dispersed in water, tetraethyl 

orthosilicate (TEOS), chloroform, and 1,2-dichlorobenzene, with the refractive 

index of 1.3330, 1.3830, 1.4458, and 1.5514, respectively.      
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3. Results and Discussion 
 

3.1.  Intrinsic Material Synthesis and Characterization 
 

3.1.1. Morphology  
 

The synthesized gadolinium niobate morphologies are presented in Figure 

3.1.1.1. The particles with bar- and cube-like morphologies are formed by slab-

like crystallites placed on top of each other (Figures 3.1.1.1a, 3.1.1.1b, and 

3.1.1.1c, 3.1.1.1d, respectively). The flower-like particles appear as petal-like 

polycrystalline layers (Figures 3.1.1.1e and 3.1.1.1f). All three morphologies 

are polycrystalline with measured crystallite width of 121.2 ± 60.1, 140.8 ± 53.5, 

and 18.6 ± 6.9 nm for the bars, cubes, and flowers, respectively. These results 

are supported by a Rietveld analysis for bars and cubes (Table 3.1.5.1). 

 

Figure 3.1.1.1.  SEM and TEM micrographs of the (a), (b) bar- (c), (d) cube-, and (e), 

(f) flower-like morphologies, respectively. 
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Table 3.1.1.1. Dimensions of the various morphologies measured from SEM and TEM 

images, length (l), width (w), and thickness (t).   

Morphology l [nm] w [nm] t [nm] 

Bars 784 ± 186 328 ± 73 189 ± 32 

Cubes 246 ± 70 237 ± 47 190 ± 47 

Flowers 543 ± 78 --- --- 

 

 

3.1.2. Morphology with Wide Temperature Range 
 

Synthesis conditions, such as precursors’ solution pH and temperature during 

the KOH addition (TKOH), and the rate of the KOH addition, are crucial for 

successful synthesis. Small shifts from these conditions (Table 2.2.1) result in 

a different pH value and cause changes in the morphology and quality of the 

material. In addition, a temperature variation during the KOH addition affects 

the control over the morphology (Figure 3.1.2.1). To control the synthesis 

better, TKOH is kept within a narrow range of 1 ˚C (Table 2.2.1), and the 

morphology (Figure 3.1.1.1) is controlled solely by pH. Surfactant is not 

necessary at any stage of the synthesis.  
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Figure 3.1.2.1.  Morphology of GdNb2O6 synthetized at various temperature ranges 

during the KOH addition (a) T = 12.0 – 16.0 ˚C (pH = 6.50 ± 0.07), (b) T = 12.0 – 16.5 

˚C (pH = 6.48 ± 0.07), (c) T = 13.5 – 19.8 ˚C (pH = 6.84 ± 0.04), and (d) T = 12.0 – 

19.0 ˚C (pH = 6.81 ± 0.1). 

 

 

3.1.3. Morphology Evolution with pH 
 

Figure 3.1.3.1 demonstrates the morphology evolution with increased pH 

values for the precursors’ solution temperature of 18.0 – 19.0 ˚C. For the pH 

6.78 ± 0.10 (Figure 3.1.3.1a), it is possible to observe a significant amount of 

small particles (residues) that did not adopt any specific morphology. At slightly 

higher pH values (7.04 ± 0.03, Figure 3.1.3.1b), short bars with some cubes are 

formed. Only cubes are present at the pH values 7.15 ± 0.07 and 7.28 ± 0.04 

(Figures 3.1.3.1c and 3.1.3.1d). At the pH values 7.64 ± 0.13 (Figure 3.1.3.1e), 

it is possible to see that the cube-like morphology has more opened layers. Also, 

some flowers are present at these pH values. When the pH reaches values of 

7.93 ± 0.05, the morphology becomes flower-like (Figure 3.1.3.1f).  
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Figure 3.1.3.1.  Morphology at the precursors’ solution temperature of 18.0 – 19.0 ˚C 

and pH values (a) 6.78 ± 0.10, (b) 7.04 ± 0.03, (c) 7.15 ± 0.07, (d) 7.28 ± 0.04, (e) 7.64 

± 0.13 and (f) 7.93 ± 0.05. 

 

3.1.4. Nucleation Mechanism  

 

Crystallites nucleation mechanism can be partially understood from Figure 

3.1.4.1. All three morphologies start the growth from a supersaturated solution 

(where the rate of nucleation is higher than the growth rate) [87–90]. The 
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nucleation starts at the source and grows away, ensuring continuous contact with 

the nutritious solution. Alkalinity (increased with KOH concentration) is the 

main factor for the bars and cubes aspect ratio (length/width) [91,92]. A cube-

like morphology tends to form for a higher KOH concentration. The flower-like 

morphology can be related to the nucleation mechanism of the barite roses [87], 

where a radial habit of growth is adopted. In this case, the growth along the 

edges is simultaneous with the growth of the corners.  

 

 

Figure 3.1.4.1. The GdNb2O6 nanomaterials in the process of growth (a) bar-, (b) cube-

, (c) bar- and cube-, and (d) flower-like morphologies.   
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3.1.5. XRD and Rietveld Analysis 
 

A good fit is found between the simulated XRD pattern for the perfect GdNb2O6 

crystalline structure and the measured diffractograms for the bars and cubes 

(Figure 3.1.5.1). All peaks are present, and peaks due to contamination are not 

observed. The low values of R-factor (Rp), weighted residual R-factor (Rwp), and 

the goodness of fit (GOF) (Table 3.1.5.1) confirm the good fit between the 

calculated and experimental XRD data [57,58] and validate the crystallographic 

model. Hence, GdNb2O6 and EuTiNbO6 [84] are isostructural with 

orthorhombic crystal structure and a Pnma (62) space group. For the flower-like 

morphology, additional peaks related to the GdNbO4 crystalline structure are 

observed (Figure 3.1.5.1), suggesting a mixed GdNb2O6/GdNbO4 phase. The 

refined lattice parameters for the bar-like morphology are, a = 11.1939(4), b = 

7.5212(2), and c = 5.2903(1) Å, whereas for the cube-like morphology they 

slightly deviate, a = 11.2060(4), b = 7.5212(2), and c = 5.2864(2) Å. This shift 

in the lattice parameters is explained by the surface strain caused by the 

morphology effect [93], surface excess charge, and the adsorbed water and OH- 

groups [94,95]. Due to the low-quality diffractogram and not properly defined 

peaks for the flower-like morphology, it is not possible to perform a Rietveld 

analysis. 
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Figure 3.1.5.1. (a) XRD patterns; simulated (black) and experimental of bars (orange), 

cubes (wine), and flowers (blue).  

 

Table 3.1.5.1. Rp, Rwp, GOF, and L (crystallite size) obtained from the Rietveld analysis 

using HighScore Plus (HSP) [83] and experimental average crystallite width (Lavg) 

measured from SEM and TEM images.  

Morphology Rp [%] 

 

Rwp [%] 

 

GOF 

[%] 

L [nm] 

 

Lavg [nm] 

Experimental 

Bars 2.13 2.96 2.51 102 121.2 ± 60.1 

Cubes 3.01 3.90 1.24 115 140.8 ± 53.5 

Flowers --- --- --- --- 18.6 ± 6.9 

 

Table 3.1.5.2. Micro-strains εhkl obtained by HSP for the lattice parameters a, b, c.   

Morphology a ε200 [%] b ε020 [%] c ε002 [%] 

Bars 0.304 0.342 0.104 

Cubes 0.271 0.352 0.186 
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In the case of bars, thermally treated in three steps; (1) 120 ˚C – 3h, (2) 200 ˚C 

– 2h, and (3) T = 400, 600 and 700 ˚C, no structural changes are observed even 

after long annealing times (16 h) up to 600 ˚C (Figure 3.1.5.2).  

The XRD patterns (Figure 3.1.5.2) are measured with SIEMENS D5000 

(different equipment from the one used for the diffractograms for the 

refinement). The equipment operates at 40 kV, 25 mA. The step size and the 

scan speed are 0.02 degrees and 10 s/step, respectively.  For the measurement, 

the powder is compressed into a pellet. Thus, a preferred orientation is induced 

along the (002) crystallographic plane (Figure 3.1.5.2). 

 

Figure 3.1.5.2. XRD patterns of the bar-like morphology annealed at 200 ˚C, 400 ˚C, 

600 ˚C, and 700 ˚C for 16 h. All the samples were first annealed at 120 ˚C for 3 h. For 

the samples that were annealed at temperatures ≥ 400 ˚C, the samples were also 

thermally treated at 200 ˚C for 2 h. For the diffractogram of 120 ˚C the sample was 

annealed for 5 h at that temperature.  
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3.1.6. EDS 
 

The representative EDS measurements for bars, cubes, and flowers are shown 

in Figures 3.1.6.1, 3.1.6.2, and 3.1.6.3 and Tables 3.1.6.1, 3.1.6.2, and 3.1.6.3, 

accordingly. Average values from four measurements are presented in Table 

3.1.6.4. 

