Journal of Advanced Ceramics

2020, 9(5): 517-534 ISSN 2226-4108
https://doi.org/10.1007/s40145-020-0402-9 CN 10-1154/TQ
Review

Micro-nano structured functional coatings deposited
by liquid plasma spraying

Yuchun HUAN®, Kaidi WU Changjiu LI”, Hanlin LIAO®,
Marc DEBLIQUYY, Chao ZHANG*’

“College of Mechanical Engineering, Yangzhou University, Yangzhou 225127, China
bState Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China
‘ICB UMR 6303, CNRS, Université de Bourgogne Franche-Comté, UTBM, 90010 Belfort, France
“Service de Science des Matériaux, Faculté Polytechnique, Université de Mons, 7000 Mons, Belgium

Received: March 8, 2020; Revised: June 27, 2020; Accepted: June 28, 2020
© The Author(s) 2020.

Abstract: Inspired by the micro-nano structure on the surface of biological materials or living
organisms, micro-nano structure has been widely investigated in the field of functional coatings. Due
to its large specific surface area, porosity, and dual-scale structure, it has recently attracted special
attention. The typical fabrication processes of micro-nano structured coatings include sol-gel,
hydrothermal synthesis, chemical vapor deposition, etc. This paper presents the main features of a
recent deposition and synthesis technique, liquid plasma spraying (LPS). LPS is an important
technical improvement of atmospheric plasma spraying. Compared with atmospheric plasma spraying,
LPS is more suitable for preparing functional coatings with micro-nano structure. Micro-nano
structured coatings are mainly classified into hierarchical-structure and binary-structure. The present
study reviews the preparation technology, structural characteristics, functional properties, and
potential applications of LPS coatings with a micro-nano structure. The micro-nano structured coatings
obtained through tailoring the structure will present excellent performances.

Keywords: liquid plasma spraying (LPS); composite spraying; micro-nano structure; functional
coatings

such as gas sensitive coatings, thermal barrier coatings,
hydrophobic coatings, wear-resistant coatings, and
photocatalytic coatings [2—6]. It offers great performance
due to its advantages of high specific surface area, high
porosity, and a large number of reaction sites [2,7].
Micro-nano structures mainly have two types [8,9].
The first is a binary-structure with both nano- and
micron-particles. Two-scale particles are distributed
independently of each other. As shown in Fig. 1(a),
micro-ZnSnO; cubes were decorated with nano-TiO,.
The other one is a hierarchical structure in which the

1 Introduction

Micro-nano structure is a hydrophobic functional
structure existing in natural materials such as lotus leaf
and gecko hair [1]. Inspired by this natural structure,
bionic micro-nano structure began to appear in surface
technology. Nowadays, the micro-nano structure has
been widely investigated in functional surface fields
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Fig. 1 Scanning electron microscopy (SEM) images of micro-nano structured materials: (a) ZnSnO; decorated by TiO, and (b)
flower-like WO;. Reproduced with permission from Ref. [2], © Elsevier 2019; Ref. [15], © Elsevier B.V. 2018.

microstructure is assembled by nano units. Figure 1(b)
shows several micron-sized flower-like WO; spheres
were assembled by nanosheets. Owing to the structure
combination, the material surface can show different
functional characteristics. Many methods have been
used to prepare micro-nano structured functional coatings,
such as the sol-gel method, hydrothermal synthesis,
template method, chemical deposition, etc. [10—12].
For instance, Yang et al. [13] synthesized micro-nano
structured ZnFe,O, hollow sphere by hydrothermal
synthesis. It showed excellent glycol gas sensing
performance. Movahedi and Norouzbeigi [14] prepared
flower-like micro-nano structured ZnO coatings via a
chemical bath deposition method for hydrophobic
coatings. However, these methods are complicated,
time-consuming, and costly. Moreover, they are not
well adapted for large surfaces and they are not
suitable for rapid and mass production. Besides, the
complex chemical reaction process may introduce
impurities, affecting the performance and service life
of the coatings. Liquid plasma spraying (LPS) has a
simple operation process and little effect on the
substrate as well as a few impurities. At present, LPS is
widely used in preparing various functional micro-
nano structured coatings. This paper will review the
principles, the preparation methods, and some major
applications of the LPS method.

