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New route toward nanosized crystalline metal borides with tuneable stoichiometry
and variable morphologies

G. Gougef.P. Beaunief,David Portehauft” and Clément Sanchz

Hereinwe highlightfor the first timethe ability to tunethe stoichiometry of metal boride nanocrystatsough nanoparticle synthesis in thermally stable
inorganic molten saltsTwo metalboron systems are chosen as case studies: boaor nickel borides antorontrich yttrium borides. We show that NiB,
NisBs, NiB, NisB, and YBparticles can be obtained as crystalline phases with good selectivity. Anisotropic crystallization is observed in tviioectiss:
boron-rich YB nanorods are reported, while bonspoor NiB nanoparticles show a peculiar crystal habit, as they are obtained as spheres with uniaxial
defects related to the crystal structure. Crystallization mechanisms are proposed to account for the appearance of tHaadstwb anisotropy at the
nanoscale.

Introduction

The family of metaboron alloysspans a wide range of compounds, including varistaéchiometries.
Thisdiversity results from the high density of covalent banith metal borides structure By increasing

the boron content Fig 1), the structure evolves from linear-B chains, to tweand threedimensional

boron frameworks including interconnected borgetusters in which BB lengths are shorter than in one
dimensional chains. This structural observation is commonly related to the mechanicalrips paf

metal borides, such as supbardness in WE or high temperaure refractory behavior in metallic
ceramics as HfB Covalence also results in high melting temperatures of borides (2600 °C goantB

pure boron allotropes (2075 °C farB)! Noteworthy, the metatboron interaction also brings specific
behaviors. For instance, in OsB, metal atoms bring high electron concentration, so that electrostatic
repulsions prevent compressiothusyielding ultraincompressibility> More generally, borospoor
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Fig. 1Crystalstructures of NiB (space grodpnan), YB (P4/mbm) and YB(Pm3m).
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(elementalratio M:B HL:1) borides ofransition metat are drawing attentionin a range of fields from
magnetism to catalysis’.” In this latter case, poor phases such as NiB and Co8 potential low price
catalysts for dehydrogenation and FisFEnopsch reactiong In thesephasesporon may preventcoking
and deactivationof the active sitesby sequestering carbon atonis? On the other side, boromich
borides are actively studied and used, such esaboridesfor field emissiori® and thermoelectrieenergy
conversion:* Richer boride comprising icosahedrd,, boron clustersfor instance Y4, are alsostrongly
investigated for thermoelectric™® Thus, original properties of metal borides are deeply related to both
elements and theway they interact. This is particularly exemplified by MgBperconductivity®: its
remarkably high critical temperature of 39 K foradsical conductors was na@xpected given the
apparent simplicity of the compositioh compared to usual cuprate superconductors. The
superconductivity of MgBis related to both elements being light, as suggested in the BCS tHeory
together with anisotropic boron orgasation in metallic honeycomblayers® stabilized byelectron
transfer frommagnesium to boron. Alh all, metal borides exhibit a large diversity of technologically



relevantmechanical andransport behaviourgFig 2) that originatefrom the complex interplay between

the covalent boron framework and the metal atoms

Interestingly, all the above mentioneproperties are related to bulk phases. The example of other
materials families, including gdftf? and chalcogenide® shows how propeies, e.g. in catalysis and
optics, can be impacted when nanoparticles are scrutinized. However, such studies are still extremely
scant for crystalline metal borid€s’ Such scarcity originates from the harduous synthesis of crystalline
metal borides, which has beenisdussed recentl§# Only few phases are known dhe nanoscale,
especially rare earth and alkaline earth hexaborides, produced by chemical vapor depositiofP{CVD)
solid state reactions, often under autogeneous pressufé.Some transition metal borides (Y& FeB,

CaoB*) have been reported at the nanoscale from solid state chemistry, while, Ma8 been obtained

via a range of methods involving the reactivity gaseous magnesiufi®* In most caseshe synthetic
processes cannot be generalized to a wide range of metal borides, does not enable size control (excep
CVD), and particle sizes are rarely below 30 nm, and often above one micrometer. Besides, the control o
the final stoichiometry for nanamled crystalline metal borides is currently uncharted.

