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Rare-earth hexaborides (RB6) are attractive materials for photonic, electronic, 

and energy applications owing to their unique crystal and electronic structures. 

Conventional synthesis methods, however, are limited by very high temperatures, 

long reaction times, and the use of complex precursors. In this work, we report a 

rapid and energy-efficient microwave-assisted synthesis (MS) method for the 

preparation of RB6 powders. Using simple precursors (lanthanide oxides and 

elemental boron), hexaborides of La and Pr were successfully obtained within only 

10 min, despite the thermodynamic constraints of the R2O3/B → RB6 reaction 

systems. Structural and morphological characterizations (XRD, XPS, SEM/EDS) 

confirmed the formation of highly crystalline cubic phases with uniform particle 

sizes in the 1–5 μm range. For heavier lanthanides (Gd, Ho, Er), mixed boride and 

borate phases were observed instead of pure hexaborides. These results demonstrate 

the potential of MS for overcoming thermodynamic barriers and enabling fast, 

energy-efficient synthesis of selected lanthanide hexaborides. 

https://doi.org/10.46991/PYSUB.2025.59.3.084   
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Introduction. Rare-earth hexaborides (RB6, R = lanthanide, Sc, Y) are an 

important class of refractory materials distinguished by their unique crystal  

structures and strong covalent B–B bonding within stable boron octahedral 

frameworks. These materials exhibit a remarkable combination of physical and 

chemical properties, including low work functions (LaB6  ≈    2.74 eV, CeB6 ≈    2.5 eV, 

GdB6 ≈   1.5 eV), high thermal and electrical conductivities, low thermal expansion 

coefficients, and high melting points (GdB6 – 2510℃) [1–6]. Such features have led 

to diverse applications, ranging from high-energy optical systems [1], electron 

emission cathodes [3, 7], and high-resolution detectors [2] to potential roles in 

energy technologies such as solid absorbers for concentrating solar power (CSP) 

systems [8].  

Despite their attractive properties, which arise from the embedding of  

rare-earth metal atoms within a stable boron octahedral network that governs  

their electronic structure, the synthesis of RB6 compounds remains highly 

challenging. Conventional methods, including solid-state reactions (borothermal and 
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carbothermal reductions) [9–13], electrolysis in molten salts [14–16], vapor-phase 

deposition including chemical and physical vapor deposition (CVD and PVD)  

[17–21], and combustion/self-propagating high-temperature synthesis (SHS)  

[22–24], typically require very high reaction temperatures (>1200℃), long 

processing times (often several hours), or multi-step procedures. For example, the 

borothermal reduction of CeO2 with boron proceeds at 1200–1800℃ under vacuum 

[25], while carbothermal routes at 1600℃ leave residual carbon impurities [26]. 

Even alternative “low-temperature” syntheses, such as reactions involving nitrates 

and boron oxide in sealed reactors [27], are time-intensive and rely on complex 

precursors. These drawbacks hinder the scalable production of RB6 powders with 

high purity and controlled particle sizes. 

The challenge is even more pronounced for heavy or late lanthanide 

hexaborides (e.g., PrB6, GdB6, HoB6, ErB6), which are more difficult to obtain due 

to the stronger stability of their oxides and the higher energy requirements for boride 

formation. As a result, reliable and efficient synthesis routes for these systems 

remain scarce in the literature. 

Microwave-assisted synthesis (MS) offers a promising alternative. Micro-

wave heating has emerged as an efficient and sustainable method for the preparation 

of advanced ceramics, carbides, and borides. Unlike conventional heating, MS 

enables volumetric and selective energy transfer, which dramatically accelerates 

solid-state reaction kinetics [28], reduces processing temperatures, and yields fine, 

homogeneous powders in significantly shorter times. Although microwave-assisted 

methods have been successfully applied to transition metal borides and carbides 

[29, 30], their application to rare-earth hexaborides has not yet been reported. 

In this work, we investigate for the first time the feasibility of synthesizing a 

series of rare-earth hexaborides, with a particular emphasis on heavy lanthanide 

members such as PrB6, GdB6, HoB6, and ErB6, using a microwave-assisted solid-

state route. By employing simple and readily available precursors (lanthanide oxides 

and elemental boron), we aim to establish a rapid, energy-efficient, and scalable 

synthesis method capable of overcoming the limitations of traditional approaches. 

Experimental Part.   

