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Abstract

The synthesis of early transition nanocrystals using NaBH  and the respective metal oxides
at atmospheric pressure was studied at temperatures between 400 and 1000°C. Reaction
products were analyzed by x‐ray di�raction, the crystallite size was determined after
Rietveld re�nement of di�raction patterns, while the morphology was analyzed by scanning
and transmission electron microscopy. For all the investigated systems the lowest
temperature to complete the synthesis was 700°C and the reaction occurred in three
subsequent steps: (i) decomposition of NaBH , (ii) formation of crystalline ternary species
Na–M–O and Na–B–O, (iii) conversion of intermediary species to MB  and NaBO . Syntheses
carried out at T > 700°C only caused coarsening of the powders. The synthetized boride
powders had the morphology of highly agglomerated nanocrystals. TiB  had a speci�c
surface area of 33.5 m /g and crystallite diameter of 12 nm. Both ZrB  and HfB  had a
platelet‐like morphology with crystallite diameter around 45 nm and speci�c surface area
of 25.0 and 36.4 m /g, respectively. Finally, NbB  and TaB  powders had a crystallite
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diameter around 5 nm with speci�c surface area of 21.1 and 11.4 m /g, respectively. The
goal of this synthesis is the use of cheap raw materials and moderate temperature
conditions.

2

1 INTRODUCTION
Group IV and V metal borides are ultra‐refractory materials with melting temperatures above
3000°C, hard, thermally, and electrically conductive,1 with high mechanical strength and
rigidity up to 2000°C or higher2 and are chemically stable in acidic environments.3 Due to
these excellent qualities, borides of early transition metals are considered candidates for
aerospace applications, such as engine components and leading edges for hypersonic reentry
vehicles. Other prospective uses include concentrated solar thermal absorbers,4, 5 nuclear
fuel cladding, and neutron absorbers.6 In particular, combined with silicon carbide or carbon
�ber as ceramic matrix composites (CMCs), they provide a combination of improved failure
tolerance and ablation resistance.7-9 Carbothermal reduction10, 11 is a well‐established
synthesis used at the industrial scale, however, reactive processes or a chemical route are also
promising approaches.1, 12 Availability of submicrometric/nanometric boride particles o�ers
the possibility to improve several stages of ceramic processing,13 such as the sintering of bulk
ceramics, due to enhanced particle reactivity,14 or the in�ltration of �ber preforms. Moreover,
other properties of borides may bene�t from a reduction in size, such as the catalytic
behavior. Indeed the use of these borides as catalysts is a relatively unexplored �eld of
research.15 Recent studies report on the synthesis of group IV and V boride nanostructured
powders by reactions of NaBH  with TiCl , ZrCl , HfCl , and NbCl  at 600‐700°C under
autogenic pressure,16-19 while Portehault and co‐worker introduced the reaction of NbCl ,
HfCl , CaCl , CeCl , MoCl , FeCl , MnCl , and NaBH  under atmospheric pressure using LiCl/KCl
molten salt at 900°C for 4 hours.20 Synthesis of metal diborides via reduction in metal oxides
using polyborane was proposed by Forsthoefel and Sneddon 21 to produce group IV and V
MB  crystals with size <1.0 μm. Few groups focused their activity on NbB : Jha et al22 used
NbO  with elemental boron via solid‐state reaction to obtain nanorods (40 × 800 nm ), Ran
and co‐worker combined Nb O , B and NaCl/KCl to produce nanocrystals (61 nm).23 Ma
et al24 obtained nanocrystals of NbB  via thermal reduction in Nb O , H BO , at 650°C for
10 hours using NaCl/MgCl  as molten salt. Finally a carbo‐thermal reduction was proposed by
Maeda et al25 by the use of Cornstarch as carbon source to obtain nanometric NbB  at
1700°C. Interestingly Chen ad co‐workers 26 achieved TiB  and ZrB  crystals with size of
100 nm and 500 nm, respectively, and micrometric NbB  (5 μm) via a boro‐thermal reduction
in the corresponding metal oxides with elemental boron assisted by Na and S. Despite the
large variety of syntheses proposed, to the best of the authors’ knowledge, the use of metal
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borohydride combined with metal oxides for the synthesis of metal boride nanocrystals
powders is di�cult to �nd in the literature. As only examples, MoB was achieved by Li et al27
by sealing MoO , KBH  and CCl  in autoclave. LaB  was obtained by Lihong et al,28 using La O
with NaBH  under vacuum at 1200°C, while by Pan et al29 using lanthanum hydroxide or oxide
with LiBH . De Resende et al30 produced Fe‐B alloys combining nano‐sized goethite (α‐FeOOH)
in acid solution with NaBH . Finally, CrB was obtained by Wao and co‐worker sealing Cr O  and
NaBH  in autoclave for 10 hours at 600°C.31

