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2 Laboratoire de Physique des Solides, Université Paris-Sud, CNRS, UMR 8502, 91405 Orsay Cedex, France
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Incorporating nanoscale materials into suitable matrices is an effective route to produce nanocomposites with unique properties
for practical applications. Due to the flexibility in precursor atomization and delivery, aerosol-assisted chemical vapour deposition
(AACVD) process is a promising way to synthesize desired nanocomposite coatings incorporating with preformed nanoscale
materials. The presence of nanoscale materials in AACVD process would significantly influence deposition mechanism and
thus affect microstructure and properties of the nanocomposites. In the present work, inorganic fullerene-like tungsten disulfide
(IF-WS

2
) has been codeposited with Cr

2
O
3
coatings using AACVD. In order to understand the codeposition process for the

nanocomposite coatings, chemical reactions of the precursor and the deposition mechanism have been studied. The correlation
between microstructure of the nanocomposite coatings and the codeposition mechanism in the AACVD process has been
investigated. The heterogeneous reaction on the surface of IF-WS

2
nanoparticles, before reaching the substrate surface, is the key

feature of the codeposition in the AACVD process. The agglomeration of nanoparticles in the nanocomposite coatings is also
discussed.

1. Introduction

Nanotechnology is one of the most popular research areas in
the last decade. Materials on nanoscale can exhibit unique
properties as compared to those on a macroscale [1]. Various
nanoscale materials have been developed, such as nanoparti-
cles, nanotubes, nanofibers, nanowires, nanorods, nanobelts,
and nanosheets, for promising applications in semiconduc-
tors, optics, mechanics, energy, catalysts, sensors and biology,
and so forth [2–7]. Incorporating these nanoscale materials
into suitable matrices to form nanocomposites, either in the
formof bulkmaterials or coatings, is considered an important
route to realise the unique properties of nanoscale materials
for practical applications [8, 9]. However, nanoscalematerials
tend to be structurally sensitive and may lose their original
properties during the incorporation into matrices to pro-
duce nanocomposites. Most studies on the use of nanoscale
materials in nanocomposites or nanocomposite coatings are
limited to inorganic filler and polymermatrix systems [10, 11],

in which the processing conditions are relatively mild in
order to preserve the unique microstructures and properties
of the nanoscale materials. It is a challenge to produce
inorganic nanocomposite systems with the incorporation of
the preformed nanoscale materials into ceramic matrices,
due to a much higher processing temperature and critical
processing environment which tend to be less favourable for
the nanoscale materials.

Inorganic fullerene-like tungsten disulfide (IF-WS
2
) na-

noparticles are excellent solid lubricants under severe con-
ditions [12]. It is reported that incorporation of IF-WS

2

nanoparticles into coatings would offer considerable im-
provements on tribological performance [13, 14] and adjust
hydrophobic/hydrophilic behavior of the coating surface
[15]. Recently, aerosol-assisted chemical vapor deposition
(AACVD) has been adapted to synthesize inorganic nano-
composite coatings from the dispersion or colloid of nano-
particles [16, 17].We have also incorporated IF-WS

2
nanopar-

ticles into Cr
2
O
3
coating usingAACVD [18].The atomization
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of precursor dispersion or colloid in AACVD process allows
the introduction of preformed nanoscale materials and code-
posits themwithmatrixmaterials simultaneously, to form the
desired nanocomposite coatings onto the substrate surface.
These results demonstrated that AACVD is a promising
method for the synthesis of nanocomposite coatings with
the codeposition of preformed nanoscale materials. How-
ever, the codeposition mechanism in AACVD has yet to
be investigated. The presence of the nanoparticles in the
precursor aerosol would influence the chemical reactions
and deposition process, and hence the microstructure of the
nanocomposite coatings. The codeposition has significantly
deviated from a standard CVD. For better understanding of
the process, it is proposed to study the codeposition mecha-
nism in AACVD and its correlation with the microstructure
of the nanocomposite coatings. The results and conclusions
may also be extended to other nanocomposite coating sys-
tems, consisting of other kinds of nanoscale materials and
matrices.