Two types of samples are analyzed; (1) thermally treated at 100 ˚C for 15 min 

(2) annealed in three steps; first at 120 ˚C – 3 h, then at 200 ˚C – 2 h, and finally 

at 250 ˚C – 16 h (to ensure a significant water elimination). The EDS analysis 

of the nanoscale GdNb2O6 shows that even though a 1:1 Nb:Gd mol ratio is 

added for the synthesis, the ratio is closer to 2:1 atomic percent (at. %) for bars 

and cubes (Table 3.1.6.4). Accordingly, the GdNb2O6 structure is favored for 

the synthesis conditions (Table 2.2.1) of these morphologies. For the flowers, 

the Nb:Gd at. % ratio is ~1.3:1 (Table 3.1.6.4), confirming the XRD data. 

Hence, GdNb2O6/GdNbO4 mixed structure is formed. An increased amount of 

oxygen excess is observed with the change in the morphology (flowers > cubes 

> bars). This result might be related to the amount of OH- groups and water 

molecules attached to the surface due to the increased surface area. Thus, the 

flower-like morphology contains the highest amount of water molecules 

attached to its surface. According to the EDS analysis, after the thermal 

treatment at 250 ˚C, only a slight reduction in oxygen content is observed for 

the bars, and the reduction is more significant for the cubes and flowers (Table 

3.1.6.4).  

 

  

Figure 3.1.6.1. SEM image of the measured area and representative EDS spectra of 

bar-like morphology. 
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Table 3.1.6.1. EDS analysis of the bar-like morphology after three-step annealing at 

120 ˚C (3 h), 200 ˚C (2 h), and 250 ˚C (16 h). 

Element 

Line 

ZAF 

Compnd 

Element wt. % ± error Element at. % ± error 

O K 4.385 36.80 ± 0.39 80.55 ± 0.85 

Nb L 1.437 34.82 ± 0.31 13.12 ± 0.12 

Gd L 1.210 28.38 ± 0.71 6.32 ± 0.16 

Total  100 100 

 

 

  

Figure 3.1.6.2. SEM image of the measured area and representative EDS spectra of 

cube-like morphology. 

 

Table 3.1.6.2. EDS analysis of the cube-like morphology after three-step annealing at 

120 ˚C (3 h), 200 ˚C (2 h), and 250 ˚C (16 h). 

Element 

Line 

ZAF 

Compnd 

Element wt. % ± error Element at. % ± error 

O K 4.277 37.91 ± 0.45 81.40 ± 0.97 

Nb L 1.447 33.30 ± 0.50 12.31 ± 0.19 

Gd L 1.211 28.78 ± 0.54 6.29 ± 0.12 

Total  100 100 
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Figure 3.1.6.3. SEM image of the measured area and representative EDS spectra of 

flower-like morphology. 

 

Table 3.1.6.3. EDS analysis of the flower-like morphology after three-step annealing 

at 120 ˚C (3 h), 200 ˚C (2 h), and 250 ˚C (16 h). 

Element 

Line 

ZAF 

Compnd 

Element wt. % ± error Element at. % ± error 

O K 3.911 34.61 ± 0.40 80.02 ± 0.91 

Nb L 1.532 28.23 ± 0.47 11.24 ± 0.19 

Gd L 1.192 37.16 ± 0.85 8.74 ± 0.20 

Total  100 100 

 

Table 3.1.6.4. EDS analysis of the various morphologies after the thermal treatments 

at (1) 100 ˚C (15 min), and (2) 120 ˚C (3h), 200 ˚C (2h), and 250 ˚C (16h). 

Morphology  

(thermal treatment) 

Gd  

(at. %) 

Nb  

(at. %) 

O  

(at. %) 

Nb:Gd O:Nb 

Bars (100 ˚C) 5.7 ± 0.2 12.4 ± 0.2 81.8 ± 0.4 2.1 ± 0.1 6.6 ± 0.1 

Bars (250 ˚C) 6.0 ± 0.2 12.6 ± 0.6 81.4 ± 0.9 2.1 ± 0.1 6.5 ± 0.4 

Cubes (100 ˚C) 5.5 ± 0.4 10.6 ± 0.5 83.9 ± 0.9 1.9 ± 0.1 7.9 ± 0.5 

Cubes (250 ˚C) 6.2 ± 0.4 11.9 ± 0.7 81.9 ± 1.0 1.9 ± 0.1 6.9 ± 0.5 

Flowers (100 ˚C) 7.2 ± 0.5 9.2 ± 0.4 83.5 ± 1.1 1.3 ± 0.1 9.1 ± 0.7 

Flowers (250 ˚C) 8.9 ± 0.2 11.1 ± 0.3 80.0 ± 0.4 1.3 ± 0.1 7.2 ± 0.2 
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3.1.7. Raman 
 

Raman spectra (Figure 3.1.7.1) with similar characteristics are observed for the 

bars and cubes. For flowers, some bands are missing or shifted (Table 3.1.7.1). 

Also, a few bands are shifted for cubes relative to the bars (“in parentheses”). 

The Raman modes correspond to different bond distances in the crystalline 

structure, and shifts of these bands indicate structural distortions [96]. Most of 

the observed bands (Figure 3.1.7.1a) are related to GdNbO4 (in bold) [97–99] 

and RETiNbO6 (in italic) [44,100] structures, indicating structural similarities 

[96]. It is important to note that the Raman bands reported for the GdNbO4 

structure match better the flower-like morphology, while some of these bands 

are shifted for bars and cubes (Table 3.1.7.1) [97–99]. These results confirm the 

presence of a mixed GdNb2O6/GdNbO4 structure for the flower-like 

morphology. Also, Raman bands for GdNb2O6 are slightly shifted compared to 

reported RETiNbO6 structures [44,100]. This behavior is expected due to the 

differences in the cation size [44,96,100]. The 261 cm-1 band is intense for bars 

and cubes and insignificant for flowers (260 cm-1). This difference is most likely 

due to the dominance of the GdNb2O6 phase for bars and cubes and the structural 

distortion of a mixed GdNb2O6/GdNbO4 phase for flowers [101,102]. The 494 

(492) cm-1 band found for all three morphologies is reported for the CaNb2O6 

[103]. Bands centered at 810, 835, 897, and 994 cm-1 are found in the Raman 

spectra for both the bars and cubes (Figure 3.1.7.1b and 3.1.7.1c), while only 

bands centered at 810, 835, and 996 cm-1 are present for the flowers (Table 

3.1.7.1, Figure 3.1.7.1d). The 810, 835, and 897 cm-1 bands are assigned to the 

NbO6 octahedron [96,103,104], while the 994 cm-1 is associated with NbO4 

tetrahedra, Nb=O stretching vibration [105,106]. Consequently, both Nb+4 and 

Nb+5  species are present [107]. Previous studies [104,105] show that the 994 

cm-1 band appears when the NbO4 tetrahedra are dehydrated. In the present 

study, this band is observed before and after thermal treatment (Figure 3.1.7.1).
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Table 3.1.7.1. Raman active modes (Raman shift in cm-1) for the bar-, cube-, and 

flower-like morphologies. GdNbO4 structure is in bold and RETiNbO6 in italic.  

Morphology Gd – O  

Vibration  

modes 

 

[cm-1] 

 

[98,100]  

NbO6  

Bending  

modes 

 

[cm-1] 

 

[44,98,100] 

NbO6  

Tilting  

modes  

 

[cm-1] 

 

[44,98] 

NbO6  

Stretching 

modes 

 

[cm-1] 

 

[44,98,100,103] 

Bars (Cubes) 120, 157 178 (180), 218, 

233, 261, 290, 

303, 308 (306), 

331 

368, 416, 430, 

457, 485, 494 

558 (556), 642 

(644), 668, 684, 

810, 835, 897, 

994 

Flowers 120 180, 220, 235, 

260, 297, 303, 

333 

368, 417, 430, 

457, 485, 492 

524, 648, 668, 

687, 810, 835, 

996 

 

 

Figure 3.1.7.1. (a) Raman spectra (normalized to the most intense peak) in the range 

of 50 – 1100 cm-1, with enlarged 150 – 320 cm-1 region, and 750 – 1050 cm-1 region of 

(b) bar-, (c) cube-, and (d) flower-like morphologies of as-prepared (solid line) and 

annealed 250 ˚C – 16 h (dash line).   
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3.1.8. Band Gap 
 

The optical band gap (Eg) of the various morphologies is evaluated from the 

diffuse reflectance (F(R)) calculated with the Kubelka-Munk (K-M) method 

[108]. Where F(R) is proportional to the attenuation coefficient (α) and the 

general Tauc equation [109,110] for the band gap is modified [111]:  

(3.1.8.1.) 

