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Abstract: In this study, for the first time to the best of our knowledge, the new garnets Y3−xNaxAl5O12, 

Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5−yVyO12 with various stoichiometric compositions were 

successfully synthesized by the aqueous sol-gel method. All obtained samples were characterized 

by X-ray diffraction (XRD) analysis, Fourier-transform infrared spectroscopy (FTIR), scanning elec-

tron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDX). It was determined from 

the XRD results that the formation of monophasic Y3−xNaxAl5O12, Y3−xKxAl5O12, Y3Al5−yVyO12, and 

Y3−xNaxAl5−yVyO12 garnets is possible only at limited doping levels. The highest substitutional level 

of doped metal was observed for the YAG doped with sodium (x = 1), and the lowest substitutional 

level was observed for the YAG doped with vanadium (y = 0.05). Furthermore, the obtained FTIR 

spectroscopy results were in good agreement with the XRD analysis data, i.e., they confirmed that 

the YAG is the main crystalline phase in the end products. The SEM was used to study the mor-

phology of the garnets, and the results obtained showed that all synthesized samples were com-

posed of nano-sized agglomerated crystallites. 
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1. Introduction 

Garnet is the common name of minerals that are abundant in the Earth’s crust and 

upper mantle [1]. The synthetic garnet compounds are well recognized as an important 

class of materials for advanced optical technologies [2,3]. The garnets doped with lantha-

nide or transition elements are widely used in light-emitting diodes [2,4,5], cathode-ray 

tubes (CRTs) [6], fiber-optic telecommunication systems [7], scintillators [8], and electro-

luminescent displays [3,9]. These applications are intimately related to the unique physi-

cal and chemical properties of garnet crystals [6,7,9–11].  

The yttrium aluminum garnet (Y3Al5O12, YAG) is an advanced synthetic garnet that 

has received a huge interest in studies for various kinds of applications [12,13]. The YAG 

is best known as a host material in solid-state lasers due to its optical transparency from 

ultraviolet to infrared [4,8,14–16]. For example, YAG:Nd is acknowledged as a laser gain 

medium, and it can be used in cosmetic surgery and in manufacturing for engraving and 

etching various metals and plastics [17–19]. It is well established that cerium-doped YAG 

(YAG:Ce) is a perfect yellow-emitting component for white light-emitting diodes 

(wLEDs) [7,20–23]. Furthermore, YAG is a promising candidate for high-temperature ap-

plications as a thermal barrier coating (TBCs) due to its superior high-temperature me-

chanical properties, low creep at high temperatures, and excellent thermal and chemical 

stabilities [7,24]. Additionally, YAG doped with transition metal ions (Cr4+, Co2+, and V3+) 
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is especially attractive for passive Q-switching crystals, which are used in medicine and 

fiber-optic telecommunication systems [25,26].  

The choice of the synthesis method is a very important task because this is dependent 

on such powder characteristics as size, shape, the level of agglomeration, and phase purity 

[6,7]. Traditionally, garnets are synthesized by conventional solid-state reactions using 

metal oxides [5,27]. In addition, by this method, pure YAG can be obtained only at high 

calcination temperatures (>1600 °C) with a long heating period. Moreover, intermediate 

phases, such as YAlO3 (YAP) and Y4Al2O9 (YAM), are often found in the final products 

due to insufficient mixing and the low reactivity of the starting materials [9,28]. In order 

to avoid these drawbacks of the solid-state reaction [28,29], low-temperature synthesis 

methods such as solvothermal [21], co-precipitation [16], and sol-gel [29,30] have been 

developed. The sol-gel method does not require long heat treatments, high temperatures, 

or high pressure. Further, this synthesis method has the advantages of single-phase par-

ticles, high reactivity of raw materials, and excellent chemical homogeneity of the final 

product. Thus, the sol-gel method is widely used to prepare garnet-type materials 

[6,9,10,26,30–32]. 

The engineering compositional disorder in crystalline materials becomes a powerful 

tool to improve their properties and achieve new areas of application [2,7,33]. In this work, 

the yttrium aluminum garnet matrix was modified by doping with different amounts of 

sodium, potassium, and vanadium. Therefore, the aim of this study was to synthesize 

Y3−xNaxAl5O12, Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5−yVyO12 garnets with various stoi-

chiometry by an aqueous sol-gel method and study them using X-ray diffraction (XRD) 

analysis, FTIR spectroscopy, scanning electron microscopy (SEM) and X-ray energy dis-

persive spectrometry (EDX). 

