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Abstract:

This study aims to synthesize very pure form of {aBnocrystals at low temperatures. The
synthetic route employed involved low temperaturagnesiothermic reduction process of
La,O3 with a mixture of Mg, 4 and BO; at 90[/C. The powder mixtures were mechanically
induced under Ar atmosphere for 3 hours and then theated. The pure form of nano lsaB
powder produced by this technic is by far the massatile route for the synthesis of nano-
LaBs. From the XRD evidences of the synthesized powdeisorrect reaction path for the
reduction process has been elucidated. The avpatele size of nano powder synthesized
was estimated from SEM as well as XRD as 78+12 nchéd..3+2.0 nm respectively, and the
values were found to be in good agreement. Thecfmsgize determined by XRD was upon
applying the Rietveld refinement method and usswiropic Lorentzian Scherrer particle
broadening parameter (LX) of refined peak profileom the average size of the particulates
and from the specific surface area of ka®.3 nf/g) as determined by BET method, the
number of unit crystals that might have constituéedano-particulate of size 61.3+2.0 nm

was estimated as 1Bumbers from the crystallographic information @fBs.
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1. Introduction

Metal borides in general are of great importancecammic materials due to their high
hardness, high heat and electrical conductivitygdgabrasion, thermal shock and corrosion
resistance properties, and for an excellent chdnstzbility at high temperatures [1-7].
Amongst all metal borides, rare-earth hexaboride8s(where R=La,Ce,Pr,Nd,etc.) as
refractory ceramics occupy a special place becaidstheir low work function, which
attributes to their high electron emissivity, supenductivity, ferro-magnetism, narrowband
semi-conductivity, etc. Lanthanum hexaboride ()aB these respects is especially important
for its highest electron emissivity hitherto knovemd also for its excellent vacuum stability.
One of the few major areas of usage of ¢aBfor its hot cathodic application either in a
single crystal form or as coatings deposited bysp@ vapor deposition. Because of its low
work function (2.6eV) and low vapor pressure athhiggmperatures, LaBhas been
considered as the material of choice for thin fimatengs applications for both decorative and
hard coatings [8]. Ceramics composites containiraBsLare gaining more and more
importance in application sciences particularlysapport for transition metal catalysts [9].
Recent findings on nano-LgBshowed its high effectiveness to absorb near+iedra
emissions, which opened the new field of poteralications in reducing solar heat gains
[10]. The nano LaB powder is particularly considered as a materialgegat interest for
coating filaments, carbon nano tubes and silicelfemitters to lower work function in order

to improve their electron-emissivity [11]

Various synthetic methods are commonly used forsimhesis of nano metal borides, such
as borothermal [12], carbothermal [13], magnesimiie reduction and electrochemical
synthesis in molten salt [14-15], solvothermal [16pmbustion syhtnhesis (SHS) [17],
mechanochemical [18] and floating zone method [1Bhe synthesis of LaB via
magnesiothermal method is particularly beneficia¢ do the fact that they can be formed at
relatively low reaction temperatures. In this wopkire LaB nanocrystals were synthesized
by magnesiothermic reaction using,0g, B,Os, I, and Mg powders at 90C. The effect of
stoichiometry and temperature on the synthesized-phase of LaBwere investigated in
detail. Their microstructures and phase charatiesisvere studied by X-ray diffraction and

electron microscopy. From the average size of draqulates (28.3 + 3.0 nm) as determined



by Scherer formula and from the surface area (£/g)nanalysis, it was approximated that
each particulate of the LgBano-powder was comprised of approximately 600-cnystals

of LaBg in an average.