In our previous work, for the �rst time, we produced ZrB  nanocrystals at 900°C, starting from
a mixture of ZrO  and NaBH .32 Here, we extend the use of NaBH  to group IV and V metal
oxides to demonstrate the general validity of this synthesis even in a lower temperature range,
for example, 500‐700°C. The main goal of this method is the use of cheap raw materials and
mild conditions to achieve nano‐borides.
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2 EXPERIMENTAL PROCEDURE
Commercial NaBH  (Fluka, purity ≥ 98%, Silica ≤ 100 ppm, Fe ≤ 55 ppm), TiO  (Degussa P25, Ca
≤ 0.1%, K ≤ 100 ppm, Fe, Cr ≤ 300 ppm), ZrO  (Carlo Erba, purity >99.99%), HfO  (Johnson),
Nb O  (Sigma Aldrich, ≤ 45 μm, purity >99,9%, metallic impurities ≤1500 ppm) and Ta O
(Sigma Aldrich, ≤ 20 μm, 99.99%, metallic impurities ≤150 ppm) were used for the synthesis.
The raw metal oxides were characterized as follows. The particle size distribution (D ) was
measured using the sedimentation method (SEDIGRAPH III 5125 plus, USA), the speci�c
surface area (s.s.a.) by the BET method (Surfer apparatus, Thermo Scienti�c), the morphology
was analyzed by Field Emission Scanning Electron Microscopy (FE‐SEM Carl Zeiss Sigma NTS
Gmbh Öberkochen, Germany) equipped with energy dispersive spectroscopy (EDS, INCA
Energy 300, Oxford Instruments, UK).

For the syntheses the following procedure was adopted. Before heating, 10.00 g of sodium
borohydride was �nely ground in a mortar and then gently mixed with the metal oxide (M: B
molar ratio 1:4) in polyethylene bottles with zirconia milling media (balls: powders 10:1 mass
ratio) with diameter of 5 mm for 4 hours at 60 rpm and placed in a zirconia crucible. All the
syntheses were carried out in alumina tubular furnace (Nabertherm, Germany) under argon
atmosphere, with heating rate of 3 °C/min up to the target temperature, holding time of
30 minutes and free cooling. In the case of ZrB  the synthesis was carried out at 400, 500, 600,
700, 800, 900, and 1000°C. On the basis of the results obtained with ZrO ‐NaBH  system,
experiments with TiO , HfO , Nb O , and Ta O  were only conducted at the temperatures of
interest, namely, 500 and 700°C. X‐Ray di�raction (XRD) patterns of as‐synthesized powders
were collected by a Bruker D8 Advance X‐ray di�ractometer (θ‐θ) equipped with a LINXEYE
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detector (Bruker, Karlsruhe, Germany) using Cu‐Kα radiation (λ  =  1.5418 Å) in the 10° ≤ 2θ ≤
70° range. The Rietveld method was carried out using the GSAS software33 in order to re�ne
both the structural (lattice constants) and microstructural parameters (crystallite size). To this
aim, the powders synthesized at 700°C were washed with hot water three times to remove
unwanted Na‐based phases from boride nanocrystals products and dried under vacuum at
100°C for 12 hours. The ZrB  washed synthesized at 700°C powders were dissolved in hot
nitric acid and the residual unwanted Na‐based phases were determined by Inductively
Coupled Plasma Optical Emission Spectrometry (ICP‐OES) and expressed as ppm of Na. The
peak pro�les were �tted using pseudo‐Voigt with Finger ‐ Cox ‐ Jephcoat peak asymmetry
function (GSAS pro�le: type 3) while a sixth‐order polynomial equation was used to �t the
background. In order to quantify the length of the crystallites, along the orthogonal directions,
<100 >  and <001 >  we applied the Scherrer's formula on the (100) and (001) peaks,
respectively: 34 D  =  λ/(β cosθ), where λ is the Cu Kα wavelength, β is the Lorentzian
broadening contribution on the integral breadth of the XRD peaks and D is the volume‐
weighted crystallite size perpendicular to the di�raction plane, with the Scherrer's constant
�xed to one. The structures of crystal lattice and crystallite shape were sketched by VESTA
software.35 Speci�c surface area (s.s.a.) of the reaction products at 700°C was measured by
the BET method. The morphologies of as‐synthesized powders were analyzed by SEM‐EDS. In
addition, ZrB  powders synthesized at 700°C were observed in transmission electron
microscopy (TEM, JEOL JEM 2100F, Tokyo, Japan) operating at a nominal voltage of 200 kV and
equipped with an energy‐dispersive X‐ray system (EDS, mod. INCA Energy 300, Oxford
instruments, UK). The powders were deposited on holey carbon �lm coated copper grid
through a vacuum apparatus and immediately observed using a transmission electron
microscope. Electron di�raction patterns identi�cation was carried out through the software
tool developed for Digital Micrograph.36