2 LPS

2.1 Principle and classification

Plasma spraying is one of the common methods to
prepare photocatalytic coatings, wear-resistant coatings,
thermal barrier coatings, etc. As for atmospheric
plasma spraying (APS), spray materials are mainly

metal, intermetallic, and ceramic powders. The particle
diameter is usually tens of microns [16]. To obtain
high-performance functional coatings with fine
microstructure, nano- and submicron-particles have
been used in APS [17-21]. However, in APS process,
excessively fine powders may gather and block the
powder feeding tube under high surface tension, which
will make it difficult for the carrier gas to inject
powders into the plasma jet [22,23]. In APS, fine
powders are directly exposed to high temperatures,
resulting in rapid heating and melting which destroy
nanostructures [24-26]. Besides, the fine particle is too
small to get enough kinetic energy to enter the plasma
jet, so a higher carrier gas flow rate is required [27],
which will cause severe disturbance to the plasma
flame and affect the quality of the coatings [20]. To
smoothly feed the fine powder particles into the
plasma jet, fine particles are usually agglomerated to
micron-sized particles. When such particles are
injected into plasma jet and partially melted under
controlled spray conditions, the coating with bimodal
microstructure will be formed. The part of coating
from the molten fraction presents the conventional
microstructure resulting from rapid quenching of melt,
while the part of unmelted fraction retains the fine
structure of the original powder. In brief, APS is not
suitable for coatings with a fine structure.

Compared with conventional APS, LPS has advantages
in the preparation of nano- and submicron-structured
coatings. Splats prepared by LPS possess a smaller size,
finer structure, and higher specific surface area [28,29].
Therefore, LPS is suitable for the preparation of
functional coatings, especially when the nanoscale
structure coatings are required [30]. LPS has two types:
solution precursor plasma spraying (SPPS) and
suspension plasma spraying (SPS) [31,32]. The spray
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material of SPS is a suspension obtained by dispersing
fine solid particles in the solvent [33]. The properties
of coatings are determined by the content of solids in
suspension, the substrate surface state, the solvents,
and the particle properties [34]. The spray material of
SPPS is a solution of metal salts. During spraying, the
solution is injected into the plasma jet directly or after
atomization. After a series of physical and chemical
processes such as solvent evaporation, nucleation
growth, heating decomposition, and particle melting, a
coating will be deposited on the substrate surface [35].
Although the processes were proposed in the middle of
the 1990s, SPS and SPPS are new plasma spray methods
based on liquid raw materials, which can deposit ultrafine
particles to obtain coatings with fine microstructures
and excellent functional properties [36].

LPS can tailor the microstructure and composition
of coatings. The deposited particles include sintered
particles with complete/incomplete transformation, dry/
wet aggregates, and liquid droplets. After subsequent
heat treatment, specific structures and compositions
can be formed by crystal transition [37]. At the same
time, due to the presence of the liquid, the spray
materials are protected from extreme temperatures in
the spray process. Although phase change is an
inherent feature of plasma spraying, excessive changes
will affect the performance of the coating. For instance,
Zhang et al. [38] used SPS in the preparation of solid
oxide fuel cells to protect cathode materials from high
temperature of plasma gas. Moreover, TiO, can be
found as anatase or rutile. In photocatalyst or dye-
sensitized solar cells, anatase is more efficient and
TiO; should stay in this form. However, in traditional
APS, the melting of TiO, particles during flight results
in a phase transition from anatase to rutile, leading to
reduced efficiency. Hence, Ando et al. [39] developed
low power (1 kW) hybrid plasma spraying (APS +
SPPS) for the deposition of TiO, coatings. The use of
SPPS can avoid the direct heating of titanium dioxide
particles by plasma flame and reduce the crystal
transition. In another example, Cipri et al. [40] used
SPS and APS combined spraying to reduce graphite
loss and agglomeration via utilizing the heat-absorbing
protection of liquid at high temperatures. In the
experiment, graphite was successfully incorporated
into the alumina coating to reduce the friction coefficient
of the coating.

