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Abstract
Lanthanum hexaboride (LaB6) fine powder was synthesized from La2O3 and B2O3 using a molten-salt-assisted

magnesiothermic reduction technique. The effects of salt type, Mg amount, heating temperature and time on the
synthesis were investigated, and the relevant reaction mechanisms discussed. Among the three chloride salts (NaCl,
KCl and MgCl2) attempted, MgCl2 showed the best accelerating effect. When 20 mol% excessive Mg was used, phase-
pure LaB6 particles of ∼ 200 and ∼ 100 nm were obtained respectively after 4 h heating at 1000 °C, and 5 h at 900 °C.
Keywords: Lanthanum hexaboride, molten salt synthesis, cathode material.

I. Introduction
Thanks to its high melting point (∼ 2210 °C), low evapo-

ration rate (2.66 × 10-6 gm/cm2/s at 2183 K), high electri-
cal conductivity and high thermal and chemical stability 1,
lanthanum hexaboride (LaB6) is an ideal cathode material
possessing many superior properties, including high cur-
rent density (∼ 29 A/cm2), low work function (∼ 2.66 eV),
high brightness, long service life, and good resistance to
poisoning in vacuum 1, 2. LaB6 cathodes are widely used
in many branches of modern technology such as elec-
tron microscopes, plasma/ion sources, optical coatings,
thermionic converters, electron-beam welders and free-
electron lasers, either in the form of a small crystal struc-
ture or in some geometric form with a heater behind it 3 – 5.
Moreover, LaB6 powder is used as an additive to improve
the oxidation resistance of ZrB2-based ultra-high-temper-
ature ceramics (UHTCs) 6 – 8 and the mechanical proper-
ties of ultrafine grain WC-10Co alloys 9.

LaB6 powder can be prepared by means of several dif-
ferent techniques/methodologies, including direct sol-
id-phase elemental reaction 1, carbo/borothermic and
borocarbide reduction10 – 15, metallothermic reduction
via high-energy ball milling (HEBM) 16, 17, combustion
synthesis 18 or in a stainless steel autoclave 19, 20, solid-
state reaction in vacuum 21, 22 or by the reaction under au-
togenic pressure at elevated temperature (RAPET) tech-
nique 23, radiofrequency (RF) thermal plasma synthe-
sis 24, solvothermal synthesis 25, and nitrate salt and or-
ganic fuel combustion synthesis 26. Unfortunately, these
techniques suffer from various disadvantages, e.g. use of
expensive and/or hazardous raw material precursors (e.g.,
elemental boron, lanthanum and NaBH4), requirement
for specialty equipment/vessels and high processing tem-
perature and long processing time, and contamination
from milling media due to prolonged milling.
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In addition to the conventional techniques summarized
above, a novel molten salt synthesis (MSS) technique has
been attempted recently, to synthesize metal boride ma-
terials. Portehault et al. 27 synthesized several nanosized
borides such as NbB2, HfB2, CeB6 and CaB6 in a eutec-
tic LiCl/KCl salt at relatively low temperatures. Howev-
er, expensive and hazardous NaBH4 was used as the boron
source and reducing agent. The present authors synthe-
sized ZrB2 powder via a molten-salt-mediated magnesio-
thermic reduction route from relatively cheap oxide-based
raw materials 28. Nevertheless, to our knowledge, no work
on MSS of LaB6 powder has been reported to date.

In the present work, the molten-salt-mediated magne-
siothermic reduction technique developed previously for
synthesis of ZrB2 powder 28 was further extended and
modified to synthesize high-quality LaB6 fine powder at
a relatively low temperature, from relatively cheap oxide-
based raw materials. The effects of salt type, Mg amount,
heating temperature and time on the LaB6 formation were
examined, based on which the synthesis conditions were
optimized and the relevant synthesis mechanisms dis-
cussed.