2

2

3 RESULTS AND DISCUSSION
Characterization of starting metal oxides was reported in Table S1, oxides powders had a D
in the submicrometric range. SEM images, see Figure S1, show that the particles are highly
agglomerated, especially in the case of TiO .

As previously mentioned, we extensively studied the ZrO ‐NaBH  system, and then extended
the synthesis to other borides, with the aim of drawing common steps.

ZrO ‐based system. XRD patterns for the powders synthesized from 400 to 1000°C are shown in
Figure 1.
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Figure 1

Open in �gure viewer PowerPoint

XRD patterns of ZrO ‐NaBH  system after synthesis for 30 min at 400‐1000°C. Arrows evidence

the change in relative peaks intensity (100 and 75%) of the ZrB  phase passing from 700 to

1000°C synthesis temperature [Color �gure can be viewed at wileyonlinelibrary.com]

Caption 

After synthesis at 400°C re�ections of the starting species, monoclinic ZrO  and cubic NaBH ,
were still well detectable, indicating that no reaction had occurred yet. On the contrary, after
synthesis at 500°C we observed the lack of NaBH  re�ections and the formation of a new Na‐
Zr‐O intermediate specie, labeled as monoclinic sodium zirconate (Na ZrO , ICCD: 35‐0770).37
With increasing the synthesis temperature to 600°C, ZrO  and Na ZrO  were still detected,
however, it was already possible to recognize broad re�ections associated to the crystals
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planes (100) and (101) of hexagonal ZrB  (ICCD: 65‐3389) and monoclinic sodium
tetrahydroxyborate (NaB(OH) , ICDD: 081‐1512). At 700°C we observed a de�nitive
disappearance of ZrO  and Na ZrO , due to complete conversion to metal boride, and
appearance of rhombohedral sodium meta‐borate (NaBO , ICCD: 32‐1046), as side‐product.
From this key temperature on, no further phase transformations of boride products was
observed.

After synthesis at T > 1000°C, NaBO  di�raction peaks were no longer observed, owing to
melting and partial evaporation.38 However, residual traces of this phase below the XRD
resolution limit (~3%‐4%) cannot be ruled out. In addition, XRD analyses gave some preliminary
indications about the morphology of the new‐born crystals, subsequently con�rmed by
microscopic analysis. The peaks intensity associated to (100) and (101) crystal plans of ZrB
perfectly matched the theoretical ones only after 1000°C synthesis. Instead, at lower
temperatures (700‐900°C) the main re�ection, I  (101), had a lower intensity than I  (100),
(Figure 1). This could be associated with a distortion of the unit cell at early stages of the
synthesis or could be due to Na cation inclusions. To understand the sodium contamination in
the synthesized diboride we performed ICP‐OES after synthesis at 700°C. The analyses
con�rmed that the Na content was <10 ppm after 3° washing procedure.

