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1. INTRODUCTION

Rare-earth hexaborides RB

 

6

 

 epitomize far-fetched
properties such as highly efficient thermionic emission
[1, 2] superconductivity [3–5], narrow-band semicon-
ductivity [6], magnetic ordering [7], high melting tem-
perature, strength and chemical stability [8, 9] because
of the electron paucity of boron [10]. Among these,
cerium hexaboride CeB6 finds application in many
advanced fields. It has a very low work function
(around 2.5 eV), low volatility, and longer service life
[11, 12]. It is used in electronic devices, decorative
coatings [13, 14], and nuclear technology [15] because
of its high thermal neutron cross section of 

 

10

 

B [16].
Boron-rich rare-earth borides can be prepared by mol-
ten salt electrolysis [17], solution method [18], and
floating zone method [19–21]. In the above methods,
the reaction temperature is above 1000

 

°

 

C and process-
ing is time-consuming. In this work, we made an
attempt to synthesize cerium hexaboride crystals in a
low-temperature process using hexamine as a fuel.

2. EXPERIMENTAL

Cerium nitrate Ce(NO
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)

 

3

 

 · 6H

 

2

 

O, boron trioxide
B

 

2

 

O

 

3

 

, and hexamine (CH

 

2

 

)

 

6

 

N

 

4

 

 were mixed in the fol-
lowing stoichiometric proportions:
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 + (CH
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)

 

6

 

N
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(mix 3).

Mixtures (1)–(3) were placed in a high alumina cruci-
ble and put into an inconel reactor which had the
inlet/outlet for argon gas. Then the reactor was heated
in an electric furnace to 500

 

°

 

C. The intact experiments
were carried out in a controlled argon atmosphere for
10 h. After completion of the reaction, the contents
were detached from the crucible and treated with dilute
HCl followed by washing with triple distilled water.
Then the product is washed with ethanol and desiccated
at 150

 

°

 

C in an oven. The purified product was charac-
terized by XRD (Philips 8030 X-Ray Diffractometer)
to identify the phase composition. The particle size dis-
tribution of the powders was analyzed using a particle
size analyzer Microtrac S3500. The morphology of the
synthesized crystals was scrutinized by SEM (JEOL-
JSM-3.5 CF-Japan) and TEM (FEI Technai 20 G

 

2

 

).

3. RESULTS AND DISCUSSION

Hexamine—also called hexamethylenetetramine
(HMT), or methenamine—is a heterocyclic organic
compound widely used in organic synthesis [22]. The
combustion reaction of hexamine can be represented as

(CH
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)

 

6

 

N

 

4

 

 + 10O

 

2

 

 4CO + 2CO
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 + 2NO + 2NO

 

2

 

 + 6H

 

2

 

O.

Hexamine was tried as a fuel for preparation of
LiMn

 

2

 

O

 

4

 

 nanoparticles [23], alumina nanofibers [24],
zinc oxide [25, 26], MgAl

 

2

 

O

 

4

 

, ZnAl

 

2

 

O

 

4

 

 [27], dispersed
bimetallic carbides and nitrides [28–30], and alumina-
supported g-Mo

 

2

 

N [31]. One of the simplest and most
promising methods is single-step decomposition of a
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HMT-based complex [32]. Afanasiev [32] has reported
the synthesis of high surface area Mo

 

2

 

N by thermal
decomposition of HMT complex at low temperature
(823–1073 K). In our experiments, hexamine has been
used to form a complex with the reactants subsequent
decomposition of which yields cerium hexaboride
CeB

 

6

 

.

Figure 1 shows the TGA/DTA curves for mix 1. As
follows from the TGA curve, the loss of crystallization
water [from Ce(NO

 

3

 

)

 

3

 

 · 6H

 

2

 

O] seen at 85.57

 

°

 

C attains
its maximum value at 216.52

 

°

 

C, which is followed by
chemical decomposition at 381.87

 

°

 

C. Beyond

381.87

 

°

 

C, there is no weight loss, which indicates that
the resultant compound does not undergo any chemical
change. It has been calculated that of the weight loss
above 30% may be due to the removal of water and par-
tial chemical decomposition of mixture. This informa-
tion has been inferred from the TGA curve.