2. Results  

2.1. XRD Analysis 

The phase purity and compositional changes of the YAG doped with different 

amounts of sodium, potassium, and vanadium were controlled by XRD analysis. The X-

ray diffraction patterns of the Y3−xNaxAl5O12 (0.01 ≤ x ≤ 2) samples synthesized at 1000 °C 

are presented in Figure 1a. Consequently, all the diffraction peaks in the XRD patterns of 

Y3−xNaxAl5O12 products with x = 0.01, 0.05, 0.1, 0.15, 0.3, 0.5, and 1.0 match very well to the 

standard XRD data of pure YAG [PDF #96-152-9038]. All high-intensity peaks are identi-

fied and attributed to the characteristic cubic garnet lattice. However, the XRD patterns of 

Y3−xNaxAl5O12 with higher introduced amounts of sodium (x = 1.5 and 2) revealed that the 

perovskite YAlO3 (2𝜃 ≈ 24.4°, 34.6°, 45.8°) and aluminum oxide Al2O3 (2𝜃 ≈ 30.2°, 58°, 

66.7°) impurity phases appeared along with the dominant YAG phase. The intensity and 

amount of the peaks of impurity phases increased with increasing the molar part of so-

dium in the compounds. As a result, the XRD pattern of Y1Na2Al5O12 contains more peaks 

with higher intensities of impurity phases than the XRD pattern of Y1.5Na1.5Al5O12. Thus, 

the monophasic Y3-xNaxAl5O12 garnets can be successfully obtained when the introduced 

amount of sodium is in the range of 0.01 ≤ x ≤ 1. 

Figure 1b shows the XRD patterns of the Y3−xKxAl5O12 samples sintered at 1000 °C 

with the different substitutional levels of K for Y (0.01 ≤ x ≤ 1) in the compounds. As can 

be seen, the obtained XRD patterns of Y3−xKxAl5O12 products with x = 0.01, 0.05, 0.1, 0.15, 

0.3, and 0.5 are in good agreement with the reference data [PDF #96-152-9038] and corre-

spond to the single-phase YAG, i.e., all diffraction lines are attributed to the garnet phase. 

When the introduced amount of potassium is x = 1, the YAG is still the major phase; how-

ever, the minor amount of the intermediate phase of YAlO3 (YAP) [PDF #96-153-3070] has 

formed (reflections at 2𝜃 ≈ 16.8°, 24.5°, 34.15°, 44.7°, and 49.5°). According to the XRD 

results presented in Figure 1b, the range of 0.01 ≤ x ≤ 0.5 could be ascribed to the limit of 

the molar part of potassium in Y3−xKxAl5O12 for the formation of the monophasic garnet 

phase. 
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Figure 1. XRD diffraction patterns of Y3−xNaxAl5O12 (a), Y3−xKxAl5O12 (b), Y3Al5−yVyO12 (c) and 

Y3−xNaxAl5−yVyO12 (d) samples synthesized at 1000 °C. The crystalline phases are marked: * - YAlO3 

[PDF #96-153-3070], o - Al2O3 [PDF #96-100-0443], x - YVO4 [PDF #96-901-1138]. Vertical red lines – 

standard Y3Al5O12 [PDF #96-152-9038]. 

The XRD patterns of the Y3Al5−yVyO12 samples heated at 1000 °C with the different 

molar parts of vanadium (0.01 ≤ y ≤ 3) in the compounds are presented in Figure 1c. The 

monophasic garnet structure material is obtained only within a narrow substitutional 

range of vanadium in Y3Al5−yVyO12. The measured XRD patterns of Y3Al4.99V0.01O12 and 

Y3Al4.95V0.05O12 show perfect fit with standard data for pure YAG (PDF #96-152-9038). In 

Figure 1c, it can be determined that all high intensity peaks correspond to the cubic garnet 

structure. With increasing the molar part of vanadium to y = 0.1, 0.15, and 0.3 in the 

Y3Al5−yVyO12 composition, YAG is still the main phase, but new peaks characteristic of the 

crystalline impurity phase appear. The peaks at 2𝜃 ≈ 24.9°, 35.6°, 45°, 48.2°, 49.7°, 62.6°, 

and 64.7° are attributed to the yttrium orthovanadate YVO4 [PDF #96-901-1138]. There-

fore, the single phase Y3Al5−yVyO12 garnets can be successfully obtained when the intro-

duced amount of vanadium is in the range of 0.01 ≤ y ≤ 0.05.  