TiO , HfO , Nb O , and Ta O  based systems. XRD patterns of the powders after synthesis at 500
and 700°C are reported in Figure 2.

Figure 2
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Open in �gure viewer PowerPoint

XRD patterns after synthesis for 30 min at 500 and 700°C for systems: (A) TiO ‐NaBH ; (B) HfO ‐

NaBH  s; (C) Nb O ‐NaBH ; (D) Ta O ‐NaBH . Note that the hydrate or hydroxide species were

due to the air exposure during the X‐ray analysis [Color �gure can be viewed at

wileyonlinelibrary.com]

Caption 

Patterns collected after synthesis at 500°C show the formation of two types of ternary phases
with general formula Na M O  and Na B O . After synthesis at 700°C the complete conversion
of starting metal oxides and intermediate products to metal boride nanocrystals occurred in
analogy with the ZrO ‐system. In detail:

1. Monoclinic titanium oxide (TiO , ICDD 48‐1278), sodium titanate (Na TiO , ICDD 37‐0346)
and sodium borate hydrate (NaBO ·2H O, ICDD: 06‐0122), were detected at 500°C;
hexagonal titanium boride (TiB , ICDD: 35‐0741) and sodium meta‐borate (NaBO , ICDD:
32‐1046), were detected at 700°C in the TiO  system, Figure 2A;

2. monoclinic hafnium oxide (HfO , ICDD: 34‐0104), sodium hafnate (Na HfO , ICDD: 016–
0597) and sodium borate hydrate (NaBO ·2H O, ICDD: 06‐0122) were recorded at 500°C;
sodium meta‐borate (NaBO , ICDD: 32‐1046), sodium tetrahydroxyborate (NaB(OH) ,
ICDD: 81‐1512), and hexagonal hafnium boride (HfB , ICDD: 38‐1398) were visible at
700°C in the HfO  system, Figure 2B;

3. Re�ections of monoclinic sodium borate (Na B O , ICDD: 36‐0878) and natroniobite
(NaNbO , ICDD: 26‐1380) were visible at 500°C while hexagonal niobium boride (NbB ,
ICDD: 35‐0742), sodium meta‐borate (NaBO , ICDD: 32‐1046) and sodium borate hydrate
(NaBO ·2H O, ICDD: 06‐0122) were detected at 700°C in the Nb O  system, Figure 2C.

4. Broad re�ections of sodium tantalum oxide (NaTaO , ICDD: 25‐0863) and hexagonal
tantalum boride (NbB , ICDD: 38‐1462) were recognized at 500°C and at 700°C,
respectively, while sodium meta‐borate (NaBO , ICDD: 32‐1046) was revealed at both
temperatures in the Ta O  system, Figure 2D.

Re�ned XRD patterns of the washed powders obtained at 700°C, for all the investigated
systems are reported in Figure 3. Table 1 reports lattice constants average crystallite sizes, (D

) and (D ), along the c and a axes, respectively, crystallographic density and other
relevant parameters obtained through the Rietveld re�nement. The as‐re�ned parameters,
shown in Table 1, take into account the shape of the crystallites as the aspect ratio strongly
a�ects the di�raction peaks.
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Figure 3
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Re�ned XRD patterns with their sketches of unit cell and crystallite (drawn with the same scale)

of boride nanocrystals after synthesis at 700°C and washing for (A) TiB , (B) ZrB , (C) HfB , (D)

NbB , (E) TaB . Arrows highlights spurious ZrB  peaks in TiB  powder due to ZrO  contamination

[Color �gure can be viewed at wileyonlinelibrary.com]

Caption 

Table 1. Characteristics of produced metal borides: lattice parameter (a), axial ratio (c/a),
crystallographic density (ρ ), average crystallite sizes, (D ) and (D ) along <1 0 0 >  and <0
0 1 >  directions, aspect ratio (R  =  D /D ), anisotropic broadening recti�cation (GSAS
pro�le term: ptec), equivalent sphere diameter of the crystallite (D). χ  is the �t goodness and
depicts the re�nement �tting parameters, speci�c surface area (BET)

a Å c/a ρ

(g/cm )

D

(nm)

D

(nm)

R ptec D

(nm)

χ s.s.a.