Materials and Methods. The synthesis of hexaborides was done by taking 

the stoichiometric ratio of raw materials by general Eq. (1):  

                                 R2O3 + 14B = 2RB6 + B2O3.                                        (1) 

As precursors powders of high purity R2O3 oxides (of Pr2O3; Gd2O3; Ho2O3 

and Er2O3), (Carl ROTH GmbH+Co.KG–99.5%, p.a.) and B (99.5%, particle size 

about 0.5 µm) were used. The powders containing stoichiometrically calculated R2O3 

and B (w/w) were weighed and placed in a glass flask and mixed with a magnetic 

stirrer for 20 min, then homogenized by hand in an agate mortar for 5 min.  

The detailed mass ratios of raw materials are listed in Tab. 1. Afterward, the initial 

mixture was completely transferred into a quartz (silica glass) flow reactor and was 

purged with high purity (99.99%, 25 mL/min) helium at room temperature for at least 

30 min to ensure an inert atmosphere. Then the reaction mixture was placed in the 

bottom of the quartz reactor and the tube was vertically inserted into the microwave 

oven (MW oven: Electrolux, Type E 3, 2.45 GHz, 900 W) through an opening,  

a detailed quartz flow reactor-MW oven setup sketch is described in our earlier 
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works [31]. The mixture was subjected to microwave irradiation at 900 W up to 

incandescence and the irradiation was kept for over 10 min until the end of the 

reaction. The average temperature of the incandescence area was measured to be 

about 900–1050℃ by an optical pyrometer (Dostman HT-1800) through a  

special hole made in the rear wall of the MW oven. Continuously flowing helium 

(25 mL/min) was used during the synthesis.  
 

                                                               T a b l e  1  
 

Stoichiometric weight proportions of raw materials calculated  

on the synthesis of 5 g final product 
 

N Raw materials w/w, g/g 

1 Pr2O3/B 3.98/1.86 

2 Gd2O3/B 4.06/1.72 

3 Ho2O3/B 4.1/1.67 

4 Er2O3/B 4.1/1.65 

 

The final products after synthesis were treated with 5% NaOH solution  

and then washed with deionized water several times to ensure the complete removal 

of by-product boron oxide (B2O3). The residual boron oxide and Na+ ions were 

analyzed (controlled) in the last portion of water by ICPMS. The residues were 

filtered and dried in an oven at 105 ± 0.5℃ for 4 h.  

The crystallinity and phase composition of the materials were determined by 

X-ray diffraction (XRD, Rigaku, MiniFlex 600). Step-scan data were collected with 

CuKα (λ = 1.5406 Å) radiation, operated at 40 kV – 15 mA. Morphologies and 

microstructures of the samples were analyzed with the help of scanning electron 

microscope (SEM, EIF QUANTA 200) equipped with energy dispersive 

spectroscope (EDS). XPS spectra of the surface layers were recorded on an 

OMICRON ESCA + spectrometer (OMICRON, Germany). The pressure in the 

chamber of the OMICRON ESCA + analyzer was maintained below 8‧10–10 mbar 

pressure, the radiation source was an Al anode (AlKα 1486.6 eV). 

Results and Discussion. According to the results of the characterization of 

the synthesized RB6 powders, it was shown that the series of lanthanides of our 

interest, from the point of view of microwave-assisted synthesis, can be divided into 

two subgroups: lanthanides La, Pr (in this study), which mainly form hexaboride 

phases, and lanthanides Gd, Ho, Er, which form mixed boride and other phases.  
The Thermodynamic Calculations. Before conducting the MS synthesis 

experiments, thermodynamic calculations were carried out using HSC 10 software. 

Currently, available data in the literature on the formation of lanthanide boride are 

only for the two lanthanide hexaboride systems of our interest, and obtained 

calculation results are shown in Tab. 2.  
 

T a b l e  2  
 

The value of the enthalpy and the change in Gibbs function for the formation  

of hexaborides from the corresponding oxides and boron at 1100℃ 
 

N Reactions at 1100℃ ΔG, kcal/mol ΔH, kcal/mol 

1 La2O3 + 14B = 2LaB6 + B2O3 +77.5 +70.8 

2 Gd2O3 + 14B = 2GdB6 + B2O3 +46.3 +77.0 
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As we can see from Tab. 2, the reactions between rare-earth metal oxide and 

boron have positive values of changes in Gibbs function and enthalpy, which does 

not always “facilitate” the reaction. This may explain the need for high temperatures 

during conventional heating for these reactions to occur. Nevertheless, the unique 

interaction between microwaves and reactants [32] enables such reactions to 

proceed, leading to the formation of RB6 compounds. 

The Possibility of MS Synthesis of Thermodynamically Prohibited 

Lanthanide Hexaborides and Temporal Effect Study of Microwave Irradiation. 

