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Bismuth oxychloride (BiOCI) is a wide bandgap semiconductor used in cosmetics, pharmaceuticals,
battery cathode, photocatalysis, and photoelectrochemical devices. We report here a facile low-temperature
vapor-phase synthesis route for the direct grown of single crystalline BiOCI nanostructures on various
substrates. We achieved control of a variety of morphologies including nanobelts, nanowires, nanoflowers,

nanoflakes, and platelets.

Introduction

Bismuth oxychloride (BiOCIl) is a wide bandgap semi-
conductor (E, = 3.46 eV) with a tetragonal PbFCl-type
structure (space group P4/nmm; No. 129). BiOCI crystallizes
into unique layered structures consisting of [Cl1-Bi—O—Bi—
Cl] sheets stacked together by the nonbonding interaction
through the Cl atoms along the c-axis. In each [C1-Bi—0O—
Bi—Cl] layer, a bismuth center is surrounded by four oxygen
and four chlorine atoms in an asymmetric decahedral
geometry. The strong intralayer bonding and the weak
interlayer van der Waals interaction gives rise to highly
anisotropic structural, electrical, optical, and mechanical
properties, which have made BiOCl attractive in applications
such as cosmetics, pharmaceuticals,l’2 battery cathodes,
photocatalysis,® and photoelectrochemical devices.* For
example, BiOCl has been used in cosmetics, pigment plastics,
and paints as a pearl luster pigment with extremely low
toxicity for at least 50 years because it provides excellent
whiteness and brightness as well as having a smooth texture.
The tetragonal bipyramidal crystal geometry of BiOCI can
be usually flattened into flakes or platelets with a high aspect
ratio. Light between the semitransparent BiOCI flakes is
reflected and multiplied, creating an impressive deep luster
characteristic of natural pearls. The bonding anisotropy also
suggests that there are no surface dangling bonds except at
the edge of the layers and that photoexcited antibonding
states do not weaken the O—Bi—Cl bond, enabling good
photostability. Owing to the unique layered structure and high
photocorrosion stabilities in the presence of redox pairs,
BiOCl has recently been shown as a novel material for
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photocatalysis and photoelectrochemical (PEC) cells.>™ In
addition, BiOCI catalysts show high activity and high
selectivity to the oxidative cracking of n-butane and oxidative
coupling of methane (OCM) reactions.® BiOCl can be
perfectly cleaved along the [001] plane, giving a surface layer
of chlorine atoms, which is a key element in the C—H
activation of alkanes.’

One-dimensional nanowire (NW) and nanobelt (NB)
structures can enhance the activity in chemical catalysis and
photocatalysis because of their large surface-to-volume
ratios.® NWs and NBs structures can also afford better
materials for photoelectrochemical cells because NWs and
NBs have a large surface area for charge carrier separation
and fast ion intercalation while maintaining efficient charge
carrier transport.””!'! In addition, nanostructures can provide
a good system for studying the shape- and size-dependent
properties with respect to the pigment field. BiOCl pigments
with an aspect ratio of 10—15 show low luster and very good
skin feeling and are used as fillers in cosmetics. Crystals
with higher aspect ratio show strong luster and are mainly
used for nail polish. The color of BiOCI nanoparticles can
vary from pale yellow to dark orange depending on the size
of the particles.'?

Most of the reported methods for the synthesis of BiOCl
nanostructures are wet chemical methods.>>'>71° Recently
BiOCl lamellae were synthesized via a sonochemical method
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Figure 1. Chemical vapor transport approach as utilized for the controlled
growth of BiOCl nanostructures.

in a surfactant/ligand-free solution.'® A solvothermal method
was used previously for producing BiOCI NBs.?’ Bismuth
oxyhalide nanoparticles have also been prepared in reverse
microemulsions.'? Vapor-phase synthesis has been shown to
be a powerful method for the synthesis of a variety of NW
structures and heterostructures, although this method has not
yet been applied to BiOCI nanostructures.?' >3 Herein, we
exploit a direct vapor phase synthesis of high quality BiOCl
nanostructures by vapor transport of a AuCl;/Bi mixture or
BiCl; powders at relatively low temperature (250 °C). BiOCl
nanostructures could be directly grown on various substrates
as a densely packed film. BiOCl nanostructures exhibit a
variety of morphologies including NWs, NBs, nanoflowers,
nanoflakes, and platelets. The strategy utilized for control-
lable growth of BiOCI morphologies is illustrated in Figure
1. We achieved the control of these morphologies by
substrate temperature, evaporation source, and catalyst.