𝛼ℎ𝜐 ≈ 𝐵(ℎ𝜐 − 𝐸𝑔)𝑛 → 𝐹(𝑅)ℎ𝜐 ≈ 𝐵(ℎ𝜐 − 𝐸𝑔)𝑛  

 

where h is Planck’s constant (J·s), B represents the absorption constant, and υ is 

the photon frequency (Hz). The Eg is extracted by plotting (F(R)·hυ)n vs. hυ 

(photon energy in eV) (Figure 3.1.8.1). The case n = ½ is an indirect allowed 

transition, and n = 2 is a direct one [111]. It turned out that GdNb2O6 is an 

indirect band gap material with calculated Eg of 3.52 ± 0.01, 3.57 ± 0.01, and 

3.63 ± 0.02 eV for the bar-, cube-, and flower-like morphologies, respectively 

(Figure 3.1.8.1a). These numbers are close to the reported value for EuTiNbO4 

(3.55 eV) [45]. The reported calculated and experimental Eg values for GdNbO4 

are 3.74 and 3.84 eV, respectively [50]. Hence, even though a mixed 

GdNb2O6/GdNbO4 structure is present in the case of flowers, the band gap value 

tends to be closer to the one of GdNb2O6. In our case, the Eg values increase 

slightly with the change in the morphology (flowers > cubes > bars). It is shown 

in Table 3.1.5.2 that the strain induced on the unit cell differs in between the 

bar- and cube-like morphologies, which is responsible for the slight shifts in the 

Eg [112,113]. Consequently, the optical band gap can be tuned by changing the 

morphology. The calculated band gaps of the GdNb2O6 various morphologies 

after the three-step thermal treatment ((1) 120 ˚C – 3 h, (2) 200 ˚C – 2 h, (3) 250 

˚C – 16 h) are 3.48 ± 0.02, 3.55 ± 0.01, and 3.58 ± 0.01 eV for the bars, cubes, 

and flowers, respectively (Figure 3.1.8.1b). In general, these values are lower 

when compared to the as-prepared GdNb2O6. These results confirm that water 

and OH- groups attached to the nanoscale morphologies surface induce strain in 

these structures [94,95].  
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Figure 3.1.8.1. Calculated band gap for (a) as-prepared (A.P.) and (b) three-step 

thermally treated (250 ˚C) bars (orange), cubes (wine), and flowers (blue).  

 

3.1.9. FTIR 
 

FTIR spectra of the as-prepared morphologies (Figure 3.1.9.1a) show the 

presence of bands related to the water and OH- groups (around 3350 – 3380 and 

1625 – 1630 cm-1 ), originated from the water and KOH involved in the synthesis 

process [114–116]. Additional bands centered at 1506 cm-1 and 1375 cm-1 are 

observed for the flower-like morphology (Figure 3.1.9.1a), corresponding to 

the NO3
- groups stretching vibrations [117]. Broadband between 400 cm-1 and 

1000 cm-1 present for all morphologies is related to the metal-oxide bonds [54] 

(Figure 3.1.9.1b).  The peaks are shifted between the morphologies (Figure 

3.1.9.1b), as listed in Table 3.1.9.1. A similar phenomenon is observed for ZnO 

NP’s. These shifts are attributed to the preferential growth along a specific axis 

and oxygen defects at the NP’s surface [118,119].  These results agree with the 

shift in the lattice parameters of the bar- and cube-like morphologies (section 

3.1.5) [119].  
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Figure 3.1.9.1. Transmittance FTIR spectra of the as-prepared submicron 

morphologies (a) complete and (b) magnified region at 400 - 1200 cm-1 for the bars 

(orange), cubes (wine), and flowers (blue).   

 

Table 3.1.9.1. FTIR peaks related to the metal-oxide bonds.   

Morphology Peak 1 

[cm-1] 

Peak 2 

[cm-1] 

Peak  3 

[cm-1] 

Peak  4 

[cm-1] 

Peak  5 

[cm-1] 

Peak  6 

[cm-1] 

Bars 829 694 677 580 559 434 

Cubes 827 690 675 584 554 436 

Flowers 814 684 671 596 559 430 

 

To eliminate the surface water and water trapped in between the crystallites, the 

submicron morphologies are thermally treated in three-step: (1) 120 ˚C – 3 h, 

(2) 200 ˚C – 2h, and (3) 250 ˚C – 16 h. After this annealing at 250 ˚C, the 

measured FTIR spectra (Figure 3.1.9.2) show that the broadband between 

~2500 – 3600 cm-1 shifted to higher wavenumbers, 3437, 3427, and  

3435 cm-1 for the bars, cubes, and flowers, respectively. These results suggest 

that water is mostly eliminated but a significant amount of OH- groups remained 

attached to the submicron GdNb2O6 surface [120,121]. The surface hydroxyl is 

very stable and found for metal oxides even after annealing at temperatures 

higher than 600 ˚C. The more stable hydroxyl appears at higher frequencies in 

the FTIR spectra [115].  
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Figure 3.1.9.2. Transmittance FTIR spectra of the as-prepared (a) bars (orange), (b) 

cubes (wine), and (c) flowers (blue) and thermally treated at 200 ˚C (120 ˚C – 3 h and 

200 ˚C – 4 h) and at 250 ˚C (120 ˚C – 3 h, 200 ˚C – 2 h, and 250 ˚C – 16 h).   

In addition, after the three-step thermal treatment ((1) 120 ˚C – 3 h, (2) 200 ˚C 

– 2 h, (3) 250 ˚C – 16 h), a color change is observed for all three morphologies 

(Figure 3.1.9.3). This behavior might be attributed to the change in the 

oxidation state [122] due to the elimination of water molecules that were 

attached to the Nb (breakage of Nb–H2O coordination bond) [105–107]. The 

color is less prominent for the flowers, presumably due to the presence of the 

mixed-phase and its morphology, where the bulk is negligible (Figure 3.1.1.1). 

 

 

Figure 3.1.9.3.  Powder of the (a) bar-, (b) cube-, and (c) flower-like morphologies 

before (as-prepared – A.P.) and after the three-step thermal treatment; (1) 120 ˚C for 3 

h, (2) 200 ˚C for 2 h, and (3) 250 ˚C for 16 h (An.). 

 

3.1.10. XPS   
 

The XPS spectra of the Nb 3d doublet peaks for the as-prepared various 

morphologies are presented in Figure 3.1.10.1. The full information on the 

deconvoluted peaks is in Tables 3.1.10.1-3.1.10.3. The measured data and the 
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deconvolution (decon.) sum are mostly overlapping. The oxidation state of 

niobium oxides is frequently evaluated for Nb 3d orbitals, where a higher 

oxidation state is manifested at higher binding energies. Mixed niobium oxides 

with different oxidation states are often formed, and the peaks shift is discussed 

based on Nb4+ and Nb5+ characters’ contributions  [107,123–125]. The doublet 

peaks centered at 206.9, 209.6 eV, and 207.7, 210.5 eV for the bar-like 

morphology (Figure 3.1.10.1a) match the binding energies of NbO2 (Nb4+ 

character) and Nb2O5 (Nb5+ character) phases, accordingly [123,126]. These 

peaks are located at 206.9, 209.6 eV,  and 207.9, 210.4 eV in the case of cubes 

(Figure 3.1.10.1b) and at 206.3, 209.0 eV, and 207.4, 210.2 eV for the flowers 

(Figure 3.1.10.1c), similar to the reported values for GdNbO4 [19].  The origin 

of the ~ 212.5 eV peak present for all three morphologies is unclear, but it is 

reported for HfO2 [127]. These results imply that both Nb4+ and Nb5+ oxidation 

states are present on the surface of GdNb2O6 and GdNb2O6/GdNbO4 

compounds.   

 

 

Figure 3.1.10.1. XPS spectra of the Nb 3d doublets peaks of the as-prepared (a) bar- 

(b) cube-, and (c) flower-like morphologies. 
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Table 3.1.10.1. XPS Nb 3d peaks deconvolution information for bar-like morphology.   

Peak Type Center Height (cps) Area (cps·eV) FWHM (eV) 

Gaussian 205.57 432.26 445.33 0.968 

Gaussian 206.87 19045.50 24504.30 1.209 

Gaussian 207.67 6606.88 12639.10 1.797 

Gaussian 209.63 15620.40 20916.60 1.258 

Gaussian 210.53 3875.83 6082.98 1.474 

Gaussian 212.48 1477.21 3221.51 2.049 

 

Table 3.1.10.2. XPS Nb 3d peaks deconvolution information for cube-like 

morphology.   

Peak Type Center Height (cps) Area (cps·eV) FWHM (eV) 

Gaussian 206.23 2723.00 3399.60 1.173 

Gaussian 206.94 8053.32 12165.20 1.419 

Gaussian 207.91 4576.09 8586.7 1.762 

Gaussian 209.59 5992.87 12245.50 1.920 

Gaussian 210.39 4225.38 14869.70 3.306 

Gaussian 212.97 314.17 319.58 0.956 

   

Table 3.1.10.3. XPS Nb 3d peaks deconvolution information for flower-like 

morphology.   

Peak Type Center Height (cps) Area (cps·eV) FWHM (eV) 

Gaussian 205.232 394.282 1030.740 2.456 

Gaussian 206.309 19693.500 26476.500 1.263 

Gaussian 207.439 4864.220 5602.270 1.082 

Gaussian 208.997 15305.900 24074.800 1.478 

Gaussian 210.203 4224.820 10396.200 2.312 

Gaussian 212.146 2151.420 3232.160 1.411 
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3.1.11. PL (Pristine and Water Related)  
 

In the case of gadolinium niobate fergusonite structure GdNbO4 (prepared via 

solid-state method), a weak blue-white emission centered at λem = 440 nm is 

reported at room temperature when it excited with λex = 254 nm. In addition, a 

yellow weak emission (for λex = 365 nm) is reported at 77 K (quenched at room 

temperature) [48,128]. This emission is attributed to the (NbO4)
3- groups. The 

emission is weak due to significant energy transfer to the Gd3+ ions that are 

abundant in the structure. This energy transfer process eventually leads to 

luminescence quenching. The λex = 365 nm excitation band is related to the 1A1 

→ 
3T2 transitions of the (NbO4)

3- groups [50] and is responsible for the weak 

emission in the 300 – 500 nm region [54]. In the current study, distinctive PL 

characteristics is observed at room temperature for all three morphologies before 

and after the water elimination. 