Considering the thermodynamic calculation results (Tab. 2), the La2O3/B reaction 

system has the highest positive values of changes in enthalpy and Gibbs energy  

(ΔH = +70.8 kcal/mol, ΔG = +77.5 kcal/mol), which means that this reaction is the 

most thermodynamically prohibited. Therefore, the reaction system La2O3/B was 

chosen as a reference to study the possibility of MS synthesis of lanthanide 

hexaborides/borides and the temporal effect of microwave irradiation. The mixture 

of the same amount of raw material was heated under the same conditions as 

described above. The mixtures of raw materials were irradiated at 0, 5, 10, 15, and 

25-minute time intervals. The microwave heating period was fixed from the moment 

of incandescence of the sample (about 1050℃). The XRD and SEM analyses  

were conducted to monitor the formation of hexaboride phases irradiated at different 

time intervals. Fig. 1 shows the comparative XRD patterns, and Fig. 2, a–d, show 

SEM images of the final products in the case of LaB6 synthesis formulation, 

irradiated at different times.  
 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Comparative XRD patterns of 

LaB6 samples irradiated at different 

time intervals: 0,  5, 10, 15, and 25 min. 

 

The comparison of XRD patterns shows that after 5 min of irradiation a cubic 

LaB6 phase is formed (Powder Diffraction File, PDF# 34-0427) at the same time, 

very low-intensity lines of LaBO3 (PDF# 12-0762) are observed. The peak half-

width and intensities of formed hexaboride do not change significantly when  

heated over long periods. From the SEM images it is clear that the cubic crystals are 

formed in the first 5 min of irradiation (Fig. 2, b), and the morphology of the samples 

does not change significantly over long periods of irradiation – 10 min and 25 min 

(Fig. 2, c and d).  

Based on the temporal effect investigation, 10 min of MW irradiation was 

selected as the optimal synthesis time for further studies. 

LaB6 
 

LaBO3 
 

La2O3 
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Fig. 2. SEM images of LaB6 samples irradiated at different time intervals:  

a) 0 min (initial mixture);  b) 5 min;  c) 10 min;  d) 25 min. 

 

The Characterization of MS Hexaborides. The crystallinity and phase  

purity of the obtained powders were characterized by XRD. The XRD patterns were 

compared with the Joint committee on powder diffraction files (JCPDS) and 

identified with MDI/JADE software. The XRD analysis of washed powders shows 

that not in all R2O3/B reaction systems, the final phase is hexaboride, but also 

tetraborides, dodecaborides and other phases, although the initial mixture was 

prepared on hexaboride’s stoichiometry.  

In Fig. 3 XRD patterns of synthesized hexaboride/other boride powders  

are shown. The XRD results show that the final phases are mainly hexaborides  

for Pr2O3/B system and gradually hexaboride phases are decreasing starting from  

Gd to Er forming various boride phases. In Fig. 3-a, the XRD pattern shows  

intense lines of PrB6 (PDF# 38-1421), low-intensity lines of PrBO3 (PDF# 23-1384), 

and Pr(BO2)3 (PDF# 23-1385). The XRD analysis of the reaction system of Gd2O3/B 

(Fig. 3-b) shows GdB6 intense lines (PDF# 65-1823, 38-1424) and comparably 

intense lines of GdBO3 (PDF# 13-0483). As can be seen, the amount of hexaboride 

phase decreased and the amount of borate (GdBO3) phase instead increased 

compared to previous La2O3/B and Pr2O3/B reaction systems (Fig. 1 and Fig. 3-a, 

accordingly).  

The further XRD investigation of the reaction systems of Ho2O3/B and 

Er2O3/B shows that the main phase is not hexaboride at all (Figs. 3-c, 3-d).  

In Fig. 3-c, XRD pattern includes low-intensity lines corresponding to HoB6  

(PDF# 25-0375), intense lines of HoB4 (PDF# 25-0377), also detected lines of HoB12 

(PDF# 12-0103) and HoBO3 (PDF# 13-0478). The XRD pattern of the Er2O3/B 
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synthesis product is presented in Fig. 3-d, and lines of ErB4 (PDF# 41-1313,  

65-4928, 24-1077), ErB12 (PDF# 24-1076), ErBO3 (PDF# 13-0486), and non-reacted 

Er2O3 (PDF# 65-3175, 65-9087) are observed. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. XRD patterns of the obtained hexaboride and mixed boride phases:  

3-a – PrB6;  3-b – GdB6;  3-c – HoBx, and 3-d – ErBx. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 4. SEM images of microwave-synthesized samples: a) LaB6; b) PrB6; EDS elemental mapping  

of c) LaB6 and d) PrB6. 
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The XRD results indicate that, under identical MS conditions, only La and  

Pr form hexaborides as the predominant phases. Beginning with the Gd2O3/B 

reaction system, the fraction of hexaboride phases decreases progressively.  