2. Experimental Method

2.1. Materials

As starting materials L®3 (< 100 nm, 99.99%, Sigma Aldrich),@; (545.74um, >98.00%,

Eti Maden), } (99.7%, 1-3 mm, Sigma Aldrich) and Mg (138.661, >99.00%, Sigma
Aldrich) were used for the synthesis of LaB,O3; was vacuum desiccated for more than 24 h
prior to using in order to avoid any moisture irggeAll ball milling and magnesiothermic
reduction processes were conducted under Argon (§8999%) atmosphere. 5 M
Hydrochloric (HCI) acid solution was used for th&pose of leaching out MgO formed as a

byproduct in order to produce pure form of nancstaline LaB from the reaction mix.

2.2. Magnesiother mic Reduction

The pre-weighed stoichiometric powder mixtures afQs, Mg, B,O; and } were placed in a
grinding vial in a glovebox, and then the powderxtomties were milled under Argon
atmosphere for 3 hours at 300 rpm in a ball mitlt¢l, P6) to prepare refined homogenous
blends with reduced particle size. All samples nhesthandled very carefully under Argon
atmosphere and devoid of any oxygen, in order &devthe possibility of any explosive
reaction. The magnesiothermic reduction of the-tallled powder mixture was conducted in
a gquartz tube. The quartz tube containing the imagowder mixture was gradually heated to
90 °C in an ash furnace maintaining a heating oat2 °C/min under Ar atmosphere. The
magnesiothermic reduction process followed almasitantaneously as soon as the
temperature reached 90 °C to form nano-particldsa& and MgO, Mg(BOs), and LaOl as
byproducts. The product mixture obtained after i@gnesiothermic reduction reaction was
leached with 5M hydrochloric acid (HCI) acid sotutiat 70 °C for 45 min with magnetic
stirring at 400 rpm to remove all unwanted phasesfthe mixture. After the acid leaching
process was complete, the slurry was centrifugesefarate LaBand then it was vacuum
dried under 20 mbar pressure in a vacuum oven (Mamnw©-400) at 80 °C for 12h forming
pure nanocrystalline powders of LaB



For the preparation of LaBhanocrystalline powders, four different startirayyoler mixture
recipes were pursued to optimize the yield of {.aBhe molar ratios of the mixtures of 4G,

Mg, I, B,O3 as shown in Table 1.

Table 1. Experimental conditions and the ratio dfe tpowder mixtures used
(Lazogngﬂz:BzOg)

A B C D
Stoichiometry (mol) 1:44:6:12 1:48:6.6:13.3 1.58:36 1.88:12:24
Temperature®C) 90
Period (min) 0-50
Atmosphere Argon

2.3. Characterization of the powders

Malvern Mastersizer-2000 was used for the partstie analysis of all precursor powders
used for the synthesis of LaBrhe phase structure of the powders was deterntigeiray
diffractometer (Rigaku D / MAX-2200) with Cu &Kradiation. A scanning rate of $er
minute was used to scan over the range betweand296 (20). Identification of crystalline
phases were determined by the files of Internati@enter for Diffraction Data (ICDD)
powder diffraction. Morphology of the powders wedetermined by scanning electron
microscopy (SEM) (FEI Quanta-200F) and the surfaeas of the powders were determined
by BET method (Quantaochrome Nova 220E). From takl $f the nano-powders, particle
sizes were determined by using the image procegmiogram ImageJ Analyzer software
[20]. The crystal structure as obtained by the X&0¥ the purified powders was refined with
Rietveld method using General Structure Analysist&y (GSAS) [21]. The initial atomic
coordinates of La and B in the Laphase are given in Table 2 and full occupancy was

assumed for La and B.

3. Resultsand Discussion

The average particle sizesddfor the starting powders of k@3 (hexagonal ICDD Card No:
01-073-2141), MgHexagonal ICDD Card No: 01-089-5003) and:®; (cubic ICDD Card



No: 06-0297)usedwere about 5.4 um, 137.6 pm and 597.9 um, respdgtiAs starting
materials not all of them had any similarity wigspect to their sizes and size distributions.
lodine (rthorhombic¢ ICDD Card No: 00-043-0304) used for the synthegs rather very
large in size compared to other components of tvedpr mix. Nevertheless, the individual
sizes of the ingredients were of limited significaras starting materials as they were all ball
milled for their size refinement. The starting p@wanixtures were refined in a high energy
ball-mill for 3 hours for homogenization and redant of their primary particle sizes. The
employed ball-milling was quite aggressive maintegna powder to ball charge weight ratio

at 1:18 for comminution prior to carry out the magiothermic reaction.