(m /g)

TiB 3.01 1.06 4.61 11 13 0.8 −22.91 12 1.23 33.45

ZrB 3.16 1.12 6.12 55 24 2.3 41.71 45 3.14 24.97

HfB 3.13 1.11 11.20 60 21 2.9 56.74 45 4.15 36.36

NbB 3.14 1.04 6.84 5 7 0.7 −85.33 6 1.49 21.09

TaB 2.99 1.03 14.13 4 5 0.8 −79.93 5 1.18 11.38

The equivalent spherical diameter, D, and the aspect ratio, R  =  D  / D , quantify size and
morphology of the crystallites which range between 5 and 45 nm and result plate‐like (R > 1) or
columnar‐like (0 <  R < 1). In agreement with the microscopy analysis, TiB , NbB , and TaB
show a columnar‐like shape, while ZrB  and HfB  present a plate‐like shape.

3.1 Microstructural characterization
Morphological analysis of the ZrO ‐NaBH  system synthesized at 400, 500, 600, and 700°C is
reported in Figure 4, morphologies of the other metal oxides‐NaBH  systems synthesized at
700°C are shown in Figure 5. Speci�c surface area values for synthesis at 700°C are
summarized in Table 1 and range from 11 to 34 m /g. Worthy to mention, the synthesized
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powders had the tendency to form agglomerates in the micrometric size range (2‐5 μm), see
examples of powders obtained at 700°C in Figure S2.

Figure 4

Open in �gure viewer PowerPoint

SEM image of the ZrO ‐NaBH  system after synthesis at (A) 400°C, (B) 500°C, (C) 600°C, (D)

700°C. For this last powder, (E) the corresponding bright �eld TEM, (F) high‐resolution image

and di�raction pattern (inset in F) are provided. Arrows in the HR‐TEM image in (F) points to

oxygen‐rich layer around ZrB  platelet

Caption 
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Figure 5

Open in �gure viewer PowerPoint

SEM images of powders after synthesis at 700°C for (A) TiO ‐NaBH  (B) HfO ‐NaBH , (C) Nb O ‐

NaBH  (D) Ta O ‐NaBH . The insets are magni�ed images of the corresponding powder

Caption 

3.1.1 ZrB

For the ZrO ‐based system we tried to follow all the stages of the synthesis up to 1000°C. The
morphology of powders after synthesis at 400°C is shown in Figure 4A: submicrometric
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particles of ZrO , with bright contrast, are dispersed on large NaBH  crystal chips with �at
surfaces. An increase in the synthesis temperature to 500°C, Figure 4B, leads to the formation
of some amorphous layer around ZrO , as evidenced by higher di�culty in taking sharp
images by SEM. Amorphous Na–B–O and Na–O (with dark contrast) are well distinguishable
from crystalline ZrO  and Na ZrO  phases (bright contrast). From microstructural investigation
we deduced that Na ZrO  intermediate specie nucleated on the edges of ZrO  particles, inset
Figure 4B. At 600°C the fuzziness aspect of ZrO  or Na ZrO  nanocrystals further increased, as
perceivable from the inset of Figure 4C. Morphology analysis of the as‐synthesized powder at
700°C, SEM analysis in Figure 4D, shows a micron‐sized agglomerate constituted of randomly
oriented nano‐platelets. In Figure 4E, TEM analysis of a polycrystalline sub‐micrometer particle
shows nano‐platelets crystals with faceted shape around 50 nm and each ZrB  crystal was
continuously surrounded by an amorphous oxygen‐rich layer, as shown in the HR‐TEM image
of Figure 4F. This powder has a speci�c surface area of 25 m /g, Table 1. After synthesis at
temperature >700°C we just observed an increase in the boride crystal size. At 1000°C (not
shown) we observed ordered platelets, ~200 nm wide and ~20 nm thick.

3.1.2 TiB

The powder obtained at 700°C (Figure 5A) consisted of rounded micron‐sized particles highly
agglomerated, the nanostructure of a TiB  cluster shown in the inset of Figure 5A has an
average crystal size around 20 nm. This powder has a speci�c surface area of 33 m /g,
(Table 1) similar to that reported by Shi, 25.93 m /g.39

3.1.3 HfB

The product obtained at 700°C (Figure 5B) consists of polycrystalline particles having size of 1‐
2 μm, with rose‐like morphology. Nano‐platelets have size below 200 nm and thickness of tens
of nm (inset of Figure 5B). The speci�c surface area is 36 m /g. As far as we know, this
particular rose‐like morphology has never been reported before for HfB 18,20 and could be a
suitable morphology for application as catalysts.

