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MICROWAVE-ASSISTED SYNTHESIS OF LANTHANIDE HEXABORIDES:
FORMATION OF LaBs, PrBs AND CHALLENGES
WITH HEAVIER LANTHANIDES

A. M. AGHOYAN *
A.B. Nalbandyan Institute of Chemical Physics, NAS of the RA, Armenia

Rare-earth hexaborides (RBeg) 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 RBs 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 R20s/B — RBs 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 um 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.
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Introduction. Rare-earth hexaborides (RBs, 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 (LaBs ~2.74 eV, CeBs= 2.5 eV,
GdBs = 1.5 eV), high thermal and electrical conductivities, low thermal expansion
coefficients, and high melting points (GdBe — 2510°C) [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 RBs 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°C), long
processing times (often several hours), or multi-step procedures. For example, the
borothermal reduction of CeO, with boron proceeds at 1200-1800°C under vacuum
[25], while carbothermal routes at 1600°C 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 RBs powders with
high purity and controlled particle sizes.

The challenge is even more pronounced for heavy or late lanthanide
hexaborides (e.g., PrBs, GdBs, HoBs, ErBs), 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 PrBes, GdBg, HoBg, and ErBs, 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):

R,03 + 14B = 2RBs + B,0s. (1)

As precursors powders of high purity R,Os oxides (of Pr.Os; Gd2O3; H0,03
and Er,03), (Carl ROTH GmbH+C0.KG-99.5%, p.a.) and B (99.5%, particle size
about 0.5 um) were used. The powders containing stoichiometrically calculated R,O3
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°C 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.

Table 1

Stoichiometric weight proportions of raw materials calculated
on the synthesis of 5 g final product

N Raw materials wiw, g/g
1 Pr0s/B 3.98/1.86
2 Gd203/B 4.06/1.72
3 Ho203/B 4.1/1.67
4 Er.03/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 (B20s). 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°C 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
CuKa (4 = 1.5406 A) 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-:107° mbar
pressure, the radiation source was an Al anode (AlKo 1486.6 V).

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

Table 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°C
N Reactions at 1100°C AG, kcal/mol AH, kcal/mol
1 La203+ 14B = 2L aBs + B203 +77.5 +70.8
2 Gd203 + 14B = 2GdBs + B203 +46.3 +77.0




AGHOYAN A. M. 87

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 RBs 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 La,O3/B reaction
system has the highest positive values of changes in enthalpy and Gibbs energy
(AH = +70.8 kcal/mol, AG = +77.5 kcal/mol), which means that this reaction is the
most thermodynamically prohibited. Therefore, the reaction system La,Os/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°C). 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 LaBg synthesis formulation,
irradiated at different times.

Fig. 1. Comparative XRD patterns of
LaBe samples irradiated at different
time intervals: 0, 5, 10, 15, and 25 min.
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The comparison of XRD patterns shows that after 5 min of irradiation a cubic
LaBs phase is formed (Powder Diffraction File, PDF# 34-0427) at the same time,
very low-intensity lines of LaBOs; (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, cand d).

Based on the temporal effect investigation, 10 min of MW irradiation was
selected as the optimal synthesis time for further studies.
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Fig. 2. SEM images of LaBes 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 Pr,0Os/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 PrBs (PDF# 38-1421), low-intensity lines of PrBO; (PDF# 23-1384),
and Pr(BO;)s (PDF# 23-1385). The XRD analysis of the reaction system of Gd.Os/B
(Fig. 3-b) shows GdBs intense lines (PDF# 65-1823, 38-1424) and comparably
intense lines of GABO; (PDF# 13-0483). As can be seen, the amount of hexaboride
phase decreased and the amount of borate (GdBOs) phase instead increased
compared to previous La;Os/B and Pr.Os/B reaction systems (Fig. 1 and Fig. 3-a,
accordingly).