The process of LPS is more complex, but more

operational, which can control the stoichiometric ratio,
thickness, and morphology of the coating accurately
[41]. Therefore, it is suitable for preparing coatings
with specific microstructures.

2.2 Hybrid plasma spraying

Although LPS is suitable for the preparation of
nanostructured coatings, the low deposition rate can be
considered as a shortcoming [42,43]. Hybrid plasma
spraying with liquid (suspension or solution) feedstocks
and powder feedstocks can greatly improve deposition
efficiency and obtain the micro-nano structure. Hybrid
plasma spraying also provides a possibility of combining
two-scale structures. Micro-nano structured coatings
can be prepared via combining APS with LPS, which
is a binary micro-nano structure to obtain improved
performance. A typical schematic diagram of hybrid
plasma spraying is shown in Fig. 2. The liquid and
powder are injected independently. Due to the different
spray materials, nanostructures and microstructures are
prepared via LPS and APS, respectively.

Figure 3 shows a typical illustration of the thermal
barrier coatings’ formation which was deposited using
ASP + SPPS [36]. In the first layer, small-size particles
prepared by SPPS included molten splats (MS),
spherical particles from secondary pyrolysis (SS),
unpyrolyzed mass (UM), and hollow splats (HS). The
molten spray-grade powder splats (MPS) with large
size are formed by APS. As the spraying proceeds, the
first layer gets consolidated into splats with different
sizes. However, a small amount of unpyrolyzed mass
after transformation (UM-T) might induce some pores
within the microstructure. Finally, the coating with two
scales is formed by similar stacking layers.

However, the hybrid plasma spraying is significantly
different from the traditional plasma spraying and
brings a lot of technical challenges, which is mainly
reflected in two aspects: spray process parameters and
composite spray method. Spray parameters have an
important impact on coating deposition. The conventional
plasma spray process is governed by some parameters
such as torch, powder, spray distance, etc. Usually,
even a minor change in process parameters can bring
about significant changes in the properties of plasma-
sprayed coatings. However, the optimal spray conditions
of powder and liquid are different [36]. Under the same
experimental conditions, some LPS and APS process
parameters are shown in Table 1. From Table 1, APS
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Fig. 2 Schematic diagram of hybrid plasma spraying.
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Fig. 3 Schematic diagram of the thermal barrier coatings’
formation deposited via APS + SPPS. Reproduced with
permission from Ref. [36], © Springer Nature 2015.

plasma power or current is usually lower compared
with LPS, because APS plasma power which can be
sufficient to deposit powder is usually not enough to
convert precursor droplets into available splats in the
LPS process [44]. As the evaporation of the solvent
absorbs much heat, the particles produced by LPS
cannot reach the ideal melting state and even the
precursor reaction will be incomplete with impurities
generation in relatively lower power. Regarding spray
distance, LPS is usually shorter than APS. Due to a

Table 1 LPS and APS processing parameters of the
same materials under the same experimental conditions

Spray
. Spray . Power Current
Coatings method distance (W) (A)
(mm)
) . LPS 60 40 450
Nickel coatings [8]
APS 80 40 500
. LPS 70 60 —
ZrO, coatings [31]
APS 190 50 —
LPS 50 1 50
TiO, coatings [39]
APS 100 1 50
. LPS 50 46 —
Mo-alloy coatings [44]
APS 130 30 —
Yttria stabilized LPS 50 _ 650
zirconia (YSZ)
coatings [46] APS 65 - 600
) LPS 100 122 220
Al O; coatings [47]
APS 150 109 230