The excitation (240 – 380 nm) and the emission (415 – 700 nm) spectra of 

GdNb2O6 before (as-prepared) and after the thermal treatment (annealed at 250 

˚C) are depicted in Figure 3.1.11.1. For the excitation wavelength of λex = 365 

nm, all the as-prepared morphologies present an emission peak at about λem = 

440 nm (Figures 3.1.11.1a, 3.1.11.1b, and 3.1.11.1c), which is several orders 

of magnitude more intense for the cubes (Figure 3.1.11.1b). A similar peak is 

observed for layered double hydroxides (LDH) such as ZnAl [129] and MgAl 

[130], and it is attributed to surface defects and interactions with solvent in the 

case of the colloidal suspension. In addition, the as-prepared flowers (Figure. 

3.1.11.1c) present broad emission peaks centered at about λem = 550 and λem = 

580 nm when the material is excited with λex = 254 and λex = 310 nm, 

respectively. The excitation bands centered at λex = 270 and λex = 310 nm are 

attributed to the (NbO4)
3- groups (1A1 → 1T2 transitions) [54] and Gd3+ ions 

(6P7/2 → 8S7/2 transitions), respectively, in the case of GdNbO4 [18,131]. For the 

bar- and cube-like morphologies, the emission centered at λem = 550 nm is weak 

for the λex = 310 nm excitation wavelength before and after the thermal 
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treatment (Figures 3.1.11.1a, 3.1.11.1d, and 3.1.11.1b, 3.1.11.1e, respectively) 

and quenched for λex = 254 nm. 

After the three-step thermal treatment ((1) 120 ˚C – 3 h, (2) 200 ˚C – 2h, and (3) 

250 ˚C – 16 h), the emission spectra obtained with λex = 365 nm are broadband 

for all three morphologies (Figures 3.1.11.1d, 3.1.11.1e, and 3.1.11.1f). The PL 

emission is centered at about λem = 550 nm for bars (Figure 3.1.11.1d) and cubes 

(Figure 3.1.11.1e). For flowers, the emission is centered at about λem = 480 nm 

with an additional peak around λem = 550 nm. Likewise, for flowers, the intensity 

of the λem = 550 nm and λem = 580 nm emissions is reduced for λex = 254 nm 

and λex = 310 nm, respectively, when compared to the as-prepared material 

(Figures 3.1.11.1c and 3.1.11.1f). In addition, after the thermal treatment, the 

intensity of the excitation band for λem = 550 nm increased by a factor of 9.0, 

4.2, and 1.6 for bars, cubes, and flowers, respectively (Figure 3.1.11.1). That 

must be attributed to a competitive energy transfer mechanism of water and 

niobium oxide groups of the GdNb2O6 matrix. After a significant elimination of 

water, transitions through the energy levels of niobium oxide dominate.   

These results imply that water at the surface and in between the crystallite slabs 

has a direct effect on the PL of the pristine GdNb2O6. This behavior is most 

prominent in cubes (Figures 3.1.11.1b and 3.1.11.1e), where the intense blue 

emission at λem = 440 nm (originated from water) [132] vanishes after the 

thermal treatment together with excitation bands at about λex = 278 nm [130]. 

The excitation band of water-related emission at λex = 370 nm [129,133] 

overlaps with the one of the pristine GdNb2O6. Nonetheless, after annealing, the 

intensity of the excitation band monitored for λem = 440 nm is suppressed and 

shift to λex = 366 nm (Figures 3.1.11.1b and 3.1.11.1e). It is important to note 

that for the bar-like morphology, a small peak at λem = 440 nm is present in 

addition to the λem = 550 nm band after the thermal treatment (Figure 

3.1.11.1d). This peak must be related to a minute amount of water adsorbed by 

the GdNb2O6 surface at the moment of measurement due to exposure to air 

humidity.  
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Figure 3.1.11.1. Excitation (240 – 380 nm) and emission (415 – 700 nm) spectra of as-

prepared (a), (b), (c) and annealed (d), (e), (f), bars (orange), cubes (wine), and flowers 

(blue), respectively.   

 

3.1.12. Intrinsic PL Stability 

 

 

To evaluate the PL stability of the GdNb2O6 various morphologies, the powders 

that are thermally treated in three steps ((1) 120 ˚C – 3 h, (2) 200 ˚C – 2h, and 

(3) 250 ˚C – 16 h) are stored for 60 days in the air and then thermally treated 

only in two steps (120 ˚C – 3 h, 200 ˚C – 1 h). After the thermal treatment at 

250 ˚C, the broad λem = 550 nm band is observed for the bars and cubes (Figure 

3.1.12.1a). It is important to mention that for the bar-like morphology, a small 

peak at λem = 440 nm is present in addition to the λem = 550 nm band after this 

thermal treatment at 250 ˚C (Figure 3.1.12.1a). This peak must be related to a 

minute amount of water adsorbed by the GdNb2O6 surface at the moment of 

measurement due to exposure to air humidity, as discussed in section 3.1.11. 

After the exposure of the annealed bar- and cube-like morphologies to air for 60 

days, the λem = 440 nm peak associated with water is present for both 

morphologies. Nonetheless, for the cubes, the intensity of the water-related peak 
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is of lesser intensity compared to the as-prepared material (Figure 3.1.11.1b). 

These results imply that the process of water reabsorption is slow and that the 

as-prepared material contains more water. After the annealing at 200 ̊ C (Figure 

3.1.11.1c), the λem = 440 nm water-related peak is quenched, and the broadband 

centered at λem = 550 nm is of similar intensity as after annealing at 250 ˚C, for 

both bars and cubes (Figure 3.1.11.1a). Hence, the bar- and cube-like 

morphology present stability for the repeated thermal treatment. Also, only short 

annealing is necessary to eliminate the reabsorbed water (120 ˚C – 3 h, 200 ˚C 

– 1 h). For the flowers (Figure 3.1.11.1d), the λem = 440 nm water-related peak 

is present after the exposure to air for 60 days. In addition, after the thermal 

treatment at 200 ˚C, the λem = 440 nm peak remains present. Most likely, longer 

annealing times (> 1 h) or/and higher temperature (> 200 ˚C) are necessary to 

restore the broadband emission (λem = 550 nm) for the flowers.   

 

 

Figure 3.1.12.1. Excitation (240 – 380 nm) and emission (415 – 700 nm) spectra after 

(a) annealing at 250 ˚C (b) 60 day in air, and (c) annealing at 200 ˚C for bars (orange) 

and cubes (wine) and (d) similar spectra for flowers (blue).  
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3.2.  Thulium (Tm3+) Doped Material 
 

3.2.1. XRD and Rietveld Analysis 
 

The diffraction patterns of the as-prepared undoped GdNb2O6 and thulium-

doped Gd0.96Tm0.04Nb2O6 cubes are similar (Figure 3.2.1.1). All the peaks of 

the GdNb2O6 phase are present with small shifts. These shifts are manifested in 

the values of the lattice parameters (Table 3.2.1.1), and it is most likely rises 

due to the difference in the ionic (crystal) radius of Gd3+ 1.053 Å (1.193 Å) and 

Tm3+ 0.994 Å (1.134 Å) [57,134]. Rietveld analysis of the Gd0.96Tm0.04Nb2O6 

diffractogram results in low values of Rp, Rwp, and GOF (Table 3.2.1.1). These 

results confirm that Gd0.96Tm0.04Nb2O6 phase is in good agreement with the 

intrinsic GdNb2O6. Evaluation of the micro-strain (Table 3.2.1.2) shows higher 

values for Gd0.96Tm0.04Nb2O6 structure when compared to the intrinsic 

GdNb2O6. It is possible to see in Figure 3.2.1.1 that in the 10 – 15 ˚ and 25 – 35 

˚ 2-theta regions, an amorphous phase is present for Gd0.96Tm0.04Nb2O6. The 

origin of the amorphous phase can be from the adsorbed water and OH- groups, 

which leads to a  surface strain [94,95].     

 

Figure 3.2.1.1. XRD patterns of cube-like morphology of GdNb2O6 (wine) and 

Gd0.96Tm0.04Nb2O6 (purple). 
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Table 3.2.1.1. Lattice parameters (a, b, c), Rp, Rwp, and GOF, obtained from the 

Rietveld analysis using HighScore Plus (HSP) [83].  

Morphology a b c Rp  

[%] 

Rwp  

[%] 

GOF 

[%] 

Cubes  

(GdNb2O6) 

 

11.2060(4) 7.5212(2) 5.2864(2) 3.01 3.90 1.24 

Cubes  

(Gd0.96Tm0.04Nb2O6) 

11.1928(4) 7.5178(0) 5.2833(3) 3.14 4.01 4.63 

 

Table 3.2.1.2. Micro-strains εhkl obtained from HSP for the lattice parameters a, b, c.   