3.1.4 NbB

The micrograph in Figure 5C shows micron‐sized particles constituted of rounded hollow
clusters weakly bonded having size around 200 nm. Inset of Figure 5C highlighted the core of
an hollow nanostructured aggregates with crystallite size of few nm according to XRD analysis.
The powder has a speci�c surface area of 21.08 m /g. Portehault et al20 obtained NbB
powders with size and s.s.a. analogue to our results by heat treatment of NbCl  and NaBH  in
molten salt (LiCl/KCl) at atmospheric pressure and 900°C for 4 hours (e.g., 10 nm, 25 m /g,
M:B = 1:4). Ran and co‐worker 23 used Nb O  and amorphous B in molten salts (NaCl/KCl) to
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(1)

(2)

form NbB  at 800°C, 4 hours under �ux of Ar, obtaining NbB  with an average crystallite size of
60 nm and s.s.a of 14 m /g. Therefore, our powders are positioned among the �nest NbB
powders ever obtained in the mildest conditions.

3.1.5 TaB

SEM analysis revealed two di�erent morphology of particles, needles and rounded poly‐
crystalline particles (Figure 5D), which may be due to local variation in chemistry and pressure
conditions. Rounded particles have a size around 300 nm, needles have a max length of
around 200 nm and thickness of few nm. The nanostructure of needles particles is highlighted
in inset of Figure 5D, according to XRD analysis the crystallite size is below 20 nm, similar
observation are valid for rounded particles. This powder has a speci�c surface area of
11.38 m /g, which to the best of our knowledge it is the highest value reported in literature.13,
40

3.2 Thermodynamic calculation
To get a general overview on the reaction path for the synthesis of transition metal borides,
thermodynamic calculations were performed through the commercial package HSC Chemistry
v. 6.1 (Outokumpu Research Oy, Pori, Finland).

According to information collected from XRD and the thermodynamic computations, the
overall reactions describing the synthesis can be written as follows, depending if we deal with
tetravalent metal oxides (Zr, Ti, Hf), reaction 1, or pentavalent metal oxides (Ta, Nb), reaction 2:

where the gaseous product, H  and Na above 900°C volatilize and the solid byproducts,
NaBO , can be washed away by hot water. If we plot the free Gibbs energy, ΔG, of reactions 1
and 2 for all the systems considered as a function of the temperature, Figure 6, we observe
that for pentavalent metals the reactions is favorable at any temperature, for Ti it becomes
favorable at 150°C, while for Zr and Hf above 300°C. Therefore, from a mere thermodynamic
point of view, the conversion from oxide to boride it is favored at extremely low temperatures.
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Figure 6

Open in �gure viewer PowerPoint

Gibbs free energy of reactions 1 and 2 as a function of temperature and type of metal oxide

[Color �gure can be viewed at wileyonlinelibrary.com]

Caption 

HSC Chemistry v.6.1 was used also to plot the isobaric multiphase equilibria vs temperature
diagrams of the systems investigated except for HfO  because Na HfO  is not available in its
database. A batch of possible species were selected for the computation (e.g., B O , Na O, B,
NaBO , NaMO , Na MO  etc.), the initial conditions set are atmospheric pressure plus 0.1 mol.
argon and H  and the amount of the reagents de�ned by reaction 1 for ZrO ‐ and TiO ‐
systems and by reaction 2 for Nb O ‐ and Ta O ‐systems, see Figure 7.
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Figure 7

Open in �gure viewer PowerPoint

Isobaric multiphase equilibria as function of the temperature calculated using HSC Chemistry

v.6.1 for the systems investigated and available in the database: (A) ZrO ‐NaBH , (B) TiO ‐

NaBH , (C) Nb O ‐NaBH  (D) Ta O ‐NaBH  [Color �gure can be viewed at

wileyonlinelibrary.com]