Figure 1d shows the XRD patterns of the co-doped Y3−xNaxAl5−yVyO12 samples syn-

thesized at 1000 °C with different substitutional levels of Na+ for Y3+ (0.01 ≤ x ≤ 0.3) and 

V5+ for Al3+ (0.0033 ≤  y ≤  0.1) in the compounds. The XRD results revealed that 

Y2.99Na0.01Al4.9967V0.0033O12, Y2.95Na0.05Al4.9833V0.0167O12, and Y2.9Na0.1Al4.9667V0.0333O12 ceramics 

are crystalline monophasic compounds having a garnet structure, i.e., all observed dif-

fraction peaks match very well to the standard XRD data of pure YAG (PDF #96-152-9038). 

As observed in the XRD patterns of Y2.85Na0.15Al4.95V0.05O12 and Y2.7Na0.3Al4.9V0.1O12 samples, 

besides the main YAG phase, additional peaks (2𝜃 ≈ 25°, 49.8°, 62.7°, 65°) of the foreign 

YVO4 [PDF #96-901-1138] phase were also detected. Furthermore, in the XRD pattern of 
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the Y2.7Na0.3Al4.9V0.1O12 compound, there are two additional peaks at 2𝜃 ≈ 35.1° and 43.3° 

which belong to the Al2O3 [PDF #96-100-0443] phase. Thus, we can conclude that the 

ranges of 0.01 ≤ x ≤ 0.1 and 0.0033 ≤ y ≤ 0.0333 could be attributed to the limits of the 

sodium and vanadium molar parts in co-substituted Y3−xNaxAl5−yVyO12. 

2.2. FTIR Analysis 

The FTIR spectroscopy was used as an additional tool for the structural characteriza-

tion of substituted garnets synthesized at 1000 °C. In addition, the FTIR spectra of 

Y3−xNaxAl5O12, Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5−yVyO12 samples are shown in Fig-

ure 2. The most important feature of all obtained FTIR spectra is that the broad band in 

the range from 900 to 400 cm−1 is split into several smaller peaks (425 cm−1, 450 cm−1, 

564 cm−1, 686 cm−1, 720 cm−1, 784 cm−1). This feature of the IR spectrum, according to 

the literature, is attributed to the metal-oxygen (M-O) vibrations of the isolated (AlO4) 

tetrahedral and (AlO6) octahedral units in the garnet structure, i.e., proves the formation 

of garnet structure [2,3,29]. It is interesting to note, that Y1.5Na1.5Al5O12, Y1Na2Al5O12, 

Y2K1Al5O12, Y3Al4.9V0.1O12, Y3Al4.85V0.15O12, Y3Al4.7V0.3O12, Y2.85Na0.15Al4.95V0.05O12, and 

Y2.7Na0.3Al4.9V0.1O12 are multiphasic samples, as we know from XRD results, but the char-

acteristic band splitting was also observed. It confirms the fact that in all garnets, the dom-

inant crystalline phase is the YAG phase. A weak intensity absorption band located at 

2350 cm−1 corresponds to the carbon dioxide adsorbed from the atmosphere [2,3,29]. 

However, the bands at 3400-3300 cm−1 and 1600 cm−1 due to the O–H vibration of H2O 

absorbed by the samples can be observed in some FTIR spectra [29]. Consequently, the 

FTIR results are consistent with the XRD results and prove that, in all cases, garnet-type 

materials are formed.  



Inorganics 2023, 11, 58 5 of 11 
 

 
Inorganics 2023, 11, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/inorganics 

 

Figure 2. FTIR spectra of the Y3−xNaxAl5O12 (a), Y3−xKxAl5O12 (b), Y3Al5−yVyO12 (c), and 

Y3−xNaxAl5−yVyO12 (d) samples synthesized at 1000 °C for 2 h. 

2.3. SEM Analysis 

The surface morphology of Y3−xNaxAl5O12, Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5-

yVyO12 garnets prepared by the sol-gel method was studied with a scanning electron mi-

croscope (SEM). It is important to note that, for all obtained samples, the main morpho-

logical features are almost identical. In Figure 3, the SEM micrographs of the representa-

tive samples of Y3−xNaxAl5O12, Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5−yVyO12 are shown. 