Hardness and inertness Magnetism
TiB,, HfB,, NbB,, WB,

Magnetism
NdB,, NdB,, Nd,Fe,,B

Fig. 2Attractive properties of metal boridesknown for bulk phasesThe periodic table of elements is
restricted to boron and metals.



round nanoparticles round nanoparticles
CaB; Mn,B FeB L Ni;B Ni,B Ni,B, NiB

nanorods nanocubes
CeB, YB, YB,
Fig 3.Synthesis of metal borides in inorganic moltgadts. LICI/KCI (45/55 wimelts at T= 353 °C. After

cooling down the reactant medium anglashing outthe salts, various metal boride nanoparticles are
obtainedin term of compositions, stoichiometries and shap#esults from Portehautt al. 35.

Recently, a route was proposed toward a wide range of metal boride nanocrystased on the
reaction between metal salts and an alkali borohydride below 9D0at atmospheric pressure in an
inorganic molten salt mixture, composed of LiCI/KCI at the eutectic compositien3d3 °C). This one
pot process enables productioof nhanocrystalline metal borides at temperatures between 400 °C and
900 °C, with a readily available, thermally stable and no oxggataining solvent, easily eliminated after
reaction by using water. In a typical synthesis schematized Fig. 3, the setidrgprs and salts are
heated together over the melting temperature of the reactant medium in argon atmosphere. After
cooling down to room temperature, a black block is obtained. It contains salts that are dissolved
afterwards with a polar solvent such adeionized water. Washing and drying the remaining black
suspension lead to a black powder consisting of metal boride nanoparticles. The particle size could be
controlled and decreased below 20 nm. However, each metal studied was associated to a pr&ise M:
ratio, so that stoichiometry control for a given metal was not provided. Besides, all reported
nanoparticles were round shaped.

In this article we present the first evidence of a general synthesis of nanocrystalline metal borides with
controlled stoichianetry using syntheses in inorganic molten salts, by focusing on4h@BNiB and B

rich ¥B systems. Depending on the ratio between metal and boron precursors, the temperature and
reaction time, NiB, NB;, NiB, NiB, YBand YB can be selectively fabricated (Fig. 3). Furthermore, we
highlight the occurrence of a peculiar anisotropic uniaxial defective crystal structure within spherical
particles that originate from crystallization in confined space. Finally, we report for tsietifine the
ability to reach anisotropic nanoparticles, as a first step toward morphological control of crystalline metal
boride nanostructures.

Results

Briefly, all syntheses were performed under inert argon atmosphere. Prior to heating, metal chlorides
and sodium borohydride were mixed under argon with the powder mixture of LiCl and KCI at the eutectic
composition (45/55wnt.). After reaction and cooling, the frozen salt matrix was washed with deionized
water, the remaining black powders were dried undacuumand stored in air



Nickel borides

Starting fromNiC} as metal precursor, the reaction mediwvasheated at 750 °C during 1.5 hifferent
NiC}:NaBH (Ni:B) molar ratiosvere investigated.The correspondingRay diffraction XRD patterns
(Fig.4) show thatfor Ni:B= 1:2, NiB is thenajor product, with broad reflectionsuggesting nanosized
crystallites. The apparent crystallitsize calculated according to the Scherrer formul842 nm. Minor
peaks of NjB; are also observed-orNi:B= 11.2; 1:1 and 0.69\i;B;, NbB and NjB areisolated as single
crystalline phasg, respectively. Minor parasite peaks are observed in the two last patterns. They could
not be indexed along with a known phase. In contrashiB, Ni;B;, Ni,B and NjB patternsshow narrow
peaks that suggest larger particldhe calculatedrystallitesizes folNi;Bs;, NiB and NyB are 29+6, 33+3

and 4@&2nm, respectively

Intensity (a.u.)

NiB = Ni;B © unindexed *
Ni4B3 [ ] ngB >
L T B B S T o A e L S N B A o e o Bt
30 35 40 45 50 55 60
26 (%)

Fig.4 PowderXRD patterns for Ni£NaBH molar ratios 1:2, 1:1.2, 1:1 and 1:0.65.