Caption 

Although decomposition of NaBH  and formation of Na‐M‐O species are forecast at a
premature range of temperature compared to XRD data, the phase equilibria reported in
Figure 7 well agree with the crystalline phases observed in the temperature range 400‐700°C.
Formation of Na–M–O and Na–B–O can be explained by the sequence of reactions (3)‐(7)
reported in Table 2, that also discriminates MO  and M O ‐based systems. First, NaBH
decompose into Na, B, and gaseous hydrogen close to 500°C,41 reaction (3) in Table 2, and at
this temperature, boron readily reacts with the solid metal oxides yielding boron oxide and
metal diboride, reactions (4) in Table 2. Boron oxide so formed reacts with the available Na
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yielding Na O, reaction (5) in Table 2. The formation of the major intermediates observed in
the XRD patterns at 500°C, Na MO  and NaMO , can be therefore explained in terms of
reaction between Na O with metal oxides, reactions (6) in Table 2.

Table 2. Sequence of reaction explain the formation of intermediate and �nal products

MO M O Reaction

NaBH  = Na(l) + B(s) + 2H (g) 3

3MO  + 10B = 3MB  + 2B O 3M O  + 22B = 6MB  + 5B O 4

6Na + B O  = 3Na O + 2B 5

Na O + MO  = Na MO Na O + M O  = 2NaMO 6

Na O + B O  = 2NaBO 7

Actually we did not observed Na O as a crystalline product in XRD patterns, but we detected
Na–O species by EDS (see Figure 4B), which suggests that this species could be involved in the
reaction path as amorphous. Finally, it has to be remarked that in the present case, the
proposed reaction path, through formation of the Na MO  phase for Ti, Zr; Hf and NaMO  for
Nb and Ta, enables a remarkable decrease in synthesis temperature, only 700°C, for the
obtainment of MB . Usually, metal oxides thermally treated with elemental boron powder
provide the corresponding boride at temperature ≥1000°C, see ZrO  42 and Nb O .23
Therefore, it is plausible to suppose that the Na–M–O phases play a key role in these
syntheses. Further studies with in situ X‐ray di�raction focused on the e�ective role of
intermediate products at relevant temperatures will be object of future works.
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4 CONCLUSIONS
For the �rst time, we investigated the chemistry of NaBH  with a variety of IV and V group
transition metal oxides to obtain the corresponding diboride nano‐crystalline powders, TiB ,
ZrB , HfB , NbB  and TaB  at 700°C and atmospheric pressure. For all the systems under
analysis, we identi�ed the common reaction path which relies in the formation of intermediary
Na–M–O species. Remarkably, irrespective of the di�erent oxide starting phases, all the
synthesized powders have a nanometric size of the crystallite ranging from 5 to 45 nm. The
post synthesis Na‐contamination can be e�ciently removed with repeated washing cycles in
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hot water. The platelet‐like morphology found for ZrB  and HfB  and the needle‐like
morphology found for TaB  combined with the elevated speci�c surface area (11‐36 m /g)
suggest that possible applications of these synthesized powders are in the �eld of catalysis.
The choice of synthesis method requires balancing factors that include cost, purity, and
crystallite size with respect to the performance needed in applications. In this regard, the use
of the mild synthesis conditions here presented that enables easy adjustments of the
crystallite size and shape is an excellent combination never achieved heretofore with previous
routes. The atmospheric pressure and the use of cheap raw materials, like metal oxides and
NaBH , are key points in order to move this method toward industrial scale‐up.

2 2
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Table S1 – Characteristics of the starting oxides. D50: particles size distribution (Sedigraph),  m.g.s.: 
mean grain size (by SEM), s.s.a.: specific surface area (BET).

Figure S2- SEM pictures at low magnification of washed powders after wynthesis at 700  °C: (a) ZrB2, (b) 
TiB2, (c) HfB2 , (d) NbB2, (e) TaB2.

D50 m.g.s. s.s.a. 
(µm) (nm) (m2/g) 

TiO2 0.25 30 48.41  
 ZrO2 0.56 110 9.46 
HfO2 0.51 150 4.18 

Nb2O5 0.47 180 7.26 
Ta2O5 0.79 300 2.44 
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