The DTA curve in Fig. 1 exhibits three dips corre-
sponding to endothermic reactions: the dips at 73.38

 

°

 

C
and 216.52

 

°

 

C can be associated with dehydration while
that at 369.67

 

°

 

C, with decomposition of associated gas-
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Fig. 1.

 

 TGA/DTA curves for mix 1.
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eous product, which is the minimum melting tempera-
ture of the compound. In the upstream side, an exother-
mic peak at 323.67

 

°

 

C is primarily due to the decompo-
sition of hydrogen and oxygen, which is vital for
melting the reactants to the recovered temperature of
above 369.67

 

°

 

C and a good yield of cerium hexaboride.

The XRD pattern for the synthesized compound is
shown in Fig. 2. The most of the peaks are seen to
match the standard data. The XRD data were used to
calculate the lattice constant a and the size of CB

 

6

 

 crys-
tallites (see Table 1). The calculated values of 

 

a

 

 are in
good agreement with the published value for CeB

 

6

 

: 

 

a

 

 =
4.14 Å (JCPDS data card no. 88-02072). The crystallite
size was found to vary between 205 and 226 nm,
depending on the composition of starting mixtures used
in experiments.

The Fourier-transform IR (FT-IR) spectrum of syn-
thesized CeB

 

6

 

 recorded over the range 400–4000 cm

 

–1

 

(Fig. 3) exhibits the well-pronounced bands at
1028.2 cm

 

–1

 

, 645.7 cm

 

–1

 

, 418.4 cm

 

–1

 

 etc. attributed to
the Ce–B bond [33], thus confirming the formation of
single-phase crystalline cerium hexaboride.

Figure 4 shows the reflectance spectrum of synthe-
sized CeB

 

6

 

. Using this spectrum, we calculated the
energy band gap by plotting the graph 

 

E

 

 (ev) vs.
{ln[

 

h

 

ν

 

(
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max

 

 – 

 

R

 

min

 

)/(

 

R

 

 – 

 

R
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)]}

 

2

 

. Here 

 

R

 

max

 

 and 

 

R

 

min

 

 are
the maximum and minimum reflectance in the reflec-
tance spectrum, respectively, and 

 

R

 

 is the running
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Fig. 4. The reflectance spectrum of synthesized CeB6.
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Fig. 5. SEM micrographs of the CeB6 obtained from (a) mix 2 and (b) mix 3.
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Fig. 6. High-resolution TEM image of CeB6 crystallite.
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energy of photons. The plot was found to be linear. Its
extrapolation to {ln[hν(Rmax – Rmin)/(R – Rmin)]}2 = 0
gave a value of the direct band gap equal approximately
to 3.01 eV, which also confirms the formation of
homogenous product in our experiments.

The data of chemical analysis (see Table 2) shows
that the product obtained from mix 1 contains a higher
amount of N- and C-containing impurities. With
increasing amount of B2O3 in starting mixtures (mix-
tures 2 and 3), the amount of N-, S-, H-containing
impurities becomes negligibly small.

The SEM micrographs presented in Fig. 5 show that
the product grains possess an irregular shape with a fine
structure. With increasing boron content, the product
morphology changes and exhibits a still finer spheroid
grain structure.

Figure 6 shows the high-resolution TEM image of
CeB6 crystallite. Typically, the CeB6 crystallites are
around 50 nm in diameter and have a regular shape.

4. CONCLUSIONS

Fine powders of crystalline CeB6 have been suc-
cessfully synthesized at a relatively low temperature
(500°C) using hexamine as a fuel.
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Table 1.  Lattice constants (a) and the size of CB6 crystallites
(d) formed in mixtures 1–3

Starting mixture a, Å d, nm

Mix 1 4.1295 54

Mix 2 4.1365 52

Mix 3 4.1398 50

Table 2.  Chemical analysis of impurity elements in the
products obtained from mixtures 1–3

Starting 
mixture N C S H

Mix 1 3.126 13.265 0.923 2.262

Mix 2 2.674 12.674 0.813 1.562

Mix 3 1.785 10.012 0.050 0.050
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