Transmission electron microscopyfEM of the NiB (iCh:NaBH=1:2) sample (Fig. S1) reveals
spherical crystalline nanoparticles of 2 to 40 ,nim agreement with the crystallite sizdispersed within
an amorphous matrix of 1 to 2m thickness. Thamalkr the particles, the more they tend to perfect
spheres. Particles bigger than Bt are slightly faceteddigh resolution TEMHRTENI(Fig.5) highlights
lattice fringes in a sphericalNiB nanoparticle. Many defects ar®bserved and demonstrate the
polycrystalline nature of each particle. Noteworthy single/stallinedomains appear aparallel stripes
within the singleisotropic particles. When comparing two domains aside, the orientation eBBonds
changes For instance(Fig.5¢ ande) the two domains with [@12] and [1-12] zone axes diffeirom each
other by rotating the structurel7.2 ° along the[021]* direction. Note that such a defect does not yield
coherent domains, athe zigzag chainsare discontinual at the interface(Fig 5d). Eachsingledomain
can beindexed according to the NiB structure for all particles with diameter below 20 nm (FigA S2).
minority of bigger faceted particles aredexed adNi,B; (Fig. S3)BrunauerEmmettTeller analysis of the
N, sorption isotherms provides a specific surface area value of §7"rfor the NiB sample (NiENaBH =



1:2), almost three times higher than values reported for analog amorphauscrystalliné® NiB
nanoparticles (20 mg™).
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Fig.5 HRTEM picture ad NiB nanoparticle from the initial ratidiC}:NaBH = 1:2and orientatiors of B-B
bonds fortwo consecutivesingle crystaldomains @ Black arrows highlight the direction amiaxial
defects within the crystalline NiB particle.)lfror eachsingle domainstripe, the zone axes and lattice
planes are indexed according the NiBstructure. c-e) Example of a misfit at the interface between two
domains, viewed orthogonally to the (021) interfacg):aheadthe interface, dat the interface and
e) behindof the interface. Nickel atoms are onet for clarity.

Fig. S4 displays TEM and HRTEM picturéBeofamples obtained for higher proportisf sodium
borohydride. In agreement with XRD result§0-200nm crystals of NB; and NiB embedded in an
amorphous layer (1 to 2 nm thickye observel for initial NiCh:NaBH ratios 1:1.2 and 1:1The sample
with a NiCJ:NaBH ratio of 1:0.65is made ofarticles bigger than 100 n(fig. S5)

SEMEDX analyseshow that all samples are composed of boron, nickel, and oxygen. For
NiCh:NaBH =1:2, quantitative analysis provides an elemental composition $&Ni;;O;. We showed
previously that the amorphous matrix embedding the particles is partially oxidized Bdron
Consequently, by considering that the crystalline phasa the vast majority NiB, then the material
composition is equivalent to (Ni]B;70.1), reflecting thebiphasic crystallindNiB/amorphousB (B,)
character of the samplé4 % ofthe Batoms are involved in the crystalline phase, in accordance with the
initial excess of boron introducedhe O/B content within the amorphous phasis O/B,,, = 0.4, which
suggests that the amorphous layer is composed of partially oxidized amorphous, boragreement
with previous reports Unfortunately, the boron content could not be quantitatively evaluated by SEM
EDX in the samples fromitial NiC}:NaBH ratios 1:1.2, 1:1 and 1:0.68s the B content was too low
unambiguously deconvolute the EDX peakBand <r  &(Fig. 8).



Yttrium borides

By using Yg¢hs metal precursor, yttrium borides can be targeted through synthesis in molten salts. In
order to reach different borosrich compounds, extensive screening of experimental parameters was
performed, by focusing othe yttrium-to-boron precursor ratio YENaBH, as in the NB system but
alsoon thetemperature andhe dwell time. Below, the different samples are identified &C{:NaBH-T-

t U AZr@dt are respectively the reaction temperature (°C) and duration By) screening these
conditions, spciation diagramsan be mapped (Fi§), whererelative amounts of crystalline phases are
qualitatively evaluated from the relative intensities of the correspondifigses in the XRD patterns.
Overall and as expected, B favored at high proportiosiof NaBH, but also at higir andt.

Fig. 6 Speciation diagrams of yttrium borides and other yttrium phases obtained by synthesis in salt melts in
respect to the molar ratio of precursors (¥NBBH), the temperature {) and the time 1) of heat treatmentLeft

to right: YC{:NaBH s fixed at 1:5T andt vary; YC{:NaBH = 1:8,Tandt vary;andt = 4 h, YGINaBH and T vary.