The further XRD investigation of the reaction systems of Ho,Os:/B and
Er,0s/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 HoBg
(PDF# 25-0375), intense lines of HoB4 (PDF# 25-0377), also detected lines of HoB1»
(PDF# 12-0103) and HoBOs (PDF# 13-0478). The XRD pattern of the Er.Os/B
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synthesis product is presented in Fig. 3-d, and lines of ErB. (PDF# 41-1313,
65-4928, 24-1077), ErB1. (PDF# 24-1076), ErBO; (PDF# 13-0486), and non-reacted
Er,0O; (PDF# 65-3175, 65-9087) are observed.
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Fig. 3. XRD patterns of the obtained hexaboride and mixed boride phases:
3-a— PrBs; 3-b — GdBs; 3-c — HoByx, and 3-d — ErBx.
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Fig. 4. SEM images of microwave-synthesized samples: a) LaBs; b) PrBs; EDS elemental mapping
of ¢) LaBs and d) PrBe.
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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 Gd.Os/B
reaction system, the fraction of hexaboride phases decreases progressively.
For Ho,03/B, the dominant product is the lower boride HoB., while in the
Er,0s/B system no hexaboride phase is detected. It is noteworthy that the XRD
patterns of LaBs and PrBs 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 A. The morphologies and microstructures
of the synthesized lanthanide hexaborides (LaBs and PrBs) were investigated by
SEM (Figs. 4, a and b). The images reveal the formation of well-defined cubic
crystals, characteristic of RBs structures. As shown in Fig. 4, the particle sizes of
the examined hexaborides are comparable, with cubic crystals ranging from
approximately 1 um to 5 um.

The EDS analysis was used to characterize the surface chemical composition
of the samples. The EDS map analysis of LaBes and PrBs 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 RBs 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 R,Os/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 LaBg). To investigate the location of borates in La and Pr
hexaborides samples X-ray photoelectron spectra (XPS) analysis was done.
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Fig. 5. XPS spectra of La 3ds.2 (a), and Pr 3d5/2 (b).

Fig. 5, a and b shows the X-ray photoelectron spectra of the 3ds, 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
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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 LaBOj3 phase, and EDS (Fig. 4, ¢) 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 Pr** and the second — to Pr3* in the borate compound that invisible in
the XRD pattern of the PrBs 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 R.Os/B systems, LaBs and PrBs were obtained as highly
crystalline cubic phases with uniform morphologies and particle sizes of 1-5 um.
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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u. U. d1Nsuv

LULEULPYLELE LGLUULNCPAYLECP UhUMNULPLUSH L
UhU(a62L. LaBs 6. PrBs UNUQUSNFUL B v LA LUELL
ouul LULGULNELELh A6NLNFT

<wqyugyninm hnnuyhtt mwpptiph hipuwpnphndtinp (RBs) fununnidbiughg
ymptp Gb dSnunbught, LEupnbwhtt b Ebtpgbnhy Yhpwonipnibbtph
hwdwn® hptilg iqujh piptinuyhtt b falupnbuwghtt juonigguoph tinphpy:
Wimwdtbwytihy, npwig uhtipligh wjuwbinujubt dhpennbtpp vwhdwbwthwy-
Jwod Ll puwn pupdp gbipdwumpbwbbtinh, nbuyghwyh tpup dwdwbwlubph W
puipn Gpuiyniptph oquugnpdiwd wthpudtywmnipjudip: Wju wyhuownwiipnid
wnpwownyynd E hbpuwpnphnbtiph® RBe thnphtitiph  umwgdwd wpug L
Eatipquupmniiiuytin Shijpnuhpught uhoptgh (UU) dhpennp: Ogumugnpdting
wupg b hwuwbibh Guiyniptp quipwbhnuyhtt opuhniitip b kdkbwwn pnp),
hwonnnipjuip uphbtphqily b jwipwbh L wpnginhndh htipuwpnphnbtipp
pnudtitp 10 pnytinud” stuywd R203/B — RBg ntiwjghwtitinh ptipdnnhtunihly
uwhiwbuwthwymubttpht: Gunnguwopughtt b Unpbninghwud nrunidbw-
uhpnipynibbtipp (XRD, XPS, SEM/EDS) hwuwnwwinly G pupap pyniptinuyhi
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hinpuwbwpnuyhtt hipuwpnphnuyhtt pwqtinh wnwewgnmdn' 1-5 dfd dwubihly-
ttiph swthutipny: Wytih dwbp wbpwbhnbtiph (Gd, Ho, Er) ntiypnid dwpnip
htipuwpnphntiph thnjuwpbt nhuowpdty Go fpwep pophnuyhtt © popunuyhb
dwgtipn: Unwgyud wipmynibpbtipp gnyyg G mujhu dhijpnuhpuyhtt uhtienbtgh
dtipnnh Gtipnidp” hwnppwhwptnt ptpdnphtudhjujui wpgtpbtpp L wpug
nt  Eotipgquupynibuytin Yhpynyg  uphbiplighnt - wnwbdhtt  juwbpwihnbbtph
htipumpnphnbtin un Jupé ntiulghnt dudwbwldbpniy:

