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a  b  s  t  r  a  c  t

Metal  organic  chemical  vapour  deposition  (MOCVD)  method  was  used  to prepare  thin  films  of  bismuth
based  nano  particles  starting  from  bismuth  salts.  Nano  sized  bismuth  oxy  chloride  (BiOCl)  crystals  were
synthesized  from  solution  containing  bismuth  chloride  (BiCl3) in  acetone  (CH3 CO CH3).  Self-assembly
of  nano  sized  BiOCl  crystals  were  observed  on  the  surface  of silicon,  fused  silica,  copper,  carbon  nanotubes
and  aluminium  substrates.  Various  synthesis  parameters  and their  significant  impact  onto  the  forma-
tion  of self-assembled  nano-crystalline  BiOCl  were investigated.  BiOCl  nano  particles  were  characterized
by X-ray  diffraction,  X-ray  photoelectron  spectroscopy,  field  emission  scanning  electron  microscopy,
energy-dispersive  X-ray  spectroscopy  and Micro-Raman  spectroscopy.  These  analyses  confirm  that  bis-
muth  nanometer-sized  crystal  structures  showing  a single  tetragonal  phase  were  indeed  bismuth  oxy
chloride  (BiOCl)  square  platelets  18–250  nm  thick  and  a few  micrometres  wide.

© 2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Increased environmental concerns and the need for ‘green
reagents’ have tremendously fostered the interest on bismuth and
its compounds in the last decade [1]. Bismuth and its compounds
have been used as the active components in some medical prepa-
rations [2]. Bismuth is the heaviest stable element on the periodic
table. In spite of its heavy metal status, bismuth is considered to be
safe, as it is non-toxic and non carcinogenic [1]. This is at odds with
other elements close to it in the periodic table such as arsenic, anti-
mony, lead and tin, which are highly toxic and pose environmental
hazards [3]. Bismuth compounds such as bismuth oxy chloride
(BiOCl) are relatively non-toxic, easy to handle and can tolerate
small amounts of moisture [4].

Moreover, BiOCl is an important ternary compound due to the
coexistence of unique and excellent optical, catalytic, electrical,
magnetic and luminescence properties [5–8]. BiOCl with a band gap
of 3.5 eV, is used as a pigment in cosmetic industry [9,10], which is
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a potential photocatalyst under UV light irradiation [11,12] and can
compete with TiO2 in this respect [13]. In 2009, Lee et al. [14] also
reported that a BiOCl/Bi2O3 hetero-junction acts as a new visible
light photocatalyst. It has been used as a catalyst for the oxidative
cracking of hydrocarbons and also used as photoluminescent mate-
rial [6] and for thermally stimulated conductivity. The outstanding
properties of Bismoclite (BiOCl) can be obviously enhanced using
2D nanoplates and nanosheets because of their large surface-to-
volume ratios.

Processes commonly employed to grow BiOCl nanometer-size
metal particles are electrochemical [15], facile hydrolysis [16,17],
flame spraying [18], inert gas condensation [19], laser ablation
in solution [20], solution phase chemical methods [21–24], wet
chemical [25], reduction of relevant metal salts [22,23], hydro-
thermal process [26] and thermal decomposition of organometallic
precursors [24]. However, these methods require complex pro-
cesses and the use of toxic and highly sensitive agents, which
can hardly be scaled for industrial purposes. In this paper, we
reported about a one-step metal organic chemical vapour depo-
sition (MOCVD) method to grow bismoclite nanocrystallites thin
films in platelet form. This method is more suitable due to green
chemistry approach, environmentally less hazardous, chemically
and commercially viable and possible to scale up from lab to
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Fig. 1. Schematic representation of MOCVD setup.

industrial scale. As mentioned above, the growth was  achieved on
a variety of silicon substrates such as silicon (1 0 0), silicon (1 1 1)
and polycrystalline silicon carbide (SiC).