For each experiment, the phase proportion is qualitatively representechiatagram pie

The XRD diagrams of thregypical powders are displayed Fig. The samplel:12-1000-4 exhibits the

cubic structure ofYB as theonly crystalline phase. For 1904, the reflections are attributed to Y%B

and YB. For 1:5800-1, two crystalline phases are observetB is the only metal boride phas&hile the
yttrium borate Y(Bg) isalso observedMore generally, at low temperature and short time corresponding

to a low energy input, oxidized phases (yttrium borate or oxiglé)yare obtained. As the reaction media

do not contain any source of oxygen, then these byproducts originate from poorly stable yttrium species
that react with water during the washing stepfforts to selectively dissolve this oxidized phase, using acidic
or reductive conditions, were inefficient.
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Fig.7 XRD patterns of yttrium boride samples a) 210004 (YB), b) 1:89004 (YBand YB) and c¢) 1:5
8001 (YBand YBG).

Apparent cystallite sizes ¥ were calculated for the different crystalline phas@gablel). Smaller YB
particles are synthetized at 1000 °Q«= 49 nm for Y@&NaBH =1:12) than 900 °Cx = 59 nmfor
YCiNaBH =1:8). In other common systems, an increase in the temperatuseally yields extensive
growth and bigger particles, thus suggesting in the specific case of this boride synthesis in molten salts
that the initial reagent ratio €.9.YC{:NaBH) is the key parameter for size contrélor YB (1:8-900-4
sample) anisotrgpic crystallites are detected, withgg = 81 nm andx = 26 nm thus indicatingfaster

growth along the [001] axis.

Table 1Apparentcrystallitesizes of yttrium boridesalculated from the XRD diagrams

Sample YB YB

%k (NM) %o (NM) X%ko (NM)
1:12-10004 49 - -
1:89004 59 81 26
1:5800-1 - 51 18

TEM observation of the 1:2P0004 sample (Fig8a-c) highlights cubic particles with diameters ranging
from 30 to 200 nm. The selected area electron diffraction (SAED) patterr8éFigset) onan ensemble
of particles shows that the particles are gY&ibes, in agreement with XRBIRTEM (Figd) of one
nanocube highlights 0.4hm (100) lattice fringes shdng that the nanocubes expose (100) faces, which
is consistent with the cubic structure afietal hexaboridegFig.1) and with previous reports on bigger
hexaboride particled’ A thin amorphouslayer is distinguishedat the surface ofthe crystas, with
thickness below hm. Note that although the cubes are well faceted, they exhibit rogghfaces and
round angles (Fi@@b and c).Slight anounts of amorphous matter arelsb observed next to the cubes
(Fig.8b and c).



Fig. 8 TEM analysis of YBparticles (:12-10004 sample) a-c) Low magnificationimages of a region
exhibiting nanocubesthe SAED pattern in thiasetis indexed along th&'B structure. d) HRTEMpicture
of a nanocube and the corresponding Fast Fourier Transform in inset

TEM onthe 1:8-900-4 sample Fig.9a andc) displays two populations of crystalline particles, consisting in
approximatelyl00nm long and 3G im largenanorodson one sideand 80 nm nanocubesn the other
side. Allcrystals are embedded in a naeatured amorphous solidalready encountered for NB
systens, that is made of partially oxidized boroAgain, the nanocubes are Big.9¢e) particlesOn the
contrary, HRTEMF(g.9b) performed on the tip of one nanorodhows lattice distances 00.50 nm and
0.40 nm, which correspond to (110) and (0Qdianes of YB respectively Consequently, these YB
nanorods exhibit preferential growttalong the [001] axis, in accordance with XRD resuls. our
knowledge, we report here the first occurrencéametal tetraboride at the nanosca¥ith well-defined
morphology



Fig. 9 Left: TEManalysisof the 1:8-900-4 sample a) Low magnificatiorpicture of a region exhibiting
nanorods dispersed in an amorphoagidized borommatrix, b) HRTEM picture of a nanorod with fringes
corresponding to Y c) and d) TEM pictures of a region exhibiting a nanocube partially embedded in an
amorphousoxidized borommatrix and €) HRTEM picture of a nanocuhéexed along theéYB structure.