Morphology a ε200 [%] b ε020 [%] c ε002 [%] 

Cubes (GdNb2O6) 0.271 0.352 0.186 

Cubes (Gd0.96Tm0.04Nb2O6) 0.495 0.376 0.239 

 

 

3.2.2. Morphology 
 

The morphology of the Gd0.96Tm0.04Nb2O6 is shown in Figure 3.2.2.1. The 

morphology of the bars and flowers (Figures 3.2.2.1a and 3.2.2.1c) is similar to 

the undoped GdNb2O6 (Figure 3.1.1.1). Nonetheless, some of the cubes (Figure 

3.2.2.1b) appear with more open layers when compared to the intrinsic 

GdNb2O6 (Figure 3.1.1.1c). That must be the result of the use of thulium(Ⅲ) 

chloride hexahydrate instead of nitride as in the case of gadolinium 

(Gd(NO3)3·6H2O). The addition of chloride changes the pH of the precursors’ 

solution, and therefore the preferred cube-like morphology is obtained at lower 

pH values. A similar effect is observed for Nd3+ doped material (Figure 3.3.2.1), 

where the desired cube-like morphology is achieved at lower pH values.  In this 

case, doping does not lead to morphological changes as often occur for doped 

materials [135].  
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Figure 3.2.2.1. SEM images of Gd0.96Tm0.04Nb2O6 (a) bar-, (b) cube-, and (c) flower-

like morphologies. 

 

3.2.3. Band Gap 
 

The measured band gap values of the as-prepared (Figure 3.2.3.1a) thulium-

doped GdNb2O6 (Gd1-0.96Tm0.04Nb2O6) are 3.48, 3.60, and 3.58 eV for the bars, 

cubes, and flowers, respectively. For the material that annealed in three steps 

((1) 120 ˚C – 3 h, (2) 200 ˚C – 2h, and (3) 250 ˚C – 16 h)) the band gaps are 

3.44, 3.68, and 3.59 eV for the bars, cubes, and flowers, accordingly (Figure 

3.2.3.1b). When compared to the intrinsic GdNb2O6 (Figure 3.1.8.1), band gap 

values of as-prepared Gd0.96Tm0.04Nb2O6 bars and flowers (Figure 3.2.3.1a) are 

similar to the ones of the undoped material after the annealing (Figure 3.1.8.1b). 

After the thermal treatment, the band gap of the Gd0.96Tm0.04Nb2O6 bars is 

reduced and remains similar for the flowers (Figure 3.2.3.1b). As for the as-

prepared and annealed Gd0.96Tm0.04Nb2O6 cubes, the band gap values are higher 

(Figures 3.2.3.1a and 3.2.3.1b) when compared to the intrinsic material 

(Figures 3.1.8.1a and 3.1.8.1b). That must be the result of a higher amount of 

an amorphous phase, probably originating from the water and OH- groups, as 

was shown by the XRD analysis in section 3.2.1. An additional reason can be 

the slight difference in the morphology (Figure 3.2.2.1) compared to the 

intrinsic material (Figure 3.1.1.1).   
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Figure 3.2.3.1. Band gap of Gd0.96Tm0.04Nb2O6 bar-, cube-, and flower-like 

morphologies (a) as-prepared and (b) annealed in three steps ((1) 120 ˚C – 3 h, (2) 200 

˚C – 2h, and (3) 250 ˚C – 16 h)). 

 

3.2.4. PL (Thulium and Water Related) 
 

The PL properties of thulium-doped gadolinium niobate (Gd1-xTmxNb2O6) 

nanophosphors are analyzed concerning Tm3+ and water-associated emissions 

(Figure 3.2.4.1). The as-prepared (A.P.) cube-like morphology doped with 

different concentrations of Tm3+ show a λem = 457 nm emission for the 

excitation wavelength of λex = 361 nm (3H6 → 1D2 transitions) [20] (Figure 

3.2.4.1a). This emission is associated with the 1D2 → 3F4 inter-electronic energy 

levels transitions of Tm3+ ion [16]. For as-prepared Gd0.99Tm0.01Nb2O6, only the 

λem = 440 nm peak related to water emission is present (Figure 3.2.4.1a). In 

addition, a broadband in the excitation spectra (240 – 380 nm) for this emission 

peak, centered at λex = 278 nm [130], is observed. It is important to note that the 

λex = 361 nm of Tm3+ ion is overlapping with the excitation band of the host 

matrix (niobium oxide, λex = 365 nm) [48] and water (λex = 370 nm) [133]. As 

the concentration of Tm3+ is increased, the λem = 457 nm emission is more 

evident, and the water-related peak is less prominent (Figure 3.2.4.1a). The 

intensity of the λex = 278 nm band for Gd0.96Tm0.04Nb2O6 is reduced compared 

to Gd0.93Tm0.03Nb2O6 (Figure 3.2.4.1a), together with the λem = 440 nm of 

water. After the three-step thermal treatment (250 ˚C) (Figure 3.2.4.1b), an 
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intense λem = 550 nm broad emission originated from the host matrix (niobium 

oxide groups) is observed for Gd0.97Tm0.03Nb2O6 together with λem = 457 nm of 

Tm3+. These results agree with those obtained for the undoped material (Figure 

3.1.11.1), where a broad emission appears after the thermal treatment (water 

elimination). As for the Gd0.96Tm0.04Nb2O6, the emission from the matrix is 

significantly reduced, and the emission from the Tm3+ ions dominates. These 

results indicate that the emission associated with water and niobium oxide 

groups is quenched with the increased Tm3+ doping concentration. Therefore, 

the Gd0.96Tm0.04Nb2O6 composition is chosen for the synthesis of bars and 

flowers to study the Tm3+-related emission.  

Among the three synthesized morphologies (bars, cubes, and flowers), the as-

prepared Gd0.96Tm0.04Nb2O6 bars present the lowest λem = 457 nm emission 

intensity (Figure 3.2.3.1c), and the water-related peak (λem = 440 nm) is evident 

only in the case of cubes. This behavior is consistent with the results for the 

undoped GdNb2O6, where the λem = 440 nm emission is several orders of 

magnitude higher for the as-prepared cubes when compared to bars and flowers 

(Figures 3.1.11.1a, 3.1.11.1b, and 3.1.11.1c). In addition, for flowers, the λex = 

250 nm band is present before (Figure 3.2.4.1c) and after the thermal treatment 

(Figure 3.2.4.1d). This excitation is attributed to the charge transfer band (O2- 

→ Nb5+) in the case of Tm3+ doped GdNbO4 [15].     

 After the three-step thermal treatment (250 ˚C), compared to the as-prepared 

Gd0.96Tm0.04Nb2O6 (Figure 3.2.4.1c) nanophosphors, the λem = 457 nm blue 

emission is more intense in the case of flowers (Figure 3.2.4.1d). On the 

contrary, this emission is lower for the bars and cubes (Figure 3.2.4.1d). It is 

evident for cubes that the λem = 440 nm water-related emission (Figure 3.2.4.1c) 

vanished after the thermal treatment (Figure 3.2.4.1d). These results imply that 

for as-prepared Gd0.96Tm0.04Nb2O6 bars and cubes, the λem = 457 nm is partially 

assisted by the water-related emission (Figures 3.2.4.1c and 3.2.4.1d).   
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Figure 3.2.4.1. Excitation (250 – 380 nm) and emission (415 – 700 nm) spectra for the 

as-prepared (A.P.) and the thermally treated (250 ˚C) various submicron morphologies 

of Gd1-xTmxNb2O6; (a) A.P. and (b) annealed cubes with different concentration of 

Tm3+, (c) A.P. and (d) thermally treated Gd0.96Tm0.04Nb2O6 bars (orange), cubes (wine) 

and flowers (blue). 

 

3.3. Neodymium (Nd3+) Doped Material 
 

3.3.1. XRD 
 

The XRD patterns of the as-prepared and annealed Nd3+ doped GdNb2O6 

(Gd0.97Nd0.03Nb2O6) cubes are shown in Figure 3.3.1.1. The diffractograms of 

the as-prepared and annealed at 500 ˚C Gd0.97Nd0.03Nb2O6 present similar 

characteristics. These XRD patterns match the GdNb2O6 crystalline structure. 

Nonetheless, when the material is thermally treated at 800 ̊ C, structural changes 
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are observed (Gd1-xNdxNbyOz). After the annealing at 800 ˚C, the crystalline 

phase becomes mainly monoclinic GdNbO4 (Figure 3.3.1.1) with additional 

peaks related to the Gd3NbO7 and GdNb2O6 crystalline structures.   

 

Figure 3.3.1.1. XRD patterns of the as-prepared and annealed at 500 ˚C and 800 ˚C 

Gd0.97Nd0.03Nb2O6.  