Experimental Section

(1) Growth Substrate Preparation. Three different growth
substrates were prepared, using the following methods: (a) For bare
silicon 000Usubstrate, silicon 000Uwafer chips were etched in a
2% HF solution for 5 min to remove the intrinsic silicon oxide
layer, followed by thorough rinsing with deionized water and drying
in a stream of nitrogen gas. (b) For Bi/Au-covered Si 100
substrate, a clean Si 100UOwafer with intrinsic oxide was coated
with 20 nm Bi first and then 5 nm Au by electron beam evaporation.
(c) For Bi/Au-covered glass slide, precleaned glass slides were
coated with 5 nm Bi first and then 5 nm Au by electron beam
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Figure 2. Typical SEM images of as-grown BiOCI nanostructures with
different morphologies at different growth temperature zones: (A, B)
nanobelts at 250 °C; (C, D) roselike nanoflowers at ~200 °C; (E, F) platelets
at 150 °C.

evaporation. All the substrates were stored under inert atmosphere
in a glovebox.

(2) Nanostructure Growth. The BiOCl nanostructures were
synthesized in a 12-in. horizontal tube furnace (Lindberg/Blue M)
equipped with a 1 in. diameter quartz tube (Figure 1). The source
materials, AuCl; (99%, Sigma-Aldrich) and Bi (99.99+%, Sigma-
Aldrich) powder mixture, were placed in an alumina boat in the
center of the furnace. N, (99.999%) acted as a carrier gas. The
BiOCl nanostructures were grown on the targeted substrates placed
downstream at the different locations with different temperatures.
Typical synthesis conditions are as follows: 0.06 g of AuCls, 0.05 g
of Bi, furnace temperature setpoint at 250 °C, growth time = 1 h,
gas flow = 120 sccm, and growth pressure = 1 atm. BiCl; (98+%,
Alfa Aesar) powder is an alternatively efficient source. Before
loading in the tube furnace, the surface of the BiCl; powder was
moisturized and hydrolyzed with several drops (0.4—0.8 mL) of
deionized water.

(3) Structural Characterization. The nanostructures were
characterized in an FEI Sirion scanning electron microscope (SEM)
and a Hitachi 300 kV H-9500 and Philips 200 KV CM20
transmission electron microscope (TEM). Chemical analysis was
done using energy dispersive X-ray spectrometry (EDS) in both
SEM and TEM. Tapping-mode atomic force microscopy (AFM)
images were recorded on Nanoscope IIIA (Digital Instruments) in
air under ambient conditions. X-ray diffraction (XRD) measure-
ments were carried out with a PANalytical X’Pert PRO X-ray
diffraction system.

Results and Discussion

(1) Shape Evolution of the BiOCl Nanostructures. The
substrate temperature plays an important role in the formation
of BiOCl nanostructures with different morphologies. Figure
2 shows typical SEM images of as-grown products with
different morphologies on the substrates placed at different
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Figure 3. Chemical composition and crystal structure analyses of BiOCl
nanostructures: (A) an EDS spectrum of the nanobelt film grown on a Si
substrate. (B) XRD patterns of nanobelts (top) and platelets (middle) on
the Si substrate with the reference diffractogram (bottom).

temperature zones ranging from 250 to 150 °C in the tube
furnace. The vapor source is the powder mixture of AuCls
and Bi placed at the temperature zone of 250 °C. The
substrates are natively oxidized Si [001[kubstrate coated with
Bi—Au catalyst film (20 nm Bi; 5 nm Au). Figure 2A show
a large-area SEM image of a film of BiOCl nanostructures
grown on the substrate placed at the hot temperature zone
(~250 °C). According to high-magnification SEM images
(Figure 2B, inset, and Figure S1 in the Supporting Informa-
tion), the film is made up of high-density NBs with
thicknesses of 5—30 nm, widths of 100—200 nm, and lengths
up to 1—2 um.