For the purpose of optimizing the conditions of thgsis, four formulation samples of
varying mixing ratios marked as A, B, C and D (Edhlwere first homogenized and then
subjected to heat treatment process to produce [22R All handling and milling processes
were performed under Ar atmosphere. The homogemeaedier mixture of the reactants first
sealed into an argon-filled container, and themnlgatly heated to 90C at an incremental rate
of 2°C/min. At this temperature, the powder mixtueacted almost instantaneously forming
LaBs and other reaction byproducts. However, it isg¢oognize, at temperatures below the
melting point of iodine, iodine sublimates untiletlequilibrium vapor pressure is reached,
where several independent equilibria are effegtipeissible during the reduction process. As
reported by others for similar type of magesiothemaductions [23, 24], in this co-reduction
method of LaO3; and anhydrous boric acid by Mg in the presende, df actually enables the
reaction to happen at lower temperatures that atteggnesiothermic reduction process with
iodine. lodine in all probabilities acts as a cgalthat can greatly reduce the activation
energy of reactions betweenThand B. Following the dissociation equilibrium afdine,
I2(g) < 2I(g), both La and Mg can form metal iodides drestintermediates so the reaction
can undergo at lower temperatures. Similar reastigithout using iodine are not known to
form hexaborides even at 650 °C [24].

Going by the conventional wisdom and as reportecbtner authors as well, the intuitive
reaction path for the synthesis of LaBsing magnesiothermic reduction process [24-26],

should have been as expressed in Eq. 1.

La,Os + 27 Mg + 6 4 + 6 B,Os = 2 LaBs+ 21 MgO + 6 Mg} (1)



However, the XRD pattern of the synthesized powghersr to leaching brought about the
fact that the reaction was of very different naturéhe presence of than it was originally
thought to be. The XRD'’s of the as-prepared powa@er shown in Fig. 1 revealed that the
reaction products were actually the mixtures of ¢ dECDD Card No0:01-073-1669),
Mgs(BOs), (ICDD Card No0:01-073-1541), MgO (ICDD Card No0:0150¥525) and LaOl
(ICDD Card No: 01-073-2065) phases. The presenddg® (cubic, space group=Fm-3m,
a=b=c=4.198 A, LaOl (etragonal, space group P4/nmm, a=b=4.144 A, c=8.18),
Mgs(BOs), (orthorhombic, space group=Pnnm, a= 4.497 A, b=5.2908=8.416 A and LaR
(cubic, space group=Pm-3m, a=b=c= 4.157 Bhases were observed with all four reactions
mixtures. Therefore, the magnesiothermic reducteaction of LaOs in the presence of |
does not follow as per the conventional understamf21, 26, 27]. as stated in Equation 1, it
rather follows as per the reaction given below ig E This mechanism is probably
established for the first time for the synthesisBgananocrystals produced by

magnesiothermic reduction process using |

2 LaOs + 34 Mg + b+ 12 BO3 = 2 LaBs+ 2 LaOl + 2 Mg(BO3), + 28 MgO )
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Fig. 1. XRD graphs of as-prepared powders obtained froenntiagnesiothermic reduction
reactions using different molar ratios of the raats, LaOs;, Mg, I, and BOs, (A: 1:44:6:12,
B: 1:48:6.6:13.3, C: 1:58.5:8:16, D: 1:88:12:24r &iarting powders of) XRD graph of

powders obtained after explosive reactions witfed#int molar ratios.