2. Experimental

Chromium nitrate nonahydrate (Aldrich) was used as chem-
ical precursor for the deposition of chromium oxide (Cr

2
O
3
),

while IF-WS
2
nanoparticles ranging from 80 to 220 nm were

supplied by NanoMaterials Ltd. The basic precursor solution
was prepared by dissolving chromium nitrate nonahydrate in
ethanol-based solvent to form 0.05M solution. Then IF-WS

2

nanoparticles were added into the basic precursor solution
(0.23 g/L) to obtain uniform suspension via an ultrasonic
bath. Silicon wafers and stainless steel plates were used as
substrates and cleaned in an ultrasonic bath with alcohol
prior to the deposition.

The precursor suspension containing IF-WS
2
nanopar-

ticles was then atomized to generate fine aerosol droplets
using an ultrasonic generator, at a frequency of 1.7MHz,
with nitrogen as carrier gas. The droplets were subsequently
directed towards a heated zone where they underwent evapo-
ration, decomposition, and chemical reactions and deposited
chromium oxide coatings with IF-WS

2
onto the substrates.

The deposition temperatures were set in the range of 280–
300∘C. Post heat-treatment of the samples was carried out
to obtain crystalline Cr

2
O
3
and the desired microstructure

of the nanocomposite coatings. The as-deposited coatings
were annealed at 500∘C in argon for 1 hour. For comparison,
pure Cr

2
O
3
coatings were also synthesized from precursor

solution without adding IF-WS
2
nanoparticles. In order to

study the intermediate reactions of the precursor in the depo-
sition, dried precursor powder was prepared by removing
the solvent from the precursor suspension at 50∘C for 48
hours. The thermal decomposition behaviours of chromium
nitrate nonahydrate and the dried precursor powder were
determined separately by differential thermal analysis (DTA)
using a Setaram Labsys 1600, from 30∘C to 700∘C, at 5∘C/min
in air. The structural changes of the dried precursor powder
were also investigated by a Perkin Elmer Spectrum One
Fourier transform infrared spectrometer (FTIR, attenuated
total reflectance mode (ATR)).

The IF-WS
2
/Cr
2
O
3
coatings were characterized using a

combination of scanning electron microscopy (SEM), X-ray
photoelectron spectroscopy (XPS), atomic force microscope
(AFM), transmission electron microscopy (TEM), and scan-
ning transmission electron energy loss spectroscopy (EELS).
A Philips XL30 scanning electron microscope equipped with
an Oxford Instruments energy-dispersive X-ray spectrome-
try (EDX) was used to characterise the microstructure and
composition of the nanocomposite coating. Surface chemical
analysis of the coating was carried out using a VG ESCALab
X-ray Photoelectron Spectrometer. A Veeco CP-Research
Scanning Probe Microscope (contact AFM mode) was used
tomeasure the roughness of the deposited coatings. For TEM
(conventional and high resolution) imaging, an FEI TECNAI
F20 was used. EELS analysis was performed with a 100-
keV STEM instrument (VG HB 501) equipped with a field
emission source and a parallel Gatan 666 EELS spectrometer.

3. Results

3.1. DifferentialThermal Analysis (DTA). InAACVDprocess,
the aerosol droplets of chemical precursor undergo evap-
oration and decomposition at elevated temperatures [19].
In order to study the intermediate reactions involved in
the deposition, dried precursor powder was obtained by
removing solvent from the precursor dispersion. Figure 1
shows DTA analysis of pure chromium nitrate nonahydrate
and the dried precursor powder. As compared to the thermal
behaviour of pure chromium nitrate nonahydrate, the main
endothermic peak of the dried precursor powder shifts to
150–175∘C, indicating significant changes in the chemical
structure. A small exothermic peak around 425∘C can be
found, which corresponds to the oxidation of IF-WS

2
in the

precursor powder. As reported [14], the oxidation of pure IF-
WS
2
nanoparticles starts at 350∘Cand reaches itsmaximumat

400∘C.While the oxidation of IF-WS
2
is significantly delayed

in the DTA curve of dried precursor powder, indicating
that IF-WS

2
nanoparticles are covered and protected by

intermediates of the precursor from oxidation at elevated
temperatures.