A. M. AT'OSH

MUKPOBOJIHOBBIVI CUHTE3 TEKCABOPUJIOB JIAHTAHUOB:
OBPA3OBAHUE LaBs, PrBs U IIPOBJIEMbI I1PU
BOJIEE TSXKEJIBIX JIAHTAHUIOAX

Penxozemenprbie rexcabopuns! (RBg) mpencTaBisroT co0oii mepcrieKTHBHEIE
MaTtepuaigbl s (DOTOHHBIX, SJEKTPOHHBIX W OJHEPreTUYECKUX MPUMEHEHHUH
Omaromaps CBOCH YHUKAJIBHOHW KPHCTAIMYECKOH W AJIEKTPOHHOH CTPYKTYpe.
OpHako TpagULMOHHBIE METOIBl MX CHHTE3a OrPaHWYEHbl HEOO0XOIUMOCTBHIO
OYCHb BBICOKHX TEMIEpaTyp, AJUTEIbHBIM BPEMEHEM PEAKLUUHN U HCIIOJIb30BaHUEM
CIIOKHBIX TIPEKYpCcOpoB. B maHHOW paboTe mpeasioxkeH OBICTPHIA U HIHEPro-
3¢ EeKTUBHBIA METOJI MUKPOBOJIHOBOTO cuHTe3a (MC) 11 mOJTy4eHHs TOPOLIKOB
RBs. C ucnonb3oBaHueM MPOCTHIX MPEKYPCOPOB (OKCUABI JIAHTAHUAOB U 3JIEMEHT-
HBIH OOp) OBUIM yCIEeNIHO TOoNy4eHbl rekcabopunasl La m Pr Bcero 3a 10 muwm,
HECMOTpPS Ha TepMOJMHAMHUuUecKue orpaHuueHus peakiuii R>O03/B — RBe.
Crpykrypable u Mmopdonoruueckue wucciepoBanus (XRD, XPS, SEM/EDS)
MOATBEPAIA 00pa3oBaHe BEICOKOKPUCTATHUECKIX KyOHUecKuX (a3 ¢ OAHOPO/I-
HBIMHU YacTUIIaMHU pa3mepoM 1-5 mxm. Jlnst 6onee Tsokenbix nantanunos (Gd, Ho,
Er) BmecTo 4HCTBIX TekcabopuaoB HaONIOJATUCh CMEIIaHHbIE OOpHIHBIE H
OopartHble ¢a3bl. [lomyueHHbIe pe3yibTaThl AEMOHCTPUPYIOT MOTEHIHAT METOAA
MC pans mpeoJofieHHsT TEPMOJUHAMUYECKUX OaphepoB M OBICTPOTO, SHEPro-
3¢ EeKTUBHOTO CHHTE3a OTAENbHBIX JAHTAHUIHBIX T€KCAOOPUIOB.