The standard Gibbs free energg&@&) and the standard enthalpy changasi)( were
determined using HSC Chemistry 6.0 software [28}. andAH changes for the reaction of
the powder mixture L#;+B,0s+Mg+I, to 2000 °C were calculated and plotted in Figuae 2
Figure 2a shows that the reaction of the startioggders at all temperatures between 0 to
2000 °C has a large negative Gibbs free energyiaagd enthalpy change. According to the
estimation of the Gibbs free energy, the overadictien of Eq. (2) is thermodynamically
spontaneous AG= -5450 kJ mol-1) and highly exothermiaH=-6350 kJ mol-1) as
reported elsewhere as well [26, 29]. Due to ithhegothermicity, a massive internal heat is
generated within the reacting species, and asfaateéhe internal temperature becomes much
higher, which results in reduction 0$®@; by Mg to B. All subsequent reaction steps forhsuc
reduction process for the formation of La@e given below. It explains the role efini this
low temperature magnesiothermic reduction procasthe synthesis of LaBwhere } forms
intermediate compounds with La that ultimately léadorm LaB releasing iodine back .

12(9) < 21(9) (a)
2B,0O3 + Mg — Mg(BOs), +2B  (b)
La,O3 + 41 — Lalz+ 2LaOl (©)
2Lal; + 12B— 2LaB; + 3b (d)

The probable reaction steps as shown above indithéd the higher concentration of Mg can
induce the formation of more Laby converting LaOl to Lalaccording to the egn. (e), and
consequently the formation of more LaB

LaOl + Mg + 2I— Lal; + MgO (e)
The XRD’s also confirmed that mechanistically higlvencentration of Mg can force the
reaction to form more LaBand reduce the formation of LaOl, which also atkd the
proposed reaction pathway. As per the above reasteps, a higher molar concentration of

Mg must kinetically also favor the formation of M@3 shown in Eq.(e).
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Figure 2. a) Gibbs free energy chanme ( ) and gmyhalange ¢ ) versus temperature curves
of the overall reaction in Eqg.(2). b) XRD pattefithe LaB nanocrystals

After a thorough and careful washing with 5 M HGIwion, the Mg(BOg3),, LaOl and MgO
phases were removed from the synthesized powddesr. l&aching the powder was further
washed with deionized water. The thoroughly leached washed power was subjected to
vacuum drying. The XRD pattern of the purified p@wvdiven in Figure 2b clearly showed
that the final product of LaBvas completely free from any undesirable contaronaand

the average crystallite size of LaBhase was determined as 28 + 3.0 nm by well-known

Scherrer formula.

Figure 3 presents the Rietveld refinement applketheé XRD pattern of the purified sample.
The grey (plus) and black lines shows the purifieavders and calculated pattern of the
modelled structure, respectively. The differencethed observed and calculated patterns is
plotted in the lower part of the figure as a sotate. The vertical bars refer to the calculated
allowed Bragg reflections. Single phase Rietveftheznent confirms the structure of Lab
Pm-3mspace group with the lattice parametersali=c= 4.153(2) A. Table 2 presents the
details of the basic crystallographic data for .abhe diffraction peaks are well indexed and
assigned to the parallel crystal plane of (100)0§1(111), (200), (210), (211), (220), (221),
(310), (311), (222), (320) and (321). The obtaimesults are in good agreement with the
previous data published in the literature [9, 2Zhe diffraction data wasefinedon
theassumptiorthat the metal atoms woutttcupythe site 1a whereas non-meagdmswould

be at the 6f site. The sharp and well-defined peakFig. 3 indicated the high purity of the
crystalline products. The average particle size alss determined as 61.3 £ 2.0 nm by using

the isotropic Lorentzian Scherrer particle broadgmarameter (LX) of refined peak profiles.