For Ho2O3/B, the dominant product is the lower boride HoB4, while in the  

Er2O3/B system no hexaboride phase is detected. It is noteworthy that the XRD 

patterns of LaB6 and PrB6 exhibit sharp and well-defined peaks (half-width ≈ 0.2°), 

indicative of highly crystalline materials. This further suggests that the crystallite 

sizes of the obtained products exceed 500 Å. The morphologies and microstructures 

of the synthesized lanthanide hexaborides (LaB6 and PrB6) were investigated by 

SEM (Figs. 4, a and b). The images reveal the formation of well-defined cubic 

crystals, characteristic of RB₆ structures. As shown in Fig. 4, the particle sizes of  

the examined hexaborides are comparable, with cubic crystals ranging from 

approximately 1 μm to 5 μm. 

The EDS analysis was used to characterize the surface chemical composition 

of the samples. The EDS map analysis of LaB6 and PrB6 samples presented in  

Fig. 4, c and d, accordingly. The surface area reveals the presence of R = La, Pr as 

well as B and O elements in RB6 samples, where R and B are dominant. The EDS 

results coincide with the XRD results of the same samples, where the residues of 

borate phases were detected (Figs. 1 and 3-a). The presence of the borate phase 

suggested being a result of oxidation of the powder’s surface, as it had been 

established earlier [33] or an incomplete reaction (as intermediate phase from solid 

phase reaction of R2O3/B system [11]). 

A comparison of the XRD, SEM and EDS analysis results shows that La and 

Pr form hexaborides with borate phases (perceivable amounts of borate phase are 

seen in the case of LaB6). To investigate the location of borates in La and Pr 

hexaborides samples X-ray photoelectron spectra (XPS) analysis was done. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 5. XPS spectra of La 3d5/2 (a), and Pr 3d5/2 (b). 

 

Fig․ 5, a and b shows the X-ray photoelectron spectra of the 3d5/2 levels of  

La and Pr borides, respectively. The obtained data are compared with NIST data.  

In all cases, it can be argued that the metals in the surface layer are in an oxidized 

state. Lanthanum has two almost equal peaks in intensity. The high-energy peak at 

a     b           Pr3d5 La3d5 

Binding energy, eV Binding energy, eV 
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839.5 eV corresponds to the oxidized state of lanthanum. Since the XRD analysis 

showed (Fig. 1) the presence of the LaBO3 phase, and EDS (Fig. 4, c) showed the 

presence of oxygen, this peak can be attributed to lanthanum borate, and the low-

energy peak to lanthanum boride. XPS analysis of praseodymium (Pr) boride showed 

the presence of two peaks with energies of 935.2 eV and 933.3 eV. The first peak can 

be attributed to Pr4+ and the second – to Pr3+ in the borate compound that invisible in 

the XRD pattern of the PrB6 sample (Fig. 3-a). The presence of oxygen is also 

detected in the EDS spectra (Fig. 4, d). When comparing the data of XRD analysis 

with XPS, it can be said that the intensities of the diffraction lines of borate structures 

are rather weak compared to boride lines and in XPS approximately the same 

intensity, from which it can be assumed that the borate structures are in the near-

surface layer of the crystal, as the XPS analysis only allows probing of a ~5 nm 

surface layer of the samples.  

Conclusion. This study demonstrates the feasibility of synthesizing rare-earth 

hexaborides via microwave-assisted solid-state reactions. Despite the thermo-

dynamic limitations of R2O3/B systems, LaB6 and PrB6 were obtained as highly 

crystalline cubic phases with uniform morphologies and particle sizes of 1–5 μm.  

For heavier lanthanides (Gd, Ho, Er), the main products were mixed boride and 

borate phases, indicating the increasing synthesis difficulty with increasing atomic 

number. XPS confirmed that the borate species are localized in the near-surface 

layers rather than in the bulk structure. 