3.2. FTIR Spectra. Figure 2 shows the FTIR spectra of pure
chromium nitrate nonahydrate and the dried precursor
powder. In both spectra, the broad peak at circa 3060 cm−1
can be assigned to nondissociated water and it is confirmed
by the peak at 1630 cm−1. There are some new absorption
peaks appearing in the FTIR spectrum of the dried precursor
powder. The absorption bands centred at 1395, 1090, and
799 cm−1 could be assigned to CH

3
bend, C–O stretching,

and CH
2
rock vibration, respectively [20, 21], which indicates

that -OEt is introduced when chromium nitrate nonahydrate
is dissolved in ethanol solvent. The new absorption band
at 959 cm−1 can be assigned as antisymmetric O–Cr–O
stret-ching vibration [22], while 892 cm−1 peak is associated
with the symmetrical stretching mode of Cr–O bond [23].
There is another extra band at 1550 cm−1, which may be
due to the vibration of O–H stretching in short O–H–O
bonds of Cr(OH)

3
⋅3H
2
O [24, 25]. Further details on the
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Figure 1: DTA analysis of chromium nitrate nonahydrate and the
dried precursor powder.
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Figure 2: FTIR spectra of pure chromium nitrate nonahydrate and
the dried precursor powder.

possible chemical structures and reactions will be discussed
in Section 4.

3.3. EDX and XPS Analysis. Pure Cr
2
O
3

coatings and
IF-WS

2
/Cr
2
O
3
nanocomposite coatings were produced via

AACVD and subsequent annealing at 500∘C. EDX analysis
of the nanocomposite coating is shown in Figure 3(a). The
elements W and S can be clearly detected. Figure 3(b)
presents XPS W(4f) line of nanocomposite coating, with
the IF-WS

2
nanoparticles as reference. The presence of W

could not be detected by XPS in the nanocomposite coating.
Similarly, S element is also not detectable by XPS. As XPS
has much smaller analysis depth than EDX, it reflects that the
IF-WS

2
nanoparticles have been fully covered by the matrix.

Thus, there is no naked IF nanoparticle on the surface of the
coating.

3.4. AFM Characterisation. The coatings were also charac-
terised using AFM, to obtain further information on their
surface morphology and roughness. As shown in Figure 4,
the nanocomposite coating has a rough surface, with some
peaks and valleys in microrange, while the pure Cr

2
O
3

coating is smoother. There are some small grains appearing
in the pure coating, several hundred nanometers in size. The
average roughness (Ra) of the two coatings in Figures 4(a)
and 4(b) are 16.9 nm and 62.6 nm, respectively.

3.5. TEM and EELS Analysis. Figure 5(a) is an HREM image
of IF nanoparticles incorporated in the nanocomposite coat-
ing. IF-WS

2
nanoparticles are confirmed to be incorporated

into the coatings by TEM. The hollow onion structure of IF-
WS
2
can be clearly observed in Figure 5(a). Several spectrum-

lines were acquired across an IF-WS
2
particle (as shown in

the inset of Figure 5(b)), in order to analyse the qualitative
composition of the IF particle, matrix, and the interface [26].
Probe size is about 0.7 nm, and the step was 3 nm. Acquisition
energy range was selected to analyse O K edge, S and Cr L
edges, andW low energy edges (O and N). Figure 5(b) shows
the intensity profiles for these edges. The resulting profiles
clearly show the presence of Cr

2
O
3
matrix on each side of

the particle. It is noted that no O signal is detected in the
IF-WS

2
nanoparticle, indicating that no oxidation of IF-WS

2

has occurred in the deposition process and the subsequent
heat treatment.Thus, the results suggest that the hollowonion
structure and chemical composition of IF-WS

2
nanoparticles

are preserved without apparent modification; however, the
agglomeration of IF-WS

2
has been observed.

