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Abstract
The spouted bed chemical vapor deposition (CVD) technique have been successfully
applied to prepare hollow spheres from core-shell structures. The prepared SiC hollow spheres (SiC-HS) showed the desired characteristic, such as pure phase (β-SiC),
uniform and concentrated distribution of diameter and sphericity. The flexibility of
this method allows for independent control of the diameter, shell thickness and microstructures of the SiC hollow spheres. In particular, it is demonstrated that the
precursor of SiC was carried by different carrier gas (hydrogen or argon), SiC-HS
with porous or dense shells can be obtained. The porous SiC-HS have high density
of stacking faults, which indicates that it can be used as photocatalytic materials. The
dense SiC-HS with high density (99%TD) exhibits excellent mechanical properties
(average Young's modulus of 410 GPa and hardness of 42 GPa), and it can be used
as fusion ignition target and encapsulation vessels as well. Through using different
precursor, the spouted bed CVD technique used here could be generally adopted to
synthesize other types (eg other carbides or complex oxides) of hollow spheres.
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IN TRO D U C T ION

As a special morphology and structure, monodisperse hollow
spheres have become an increasingly important research in
chemistry and materials science areas due to their well-defined morphology, uniform size, low density, the large fraction of void space.1–4 Hollow spheres have numerous potential
applications such as catalysts, lithium-ion batteries, low-dielectric materials, drug-release vectors, solar cells and fusion
ignition targets.5–9 Ceramic hollow spheres comprise a more
Feng Zhang and Xu Yang contributed equally to this work.
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common, more diverse, and probably richer class of materials than organic hollow spheres.1 Particularly, SiC hollow
spheres (SiC-HS) have attracted extensive attention because
of their high corrosion resistance, good thermal conductivity
and oxidation resistance.10–17 It may be of great potential applications in harsh environments.10–17
The design and synthesis of hollow micro/nanostructures have been intensively investigated.1,2 These
approaches are broadly divided into the following four categories: conventional hard-templating and soft-templating
methods, sacrificial templating and template-free synthesis.2,13,18 Usually, different kinds of HS are suitable for
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different fabrication methods. But how to precisely control
the size, geometrical homogeneity, the thickness of the
spherical shell and the composition and structure of the
shell is essential for the synthesis process and its applications.19–22 Especially, hollow spheres prepared by tranditional methods lack dense shells and high performance of
mechanical properties.
Chemical vapor deposition (CVD) is a chemical process
and is used to produce high-quality and high-performance
solid materials. The process is often used to produce thin
films or coatings. Spouted bed makes the particles cycling
in the vertical bed from the center to the surrounding area
and it is an excellent media for heat and mass transfer applications. The spouted bed CVD technique combines the CVD
and spouted bed processes, which could suspend the particles in the deposition zone by flowing a gas upwards through
the bed layer with a precursor to complete coating on regular
or irregular particles. The spouted bed CVD technique has
good mixing effects and uniform exposure time of the particles to the CVD gases so that the different layers can coat
the particles uniformly.23,24 Therefore, the versatile spouted
bed CVD has great potential values to prepare high-quality
hollow spheres from core-shell structures. But there are few
reports about the novel technique for the preparation of hollow spheres.
The synthesis of SiC-HS has been reported in many documents.7,10,11,13,16,18,25–32 Among them, the sacrificial templating method utilizing carbothermal reduction was the
most widespread method to fabricate SiC-HS. This method
has two different synthesis routes to form SiC-HS: (a) the
carbothermal reduction reaction was between carbon spheres
and Si, SiO2 or SiO power coatings, followed by carbon core
removal with high-temperature oxidation7,13,16,18,30–32 (b) the
carbothermal reduction reaction was between SiO2 spheres/
hollow spheres and carbon power coatings, followed by SiO2
core removal with HCl or HF etching.10,11,27,28 The SiC-HS