 

3.3.2. Morphology 
 

The morphology of the Gd0.97Nd0.03Nb2O6 is shown in Figure 3.3.2.1. For the 

pH > 7.10, some of the cubes (Figure 3.3.2.1b) appear with more open layers, 

and the layers are less defined when compared to the material prepared at pH < 

7.10 (Figure 3.3.2.1a). That must be a result of neodymium(Ⅲ) chloride 

hexahydrate used instead of nitride, as in the case of gadolinium 

(Gd(NO3)3·6H2O). The addition of chloride changes the pH of the precursors’ 

solution, and therefore the preferred cube-like morphology is obtained at lower 

pH values (Figure 3.3.2.1a). Similar is happening for the Tm3+ doped material 
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(Figure 3.2.2.1b). As in the case of Tm3+ doping, morphological changes don’t 

occur with the addition of the doping (Figure 3.3.2.1a) [135]. 

 

Figure 3.3.2.1. Morphology of Gd0.97Nd0.03Nb2O6 for precursors’ solution temperature 

18 – 19 ˚C and (a) pH = 7.06 and (b) pH = 7.26. 

SEM images in Figure 3.3.2.2 presents the morphology of as-prepared and 

annealed Gd0.97Nd0.03Nb2O6 cubes. It is clear from Figures 3.3.2.2a, 3.3.2.2b 

and 3.3.2.2c, 3.3.2.2d that the temperature of 500 ˚C does not lead to any 

morphological changes. The layers of the cube-like morphology are preserved. 

After annealing at 800 ˚C, the layered structure is completely lost, and 

aggregates are formed (Figures 3.3.2.2e, 3.3.2.2f).   
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Figure 3.3.2.2. Low and high magnifications SEM images of Gd0.97Nd0.03Nb2O6 (a), (b) 

as-prepared, (c), (d) annealed at 500 ˚C, and (e), (f) annealed at 800 ˚C.  

 

3.3.3. FTIR 
 

For the elimination of surface water and water trapped in between the 

crystallites, the Gd0.97Nd0.03Nb2O6 cubes are thermally treated in four-steps: (1) 

120 ˚C – 3 h, (2) 200 ˚C – 2h, (3) 250 ˚C – 4 h, and (4) 500 ˚C or 800 ˚C – 16 h. 

After this annealing at 500 ˚C and 800 ˚C, the measured FTIR spectra (Figure 

3.3.3.1) show that the broadband between ~2500 – 3600 cm-1 related to water 

and OH- groups is significantly reduced with increased annealing temperature. 

These results suggest that the content of water and OH- groups are considerably 

reduced for the material annealed at  800 ˚C  when compared to the as-prepared 

one [120,121].  
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Figure 3.3.3.1. Transmittance FTIR spectra of the as-prepared and thermally treated at 

500 ˚C and 800 ˚C (a) GdNb2O6 and (b) Gd1-xNdxNb2O6.   

 

3.3.4. PL (Neodymium and Water Related)  
 

The excitation (240 – 380 nm and 415 – 700 nm) and the emission (415 – 700 

nm and 850 – 1200 nm) spectra of Gd1-xNdxNb2O6 cube-like morphology, 

annealed at 500 ˚C and 800 ̊ C, are depicted in Figure 3.3.4.1. For the excitation 

wavelength of λex = 358 nm, the material annealed at 500 ˚C presents near-

infrared (NIR) emission peaks at about λem = 1071 and 881 nm (Figure 

3.3.4.1a). For the thermal treatment of 800 ˚C, the optical emission for λex = 358 

nm is quenched in the 850 – 1200 nm region (Figure 3.3.4.1b). When the 

material annealed at 500 ˚C is excited with visible light (λex = 586 nm), the λem 

= 1071 and 881 nm are observed (Figure 3.3.4.1c). The Nd3+-related emission 

for the excitation with visible light is of higher intensity after annealing at 800 

˚C (Figure 3.3.4.1d). In addition, for this annealing temperature, the excitation 

and emission wavelengths are shifted to λex = 590 nm and λem = 1065 and 890 

nm, respectively. Similar results are reported for the GdNbO4 crystalline 

structure [54]. It agrees with the XRD patterns (Figure 3.3.1.1), where structural 

changes are observed after annealing at 800 ˚C. The emissions at λem = 872, 877, 

890, 925, and 1065 nm are associated with characteristic 4f intra-electronic 

energy transitions of Nd3+ ions, 4F3/2 → 4I9/2, 
2P1/2 → 4F3/2, 

4F3/2 → 4I9/2, 
2P1/2 → 

4F5/2, and 4F3/2 → 4I11/2, respectively [54,136,137]. In the visible range (Figures 
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3.3.4.1e and 3.3.4.1f), for excitation wavelength of λex = 360 nm, emissions at 

λem = 418, 456, and 504 nm, associated with intra-electronic energy transitions 

of Nd3+ ions, 4D3/2 → 4I13/2, 
2G9/2 → 4I9/2 (

4D3/2 → 4I15/2 and 2P3/2 → 4I13/2), and 

2P3/2 → 4I15/2, respectively, are present for both annealing temperatures (500 ˚C 

and 800 ̊ C) [136]. In addition, Nd3+-related emission at λem = 600, 610 nm (2P3/2 

→ 4I13/2), and 656 nm (4D3/2 → 4F5/2, 500 ˚C) and λem = 614, and 657 nm (800 

˚C) are observed (Figures 3.3.4.1e and 3.3.4.1f) [136]. The best material 

annealed at 500 ˚C is Gd0.97Nd0.03Nb2O6 for both excitation wavelengths λex = 

358 nm and 586 nm (Figures 3.3.4.1a and 3.3.4.1c). For the material that was 

thermally treated at 800 ˚C, is Gd0.98Nd0.02Nb2O6 for the excitation wavelength 

of λex = 590 nm (Figures 3.3.4.1d). 

 

Figure 3.3.4.1. Excitation (240 – 380 nm and 415 – 700 nm) and emission (415 – 700 

nm and 850 – 1200 nm) spectra of Gd1-xNdxNb2O6 annealed at (a), (c), (e) 500 ˚C and 

(b), (d), (f) 800 ˚C. 

The effect of water on the PL of the Nd3+ doped material is presented in Figure 

3.3.4.2. For the Gd1-xNdxNb2O6 (X = 0.02 and 0.03), excitation wavelength of 

λex = 358 nm (annealed at 500 ˚C) the presence of water does not affect the PL 

emission intensity (Figure 3.3.4.2a). Nonetheless, for the excitation 

wavelength, λex = 586 nm slight increase in the PL emission intensity is observed 

(Figure 3.3.4.2c). For the material annealed at 800 ˚C, a small increase in the 
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luminescence intensity is observed for the excitation wavelength of λex = 358 

nm (Figure 3.3.4.2b). The increase is by factors of 2.2 and 4.6 for 

Gd0.98Nd0.02Nb2O6 and Gd0.97Nd0.03Nb2O6, respectively, for λex = 590 (Figure 

3.3.4.2d). The emission spectra in the visible region is confirming the presence 

of a water-related peak (λem = 440 nm) for both annealing temperatures (500 ˚C 

and 800 ˚C) (Figures 3.3.4.2e and 3.3.4.2f). 

 

Figure 3.3.4.2. Excitation (240 – 380 nm and 415 – 700 nm) and emission (415 – 700 

nm and 850 – 1200 nm) spectra of Gd1-xNdxNb2O6 annealed at 500 ˚C (a), (c), (e) and 

800 ˚C (b), (d), (f) with and without presence of water. 

 

The PL spectra of the as-prepared Gd1-xNdxNb2O6 (Figures 3.3.4.3a and 

3.3.4.3c) show that the emission intensity is very low for both excitation 

wavelengths λex = 358 and 584 nm, for all doping concentrations. In addition, 

when the as-prepared material is excited with λex = 360 nm (Figure 3.3.4.3e), 

mainly water-related peak (λem = 440 nm) is observed. The water-related peak 

is more intense for the Gd0.96Nd0.04Nb2O6 that musk the Nd3+-related emission. 

For the Gd0.97Nd0.03Nb2O6, the water-related peak is less intense, and the λem = 

418 and 457 nm Nd3+-related emission peaks are observed. The PL emission 

and excitation spectra of the Nd3+ doped cube-like morphology annealed at 250 

˚C show a slight increase in the PL emission intensity for both excitation 



72 

 

wavelength λex = 358 and 584 nm (Figures 3.3.4.3b and 3.3.4.3d). The PL 

spectra for the excitation wavelength of λex = 360 nm do not show the presence 

of the water-related peak (Figure 3.3.4.3f) for all doping concentrations (x = 1, 

2, 3, and 4). For the Gd0.99Nd0.01Nb2O6, an intense emission from the matrix 

(niobium oxide groups) is detected. For the Gd0.97Nd0.03Nb2O6 the Nd3+-related 

emission peaks at λem = 421, 453, 457, 498, and 512 nm are observed. Also, the 

Nd3+-related excitation band centered at about λex = 357 nm is detected (Figure 

3.3.4.3f). 

 

Figure 3.3.4.3. Excitation (240 – 380 nm and 415 – 700 nm) and emission (415 – 700 

nm and 850 – 1200 nm) spectra of Gd1-xNdxNb2O6 as-prepared (a), (c), (e) and annealed 

at 250 ˚C (b), (d), (f). 