4. Discussion

4.1. Chemical Reactions. In ethanol solution, nitrate group in
Cr(NO

3
)
3
⋅9H
2
Omay be replaced by alkoxy group,

Cr(NO
3
)

3
⋅9H
2
O + EtOH → Cr(OEt)

3
+HNO

3
+H
2
O
(1)

The intermediate Cr(OEt)
3
is unstable with the existence of

water molecule, and Cr–OEt bond would be hydrolysed to
form Cr–OH bond:

Cr(OEt)
3
+H
2
O → Cr(OEt)

𝑥
(OH)
(3−𝑥)
+ EtOH

(𝑥 = 0, 1, 2)

Cr(OEt)
𝑥
(OH)
(3−𝑥)
+ 𝑥H
2
O → Cr(OH)

3
+ 𝑥EtOH

(𝑥 = 1, 2)

(2)

Then Cr(OH)
3
may absorb more water to form Cr(OH)

3
⋅

3H
2
O. In Figure 2, the FTIR spectrum proofs the presence of

Cr(OH)
3
⋅3H
2
O in the dried precursor powder. As the nitrate

structure is still observed from FTIR, it is suggested that the
dried precursor powder is a mixture of nitrate and hydroxide,
and only part of nitrate has been converted in reaction (1).

At elevated temperature, chromiumnitratewould directly
decompose to Cr

2
O
3
[27], and chromium hydroxide can

form Cr
2
O
3
via reaction (3) [28]:

Cr(OH)
3
⋅3H
2
O → Cr

2
O
3
+H
2
O (3)

In the real AACVD process, the chemical reactions and
intermediates will be more complicated than the interpreta-
tion for the dried precursor powder. But it is suggested that
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Figure 5: TEM imaging and EELS analysis of the IF-WS
2
/Cr
2
O
3
nanocomposite coatings. (a) HREM image of an IF-WS

2
particle showing

typical layered structure formed by S-W-S sheets. (b) Qualitative compositional profiles after PCA analysis across an IFLM particle showing
that no interdiffusion or oxidation of the particle takes place. The integrated signal has not been divided by the cross-section; the black line
in the inset has the length of 130 nm.
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Figure 6: Deposition of nanocomposite coating using AACVD. (a) Formation of precursor dispersion consisting of chromiumnitrate and IF-
WS
2
nanoparticles, (b) atomization of precursor dispersion, (c) evaporation of solvent, (d) decomposition and chemical reactions of precursor

intermediates in gas phase, (e) nucleation and growth on IF nanoparticle surface, and (f) deposition of IF-WS
2
/Cr
2
O
3
on the substrate surface.

alkoxy and hydroxide structure are involved in the reactions.
At elevated temperature, it is a procedure of releasing N-
containing groups and water, which corresponds to the main
endothermic peak at 150∼175∘C in Figure 1.

4.2. Deposition Mechanism. To synthesize IF-WS
2
/Cr
2
O
3

nanocomposite coatings, the precursor dispersion consisting
of IF nanoparticles was atomized to produce fine aerosol
droplets. These aerosol droplets were subsequently directed
towards a heated zone where they underwent evaporation,
decomposition, chemical reactions, and deposition. In this
process, IF nanoparticles were incorporated into the coating
via “codeposition.” There are some studies on codeposition
of particles via homogeneous nucleation using CVD process
[29–32]. However, in the current study, the IF nanoparticles
were obtained separately, instead of being formed in situ
simultaneously with the matrix, which could provide inde-
pendent control for both nanoparticles and matrix materials.
IF nanoparticles might induce nucleation and growth of
matrix on their surface in gas phase, prior to the depo-
sition occurring on the substrate surface. The deposition
mechanism of AACVD with IF nanoparticles is proposed in
Figure 6 and described as follows.

(a) Formation of precursor dispersion consisting of chro-
mium nitrate and IF-WS

2
nanoparticles: chromium

nitrate is dissolved into ethanol-based solvent to form

homogeneous solution, and IF-WS
2
nanoparticles are

distributed in the solution uniformly to obtain the
desired dispersion.

(b) Atomization of precursor dispersion: the liquid dis-
persion is atomized to form fine aerosol droplets with
diameter ranging from 1 to 10 microns.The size of the
IF nanoparticles is circa 80–220 nm, so one droplet
of dispersion, for example, may contain one or more
nanoparticles. The aerosol droplets are delivered to
the reaction area by carrier gas, together with the IF
nanoparticles.

(c) Evaporation of solvent: when the aerosol droplets
are being transported, they will undergo substantial
evaporation, especially with increased environmental
temperature. The small size and the large specific
surface area of these droplets will accelerate the
evaporation of solvent. The evaporation can cause
rapid evaporative cooling effect and lead to decrease
of surface temperature of droplets until heat transfer
between the droplets and the environmental reaches
a temporal balance [33]. Therefore, the fine aerosol
droplets make it possible to achieve rapid removal
of solvent when they are approaching the heated
substrate.