F I G U R E 1 Schematic diagram of
the spouted bed CVD for preparation of
PyC and SiC coatings [Color figure can be
viewed at wileyonlinelibrary.com]
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formed by these two synthesis routes all have porous structures, so that the carbon or SiO2 cores could be removed by
oxidation or etching through the pores. Nevertheless, the porous structure of SiC-HS limits its application. For example,
fusion ignition target require high density for strength.33,34
Therefore, it is necessary to design and develop a new method
to fabricate dense SiC-HS to expand its application areas.
Furthermore, it is hard to precisely control morphology and
microstructure simultaneously with the sacrificial templates
method utilizing carbothermal reduction.
In this work, the spouted bed CVD technique was developed to fabricate SiC-HS on a large scale. The prepared
SiC-HS showed concentrated distribution of diameter and
sphericity and tunable shell thickness, diameter and microstructure. The technique is promising and can be extended to
fabricate other hollow ceramic spheres.

2
2.1

|

EXPERIM ENTAL DETAIL S

|

Materials and methods

The spouted bed CVD technique utilizing sacrificial templating method was used to prepare SiC-HS from core-shell
structures. Organic hydrocarbon pyrolysis and fluidization
gases, including C2H2, C3H6, H2, Ar, are of 99.99 wt% in
purity and supplied by Louyang Special Gas Co. Ltd. The
liquid MTS (methyltrichlorosilane, CH3SiCl3) is the precursor to the deposition of silicon carbide and was obtained
from Aladdin Industrial Corporation. Iron spheres of about
500 μm in diameter acted as the templates for preparing
SiC-HS which were purchased from Yulong metal Balls
Co. LTD.
The high temperature spouted bed CVD facility was selfmade to prepare pyrolytic carbon (PyC) and SiC coatings,
as shown in Figure 1. Spherical iron particles were spouted
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by the fluidization gas in the conical-cylindric spouted bed
with 50 mm inner diameter. In the pyrolytic carbon coating
process, the porous PyC layers were produced from acetylene at 950°C and the dense PyC layers were produced
from propylene at 1260°C. The SiC layers were deposited
by the decomposition of MTS at 1300°C using hydrogen
or argon as the carrier gas and the fluidization gas. A tiny
amount of C3H6 was added into the hydrogen to decrease
the coating temperature.35 Subsequently, the PyC and SiC
coated iron particles were heated at 850°C for 1 hour under
air atmosphere. Lastly, the heated particles were etched by
vacuum impregnation (Struers CitoVac) with hydrochloric
acid.

2.2

|

Characterization

|

RESULTS AND DISSCUSSI ON

Figure 2 shows the morphology of iron balls coated with PyC
and SiC coatings by spouted bed CVD. The spherical iron
particles were intact and uniformly coated with porous PyC
layer, dense PyC layer and SiC layer from inside to outside
in turn, as shown in Figure 2B. The thickness of each layer
is all about 20 μm. The porous PyC layer provided space
for volume expansion and restrained the deformation of the
iron template during the deposition process accompanied
with solid-liquid transition.36 The dense PyC layer acted as a
basement layer for the deposition of the SiC layer. The coating process of three layers can be explained by the following
reactions37:

C2 H4 (g) → 2C (s) + H2 ↑

Hundreds of iron particles were mounted in epoxy resin
(Struers CitoVac) and polished to the equatorial plane by
grinding and polishing machine (Struers Tegramin 25).
Then the samples were observed and recorded by a metallographic microscopy (Axio Imager. M2m). An Agilent
G-200 nanoindenter was used to analyze the hardness and
Young's modulus of the polished coating cross-sections
with a calibrated Berkovich indenter. X-ray radiography of
samples was tested by an X-ray imager (GE ndtjanalyser
s 180). The microstructures of the samples were observed
by a field emission scanning electron microscope (SEM,
Zeiss Merlin Compact). X-ray diffraction (XRD) patterns were recorded to analyze the crystal structure using
a powder X-ray diffractometer (PANzlytical X‘PERT
POWDER DY: DY3614) operated at a step size of 0.02°
and with Cu Kα1 radiation at a 40 kV accelerating voltage
and 40 mA anode current. For Raman analysis, the Raman
spectra were recorded at room temperature using the line
(532 nm) with a Horiba LabRam. Particle size and particle
shape distribution of SiC-HS were performed with highspeed image analysis sensor (QICPIC; Sympatec) with
disperser (GRADIS; Sympatec), equipped with an R6 lens
(5-1705 μm; Sympatec). The density of the shell was measured with the sink-float method by means of gradient density columns (Noselab Ats 10006000).
(A)