II. Experimental Procedures

(1) Raw materials and sample preparation
La2O3 (> 99.9 %, ∼ 1 lm), B2O3 (99.98 %) and Mg pow-

ders (≥ 99 %, < 250 lm) from Sigma-Aldrich (Gillingham,
UK) were used as the starting materials, and KCl (> 99%),
NaCl (> 99%) and anhydrous MgCl2 (≥ 98 %) used to
form a molten salt medium. 0.002 mol La2O3 and 0.012
mol B2O3 were mixed with Mg stoichiometrically (cor-
responding to Reaction (1), i.e. 0.042 mol) or non-stoi-
chiometrically (with 10 – 20 mol% excessive Mg) in a mor-
tar and pestle (250 ml) and further combined respective-
ly with 15 g of KCl, NaCl, and MgCl2. Each resultant
powder mixture was placed in a covered alumina crucible
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(L82 × W40 × H24 mm), and heated in an argon-protected
alumina tube (I/D 60 mm) furnace at 3 °C/min to a given
temperature between 850 and 1000 °C and held for 4 – 5 h
before furnace-cooling to room temperature.

La2O3 + 6B2O3 + 21Mg = 2LaB6 + 21MgO (1)

The reacted mass was washed repeatedly with hot dis-
tilled water to remove the residual salts followed by 2 h
acid leaching with 1 M HCl at room temperature to re-
move the by-product MgO. The resultant product powder
was collected via centrifugation and rinsed with deionized
water several times (until no Cl– was detected in the cen-
trifugal liquid by AgNO3) before oven-drying overnight
at 80 °C.

(2) Sample characterization
Phases in the samples were identified by means of pow-

der X-ray diffraction (XRD) analysis (X-ray diffractome-
ter, D8 Advance, Bruker, Germany). XRD spectra were
recorded at 40 mA and 40 kV using Cu Ka radiation (k =
1.5418 Å). The scan rate was 2° (2h)/min with a step in-
terval of 0.03°. ICDD cards used for identification are
MgO (65 – 476), LaB6 (34 – 427), Mg3B2O6 (38 – 1475),
La2O3 (54 – 213), LaOCl (8 – 477) and LaBO3 (12 – 762).
Microstructures and morphologies of the raw material
La2O3 and product powders were observed using a scan-
ning electron microscope (SEM, Nova 600, FEI, USA).
Energy-dispersive spectroscopy (EDS, Oxford Instru-
ments, UK) was used to semi-quantitatively determine
elemental compositions in the product samples.

III. Results and Discussion

(1) Effect of salt type on LaB6 formation
Fig. 1 shows XRD patterns of samples with stoichiomet-

ric composition after 4 h heating at 850 °C in different
salts (here, and in the cases of Figs. 2 – 4 below, samples
had been water-washed but not been acid-leached). In the
case of the use of KCl (Fig. 1a), LaB6 was already formed
evidently, along with the MgO by-product from the re-
dox reactions between oxide reactants and Mg (see Section
III (6) below). However, some intermediate Mg3B2O6 and
LaBO3 (Reactions (2) and (3)) still remained.

Fig. 1 : XRD patterns of samples resultant from 4 h heating of batch
powders with the stoichiometric composition at 850 °C in (a) KCl,
(b) NaCl, and (c) MgCl2.

Fig. 2: XRD patterns of samples resultant from 4 h heating of
batch powders with the stoichiometric composition in MgCl2 at
(a) 850 °C, (b) 900 °C, and (c) 1000 °C.

B2O3 + 3MgO = Mg3B2O6 (2)

La2O3 + B2O3 = 2LaBO3 (3)

When NaCl was used instead of KCl (Fig. 1b), LaB6
and MgO peaks increased whereas Mg3B2O6 and LaBO3
peaks decreased, indicating enhanced extents of magnesio-
thermic reduction and LaB6 formation. Nevertheless, an-
other intermediate phase, LaOCl, was formed in this case,
due to the chlorination of La2O3 by molten NaCl (Reac-
tion (4)) 29, 30. When MgCl2 was used to replace NaCl, the
peaks of LaB6 and MgO increased further, whereas those
of Mg3B2O6 and LaOCl (Reaction (5) 29, 30) decreased
further. Furthermore, no LaBO3 was detected (Fig. 1c).
These results suggested further increased extents of mag-
nesiothermic reduction and LaB6 formation in this case.
Differently from in the case of using KCl and NaCl, minor
La2O3 was detected in the present case, indicating the in-
complete reaction between La2O3 and MgCl2 at this tem-
perature (see Section III (6) below).