smaller structure, a longer spray distance will make
LPS particles solidify again before impacting the
substrate. However, for APS, short spray distance can
give heat on the deposited particles and lead to
negative effects on the coatings. Also, the parameters
of the substrate temperature and feedstock feed rate
can vary [45]. Therefore, the parameters of the hybrid
spray process need to be optimized carefully to adapt
to two different spray methods. Single splat is the basic
component unit of plasma spray coatings. The splat
formation on the substrate is a key factor that
determines the characteristics of hybrid plasma spray
coatings. As a result, to achieve the best spray process
parameters, coatings’ single splat or layer formation
should be analyzed. Only when these coating units
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(single splat and layer) achieve the ideal structure and
component, high-quality coatings can be prepared.

In terms of spray methods, Skoog et al. [48]
proposed a hybrid plasma spray method with both
radial feedings. Compared with axial feeding, this
method can prevent the blocking of particles with sizes
lower than 5 um. The APS and SPPS feeding nozzles
were separated on both sides of the plasma flame to
realize hybrid plasma spraying with a controllable
feeding rate. Although radial feeding solves the
problem of powder blocking, the axial feeding can
make the powder heated fully and uniformly. For
further improvement, Mohanty and Moroz [49]
combined radial injection (liquid feedstock) with axial
injection (powder feedstock) together. The cathode
outlet of the axial spray is extended to avoid the
blocking caused by the deposition of molten particles
on the cathode. The normal radial injection is used to
inject liquid materials. In Ref. [49], another
improvement method is that the axial injection nozzle
of gas is located behind the anode in the spray gun.
The liquid can be effectively atomized into small
droplets in the spray gun, thus ensuring that all raw
materials can be fully heated in the plasma flame.
Spray method plays an important role in the practical
application of coating preparation. Taking the coating
of nickel and samaria doped ceria (SDC) for solid
oxide fuel cells (SOFCs) as examples, when the
coating is exposed to hydrocarbon fuel at working
temperature, the nickel phase will promote the
formation of solid carbon on the anode surface,
resulting in performance degradation and battery
damage [50]. The stability of SOFCs operating with
hydrocarbons can be improved by the substitution of
the nickel phase with copper [45]. However, if the
mixed powder of CuO and SDC is directly sprayed
using traditional APS to fabricate the coating, the
melting temperature of CuO (1326 C) is too low to
allow it withstand high temperature required for the
deposition of SDC (2600 C) [45,51]. Therefore, the
method of combining SPS and APS (coaxial injection
of materials) is adopted to solve the problem of
different melting points, and LPS is used to protect
copper oxide [45]. However, Cuglietta [52] found that
the method of coaxial injection made coating
composition inhomogeneous because of unstable powder
flow in the spaying process. To avoid unstable powder
flow in coaxial injection, it is necessary to select more
flowable and larger-sized SDC powder and reduce

velocities of the plasma jet. The spray parameters and
methods of hybrid plasma spraying should be flexibly
changed according to the desired coating structure and
functional characteristics.

3 Preparation and application of micro-nano
structured coatings

Typical micro-nano structured coatings obtained either
by single plasma spray methods or by the combination
of spray methods to modify the structure size scale are
given in the following paragraphs. They are introduced
separately according to the two kinds of micro-nano
structures described above.

3.1 Hierarchical micro-nano structure

Hierarchical coatings with micro-nano structures are
essentially composed of one-scale particles, and nano
units build up microstructure. Thus, compared with the
binary micro-nano structure, the preparation of the
hierarchical micro-nano structure coatings is simple.
Various coatings can be prepared using a single plasma
spray method.

3.1.1 Hydrophobic coatings

According to the well-known “lotus effect”, it is possible
to create a (super) hydrophobic coating by building a
two-roughness-scale structure.