Right: typical morphologies of yttrium borides observed in the-28-4 sample.

Discussion
Composition selectivityin the crystalline phase

For a givenmetalboron binary system,he results presentecherein indicate the feasibility to control the
stoichiometryof crystallinenangparticlesby using a set of synthesis parameters, suchhasratio of metaland
boron precursos, the temperature and théneating duration This composition control i&st shownfor the B
poor nickel borides, with NiB nanospheres2 to 20 nm diameter(NiC}:NaBH =1:2). This is, to our knowledge,
the smallest crystalline nickel borigdenoparticles synthesizesb far® Ni,B;, Ni,B and NjB can also beelectively
fabricatedby only varying the precursor Nj®laBH ratio from 1:1.2, 1:1 and 1:0.65 ratios, respectivdly these
latter cases, particleare biggethan for NiB but are stithelow 100nm. To our knowledge, we show here the first
occurences of NB; and NiB nanocrystals witlsuch a small sizevhile crystalline NB particles wergreviousy
reported.®® On the sideof Brich phaseswe explored the yttriurdboron systemYB nanocubef ca.80 nm are
reachable, whileYB nanorodsare synthesized for the first timeln this latter case, oxidized phases, especially
yttrium borate YBg are observed aside productand suggest that the powder prior to washing exhibits reactive
yttrium species, presuably poorly crystalline solid phases that oxidize spontaneously in contact with air and
water. Although more efforts are required to isolasingle crystalline phases in theseaof yttrium,the NiB and
Y-B systemsclearly demonstrate that increasing theslative amount of borohydride precursor favors the
synthesis of higher boridesas expected intuitivelyln addition, a temperature increase drives the reaction



towards Brich phases, in agreement with the high energy barrier to crystallization exhibjtesdich compounds
that usually require synthesis at high temperature, above 1W(n solid state reaction.

Noteworthy, an amorphous phase made of partially oxidized bdtas always observedyhether as a 1 to
2 nm-thick shell (Figob and &) or as particles separated (FB.and 9 from the crystalline phase#s oxidation
can only occur during the washing step, then amorphous boron is obtained at the end of the synthesis, prior to
purification. The occurrence of this amorphous component is ¢gieat with the fact that an excess of boron
precursor is always required to reach a given mataboron ratio in the crystalline phase.g.NiCh:NaBH =1:2
for NiB, YGINaBH =1:12 for YB. Hence,part of the boron atoms initially introduced Eegegated into the
amorphous shell in the final product. Consequently, lypothesize that this amorphous phase is reminiscent of
the growth mechanism, which will be discussed elsewhdxertheless, this amorphous shell has been shidwn
to be sufficiently porous to provide access of ionic species to the surface of the nanocrystals, so that it enables
future investigation of catalytic properties.

Crystal habitfaceting andoccurrence of anisotropy in metal boride nanocrystals

Particle size controlAs exemplified previously on NpBanocrystals? an increase of the metab-boron ratio in

the precursor ratio yields a decrease in the size of crystalling ngBoparticles.Two explanationscan be
proposed to account for this size reduction. First, as the concentration of metal precursor is constant, then an
increase in the relatie amount of borohydride results in an overall increase in the reactant concentrations, thus
favoring nucleation over growth and yielding smaller particles. A second explanation may originate from the
amorphous boron shell formed in the course of the réawt Indeed, an increase of the borohydride content
should yield an increase in the volume fraction of the amorphous boron phase, which mag actemplate
restricting nanocrystal growth.