 

3.4.  Mie Scattering 
 

The morphology and the size distributions of the analyzed GdNb2O6 submicron 

particles are presented in Figure 3.4.1. The average particles size is the biggest 

for system S1 and the lowest for system S4 (S1 > S2 > S3 > S4), as presented in 

Table 3.4.1. The system S1 consists of bar-like particles, while the system S2 

contains mainly cube-like particles and some bar-like particles. Systems S3 and 

S4 have a more homogeneous distribution of cube-like particles. In addition, 

systems S1 and S2 present similar size distribution. Nonetheless, for S1, the 
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amount of small particles is about 35 %, and the bigger particles are 65 %. On 

the contrary, for S2, the amount of small particles is about 60 %, and the bigger 

particles are 40 % (Table 3.4.1). 

 

Figure 3.4.1. SEM images of sizes distribution and cross section of systems (a1), (a2) 

S1, (b1), (b2) S2, (c1), (c2) S3 and (d1), (d2) S4. 

Table 3.4.1. Calculated (Calc.) average particle size with its weight in 

percentage, band gap, and refractive index of systems S1-S4.  

System Calc. Avg. 

particle size 

size1 (nm) 

Weight 

size1  

(%) 

Calc. Avg. 

particle size 

size2 (nm) 

Weight 

size2  

(%) 

Band 

gap 

(eV) 

Refractive 

index 

n 

S1 295 ± 60 35.0 500 ± 190 65.0 3.518 2.206 

S2 330 ± 80 60.0 580 ± 150 40.0 3.545 2.199 

S3 300 ± 40 60.0 560 ± 170 40.0 3.501 2.210 

S4 240 ± 44 47.5 400 ± 200 52.5 3.560 2.195 

 

Figure 3.4.2a depicts the experimental extinction spectra (Qext) of the four 

systems (S1-S4). All the spectra are a broad peak followed by a dip. The peak 

is blue-shifted with the decreased average particle size as predicted by Mie 

theory [61]. In addition, the dip is more pronounced for S3, where the particles 

size distribution is the most homogeneous. The absolute absorbance spectra 

(Qabs, Figures 3.4.3b-3.4.3f) lack the broad peak component. This behavior 
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indicates that the broad peak is scattering-related [29,138]. It is possible to see 

from here that it is important to control the size of the particles. This control 

allows shifting Mie resonance to a different wavelength. As a result, the various 

sizes can be excited by a different wavelength to obtain lasing or enhanced 

luminescence [21,22].     

 

Figure 3.4.2. Experimental (a) extinction (Qext) and (b) absolute absorbance (Qabs) 

spectra of systems S1-S4, and Qext and Qabs of systems (c) S1, (d) S2 (e) S3, and (f) S4. 

From Figures 3.4.3a and 3.4.3b, it is possible to see that the particles size 

distribution of systems S1 and S2 measured from the SEM images coincides 
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with the calculated one (with two Gaussian functions). Whereas, for the systems 

S3 and S4 (Figures 3.4.3c and 3.4.3d), the sizes around 600 nm are practically 

missing for the measured size distribution. Particles bigger than 600 nm in 

length were not observed in the SEM images. These sizes might result from 

small aggregates of two or three particles (Figure 3.4.4). In general, the 

maximum particle size (length) observed in the UV-Vis region of the extinction 

spectra (Figure 3.4.2a) for these GdNb2O6 particles is ~ 1000 nm.        

 

Figure 3.4.3. Calculated (with two Gaussian functions) and measured from SEM 

images (Measured) size distribution of systems (a) S1, (b) S2, (c) S3, and (d) S4. 
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Figure 3.4.4. SEM images of two and three particles aggregates of a size (a) 640 nm, 

(b) 658 nm, (c) 587 nm, and (d) 819 nm.   

In Figure 3.4.5, the comparison between the experimental and the calculated 

extinction spectra is presented. For the Mie-resonance of a single particle (Mie-

1-Particle), a ripple structure is present (centered at the experimental extinction) 

[61]. This ripple structure vanishes when the Mie scattering is averaged with 

particles size distribution calculated with two Gaussian functions (Mie-2-

Gaussian Size), where the experimental and calculated spectra overlap for all 

systems (Figure 3.4.5). For the measured size distribution, the experimental 

extinction is mainly overlapping with the calculated spectra (Mie-Measured 

Size). For systems S1 and S2, where the measured and calculated size 

distribution (two Gaussian functions) agree, the Mie-Measured Size and Mie-2-

Gaussian Size spectra agree as well (Figures 3.4.5a and 3.4.5b), as expected. 

Whereas, for systems S3 and S4, where the distribution of sizes with dimensions 

larger than 600 nm are missing, the Mie-Measured Size spectra only fit a part of 

the experimental one (Figures 3.4.5c and 3.4.5d).      
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Figure 3.4.5. Measured (Experimental), calculated with two Gaussian functions (Mie-

2-Gaussian Size), calculated with the measured size distribution (Mie-Measured Size), 

and calculated for one particle (Mie-1-Particle) extinction spectra of systems (a) S1, (b) 

S2, (c) S3, and (d) S4. 

Extinction spectra of all systems (S1-S4) blue-shifted with the increased value 

of the refractive index, as predicted by the Mie theory (Figure 3.4.6).[61] When 

the refractive index of the media is getting closer to one of the particles, the 

scattering efficiency is getting smaller. These results are additional evidence that 

the broad peak in the extinction spectra is Mie scattering related. This behavior 

can assist in constructing lasing and luminescence enhanced systems. By tuning 

the refractive index, it is possible to obtain Mie resonance at different 

wavelengths.    
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Figure 3.4.6. Measured (Experiment) and calculated with two Gaussian functions 

refractive index dependence extinction spectra for systems (a) S1, (b) S2, (c) S3, and 

(d) S4. 

 

The extinction spectrum of a single particle with 300 nm size and the electric 

and magnetic dipole (ED, MD), quadrupole (EQ, MQ), and octopole (EO, MO) 

modes contributions are shown in Figure 3.4.7. In Figure 3.4.7a, it is possible 

to see that the extinction spectrum (Mie-1-Particle) contains multiple peaks. 

This appearance is termed ripple structure [61]. The dipole contribution is a sum 

of the magnetic and electric contributions (Figure 3.4.7b). Each mode sum 

(dipole = electric + magnetic) fits a peak in the extinction spectrum of a single 

particle (Figure 3.4.7a). The quadrupole and octopole contributions have 

similar behavior. Figures 3.4.7b, 3.4.7c, and 3.4.7d clearly show that the 

electric contribution is different from the magnetic one.  
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Figure 3.4.7. (a) The calculated extinction spectrum with a sum of an electric and 

magnetic (b) dipole (ED, MD), (c) quadrupole (EQ, MQ), and (d) octopole (EO, MO) 

contributions for a single-particle with a size of 300 nm.  

The extinction spectrum calculated with the two Gaussian size distribution for 

S1 and the ED, MD, EQ, MQ, EO, and MO modes contribution are shown in 

Figure 3.4.8. In Figure 3.4.8a, it is possible to see that the extinction spectrum 

(Mie-2-Gaussian Size) does not contain multiple peaks as in the case of a single 

particle (Figure 3.4.7). Figures 3.4.8b, 3.4.8c, and 3.4.8d show that the electric 

contribution is similar to the magnetic one. Contrary to the single-particle case, 

what we see for the multiple-particle system is the superposition of contributions 

from all the particles of different sizes. Similar results are obtained for all the 

systems S1-S4. The calculations for system S3 are presented in Figure 3.4.9 as 

an additional example.   
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Figure 3.4.8. (a) The calculated extinction spectrum with a sum of an electric and 

magnetic (b) dipole (ED, MD), (c) quadrupole (EQ, MQ), and (d) octopole (EO, MO) 

contributions for multiple-particle case of a system S1. 
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Figure 3.4.9. (a) The calculated extinction spectrum with a sum of an electric and 

magnetic (b) dipole (ED, MD), (c) quadrupole (EQ, MQ), and (d) octopole (EO, MO) 

contributions for multiple-particle case of a system S3. 

 

3.5.  Random Lasing 

 

To check that Gd0.97Nd0.03Nb2O6 present random lasing behavior, the powders 

annealed at 500 ˚C and 800 ˚C (Gd0.97Nd0.03NbyOz), are dispersed in PMMA 

media (section 2.4). The emission from the PMMA films is analyzed by 

excitation with increased pump energy of 808 nm laser. Figure 3.5.1a shows 

that for the powder that was annealed at 500 ˚C, the emission intensity is 

increased with the pump energy. It is clear from Figure 3.5.1b that this 

dependence is linear. The threshold is 4.50 W/cm2, and at the pump energy of 

27.67 W/cm2, saturation is reached. The full width at half maximum (FWHM) 
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of this λem = 1071 nm emission peak is reduced with the increased pump energy 

(Figure 3.5.1b), characteristic of lasers action [139,140]. Also, for the Nd3+ 

doped powder annealed at 800 ˚C, a linear dependence of the λem = 1065 nm 

emission with the increased pump energy is observed. For this material, the 

threshold is about 16.10 W/cm2, and the saturation is not reached for the 

maximum pump energy of 31.5 W/cm2. For material annealed at 800 ˚C, the 

emission peak is narrower (FWHM = 4.93 nm) compared to material annealed 

at 500 ˚C (FWHM = 20.00 nm).   