Xu et al. [3] prepared micro-nano structured
hydrophobic coatings by solution precursor vacuum
plasma spraying (SPVPS). Compared with SPPS, the
coating density of SPVPS is higher [42]. Yb(NO;);
solution was used as SPVPS raw material to deposit
layered Yb,0Oj3 coating. As shown in Fig. 4, the coating
was characterized as the spherical micron-clusters
composed of nanoparticles. On the surface of the
clusters, fine nanoparticles and nanosplats can be
observed. This dual-scale and hierarchical structure
provided a superhydrophobicity. The forming of the
micro-nano structure can be explained as follows: as
the plasma jet with particles runs into the substrate, the
flow is divided and then particles move in parallel
along the top of the substrate. Next, fine nanoparticles
impact the substrate and move following the flow
because of their small inertia. Finally, the particles
impinge on the surface protrusion created by grit
blasting, generating the clusters. The coating became
hydrophilic after high-temperature treatment and
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regained superhydrophobicity by vacuum treatment.
This process offers potential in the mass production of
superhydrophobic coatings. In addition, the antifouling
and drag reduction characteristics of hydrophobic
coatings make them widely used in marine vehicles
[53,54]. By suspension flame spraying, Zhai et al. [55]
deposited perfluoroalkoxy (PFA)/mano-silver (Ag)
hydrophobic coatings on aluminum substrates using
PFA/AgNO; suspension. With the addition of Ag
nanoparticles, the surface roughness of the coating
increased greatly and a micro-nano structure was
formed. The hydrophobic coatings showed remarkably
strengthened antifouling and drag reduction performance.
Sharifi et al. [56] compared the hydrophobic TiO,
coatings prepared by SPS using ethanol-based suspension
and water-based suspension. The coating wettability is
significantly influenced by the geometrical micro- or
nano-roughness of the surface [57]. Due to the presence
of larger aggregates of particles in ethanol-based
suspension, the dual-scale hierarchical roughness was
prepared and the coating showed better water
repellency. So for hydrophobic coatings, the dual-scale
hierarchical roughness (micro-nano structure) improves
the performance. To form this structure, the surface
roughness and liquid materials are two important factors.

3.1.2 Gas-sensitive coatings

Semiconductor gas-sensitive coatings based on metal
oxides are becoming one of the most attractive sensing
technologies. These sensors are based on the following
principle: a semiconducting sensitive coating deposited
on an insulating substrate fitted with a pair of
electrodes (most of the time-interdigitated electrodes)
has an electrical conductivity that depends on the

concentration of a target gas in the ambient atmosphere.

This phenomenon is due to the reversible adsorption of
the gas molecules on the surface of the semiconductor.

If the interaction between the gas and the sensitive
material is strong enough, the electron exchanges
would be modified and then change the concentration
of charge carriers and, as a consequence, lead to a
change in conductivity.

The microstructures of gas-sensitive coatings have a
big impact on their sensitivity and selectivity. Gas sensors
need small-scale and porous structures to provide high
specific surface area and gas flow channels to favor the
contact with the gas. Secondly, the charge carrier
concentration is mainly affected by Debye length on
the surface of the semiconductor to a certain extent.
According to the gas sensing theory, if the grain size in
gas sensing coating is less than two times of the Debye
length, the gas sensing layer will possess high
sensitivity and fast response ability [58]. That is why a
micro-nano structure is a good choice. Huang et al. [9]
prepared WOj; gas-sensitive coatings with a micro-
nano structure for ozone by liquid precursor flame
spraying similar to LPS. The coating presented a
typical porous structure and micron-clusters were built
up by nanoparticles. To form this structure, ethanol
content, solute concentration, and spray distance are
important factors. As shown in Figs. 5(a) and 5(b), the
coating possessed micro-nano structures with large
specific surface area and high porosity which increased
reaction sites and greatly improved the sensing
performance. You et al. [59] prepared ZnFe,O, coatings
by SPS for low concentration acetone detection. Micron-
agglomerates assembled by ZnFe,O, nanoparticles
finally formed the coating porous structure. Arc current
was optimized to retain as many nanoparticles as
possible. The excessive current could agglomerate
over-melted nanoparticles to form large particles,
which negatively affected gas sensing properties. At
200 °C, the gas sensor displayed extremely short
response/recovery time and fine selectivity to acetone.