Anisotropic shapes: the case of yttrium borid¥B, Isotropic YB nanocubes could be obtadd from the
synthesis in moltensalts at ambient pressure. These particles are similar to other hexaboride particles as
previously reported from solidtate methods under autogeneous pressafeThey exhibit {100} facets and a
morphology related to the cubic symmetry of the crystal structure of hexaborides. More interestingly, YB
nanocrystals could be obsexd for the first time Moreover theyexhibit a nanorod shapwith an anisotropy
factor of ca.3. Noteworthy, the only processes reported so far to produce anisotropicdimensional (1D)
nanostructures of metal borides employed reactive gaseous species, for instance through cleenpicgsical
vapor depositiort’ They were mostly focused on metal hexaboridesrdih, we report the first example of 1D
crystalline metal boride nanoparticles from a liquid synthesis. Contrary to reactions based on gase@ssabCi
that often yield 1D nan@bjects through the mediation of a substrate, the,¥d8e likely to grow though a
specific crystal habit related to the crystal structure of. Yil&leed, its tetragonal structure differentiates the (001)
plane on one side and the (hkO) planes on the other side. Mwoaepth observation of the reported crystal
structure (Fig.1 and 10) shows that chains of ®ctahedra clusters run along theaxis (orthogonal to the (001)
plane), while the(a,b) plane can be considered as sheets ptlBsters connected by,Blumbbells.The Y atoms
are located between the Bsheets on top ofthe holes left within the sheets between, Blusters and B
dumbbells (Figl0). The nanorods show {001} tip facets and {110} lateral faces. Interestingl\B-téreninated
{110} planes show the highedénsitiesof B; clustersand B atomg0.05B; clugersnm?and0.35 B atoms-nri) in

YB, while {001} and {100} planes show the second (Bo#usters-nnf and0.32 B atoms-nrif) and third (0.03Bs
clusters-nnf and 0.28B atoms-nri) highest B and Bdensities, respectivelyConsequently, one can draw a
parallel with the crystal habit of more common compounds such as oxides, for which growth diréctobessical
crystallizationare often driven by surface energie@Vulff Law)® in turn related (in the absence of surface
directing ligand) tahe atom densityin each plane. Indeedhe most stable faces are usually those showing the
highest atomdensities.The correlation of the Sand Bdensity with the relative amount of the different facets in
YB nanorods ({110} in majority, {001} (tips) in minority, while no {100} face is observed) irsditait¢he surface
energy is driven by the density & clustersor B atoms as buildingblocks of the YBstructure. B-terminated
facets are indeed expected from the excess of boron source introduddtbughthe consideration of relative
surface energiegsequires confirmation by first principle calculati, it is consistent witlthe high strength of the
B-B bonds in such compoundsd with the high stability of Blusters in borideg® which suggesthat the boron
covalent frameworkshould drive the relative surface energies, so that the role of the metal atarosld be

10



secondary Noteworthy, the largest facets in bulk tetraboride grown by a metal flux method are also {110},
confirming their low surfacenergy.

Fig. 10 Facets {110}, {001} and {106# yttrium tetraboride and density of boron octahedra and boron
atoms for the three facetsThe facetproportion in YB nanorodsis evaluated according to dimensions
observed Figo. Itincreases with the borosurface density. Especially no {1@@¢eis observed by TEM.

Anisotropic structures within isotropic nanoparticles: the case of nickel boride NiBcontrast to YBand YB,

the spherical morphology of thHiB nanoparticlesis not related tothe orthorhombic crystalstructure @mam).

This conclusion is suppoddy the large density of crystalline defects (Bigthat precludes any structurdriven
faceting. The welshaped spherical particles are unusual in the case of an anisotropic crystal structure, such as
NiB. Hence, this morphology suggests solidification from molten metal or alloy dréplEte. melting point of

bulk NiB is tabulated at B% °C? close to the value for bulk golds known for goltf and covalent solid$’ strong

melting point depression can occur in this size range. Although physical data are missing in the case of NiB t
evaluate the expected melting point of hdn NiB nanoparticles, one can point out that the synthesis
temperature of 75CClies in the range wheremelting can be expected for Iim nanoparticles of metallic
covalent cohesioff®*® Following the assumption of NiB crystallization from molten droplets and considering the
very high melting point of boron allotropésthen the droplets should be confined within the solid amorphous
boron matrix. Solidification and crystallization within the confined droplets could explain the high density of
crystal defects observed within the NiB nanoparticles after cooling. On the contrargnd B B exhibit melting

points higher than 2300C, which precludes any process involving a molteB “élloy. Hence, the growth
mechanism follows a more conventional route that yields to faceting according to relative facet erserditdse

Wulff Law
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Experimental
Syntheses