The developed microwave-assisted method enables the synthesis of rare-earth 

borides within dramatically short times (10 min), at significantly lower processing 

temperatures and with simple, inexpensive precursors. While pure hexaboride 

phases were achieved only for La and Pr, the results highlight both the potential and 

limitations of this approach for heavier lanthanides. These findings provide a 

foundation for further optimization strategies aimed at extending the scope of 

microwave-assisted synthesis to late lanthanide borides. 
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Ա․ Մ․ ԱՂՈՅԱՆ 

 
ԼԱՆԹԱՆԻԴՆԵՐԻ ՀԵՔՍԱԲՈՐԻԴՆԵՐԻ ՄԻԿՐՈԱԼԻՔԱՅԻՆ 

ՍԻՆԹԵԶԸ․ LaB6 ԵՎ PrB6 ԱՌԱՋԱՑՈՒՄԸ ԵՎ ԽՆԴԻՐՆԵՐԸ  

ԾԱՆՐ ԼԱՆԹԱՆԻԴՆԵՐԻ ԴԵՊՔՈՒՄ 
 

Հազվագյուտ հողային տարրերի հեքսաբորիդները (RB6) խոստումնալից 

նյութեր են ֆոտոնային, էլեկտրոնային և էներգետիկ կիրառությունների 

համար՝ իրենց եզակի բյուրեղային և էլեկտրոնային կառուցվածքի շնորհիվ: 

Այնուամենայնիվ, դրանց սինթեզի ավանդական մեթոդները սահմանափակ-
ված են շատ բարձր ջերմաստիճանների, ռեակցիայի երկար ժամանակների և 

բարդ ելանյութերի օգտագործման անհրաժեշտությամբ: Այս աշխատանքում 

առաջարկվում է հեքսաբորիդների՝ RB6 փոշիների ստացման արագ և 

էներգաարդյունավետ միկրոալիքային սինթեզի (ՄՍ) մեթոդը։ Օգտագործելով 

պարզ և հասանելի ելանյութեր (լանթանիդային օքսիդներ և էլեմենտար բոր), 

հաջողությամբ սինթեզվել են լանթանի և պրոզեդիումի հեքսաբորիդները 

ընդամենը 10 րոպեում՝ չնայած R2O3/B → RB6 ռեակցիաների թերմոդինամիկ 

սահմանափակումներին: Կառուցվածքային և մորֆոլոգիական ուսումնա-
սիրությունները (XRD, XPS, SEM/EDS) հաստատել են բարձր բյուրեղային 
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խորանարդային հեքսաբորիդային ֆազերի առաջացումը՝ 1–5 մկմ մասնիկ-
ների չափսերով։ Ավելի ծանր լանթանիդների (Gd, Ho, Er) դեպքում մաքուր 

հեքսաբորիդների փոխարեն դիտարկվել են խառը բորիդային և բորատային 

ֆազեր: Ստացված արդյունքները ցույց են տալիս միկրոալիքային սինթդեզի 

մեթոդի ներուժը՝ հաղթահարելու թերմոդինամիկական արգելքները և արագ 

ու էներգաարդյունավետ կերպով սինթեզելու առանձին լանթանիդների 

հեքսաբորիդներ շատ կարճ ռեակցիոն ժամանակներում։ 
 

 

 

 

А. М. АГОЯН 

 

МИКРОВОЛНОВЫЙ  СИНТЕЗ  ГЕКСАБОРИДОВ  ЛАНТАНИДОВ: 

ОБРАЗОВАНИЕ  LaB₆, PrB₆  И  ПРОБЛЕМЫ  ПРИ  

БОЛЕЕ  ТЯЖЕЛЫХ  ЛАНТАНИДАХ 

 

Редкоземельные гексабориды (RB6) представляют собой перспективные 

материалы для фотонных, электронных и энергетических применений 

благодаря своей уникальной кристаллической и электронной структуре. 

Однако традиционные методы их синтеза ограничены необходимостью  

очень высоких температур, длительным временем реакции и использованием 

сложных прекурсоров. В данной работе предложен быстрый и энерго-

эффективный метод микроволнового синтеза (МС) для получения порошков 

RB₆. С использованием простых прекурсоров (оксиды лантанидов и элемент-

ный бор) были успешно получены гексабориды La и Pr всего за 10 мин, 

несмотря на термодинамические ограничения реакций R2O3/B → RB6. 

Структурные и морфологические исследования (XRD, XPS, SEM/EDS) 

подтвердили образование высококристаллических кубических фаз с однород-

ными частицами размером 1–5 мкм. Для более тяжелых лантанидов (Gd, Ho, 

Er) вместо чистых гексаборидов наблюдались смешанные боридные и 

боратные фазы. Полученные результаты демонстрируют потенциал метода 

МС для преодоления термодинамических барьеров и быстрого, энерго-

эффективного синтеза отдельных лантанидных гексаборидов. 

  