(d) Decomposition and chemical reactions of precursor
intermediates in gas phase: the decomposition and
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chemical reactions of the precursor occur rapidly
at the elevated temperatures. Some intermediates of
precursor start to form in gas phase. From the TEM
analysis, IF-WS

2
nanoparticles remain stable in the

deposition. IF nanoparticles are always transported
with the chemical precursor, when they are sur-
rounded by the precursor intermediates, their surface
can adsorb some intermediates or active species due
to the high specific surface area.

(e) Nucleation and growth on the IF nanoparticle surface:
before reaching the substrate, IF nanoparticles play
an important role as the “nucleation seeds” of Cr

2
O
3

via heterogeneous reactions. Nucleation takes place
from the adsorbed intermediates or active species
on the surface of IF nanoparticles, where a thin
layer of Cr

2
O
3
is formed. Then a kind of spherical

particles with Cr
2
O
3
shell and IF core would be

obtained. Via continuous heterogeneous reaction,
these spherical particles grow bigger and bigger.Then
all IF nanoparticles are covered by the Cr

2
O
3
shell

before they reach the substrate surface. The Cr
2
O
3

shell can protect the IF nanoparticles from oxidation
and other chemical reactions, so the unique hollow
onion structure of IF can be preserved as shown in
Figure 5(a). However, in the AACVD of pure Cr

2
O
3

coating, there is no extra surface for heterogeneous
reactions in the gas phase. Heterogeneous nucleation
only happens on the surface of substrate. Thus, it is
suggested that heterogeneous nucleation on the IF-
WS
2
surface is one of the key features for the synthesis

of nanocomposite coatings using AACVD process.

(f) Cr
2
O
3
can also directly deposit onto the substrate

surface from the gas-phase species via heterogeneous
reactions, similar to that of pure Cr

2
O
3
coating in

AACVD process, which is the major route for the for-
mation of Cr

2
O
3
matrix. Simultaneously, the IF-WS

2

nanoparticles with the Cr
2
O
3
shells are delivered and

deposited onto the substrate surface.TheCr
2
O
3
shells

outside the IF-WS
2
nanoparticles can be merged with

the major Cr
2
O
3
coating matrix in the subsequent

deposition. As the deposition temperature is no more
than 350∘C, no oxidation of WS

2
occurs, and the IF-

WS
2
nanoparticles remain stable.

In the deposition of pure Cr
2
O
3
coating in AACVD, the

heterogeneous nucleation of Cr
2
O
3
only takes place at the

substrate surface. Therefore, some small grain features on
the coating surface can be observed from AFM image,
and the coating is much smoother than that incorporated
with IF nanoparticles, as seen in Figure 4. In the synthesis
of nanocomposite coating, the heterogeneous nucleation of
Cr
2
O
3
also occurs on IF nanoparticles in the gas phase, so

that the IF nanoparticles become bigger and bigger before
they reach the substrate. After they have deposited onto the
substrate and merge with the coating matrix, bigger peaks
appear which significantly increases the surface roughness of
the coatings. Thus, a much rougher surface is formed. As all
IF nanoparticles are fully covered by Cr

2
O
3
shell before they

reach the substrate surface, no naked IF nanoparticle can be
detected by XPS on the surface of the nanocomposite coating.

In summary, as the nanoparticles have high specific
surface area and they have close contact with the chemical
reactants during the transport period, the heterogeneous
reaction starts on the nanoparticles surface. It is suggested
that the heterogeneous reaction on the surface of IF nanopar-
ticles, before they reach the substrate, is the key point in
the AACVD of nanocomposite coatings. The heterogeneous
reaction would lead to the formation of a shelled layer
on the nanoparticle surface, which greatly influences the
microstructure and surface roughness of the coatings.

4.3. Agglomeration of IF Nanoparticles inside the Nanocom-
posite Coatings. Agglomeration is a general tendency of
nanoscale materials. It is normally believed that nonagglom-
erated or less-agglomerated nanoscale materials could be
beneficial to their unique properties. Ideally, it is desirable to
have uniform and nonagglomerated distribution of nanopar-
ticles inside the coating matrix. However, it is found that
the agglomeration of IF nanoparticles occurred in the IF-
WS
2
/Cr
2
O
3
nanocomposite coatings [18]. Thus, there is a

need to minimize the agglomeration of IF nanoparticles
inside the nanocomposite coating.