2. Experimental

Bismuth based nanoparticles were grown starting from a dis-
persed solution of bismuth salt [27,28]. Synthesis was performed
by a MOCVD process. MOCVD was selected because it is one of the
best methods for depositing thin layers with precisely controlled
thickness and it is easy-to-scale up. In MOCVD, the metal organic
precursor is evaporated and spread over the substrate hot surface
in an inert atmosphere. The temperature in the furnace is regulated
so that the metal organic molecules dissociate, depositing the metal
atoms on the surface, layer by layer. By varying the experimental
conditions and type of substrate, it is possible to tailor the prop-
erties of the crystals at the atomic scale. Bismuth chloride (BiCl3)
(Aldrich, 98% purity) was used as bismuth and chlorine atomic
source for synthesizing nano particles of BiOCl. Acetone (Erba, 99.8%
purity) was used as a solvent to dissolve BiCl3 and convert it to solu-
tion form. The reagent mixture was prepared by continuous stirring
of 0.1 g of BiCl3 in 10 ml  of acetone for at least 10 min.

MOCVD experimental setup (Fig. 1) contains a cylindrical, flat
bottom glass vessel with a diameter of 50 mm and a depth of
300 mm.  This shape was selected to achieve better thermal con-
tact between the bottom of the glass vessel and the substrate lower
surface. The reactor top consists of inlet and outlet glass tubes for
gases. The inlet gas tube is designed in such a way that it car-
ries the reacting gas flux directly on the substrate. The distance
between the tube edge and the substrate is set at 10 mm.  Furnace
hosts 120 mm of the glass reactor length inside the heating zone. A
400 sccm nitrogen/argon flow rate is maintained during deposition,
in order to provide an inert atmosphere and a laminar gas flow to
transport solution into the reaction chamber. Different crystalline
orientations of optically flat surface silicon i.e., silicon (1 0 0), silicon
(1 1 1) and polycrystalline silicon carbide (Si-C) (Si-MAT, Germany)
were used to study the deposition of bismuth based nanoparticles
(BiNPs). A solvent compatible plastic humidifier cup (Fig. 1) was
used as solution container. Inert gas flow was inserted from the
bottom (Fig. 1, label 1) of the humidifier cup. Nebulization tech-
nique was adopted to mobilize a liquid homogeneous mixture to
carry over the substrate inside the reactor. The inert gas flow rate
was increased through the nozzle (Fig. 1, label 2) placed inside the
humidifier cup.
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Fig. 2. TG-DTA analysis of BiCl3 in Argon.

The first step of the process was to get rid of residual air by means
of a pure argon gas flow. Then the furnace was  brought at thermal
equilibrium at the required deposition temperature (600 ◦C). In the
furnace, the high temperature leads to the pyrolysis of the gas mix-
ture that ultimately led to the nano particles thin film growth on
the substrate. When the growth process ended, the furnace was
allowed to cool down to room temperature while keeping an inert
gas flow. Deposits of BiNPs were found both on the inner tube wall
and on the substrates (Fig. 1).

BiNPs morphology, chemical composition and thermal decom-
position were studied by Field emission scanning electron
microscope (FE-SEM) equipped with energy dispersive spec-
troscopy (EDS), X-ray diffraction (XRD), Thermo gravimetry
analyses (TGA) and X-ray photoelectron spectroscopy (XPS).

3. Result and discussion

3.1. Thermo gravimetric analysis (TGA)

In order to highlight the path that leads from BiCl3 precursor
to BiNPs in the MOCVD process, changes in physical and chemi-
cal properties of materials as a function of increasing temperature
(with constant heating rate 10 ◦C/min) in Ar atmosphere was  stud-
ied by the TGA. Both weight loss and its derivative are plotted
in Fig. 2. As temperature increases gradually, the first weight loss
(1.3%) is observed at 72–100 ◦C and is related to moisture. The sec-
ond weight loss (3.8%) is observed at 231 ◦C and is attributed to
the melting of BiCl3 [10]. The most relevant weight loss (61.2%) is
peaked at 310–315 ◦C. It is attributed to the breaking of BiCl3 and
subsequent formation of BiNPs. After 320 ◦C no weight loss was
observed, indicating the formation of stable BiNPs (33.5%). So the
major chemical transformation from BiCl3 salt to BiNPs takes place
between 250 and 350 ◦C.

3.2. Field emission scanning electron microscopy-energy
dispersive spectroscopy (FESEM-EDS)

BiNPs (Table 1) appear in the form of rectangular or square
shaped walls/platelets with sharp edges, hence we term them bis-
muth based nano walls (BiNWs). Inter connectivity among BiNWs
is very good due to the merging of neighbouring nano-walls. The
thickness of the single nano wall was different depending on the
substrate used; for the Si (1 0 0) varied in the range 44–240 nm.
While, the thickness of BiNWSs grown on the silicon (1 1 1)
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