At a lower temperature zone (~200 °C), the shape of the
BiOCl NBs evolves into two-dimensional (2D) flakes (Figure
2C). The flakes can further assemble into a roselike nano-
flower in which each petal is a short flake grain as shown in
Figure 2D. The diameter of the whole nanoflower is around
1—2 um. At the cold zone of the tube furnace (~150 °C),
the vapor was quickly deposited as a densely packed film,
which covered the whole substrate even on the quartz tube
wall (Figure 2E). High-magnification SEM images reveal
that the film consists of platelets. The platelet thickness
ranges from 300 to 500 nm and widths extend up to several
micrometers (Figure 2F and inset), which are much larger
than those of the NBs grown at the hot zone. The platelets
have straight edges with sharp corners, suggesting that they
may terminate by faceted crystallographic planes.

(2) Chemical Composition and Crystal Structure. EDS
was used to identify the composition of nanostructures. As
shown in Figure 3A, EDS analysis confirms that the as-grown
NBs consisted of Bi, O, and Cl. The Si peak comes from
the Si substrate. Due to partial peak overlap for Cl and Bi,
quantitative analysis of chemical composition could not be
determined directly.

Chem. Mater., Vol. 21, No. 2, 2009 249

10 15 20
Length (um)

Figure 4. Thickness measurements of BiOCl nanobelts: (A) A representative
SEM image of low density nanobelts grown on a bare Si [100Csubstrate.
(B—D) AFM observations of the nanobelts.

The crystal structure of the nanostructures was determined
from the powder X-ray diffraction (XRD). As shown in
Figure 3B, all the diffraction peaks in the XRD pattern of
the platelet film sample can be indexed as a tetragonal
structure of pure BiOCI (space group P4/nmm, No. 129, a
=3.8830 A and ¢ = 7.3470 A, Z = 2; JCPDS 04-002-3608).
In the XRD pattern of the NB film sample, most peaks can
be assigned to the tetragonal structure of BiOCl. The
additional peak at 33° marked by a star symbol comes from
the [2000planes of Si substrate since the BiOCI NB film is
thin and X-rays can penetrate into the Si substrate. In contrast
to that of the bulk BiOCI (JCPDS 04-002-3608), the four
peaks of the NBs (001), (002), (003), and (004) at 26 of
12.04, 24.21, 36.65, and 49.60 have extraordinarily high
intensity, which suggests that BiOCl nanostructures have an
anisotropic shape. The XRD pattern of BiOCI nanoflowers
sample can also be indexed as a tetragonal structure of pure
BiOCl (Figure S2 in the Supporting Information).

(3) Thickness of Nanobelts. AFM observation can provide
accurate height information on the BiOCI nanostructures. The
samples for AFM observation are specially prepared by
growing low density BiOCl NBs on a bare Si [100Ckubstrate
surface without Bi—Au catalyst film. A representative SEM
image shows NBs with a length of 1—3 um and width of
100—300 nm (Figure 4A). The NBs tend to interconnect
forming a network on the substrate surface. A typical
tapping-mode AFM topographic image of the same sample
(Figure 4B) shows that networks of NBs randomly grew on
the substrate surface with various orientations while indi-
vidual NBs tended to lie on the substrate, consistent with
SEM observations. A high-resolution AFM image shows
some NBs lie flat on the substrate surface (Figure 3C). The
section profile reveals the thickness is around 8.6 nm,
corresponding to ~11 layers of [CI—-Bi—O—Bi—Cl] sheets
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Figure 5. (A) Low-magnification TEM image of BiOCI nanobelts. (B, C)
SAED pattern and HRTEM image of the end of the same nanobelts shown
in (A) taken along the nanobelt plane. (D, E) TEM images and SAED pattern
of the nanobelt taken along the [001] zone axis.

(Figure 3D). Extensive section analysis indicates the thick-
ness of as-grown NBs ranges from 7 to 25 nm.