La2O3 + 2NaCl= 2LaOCl + Na2O (4)

La2O3 + MgCl2 = 2LaOCl + MgO (5)

As discussed previously 28, 31, 32, molten salt properties
can affect a molten salt synthesis (MSS) process, in partic-
ular, the salt viscosity and reactant’s solubility. At a given
temperature, the viscosity of molten MgCl2 is only slight-
ly higher than that of molten KCl or NaCl 33. However,
the solubility of Mg in MgCl2 is much higher than in the
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other two salts 34. The best accelerating-effect of MgCl2
on the LaB6 formation (Fig. 1) implied that, in the present
case, the effect of Mg solubility in MgCl2 was greater than
that of the viscosity and other factors.

(2) Effect of heating temperature on LaB6 formation
Fig. 2 shows XRD patterns of stoichiometric samples

after 4 h heating in MgCl2 at different temperatures. At
850 °C, as described above, LaB6 was already formed ev-
idently, along with MgO, Mg3B2O6, La2O3 and LaO-
Cl (Fig. 2a, i.e. Fig. 1c). When the temperature increased
to 900 °C (Fig. 2b), La2O3 disappeared, and LaB6 and
MgO peaks increased concomitantly with the decrease in
Mg3B2O6 and LaOCl peaks, indicating the enhanced re-
action extents. However, on further increase of the tem-
perature to 1000 °C (Fig. 2c), peaks of Mg3B2O6 and LaO-
Cl started to increase again, indicating the reduced extents
of magnesiothermic reduction and LaB6 formation. This
was related to the evaporation loss of Mg at this relative-
ly high temperature 28, 35 – 37, suggesting that excessive Mg
had to be used to complete the LaB6 formation reaction.

Fig. 3 : XRD patterns of samples resultant from 4 h heating of batch
powders in MgCl2 at 1000 °C with: (a) 0, (b) 10, and (c) 20 mol%
excessive amount of Mg..

(3) Effect of excessive Mg on LaB6 formation
Fig. 3 illustrates the effects of excessive amount of Mg

on the magnesiothermic reduction and LaB6 formation
in samples resultant from 4 h heating at 1000 °C in Mg-
Cl2. When 10 mol% Mg was used, Mg3B2O6 and LaOCl
still remained (Fig. 3b) but their contents were substantial-
ly decreased compared to the case of using the stoichio-

metric amount (Fig. 3a), indicating enhanced La2O3 and
B2O3 reductions and LaB6 formation. When the excessive
amount of Mg was increased to 20 mol%, only LaB6 and
MgO were detected while no other phases could be de-
termined (Fig. 3c), confirming the completion of the LaB6
formation.

(4) Effect of heating time on LaB6 formation

Presented in Fig. 4 are XRD patterns of the samples with
20 mol% excessive Mg after heating in MgCl2 at 900 °C
for different times. When the time was increased from 4 h
to 4.5 h, the LaB6 and MgO peaks increased, whereas the
Mg3B2O6 and LaOCl peaks decreased. On a further in-
crease in the time to 5 h, only LaB6 and MgO were detected
while all other impurity/intermediate phases disappeared.

Fig. 4 : XRD patterns of samples resultant from heating of batch
powders with 20 mol% excessive Mg in MgCl2 at 900 °C for (a) 4 h,
(b) 4.5 h, and (d) 5 h.

(5) Microstructure and phase composition of LaB6 prod-
uct powders

According to Figs. 3c and 4c and described above, when
20 mol% excessive Mg was used, the LaB6 formation reac-
tion could be completed after 4 h heating at 1000 °C or 5 h
at 900 °C in MgCl2. In both cases, only LaB6 was formed
along with the by-product MgO. After the MgO had been
leached out with HCl acid, phase-pure LaB6 powders fi-
nally resulted (Fig. 5).
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Fig. 5: XRD patterns of product samples resultant from (a) 5 h
heating at 900 °C and (b) 4 h heating at 1000 °C (after water-washing
and acid-leaching).

Fig. 6 presents together SEM images and EDS of as-
prepared LaB6 powders the XRD patterns of which are
shown in Fig. 5. LaB6 particles resultant from 5 h heating
at 900 °C (Fig. 6a) were spheroidal, with an average size
of ∼ 100 nm, whereas those resultant from 4 h heating at
1000 °C were angular, with a larger average size of ∼ 200 nm
(Fig. 6b). In both cases, EDS (Fig. 6c and d) only detected
La and B (along with tiny O contaminant), further con-
firming the formation of phase-pure LaB6 in both cases,
as already revealed by XRD (Fig. 5).