Fig. 4 SEM images of Yb,0; coating: (a) surface and (b) surface in high magnification. Reproduced with permission from Ref. [3],

© Elsevier Ltd. 2018.
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Zinc-oxide based materials are excellent NO, gas
sensing materials [60]. Geng et al. [61] prepared gas-
sensitive CdS—ZnO,-, coatings with similar micro-nano
structures by SPPS. Composite CdS—ZnO coatings
were prepared via spraying Zn(CH3;COQ), and CdS
solution. To achieve the oxygen-vacant CdS—ZnO,_,
coatings, a further process with H,O, treatment and
annealing was applied. The sensors showed an excellent
response to NO,. For the preparation of gas-sensitive
coatings, the LPS current should be relatively low. In
this way, the particles can be partially melted in the
spray process to form the porous structure required by
the gas-sensitive coatings. At low arc current, the tiny
size of particles is retained and the agglomeration of
over melted particles is avoided.

3.1.3 Biomedical coatings

In the biomedical coating field, hydroxyapatite (HA)
has been applied for about 50 years. Initially, it was
only used for congenital bone defects and trauma-
induced cavities. Nowadays, HA coating has become
the main force of modern biomedical implants because
of its properties [62]. HA can promote bone growth
and is converted to bone and the incorporation of
copper ions could improve the mechanical properties
of coatings and the antibacterial capability for
biomedical application [63,64]. Using the SPPS
process, complex powder preparation steps can be
avoided and morphology of the coatings can be
controlled [21]. Unabia et al. [20] prepared copper-
doped HA coatings using SPPS. The spray liquid is
calcium-phosphate solution doped with copper ions.
The coating microstructure showed agglomerated and
spherical nanoparticles on the surface. Titanium
dioxide is also widely applied in biomedicine as an

implant material due to good biocompatibility and
chemical stability [65,66]. The unique structure of
titanium dioxide coating can be prepared by adjusting
spray parameters [67]. On the plasma-sprayed TiO,
coating, the rough surface is not only conducive to the
connection and differentiation of osteoblasts in vitro,
but also promotes the growth of bone tissue to improve
the bonding between implant and bone. Zhang et al.
[68] used nano-anatase suspension as raw material to
prepare hierarchical TiO, coatings with a micro-nano
structure by induction suspension plasma spraying
(ISPS). The porous coating was mainly composed of
nanoparticles and micron-clusters. Considering the
experimental result, the liquid feed rate was the main
factor affecting the morphology and anatase content of
the coating. Due to the micro-nano structure, TiO,
coating cell adhesion and proliferation were increased
significantly compared with a smooth surface.

3.1.4 Photocatalytic coatings

In the field of photocatalysis materials, the micro-nano
structure receives increasing attention for its larger
specific surface area and higher photocatalytic activity
[69,70]. Compared with the traditional preparation
method of photocatalytic coatings, LPS is more and
more popular due to practicability and flexibility. Toma
et al. [71] compared the TiO, coatings prepared via
SPS and APS. SPS coating micromorphology consisted
of fine particles as well as large agglomeration with
micro-nano structures. The photocatalytic test results
showed that the SPS coatings presented a better
photocatalytic efficiency to the decomposition of NO,
pollutants than APS coatings due to the SPS protection
on the original anatase phase and a finer grain size. Yu
et al. [72] prepared micro-nano structured ZnO rod