The precursors NaBHmin 98 %, Alfa Aesar), anhydrouss;Y@9.99 %, Alfa Aesar) and anhydrous NiCl
(99.99 %, Alfa Aesar) were stored in an argon filled glovebeRr@n) and used as received. A LiCI/KCI
mixture at the eutectic composition (wt. 45/55yas prepared from the commercially available salts
(Aldrich). The mixire was evacuatedinder vacuumat 200°C for 1 day, and then stored in a glovebox.
Powder mixtures were manipulated in an inert atmosphere. Tleye finely ground in a ballmill (Retsch
MM400) for 2 min at 20 Hz, and then transferred into a glassy carbon crucible. The crucible was
maintained in a quartz tube, which was connected to an argon ramp. During heating in a vertical oven
(Carbolite), the mdium wasstirred with a glassy carbon rorbtating at 100 rpm. After the apparatus
cooled below 100C, the frozen salt medium was washed with deionized water, the suspension was
centrifuged and the powder was separated from the supernatant. The obtapmeder was then
washed, centrifuged and recovered from the supernatant three times. The powder was evacuated at
40 °C overnight.

Nickel boride synthesesFollowingthe general procedure2.5 g of eutectic mixture were mixed to
2.0mmol of nickel (1) cbride and 4.0, 2.4, 2.0 and 1.3 mmol of sodium borohydride for experiments 1:2,
1:1.2, 1:1 and 1:0.65 respectively. The mixture was heated feonbient temperature to 750°C
(20°C.min"), then maintained at 750C forl.5h before cooling

Yttrium boride syntheses.Each synthesis is named after the molar ratio of inserted precursors, the
temperature and the dwell time. The parameters of the yttrium borides syntheses are detailed in
TableS1.

Techniques
Powder Xray diffraction (XRD)XRD measurements were performed @D8 Bruker apparatus operating at
the Cu<ri E ] 8]}vX W 858 GEve A E v £ } E-QrRAR2G7), NiB; (1673 W E|]

2551), NiB (04001-0967), N4B (04014-0853), YB (04-003-0596), YB (00-007-0057), YBQ (01-089

3501), YOs (01-071-0049). Apparent crystallite sizeswere calculated using the Scherrer formula and
pseudcVoigt functions to fit peaks.

Transmission electron microscopy (TEMY.120 kV Tecnd&pirit microscope was used for TEM and Selected
Area Electron Diffraction (SAED) pictures. High Resollittvi (HRTEM) was also operated on a 200 kV
JEOL JEM 2011 apparatus, at the Institut des Matériaux de Paris Centre. Samples were prepared
evaporating a drop of suspension in ethanol on a carooated copper grid.

Energy Dispersive-Ray Spectrometry (EDXElementalEDXanalyses were obtained on a Scanning Electron
Microscope (SEM) -3400N (Hitachi), equipped with an EDX detector (Oxfoodlibrated prior
measurements to allow for retrieving quantitative daXa iii /4 # areasuwere probed. Acceleration
tension of the source was 10 kV. A titanium grid was used as quantitative reference. Samples were fixec
to a conductive carbon scotch.

Nitrogen sorption. Samples were degassed at 150 °C overnight before measuringh oRSAP 2000
apparatus (Micromeritics).

Conclusions

To conclude, this studghows for the firstime that the stoichiometry of metal boride nanocrystals can

be tuned. To achieve thisogl, syntheses are performed in inorganic molten salts that are stable in
temperature, with negligible vapor pressure, thus ensuring a convenient, low cost and scalable method.
Single crystalline phases can be isolated in mod® Bystems and in ¥Balthough NiB is obtained with
slight amounts of NB; as sideproduct, while YBcould not be isolated properh\Besides, the crystalline
metal borides are always obtained along with amorphous boron, which in some @&ageliB) play an
important role on theparticle shape and size. This points out different crystallization mechanisms, which
might depend on the melting point of the nanoscaled alloys. When the synthesis temperature is lower
than the melting point €.g.the Y¥-B system), then classical particdeowth may occur, then leading to
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faceting and anisotropic shapes expected from the Wdfiv, without any surfacdirecting ligand On

the opposite, if the synthesis is performed at a temperature exceeding the melting point, then
amorphous boron may actsaatemplate confining alloy droplets, which would in turn crystallize upon
cooling in the space defined by the droplets, thus yielding metal boride spheres. In the case of
anisotropic crystal structurge.g.NiB), the competition between thestructure-driven tendency to
anisotropic growth and the spherical shape imposed by the template results in strains, released in the
form of uniaxial crystal defectd.o confirm these mechanistic conclusionssitu characterizatios are

under way, byusing spectroscopicscatteringand electron microscoptechniques
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Supplementary information