3

C3 H6 (g) → 3C (s) + 3H2 ↑

CH3 SiCl3 (g) → SiC (s) + 3HCl ↑
The preparation processes of SiC-HS from the core-shell
structures were observed step by step with X-Ray radiography, as shown in Figure 3. Figure 3A was the coated spheres
of the iron templates with PyC and SiC shells. Following
by air calcination at 850°C, the inner PyC coatings were
burned out (There was a little difference for the calcination
step. The details are shown in the following part.). As a result, the residual iron template dropped on the bottom of the
SiC-HS due to its gravity, as shown in Figure 3B. The residual iron template was finally removed with hydrochloric
acid. It should be noted that this process must be operated
by vacuum impregnation to impregnate the hydrochloric
acid into the samples. The vacuum impregnation process
can effectively increase the contact area and improve the
reaction efficiency. After the residual iron templates were
dissolved completely, the SiC-HS were obtained, as shown
in the Figure 3C.
In the above-mentioned preparation process, the removal
of the PyC shells and iron cores need diffusion path for the
oxygen, H+, carbon dioxide, and Fe2+. Correspondingly, the

(B)

F I G U R E 2 (A) Top-view morphology
of SEM image and (B) cross-section
morphology of spherical iron particles with
PyC and SiC shells [Color figure can be
viewed at wileyonlinelibrary.com]
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(B)
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(C)

F I G U R E 3 X-Ray phase contrast image of each process of SiC-HS preparation (A) coated spheres of the iron templates with PyC and SiC
coatings, (B) SiC-HS with inner iron cores and (c) SiC-HS [Color figure can be viewed at wileyonlinelibrary.com]
F I G U R E 4 (A) Raman spectrum of
porous SiC shells before and after oxidation.
(B-D) The microstructures of the porous
SiC shells [Color figure can be viewed at
wileyonlinelibrary.com]

(A)

(C)

obtaining of the diffusion path was a little difference for SiC
shells with different microstructure. The flexibility of the
spouted bed CVD method can obtain different composition
and microstructure coatings by controlling the process parameters in the preparation process. We utilize the characteristic to prepare different microstructure of SiC-HS.
The precursor of MTS is liquid at normal temperature.
It needs to be carried by the carrier gas (Ar/H2) into the
deposition furnace. When the precursor of MTS was carried by argon, the shells of SiC mixed with carbon were
obtained, as the Raman spectrum shown in the Figure 4A.
After being calcined in air at 850°C, the carbon in the
SiC shells can be removed, as the red line shown in the
Figure 4A. As a result, a large number of thru-holes were
formed from inner side to outer side on the SiC coating,
as can be observed in the Figure 4B-D. At the same time,

(B)

(D)

the PyC coatings were also removed in the air calcination
process (Figure 3B). Therefore, in the oxidation process,
the carbon in SiC shells and PyC shells can be removed together. It provided the diffusion path for oxygen and HCl to
get into the SiC shells. Correspondingly, the SiC-HS with
porous shells were prepared.
When the precursor of MTS was carried by hydrogen,
the SiC-HS with dense and pure β-SiC shells were obtained.
The Raman spectrum and XRD pattern of the SiC coatings
are shown in Figure 5A,B. As can be seen from Figure 5A,
the primary Raman spectral peaks measured experimentally
are the peaks of 796 and 972 cm−1, which can be considered
as the characteristic peaks of β-SiC. The secondary Raman
peaks (1520, 1620 and 1720 cm−1) of the SiC coatings were
also obtained. There were no characteristic peaks of the
α-SiC, C, Si and other impurities. It can be determined that
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(A)