There are several possible sources and reasons of IF
agglomeration in the final nanocomposite coatings produced
by AACVD, as follows.

(i) The supplied nanoparticles: if heavy agglomeration
exists in the supplied nanoparticles, proper separation
methods have to be applied to break up the agglom-
erates. Otherwise, the agglomeration will remain
in the final nanocomposite coating. Therefore, less
agglomerated nanoparticles would be favourable.

(ii) Preparation of precursor dispersion consisting of
nanoparticles: IF nanoparticles are required to be
well dispersed in the precursor solution. Ultrasonic
bath or other methods can be used to break up the
agglomerates and obtain stable dispersion. Surfactant
might be used in this stage to improve the stability of
the dispersion.

(iii) Atomization of precursor dispersion: in the atomiza-
tion stage, nanoparticles will be loaded and carried
by the aerosol droplets. If the droplet is big, it would
carry more nanoparticles, which may have more
chance for agglomeration in this droplet. Therefore,
smaller size droplet is preferred. The same require-
ment can also be applied to the distribution of the
droplets size. Thus, fine and uniform aerosol droplets
are required for less-agglomeration in the AACVD
process.

(iv) Evaporation of solvent in the aerosol droplets: as
discussed previously, evaporation of solvent takes
place in the droplets transport period. If one droplet
contains more nanoparticles, agglomeration of these
nanoparticles may occur when the droplet shrinks,
especially when all solvent has been evaporated from
the droplet. It indicates that using finer aerosol
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droplets or lowering the nanoparticle concentration
in the dispersionmay be helpful to reduce the possible
agglomeration in this stage.

(v) Heterogeneous reactions on the surface of IF nan-
oparticles during their transport period: before IF
nanoparticles reaches the substrates, substantial het-
erogeneous reactions would occur on the surface
of IF nanoparticles and form a layer of Cr

2
O
3
.

The Cr
2
O
3
may act as connective materials between

nanoparticles. This kind of agglomeration may be
minimized by reducing the earlier heterogeneous
reactions, via optimizing the processing parameters,
such as deposition temperature and gas flow rate.

Therefore, it is suggested that the agglomeration of IF nan-
oparticles inside the nanocomposite coating is a combination
of the physical and chemical properties of the nanoparticles
and all the processing steps. Various measures can be applied
to minimize the possible IF agglomeration at the different
steps of the AACVD process. The results and conclusions
would also be helpful for the fabrication of nanocomposite
coatings using other processing techniques.

5. Conclusions

IF-WS
2
nanoparticles have been incorporated into Cr

2
O
3

coating matrix to form nanocomposite coatings using
AACVD. Hollow onion structure and chemical composition
of IF-WS

2
nanoparticles are preserved inside the matrix.

All IF nanoparticles are fully covered by the coating matrix
and no naked IF nanoparticle can be detected. Individual
IF nanoparticle in the coating can be clearly characterised
by TEM analysis, but the agglomeration of the IF nanopar-
ticles also exists. As compared to pure Cr

2
O
3
coatings, the

nanocomposite coatings have a much rougher surface.
The chemical reactions and intermediates in the AACVD

process could be complex. From the thermal decomposition
of the dried precursor powder, it is suggested that alkoxy and
hydroxide structures are involved in the reactions.

A deposition mechanism has been proposed to discuss
the codeposition of nanocomposite coating using AACVD.
The heterogeneous reaction on the surface of IF nanopar-
ticles, before they reach the substrate, is the key point
in AACVD of nanocomposite coatings. The heterogeneous
reaction would lead to the formation of a Cr

2
O
3
shell on

the nanoparticles surface, which greatly influences themicro-
structure and surface roughness of the coatings.

The agglomeration of IF nanoparticles inside the nano-
composite coatings might be attributed to the as-received
nanoparticles and AACVD process. Various measures have
been discussed for minimizing the possible IF agglomeration
at different steps in the process. The results and conclusions
would also be helpful for the fabrication of nanocomposite
coatings using other processing techniques.
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