We can clearly see that the products are homogeneous, well dispersed, and have a very 

porous structure. The origin of pores can be explained by escaping gases during the firing 

process. Moreover, the particles are of irregular sphere-like shape and are formed from 

agglomerated primary crystallites. The average crystallite size of Y2.9Na0.1Al5O12, 

Y2.9K0.1Al5O12, Y3Al4.99V0.01O12, and Y2.99Na0.01Al4.9967V0.0033O12 specimens is 43 nm, 41 nm, 39 

nm, and 40 nm, respectively. Furthermore, according to the literature data, agglomeration 

and porous structure are the characteristic textural features for garnet-type materials syn-

thesized by sol-gel synthesis [2,16,21]. 
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Figure 3. SEM micrographs of the Y2.9Na0.1Al5O12 (a), Y2.9K0.1Al5O12 (b), Y3Al4.99V0.01O12 (c), and 

Y2.99Na0.01Al4.9967V0.0033O12 (d) garnets synthesized at 1000 °C. 

2.4. EDX Analysis 

The chemical composition of differently doped YAG has been investigated by EDX 

analysis. In the EDX spectra of sodium-substituted Y3−xNaxAl5O12 garnets, the characteris-

tic lines for yttrium (Y), aluminum (Al), sodium (Na), and oxygen (O) are observed. The 

molar ratio of elements corresponds to the nominal chemical composition of the com-

pounds. The EDX spectra of all of the sodium-containing garnets were similar, and, there-

fore, Figure 4 shows the representative EDX spectra of two Y2.7Na0.3Al5O12 (a) and 

Y2Na1Al5O12 (b) samples. As it is observed, the intensity of the characteristic lines of so-

dium and yttrium is directly related to their molar part in the compound. For example, 

when 0.3 mol of Na was introduced, the intensity of the characteristic line was low, but 

when 1 mol of Na was introduced, the intensity increased significantly. 

 

Figure 4. EDX analysis spectra of Y2.7Na0.3Al5O12 (a) and Y2Na1Al5O12 (b) samples. 
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The EDX spectra of potassium-substituted Y3-xKxAl5O12 garnets confirm the presence 

of yttrium (Y), aluminum (Al), potassium (K), and oxygen (O) elements in the compounds. 

The EDX spectra of potassium-containing garnet specimens were also almost identical in 

the main features. Figure 5 presents the EDX spectra of two Y2.85K0.15Al5O12 (a) and 

Y2K1Al5O12 (b) samples. Again, the intensity of the line of potassium increases with an 

increasing molar part of potassium. At the same time, the intensity of the line of yttrium 

decreases as its molar part decreases. Apparently, the intensity of these lines correctly 

depends on the molar ratio of elements in compounds. Thus, these results are in good 

agreement with the nominal composition of precursors. 

 

Figure 5. EDX analysis spectra of Y2.85K0.15Al5O12 (a) and Y2K1Al5O12 (b) samples 

The EDX spectra of representative samples of Y3Al5−yVyO12 and Y3−xNaxAl5−yVyO12 gar-

nets (Y3Al4.9V0.1O12 (a) and Y2.9Na0.1Al4.9667V0.0333O12 (b), respectively) are shown in Figure 6. 

All EDX spectra of Y3Al5−yVyO12 compounds contain characteristic lines of yttrium (Y), alu-

minum (Al), vanadium (V), and oxygen (O), and they correspond to the nominal chemical 

compositions. In the case of Y3−xNaxAl5−yVyO12 garnets, the EDX spectra confirm the pres-

ence of Y, Al, Na, V, and O elements in the compounds. In addition, the intensity of the 

characteristic element lines is directly related to their molar parts in the compound. 

 

Figure 6. EDX analysis spectra of Y3Al4.9V0.1O12 (a) and Y2.9Na0.1Al4.9667V0.0333O12 (b) samples. 

Finally, in all cases, the obtained average atomic percentage of the characteristic ele-

ments corresponds to the stoichiometric composition of the synthesized garnet. Further-

more, in the tables inserted in Figures 4–6, the calculated theoretical and measured Na/Y, 

K/Y, V/Al, Na/Y, and V/Al atomic ratios for the representative samples of Y3−xNaxAl5O12, 

Y3−xKxAl5O12, Y3Al5−yVyO12, Y3−xNaxAl5−yVyO12, are given, respectively. We can clearly see 

that in all instances, the measured atomic ratio values are in very good agreement with 
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the theoretical values. Thus, the EDX results match very well with the nominal composi-

tion of the precursors and show that the elemental distribution in the samples is homoge-

neous. 