(C)

the shells are pure β-SiC. The XRD pattern (Figure 5B) of the
dense coatings also confirmed the results. The Figure 5C,D
show the microstructure of the SiC shells. It is very dense
without any holes in it. Because of the dense structure of
SiC coating layers, the inner iron templates and PyC coating can not be removed directly. With the help of pulsing focused laser, micro thru-holes about 2 μm in diameter were
made on the SiC coatings (detailed information in Figure S1,
Supplementary Material). The micro-holes could be the
channel for oxygen and HCl to move into the SiC shells in
following process.
Basing on the above results, the preparation procedures of
the SiC-HS were schematically illustrated in Figure 6. Firstly,
PyC and SiC shells were uniformly deposited in sequence on

(B)

F I G U R E 5 (A) Raman spectrum of
dense SiC coated layer. (B) XRD pattern
of the dense SiC coating. (C) SEM image
of dense SiC fragment after being crushed
and (D) microstructure of the fracture
surface [Color figure can be viewed at
wileyonlinelibrary.com]

(D)

the surface of spherical iron particles by spouted bed CVD. As
mentioned above, by using argon or hydrogen as the carrier gas,
the SiC-HS with porous or dense structures will be obtained.
In the subsequent process, preparation routes with slight differences will be adopted. The samples with porous SiC shells
were directly oxidized in air to remove the inner PyC shells.
The samples with dense SiC shells must be handled by laser
drilling. The micro-holes were made by laser drilling automatically on the surface of each SiC-coated particles. Then the
inner carbon layer and iron core were removed successively by
oxidized in air and etched by vacuum impregnation with HCl
solution. Apparently, during the whole preparation process, the
precursor of MTS was related to SiC-HS. If other types of the
precursor were used, we can get other types of hollow spheres.

F I G U R E 6 Schematic diagram of
preparation procedures of SiC-HS [Color
figure can be viewed at wileyonlinelibrary.
com]
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(A)

(B)

F I G U R E 8 The (A) hardness curve and (B) Young's modulus
curve of the SiC-HS obtained by continuous stiffness measurement
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E 7 (A) XRD patterns of the porous SiC-HS. (B) HRTEM
images and SAED patterns of the porous SiC shells with high stacking
faults

Hence, the preparation technique used here generally can be
used to synthesize other types (eg other carbides or complex
oxides) of hollow spheres.
The SiC-HS with porous and dense structures demonstrate different properties and different potential applications.
The powder XRD pattern of the SiC-HS with porous shells
was shown in Figure 7A. It reveals that the products are the
pure phase of face-centered cubic SiC (β-SiC). An extra signal of 33.6 identified as β* was also observed and it is due
to the presence of a high density of stacking faults in β-SiC
structure.38 The presence of the high density of stacking
faults was also confirmed by HRTEM, as can be observed
in Figure 7B. The stacking faults provide a large amount of
electron-hole pairs, which can improve the photocatalytic
properties effectively.32,39
Hollow microspheres are widely used targets for inertial
confinement laser-driven fusion experiments.5,40 Fusion

ignition target must have high density, uniform microstructure, high strength, low oxygen content and low permeability.5,6 SiC-HS was considered to be a potential alternative
for traditional hollow glass microspheres.34 Figure 5C was
the SEM image of SiC fragment. Figure 5D was microstructure of the fracture surface of the SiC-HS. It is evident
that the SiC was well crystallized and it was very dense
without any pore in the fracture surface. The fragments
of SiC-HS were then used to measure its density. It can
reach up to 3.192 g/cm3 (99% TD). Figure 8A,B gives an
average Young's modulus of 410 GPa and an average hardness of 42 GPa, which were comparable to bulk SiC.41 It is
indicated that the potential application of the high-quality
SiC-HS as fusion ignition target and microencapsulation
vessels.

4

|

CONCLUSIONS

The spouted bed CVD method was proposed for highly controlled preparation of ceramic hollow spheres from core-shell
structures. The SiC-HS with porous shells have high density
of stacking faults can be used as photocatalytic materials;
the dense SiC-HS with dense shells can be used as fusion
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ignition target. The prepared SiC-HS showed favorable characteristics, such as concentrated distribution of diameter and
sphericity, controllable shell thickness and the diameter. All
the preparation procedures were easily controlled and realized, so SiC-HS could be fabricated on a large scale. Based
on the spouted bed CVD technique, other carbide hollow
spheres with various sizes, different microstructures could
also be prepared, and the related research is underway.
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