(4) Transmission Electron Microscopy (TEM). The
microstructure of the BiIOCI NB was further investigated with
TEM. BiOCl NBs samples for TEM observations are directly
grown on a 100 nm thick SizN, membrane TEM grid by
using AuCly/Bi as vapor source under similar growth
conditions as for AFM analysis. Figure 5A presents a bright-
field TEM image of a NB with a branched NB, forming a
Y-junction. The corresponding selected area electron dif-
fraction (SAED) pattern of the main NB shows a regular
spot pattern, confirming the single-crystalline nature of the
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NB with a [110] growth direction (Figure 5B). A high-
resolution TEM (HRTEM) image (Figure 5C) of the same
NB exhibits good crystalline and clear lattice fringes. The
lattice spacing of the planes parallel to the growth direction
is ~0.75 nm, as marked in the image, agreeing well with
the spacing of the (001) planes of BiOCl. The results confirm
that BiOCl NBs consists of sheets stacked together along
the c-axis, as shown in Figure 1. The thickness of the NB is
~21 nm, corresponding to 28 layers of sheets. In contrast to
Y-junction NBs, a single NB tends to lie down with the
c-axis parallel to the electron beam when it was grown or
transferred onto the TEM substrates, as shown in Figure 5D.
The HRTEM image (Figure SE) shows that it is single-
crystalline, and the spacing of the lattice planes parallel or
perpendicular to the NB long axis is the 0.273 nm, consistent
with the spacing of (110) planes of the BiOCIl. The growth
direction of the NB is the [110] direction, confirmed by the
corresponding SAED pattern (Figure 5E inset). Our extensive
TEM observations reveal the growth direction of the NBs is
along the [110] without exception, which is different from
the growth direction of nanostructures prepared by solution
phase synthesis.”

(5) Growth Mechanism. BiOCl NBs, nanoflowers, and
platelets have been successfully grown via vapor transport
reactions. We observed the morphological and structural
evolution of the reaction products at different growth
temperatures. In order to understand the growth mechanism
behind the formation of these nanostructures, we investigated
the effect of the evaporation source and catalyst.

The BiOClI bulk compound is known to form by heating
BiCl; in air or by hydrolysis of BiCl3.>*?° In addition to the
AuCl;/Bi source used in our chemical vapor deposition
(CVD) approach, BiCl; powder can also function as a cost-
efficient source for the high-yield growth of BiOCI nano-
structures. BiCl; powder is very hygroscopic and easily
hydrolyzable in water.>* The surface of the BiCl; powder
hydrolyzed with several drops of deionized water was loaded
in the tube furnace for the growth of BiOCl nanostructures.
Control experiments with anhydrous BiCl; in the dry tube
furnace system did not yield any BiOCIl nanostructures,
indicating that the presence of trace water is critical for the
growth of BiOClI nanostructures. As shown in Figure 6A, a
representative SEM image shows a high density BiOCI
nanoflake film grown on a Si substrate initially coated with
a Bi/Au film (20 nm Bi, 5 nm Au) in the ~220 °C zone.
From the zoom-in image of the BiOCl film (Figure 6B), the
flakes intersect and aggregate together to form a complex
network-like structure. The size of the flakes is about several
micrometers across and several tens of nanometers in
thickness. EDX analysis and powder XRD pattern confirm
the composition and tetragonal phase of pure BiOCl (Figures
S3 and S4 in the Supporting Information).

BiOCI nanostructures were synthesized by using either a
AuCl3/Bi or BiCl; source. The AuCl; source begins to
decompose to AuCl and Cl, at around 160 °C or in light
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Figure 6. SEM images of BiOCI nanostructures growth by using BiCl;
source: (A, B) SEM images of high density of BiOCI nanoflakes film grown
on a Si substrate first coated with Bi/Au film; (C) growth results using Si
substrate coated with Au nanoparticles; (D) BiOCI nanowires grown on a
bare Si substrate using additional Bi powder in the BiCl; source. (E, F)
Top-view and side-view of free-standing BiOCl nanobelts grown on a glass
slide substrate previously coated by 5 nm Bi and 5 nm Au films, respectively.

according to the following reaction: AuCl; — AuCl + Cl,.
At 250 °C, the Cl, vapor reacts with Bi quickly and makes
BiCl; (melting point: 234 °C, bp ~430).2° The BiCl; is
vaporized at 250 °C and carried by inert gas downstream
where it is hydrolyzed to BiOCl following the reaction with
trace H,O gases according to the reaction BiCl; + H,O —
BiOCl1 + 2HCI. The trace H,O may come from the vapor
source because both AuCl; and BiCl; are very hygroscopic
before loading into the system. The formation mechanism
of the NB and flake shape is attributed to the anisotropic
bonding of the BiOCl layered structure. In BiOCI, the [110]
direction is the fastest growth direction and the [001] is the
slowest due to the weak c-axis bonding. Indeed, one-
dimensional (1D) NB and 2D flake structures have been
observed in hydrothermal methods.!”-*