Analysis of the extinction spectra of the Nd3+ doped cube-like morphology in 

the PMMA media (Figure 3.5.2) shows that the spectrum of the powder 

annealed at 800 ̊ C is broader (Figure 3.5.2b) compared to the material annealed 

at 500 ˚C (Figure 3.5.2a). The scattering efficiency is higher for this material 

(annealed 800 ˚C) at the 808 nm wavelength (Figure 3.5.2b). The 1071 and 

1065 nm emissions for the materials annealed at 500 ˚C and 800 ˚C, 

respectively, overlap with the Mie scattering at these wavelengths (Figure 

3.5.2). Hence, possibly the random lasing action of Nd3+ doped cube-like 

morphology in PMMA media is due to this overlap (Figure 3.5.2). The random 

lasing action is most likely due to the Purcell effect where a radiative dipole is 

placed in a resonance cavity [75]. The resonance cavity modifies the local 

density of optical states (LDOS), and it is proportional to the absolute squared 

local electric field of the cavity normalized to the incident intensity. In the 

resonance cavity, the peak of the LDOS is at the resonance wavelength, and 

dipole emits into this mode at a high rate. The cavity can reradiate this energy, 

and the dipole emission is enhanced. When the scattering spectrum of the NP’s 

overlaps with the fluorophore emission (as in our case, Figure 3.5.2), the 

emission is enhanced due to the variation in the LDOS [75].       
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Figure 3.5.1. NIR emission dependence on the power of λex = 808 nm laser and the 

FWHM for Gd0.97Nd0.03Nb2O6 annealed at (a), (b) 500 ˚C and (c), (d) 800 ˚C.  

 

Figure 3.5.2. Extinction and emission spectra of Nd3+ doped cube-like morphology 

annealed at (a) 500 ˚C and (b) 800 ˚C dispersed in PMMA.  
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4. Conclusions 
 

In the current work, the GdNb2O6, Gd1-xTmxNb2O6, and Gd1-xNdxNb2O6 

compounds are synthesized for the first time. Various morphologies such as 

bar-, cube-, and flower-like are obtained without the addition of any surfactant. 

The nucleation mechanism is similar to the one of zeolites and barite roses. The 

morphology was strictly controlled by pH and a narrow temperature range (≤ 1 

˚C) during the KOH addition to the precursors’ solution.  

These compounds are isomorphic of the aeschynite-type orthorhombic 

EuTiNbO6 with a Pnma (62) space group. For the flower-like morphology, a 

mixed GdNb2O6/GdNbO4 phase is formed, as confirmed by XRD and Raman 

analyses.  

The FTIR analysis shows that OH- groups remain attached to the GdNb2O6 

nanostructures’ surface even after annealing at elevated temperatures such as 

800 ̊ C. In addition, Raman and XPS analyses confirm the presence of both Nb+4 

and Nb+5 species in the as-prepared GdNb2O6 and GdNb2O6/GdNbO4 

nanostructures. Therefore, charge compensation is expected by the OH- groups 

at the surface and the Nb+4 and Nb+5 species in the bulk.  

These compounds are indirect band gap (Eg) materials with optical Eg values 

of 3.52 – 3.63 eV and 3.48 – 3.58 eV before and after water elimination, 

respectively. The Eg value increased slightly with the change in the morphology 

(flower > cubes > bars). This behavior is strain-related for bars and cubes.  

The GdNb2O6 surface-water interactions are analyzed by photoluminescence 

(PL).  The PL varies between the morphologies before and after surface water 

elimination. Intrinsic PL emission of GdNb2O6 appears as broadband between 

400 – 700 nm. Whereas, GdNb2O6 surface-water interactions lead to an intense 

blue emission centered at about λem = 440 nm. This emission is a direct result of 

the overlap between the excitation bands of GdNb2O6 and water. In addition, a 

color change is observed for all morphologies after annealing at low temperature 

(250 ˚C) for 16 h.  
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Thulium doped GdNb2O6 (Gd1-xTmxNb2O6) present a characteristic thulium λem 

= 457 nm blue emission when excited with λex = 361 nm. This emission is 

partially water-assisted. Hence, thermal treatment is not necessary to obtain 

emission from Tm3+ ions (1D2 → 3F4 transitions) in the Gd1-xTmxNb2O6 

compounds.  

The PL properties of Nd3+ doped GdNb2O6 cube-like morphology are also 

studied. In this case, two annealing temperatures are analyzed, 500 ˚C and 800 

˚C. When the material is excited with a visible light (λex = 586 and 590 nm), an 

efficient emission in the NIR region is observed for both annealing 

temperatures. For the excitation wavelength of λex = 358 nm (UV), the optical 

emission is present only for Gd1-xNdxNb2O6 annealed at 500 ˚C. Nevertheless, 

the emission intensity for the material annealed at 800 ˚C is higher compared to 

annealing at 500 ˚C (λex = 586 and 590 nm). In addition, the emissions are 

centered at λem = 1071 and 881 nm, and λem = 1065 and 890 nm, for the annealing 

at 800 ˚C and 500 ˚C, respectively. The λem = 1065 and 890 nm emissions are 

characteristic of monoclinic GdNbO4. The XRD shows that after annealing at 

800 ˚C, the crystalline structure is mainly Gd1-xNdxNb2O6. The best Nd3+ doped 

materials are Gd0.98Nd0.02Nb2O6 and Gd0.97Nd0.03Nb2O6 for the annealing at 800 

˚C and 500 ˚C temperatures, respectively. Also, for this doping presence of 

water trapped in the structure affects the optical emission. For the material 

annealed at 800 ˚C, a small increase in the luminescence intensity is observed 

for the excitation wavelength of λex = 358 nm. Nonetheless, for the excitation 

wavelength of λex = 590, the enhancement is by factors of 2.2 and 4.6 for 

Gd0.98Nd0.02Nb2O6 and Gd0.97Nd0.03Nb2O6, respectively.   

Mie scattering phenomenon in the intrinsic GdNb2O6 bar- and cube-like 

morphologies is investigated by the experimental and the theoretical means. The 

presence of the Mie scattering is proven by comparison the extinction and the 

absolute absorption spectra. Also, it is shown that the extinction spectra are blue-

shifted with the decreased particles size and increased refractive index, as 

predicted by the Mie theory. The experimental extinction spectra are fitted with 

the calculated (Mie-2-Gaussian) and measured size distributions. The calculated 
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size distribution has a better fit. Using the Mie theory, it is also possible to 

calculate the different modes that contribute to the scattering, such as dipole, 

quadrupole, and octopole. For the multi-particle case, these modes are a 

superposition of all the modes contributions from all the particles sizes.  

The Gd0.97Nd0.03Nb2O6 cube-like morphology embedded in the PMMA media is 

tested as a random laser. Materials annealed at both 500 ˚C and 800 ˚C show 

lasing action. For both temperatures, the emission intensity is increased, and 

FWHM is decreased with the increased pump energy. For the material annealed 

at 500 ˚C, the threshold is 4.50 W/cm2, and at the pump energy of 27.67 W/cm2, 

saturation is reached. For the Nd3+ doped powder annealed at 800 ˚C, the 

threshold is about 16.10 W/cm2, and the saturation is not reached for the 

maximum pump energy of 31.5 W/cm2. Also, for material annealed at 800 ˚C, 

the emission peak is narrower (FWHM = 4.93 nm) compared to material 

annealed at 500 ˚C (FWHM = 20.00 nm).   

The current study suggests that GdNb2O6, Gd1-xTmxNb2O6, and Gd1-xNdxNb2O6 

compounds can be potentially incorporated in humidity sensors and optical 

applications, such as light-emitting diodes and random lasers.    
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5. Future Work 

 

1. To publish on the Nd3+ doping and the Mie scattering phenomenon 

(sections 3.3, 3.4, and 3.5). 

2. To test the Tm3+ doped (Gd1-xTmxNb2O6) cube- and bar-like 

morphologies as random lasers.  

3. To dope the bar- and flower-like morphologies with Nd3+ (Gd1-

xNdxNb2O6) and compare their PL characteristics with the ones of the 

cube-like morphology studied in the current work.  

4. It will be interesting to test different polymeric media as a host for the 

Gd1-xTmxNb2O6 and Gd1-xNdxNb2O6 materials for random lasers 

application. It is shown in the current study (sections 3.4) that the 

refractive index affects the scattering efficiency. The lower the refractive 

index, the more scattering is observed for the cubes and bars. Hence, a 

polymeric matrix with the lowest refractive index most likely will lead 

to more scattering and more efficient random laser action.   

5. The Gd3+ [141,142] and Nd3+ [143] ions based materials are famous by 

their unique magnetic properties. Thus, it is important to study the 

magnetic properties of the doped and undoped gadolinium niobates 

synthesized in the current work.   

6. It is shown in the current work that the surface water attached to the Gd1-

xRExNb2O6 (RE = Tm3+, Nd3+) surface affects the PL emission of these 

nanoscale materials. Consequently, replacing this water with antennas 

and other functional groups such as PBH [144], carboxylic groups, PEG, 

PAH, PSS, etc.[145,146] might lead to optical emission enhancement. 

Also, encapsulating these Gd1-xRExNb2O6 submicron materials with a 

polymeric matrix might prevent water reabsorption.  
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