Because of the polycrystalline nature of the syittesl LaB powder particles, the
particulates are composed of many crystallitesarf/img sizes and orientations. Measuring
crystallite sizes from XRD patterns is a well-knowacthnic. SEM images revealed that

individual crystallites within the relatively largparticle sizes.
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Figure 3. Rietveld refinement of LaB

Table 2. Atomic positions and crystallographic daitaaBs

Formula LaB Space group Pm-3m
Crystal system Cubic Data points 1739

Unit cell a=b=c=4.154(3) Unit cell volume () 71.7(4)
dimensions (A) a=p=y=90°

20 range refined 15-90° R 0.1329

S 2 1.421 R 0.1807

Atomic positions
Atom site X y z Uiso
La 1a 0 0 0 0.0016(2)

B 6f 0.2018(4) 0.5 0.5  0.0027(3)




SEM images of the purified powders are shown in4=igaB nano-particles thus produced
were in clustered forms of many particles. An agpmate size of those sample was
estimated as 78 £ 12 nm by ImageJ software. Asaggetheir agglomerations could have
been due to the vacuum drying conditions during theification steps. The similar

observations were also reported elsewhere [26, 30]

80 120 160
Particle size (nm)

Fig 4. SEM images of purified Laphanocrystals

The average particulate size of Lgthase was determined as 61.3 £ 2.0 nm and théispec
surface area of the purified Laowder, 1.3 fig, determined by BET method further
signified that the nano-particulates are compogadany small LaB units. The rationale of
such approximation was realized from the structurfdrmation available on Lafrystals.
The crystal structure of LaBs simple cubic (space group; Pm-3m), with Boratabedra in
body-centered positions and La atoms at the cowrfettse unit cell. The crystal structure of
LaB6 comprising two unit-cells is shown in Fig. & an illustration. As it can be seen boron
atoms in each unit are in the form of octahedrgkecdhe bond length of B6-B7 in adjoining
cells is the shortest in the LaBrystal structure. The crystal structure studig$ibssain et al
delineated that in LaBthere was a coexistence of covalent, ionic, anthiicebonds, which
probably explains the reason for the high thernt@missions of Lag[25]. Going by its
stoichiometry, a unit crystal of lanthanum hexatbercomprises 12 units of LaBLa;.B72;
Mol. Wt. 2447.4) constituting 2.5x¥0 such unit crystals per gram. From the measured

surface area (1.37y) and the average volume of each nano-partic(tatesidering spherical



sweeping volume for the nano-particles of kaif size 61.3 £ 2.0 nm for the sake of
simplicity), the average mass of an individual jgatate can be estimated in of the order of
5x10"%y (considering the density of LaBs 4.72x18g/m?). From that estimated value it can
be visualized that each particulate of an averagedf 61.3+2.0 nm might comprise around
10° numbers of unit-crystals to constitute a nano-palite. A similar value was also

obtained from the surface area approximation offdugoparticles and from the BET surface

area value.

. ——-la ‘ ----B Octahedron

Fig. 5. In the crystal structure of Lanthanum hexabortde adjoining unit cells show the
bonding between two adjacent octahedra of boroe. Bdnd length of B6-B7 is the shortest
distance in the structure.

4. Conclusion

A viable method of synthesizing a very pure fornLaBs nano-powders has been devised by
adopting a low temperature synthetic route usingOkaB,0Os;, Mg and } under an inert
atmosphere. The ball milling process increaseddhetivity of the starting materials enabling
the reaction to occur at temperatures around@0Removal of all byproducts by leaching
and washing helped forming nano-Lgiwders in very pure forms. The reaction mechanism
for the formation of LaBwas confirmed by XRD. From the specific surfacesanf the nano-

powder (1.3r/g) and from the average size of the nano-partieslg61.3 + 2.0 nm), it



appears from the crystallographic approximatioms$ dach small nano-particulate is probably
constituted roughly by POonumbers of unit-crystals of LaBsuggesting the fineness of the

LaBs nano-powder synthesized by the present technic.
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Highlights
Low temperature synthesis of pure LaBg via magnesiothermic method.

Rietveld refinements of LaBgand its structura properties.
Each particle seemed to be constituted by 10° numbers of unit crystal cells.

Purification of unwanted phases by agueous acid solution.