Table SIReaction conditions for the synthesis of yttrium borides
Fig. SLow magnificatiomEM picture othe sample obtained with initial ratitliC}:NaBH = 1:2.
Fig. SHRTEM pictures of NiB nanoparticles obtained with initial ratio,NiaBH = 1:2.

Fig.S3 HRTEM picture oNi,B; 30nm particle, minor product in the sample obtained withitial ratio
NiCh:NaBH =1:2.

Fig.S4 TEM pictures ofNi;B; and Ni,B particles, obtained for initial ratiogNiCh:NaBH = 1:1.2 and 1:1,
respectively

Fig. SSTEM picture of NB particles obtained for an initial ratiC}:NaBH = 1:0.65.

Fig. S&EDXspectraof sampleNiB, Ni4B, NpB and NjB.

Table SReaction conditions for the synthesis of yttrium borid¥€J:NaBH isthe yttrium-to-boron source
molar ratio, Tandt arethe temperature and dwell time, respectively. Tb@respondingnasses are reported for
each synthesis.
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YC{:NaBH T t YC NaBH LiCI/KCI
(°C) (h) (mg) (mg) (9)
1:12 1000 4 98 227 1,25
1:8 900 4 195 303 2,50
1:8 900 1 195 303 2,50
1:8 900 0.5 195 303 2,50
1:8 800 4 195 303 2,50
1:8 800 1 195 303 2,50
1:8 800 0.5 195 303 2,50
1:8 700 4 195 303 2,50
15 900 4 195 189 2,50
15 900 1 195 189 2,50
15 900 0.5 195 189 2,50
15 800 4 195 189 2,50
15 800 2 195 189 2,50
1:5 800 1 195 189 2,50
1:5 800 0.5 195 189 2,50
1:5 700 4 195 189 2,50

Fig. SITEM picture ofthe sample obtained with initial ratidNiC:NaBH = 1:2. The sample is composed of
crystalline particles dispersed in an amorphdogron phase. The particles can be divided in two groups,
depending on size and morphology: theajor one is composed of particles arounch in diameter, with a
spherical morphologythat are NiB particles according to HRTEM @Agand Fig). Other particles inminority
exhibit diametersabove20 nm (black arrowsand are slightly facetedThey are indexed on the /& structure.
(Fig.S3).

15



Fig. SHRTEM pictures of NiB nanoparticles obtained with initial ratio,Ni&BH = 1:2. Spherical particles 2 to
6 nm in diameter are indexed along the NiB structure. Some crystal defects arevelddarthe particles. ¢) The
crystalline spheres are surrounded bga 1.5 nm thick amorphous shell.

Fig. S3BHRTEM picture of a 3tn particles, minor producin the sample obtained with initial ratio
NiC:NaBH =1:2. The inset shows the correspongiFourietransformindexed on the NB; structure.
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Fig. SA4TEM pictures ofa) Ni,B; and (b)Ni,B particles, obtained for initial ratiodliCy:NaBH = 1:1.2and 1:1,
respectively The particles are faceted and exhibit diametéestween 50 nm and 200 nm. They form dense
aggregates anghow evidences of sintering with clear grain boundariBlsey are embedded in an amorphous
shell that crystallizes under theelectron beam, possibly related to nickel hydroxide HRTEM pictures and
correspondng Fourier transformginset9 highlight the crystal structures @f) NiB; for NiC}:NaBH = 1:1.2 andf

b) NiB for NiGtNaBH =1:1.

Fig. SSTEM picture of NB particles obtained for an initial ratiC}:NaBH = 1:0.65.
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Fig. $ EDXspectraof samplesNiB, Ni4B NiB and NjB, obtained with initial ratioNiCh:NaBH = 1:2, 1:1.2, 1:1
and 1:0.65 respectively.
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