We believe the growth of 1D BiOCl NBs in our CVD
approach is based on a vapor—liquid—solid (VLS) mecha-
nism. The VLS mechanism has been used extensively for
the growth of 1D IV, I—-VI, III—-V, and III—VI semicon-
ductor nanostructures, in which metal droplets catalytically
enhance the growth of 1D nanostructures.?!?>?72% As already
mentioned above, using the Si substrates coated with Bi/Au
film, high-yield BiOCI nanostructures were successfully
synthesized. Si substrates coated with Sn/Au film (20 nm
Sn, 5 nm Au) were also found to product BiOCl nanostruc-
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tures with high deposition density (data not shown). We
believe that the low-melting-point metal, such as Bi and Sn,
plays important role in the growth of 1D nanostructures of
BiOCI. A bare Si substrate or Si substrate coated with Au
nanoparticles (20 nm in diameter) did not yield any BiOCl
nanostructures under otherwise identical conditions (Figure
6C and Figures S5 and S6 in the Supporting Information).
In contrast, BiOCl nanowires were produced on the bare Si
substrate once additional Bi powder was placed in the BiClj
source (Figure 6D). These results indicate that the presence
of Bi is critical for the growth of BiOCI nanostructures based
on the VLS mechanism.

An important feature in VLS growth is the appearance of
metal catalyst particles at the tips of NWs. However, the
majority of the BiOCl NBs usually show a tapered shape at
the tip (Figure 5C) without the presence of metal catalyst.
We think that the absence of catalyst nanoparticles on most
NBs after synthesis might be due to the shrinkage and
disappearance of Bi catalysts through evaporation because
Bi has a high vapor pressure. Another possible mechanism
is the consumption of Bi through a chemical reaction with
Cl, or trace O, because Bi metal is used as both a source
and a catalyst for BiOCI growth. A similar process has been
recently reported that used Bi as the catalyst and source for
the growth of Bi,O3 nanostructures.? A self-catalyzed VLS
mechanism was proposed to be responsible for nucleation
and a vapor—solid (VS) process for the 1D nanostructure
growth. 2%

We investigated the mechanism behind the formation of
NB aggregates and nanoflowers. The liquid alloy cluster or
defects have previously been suggested as an “active site”
for preferential adsorption of reactant from the vapor phase
and as the nucleation site for crystallization. The existing
Bi vapor from the evaporation of Bi powder source in the
subsequent growth process continuously condenses to small
liquid droplets onto the preformed NBs and serves as active
sites to nucleate and grow new branches.

Au—Bi film on the Si substrate can form liquid alloy
droplets at 250 °C according to the Au—Bi phase diagram
(eutectic temperature: 241.1 °C).*! Each eutectic alloy droplet
directs the growth of an individual NB. High density liquid
alloy droplets on the substrate may be responsible for free-
standing and densely packed NB arrays.

Single-crystalline BiOCIl platelets have been successfully
grown from the BiOCI vapor at the source temperature of
720 °C and the deposition temperature of 600 °C via a
physical vapor deposition (PVD) process.*> Compared with
the PVD method, however, our CVD synthesis requires
relatively low temperatures (<250 °C) to carry out the VLS
or VS transformations associated with catalytic growth. The
low-temperature growth offers a mild way of producing
BiOCI nanostructures on many types of substrates, including
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glass slides. Figure 6E exhibits the high density leaflike
BiOCl NBs grown on a glass slide substrate previously
coated by 5 nm Bi and 5 nm Au films. The lengths of the
leaflike NBs are mainly several micrometers. The side-view
SEM image (Figure 6F) shows most of the NBs are free-
standing.

Conclusion

In conclusion, a facile vapor-phase synthesis route was
developed for the direct growth of high quality BiOCI
nanostructure films on various substrates by thermal evapo-
ration of a AuCls/Bi mixture or BiCl; at low-temperature
(250 °C). BiOCl nanostructures could be directly grown on
various substrates as a densely packed array. BiOCI nano-
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structures exhibit a variety of morphologies including
nanowires, nanobelts, nanoflowers, nanoflakes, and platelets.
We achieved control of these morphologies by choosing the
deposition temperature, evaporation source, and catalysts.
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