3. Experimental 

3.1. Materials 

The Yttrium nitrate hexahydrate (Y(NO3)3·6H2O, Alfa Aesar, 99.9%), aluminum ni-

trate nonahydrate (Al(NO3)3·9H2O, Carl Roth, 98%), sodium acetate (CH3COONa, Carl 

Roth, 99%), potassium acetate (CH3COOK, Carl Roth, 99%), ammonium monovanadate 

(NH4VO3, Carl Roth, 99.8%), and trisodium monovanadate (Na3VO4, Carl Roth, 99%) were 

used as starting materials and citric acid (C6H8O7, Chempur, 99.7%) was used as a com-

plexing agent. 

3.2. Synthesis 

The Y3−xNaxAl5O12 (0.01 ≤ x ≤ 2), Y3−xKxAl5O12 (0.01 ≤ x ≤ 1), Y3Al5−yVyO12 (0.01 ≤ y ≤ 

3), and Y3−xNaxAl5−yVyO12 (0.01 ≤ x ≤ 0.3; 0.0033 ≤ y ≤ 0.1) garnet samples were synthe-

sized by an aqueous sol-gel method. First, stoichiometric amounts of starting materials 

were dissolved in 50 mL of distilled water. The transparent solutions of metal salts were 

obtained after stirring at 80 °C for 2 h in beakers covered with a watchglass. Next, the 

complexing reagent, citric acid (molar ratio metals:citric acid = 1:1), was added to this so-

lution with continuous stirring for 24 h in covered beakers. Then, the resulting solution 

was concentrated by slow evaporation at 200 °C in an open beaker under stirring until the 

transparent sol-gel turned into a transparent sticky gel. The gels were dried in an oven at 

150 °C for 10 h. The obtained xerogels were ground in an agate mortar and heated in air 

at 1000 °C for 2 h. The heating rate was 5 °C/min. Finally, the synthesized garnets were 

ground in an agate mortar. The simplified scheme of the sol-gel route used is presented 

in Figure 7. 

 

Figure 7. Scheme of sol-gel synthesis of garnets with different stoichiometry. 
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3.3. Characterization 

The phase purity and crystallinity of synthesized samples were characterized by X-

ray powder diffraction (XRD) analysis on a Rigaku MiniFlex II diffractometer (Rigaku 

Corporation, Tokyo, Japan) using Cu K𝛼1 radiation. The infrared (IR) spectroscopy meas-

urements were conducted using a Bruker Alpha FTIR spectrometer (Billerica, MA, USA). 

The scanning electron microscope (SEM) images were taken using a Hitachi SU-70 SEM 

(FE-SEM, Hitachi, Tokyo, Japan). The particle size measurements were done using open-

source Fiji (ImageJ) software by accidently selecting random particles. The elemental com-

position of synthesized specimens was determined by X-ray energy dispersive spectrom-

etry (EDX) on a Hitachi TM3000 SEM with an EDX detector. 

4. Conclusions 

In this study, for the first time to the best of our knowledge, the new Y3−xNaxAl5O12,  

Y3−xKxAl5O12, Y3Al5−yVyO12, and Y3−xNaxAl5−yVyO12 garnets with different stoichiometry 

were successfully synthesized by the aqueous sol-gel method. Multiple characterization 

techniques were employed to study the phase purity, morphological features, and com-

position of the end products. In addition, from the results of XRD analysis, it was deter-

mined that monophasic products could be obtained only with a limited amount of the 

element used for substitution. For example, the substitution of yttrium by sodium with 

the formation of monophasic Y3−xNaxAl5O12 was possible in the cases with 0.01 ≤ x ≤ 1. 

The monophasic Y3−xKxAl5O12 garnets were obtained when the introduced amount of po-

tassium was in the range of 0.01 ≤ x ≤ 0.5. The narrow range of 0.01 ≤ y ≤ 0.05 can be 

ascribed to the limit of the molar part of vanadium in Y3Al5−yVyO12. The single-phase co-

substituted Y3−xNaxAl5−yVyO12 was formed when the introduced amounts of sodium and 

vanadium were 0.01 ≤ x ≤ 0.1 and 0.0033 ≤ y ≤ 0.0333, respectively. Furthermore, the ob-

tained FTIR spectroscopy results were in good agreement with the XRD analysis data and 

confirmed that YAG was the main crystalline phase in all products. The SEM micrographs 

showed that the samples were homogeneous with a porous surface and composed of 

nano-sized agglomerated crystallites. Moreover, the EDX analysis results revealed that 

the real stoichiometry of products is very similar to the nominal stoichiometry. Therefore, 

according to this study, rare earth or transition metal-doped garnets with novel chemical 

compositions can be used as optical host materials. 
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