(6) Reaction mechanism and further discussion
As shown in Figs. 1 – 4, intermediate LaOCl appeared in

the fired samples, which was attributed to the initial reac-
tion between La2O3 and MgCl2 (Reaction (5)). To assist
understanding of the formation mechanism, La2O3 pow-
ders were respectively heated for 4 h in MgCl2 at 850 and
1000 °C and similarly water-washed and further charac-
terized by means of XRD and SEM. As shown in Fig. 7a,
at 850 °C, LaOCl and MgO were formed, along with mi-
nor residual La2O3. However, when the temperature was
increased to 1000 °C, La2O3 disappeared and LaOCl and
MgO increased (Fig. 7b), indicating the complete conver-
sion from La2O3 to LaOCl.

Fig. 6: SEM images (a, b) and corresponding EDS spectra (c, d) of the LaB6 powders the XRD patterns of which are shown in Fig. 5: 5 h at
900 °C (a, c) and 4 h at 1000 °C (b, d).
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Fig. 7: XRD patterns of powders resultant from 4 h heating of
La2O3 powder in MgCl2 at (a) 850 and (b) 1000 °C, respectively.

Fig. 8, as an example, compares microstructural mor-
phologies of as-received La2O3 particles and LaOCl re-
sultant from 4 h heating of La2O3 in MgCl2 at 1000 °C.
As shown in Fig. 8a, the raw La2O3 particles had a hexag-
onal morphology, with the average size of ∼ 1 lm. How-
ever, they were changed to irregular platelet-shaped LaO-
Cl (confirmed by EDS, Figs. 8c and d along with XRD in
Fig. 7b) upon 4 h heating at 1000 °C in MgCl2. A compar-
ison between Fig. 8 and Fig. 6 reveals that as-synthesized
LaB6 particles not only had different morphologies from
La2O3 and LaOCl particles but also were much smaller
than them, indicating that both La2O3 and LaOCl should
not have acted as the direct templates for the MSS of LaB6.
On the other hand, as B2O3 already melted at the test tem-
peratures, it also should not have acted as the direct tem-
plate for the MSS of LaB6.

Fig. 8: SEM images of (a) La2O3 raw material particles and (b) LaOCl resultant from 4 h heating of La2O3 powder in MgCl2 at 1000 °C (after
leaching out the MgO), and (c,d) EDS spectra of the selected areas in b.

Based on these and other results presented above
(Figs. 1 – 8), and findings from other relevant MSS stud-
ies 28, 31, 32, the reaction mechanisms in the present MSS
(using MgCl2 as an example) could be discussed as fol-
lows. At the test temperatures, MgCl2 initially melted
(melting point: ∼ 714 °C), forming a molten salt pool in
which La2O3 reacted with MgCl2, forming LaOCl (Re-
action (5)) which partially dissolved in the molten chloride
salts 38. The Mg dissolved in the MgCl2 salt 34 would react
with the dissolved LaOCl and molten B2O3 according to
Reaction (6) and (7) respectively, forming elemental La
and B which further reacted with each other, forming final
product LaB6 (Reaction (8)).

2LaOCl + 3Mg = 2La +MgCl2 +2MgO (6)

B2O3 + 3Mg = 2B + 3MgO (7)

La + 6B = LaB6 (8)

Intermediate Mg3B2O6 was formed in some reacted
samples (Figs. 1 – 4). Nevertheless, with increasing tem-
perature and/or time, it could be further reduced by the
dissolved Mg according to Reaction (9), producing addi-
tional B for Reaction (8). This was verified by the test re-
sults. As shown in Figs. 2 – 4, by optimizing the synthesis
conditions, i.e. with increasing the temperature and time,

and using excessive Mg, Mg3B2O6 gradually decreased
and eventually disappeared.

Mg3B2O6 + 3Mg (dissolved) = 6MgO + 2B (9)

IV. Conclusions

LaB6 fine powder was successfully synthesized from
La2O3 and B2O3 via a molten-salt-mediated magnesio-
thermic reduction. The effects of salt type, Mg amount,
heating temperature and time on the formation process
were examined. Of the three chloride salts, MgCl2 showed
the best accelerating effect. When 20 mol% excessive Mg
was used, phase-pure LaB6 fine particles could be syn-
thesized at 900 °C for 5 h (∼ 100 nm) or 1000 °C for 4 h
(∼ 200 nm). These conditions are much milder than those
required by most of the other techniques reported to date.
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