Fig. 5 (a) SEM image of the cross-sectional microstructure of WO; coating and (b) transmission electron microscopy (TEM)
image of the spherical nanosized WOj; grains. Reproduced with permission from Ref. [9], © Elsevier B.V. 2017.
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coating using SPPS. The coatings allow the complete
photodegradation of the Orange II dye under UV light
irradiation within 2 h. The results showed that the
microstructure of ZnO can be easily controlled by
adjusting the composition of the solution precursor. In
addition to spray liquid raw materials, other spray
process parameters also have important impacts. Zhai
et al. [73] fabricated black titanium dioxide coatings
with a porous structure and high
photocatalytic activity. To reach the desired titania
coatings, plasma spray power and gun moving speed
were optimized. Under higher spray power, large pores
can be observed from the micromorphology of the
black coating which had lager specific surface areas
than normal white coatings. Moreover, a higher
temperature spray process partial phase
structure transformations of TiO,. The exceptional
structure of black coating enhanced photocatalytic
activity. Therefore, micromorphology and composition
of photocatalytic coatings can be effectively changed
by adjusting the spray process parameters, and thus
photocatalytic performance is improved.

Compared with other coating preparation technologies,
LPS is a straightforward process. In general, hierarchical
coatings prepared using LPS improve the surface
properties of functional coatings. Single liquid plasma
spraying can be applied to fabricate hierarchical micro-
nano structured coatings assembled by nanoparticles
directly. However, for binary micro-nano structured
coatings, the co-deposition method is needed.

micro-nano

causes

3.2 Binary micro-nano structure

Binary micro-nano structured coatings have both nano-
and micron-particles at the same time, which cannot be
achieved by a single spray method. Therefore, the

Layered coating

<z Microstructure <> Nanostructure

Composite coating

preparation of binary micro-nano structured coatings
uses the combination of APS and LPS. Micron-
particles are deposited via APS and nanoparticles are
deposited using LPS. Compared with single spray
methods, the hybrid spraying can better tailor the
micro-nano structure and the prepared coatings usually
have the advantages of two spray processes.

Binary micro-nano structure coatings have three
types: layered coatings, composite coatings, and graded
coatings (Fig. 6). Layered coatings are prepared via
alternate deposition in which micron-structures and
nano-structures will be combined layer by layer. Two
different scales of structures are relatively separate and
the layer of different structures can be observed by
cross-sectional images. This kind of structure can be
simple two upper and lower layers or multi-layered.
Composite coatings are prepared by feeding two
different materials at the same time. This method
combines fine nano-sized features with rough layered
features in micron-size. Dispersed nanoparticles adhere
to the surface of the micron-structure. The preparation
of graded coatings is similar to the composite coatings.
When feeding two materials at the same time,
adjusting the feeding rate of one or two raw materials
can realize the gradual change of coating structure
from bottom to top. As shown in Fig. 6, the bottom
was dominated by micron-structures, and the top was
dominated by nanostructures [43]. At present, few
examples prepared graded coatings by composite
spraying, but there are similar researches. Wang et al.
[74] applied SPS to produce functionally graded
La,Zr,07/8YSZ thermal barrier coatings by controlling
the two different suspension feeding rates.

The functional micro-nano structure coating in this
paper mainly refers to the part of coatings which is
prepared by two different spray methods and plays the

Graded coating

Substrate

Fig. 6 Schematic diagram of three structures of binary micro-nano structured coatings. Reproduced with permission from

Ref. [43], © Elsevier Ltd. 2018.
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main function, such as gas sensor, thermal barrier, etc.

3.2.1 Electrode coatings for hydrogen production

The demand for new clean energy is raised due to
growing environmental pollution and the rapid
depletion of fossil fuels [75]. Hydrogen is a typical
clean energy source, and advanced electrode coating
with high performance is a promising material to
reduce the cost and energy consumption of water
electrolysis in hydrogen production. Among different
surface modification technologies, plasma spraying has
shown its good performance of electrode coating
production as a cost-effective process, such as APS and
SPS [76,77]. Although the performance of SPS coating
is better with high surface roughness and specific
surface area, a hydrogen bubble blockage problem
exists because of too small pores in the coating. To solve
the problem, Aghasibeig et al. [8] used APS + SPS
composite spraying to fabricate a dual-scale structure
coating. The spray materials were micron-Ni powders
and ethanol suspension with NiO nanoparticles. APS
coating was deposited first, and then multi-layered SPS
coatings were deposited above it. This hybrid spraying
was divided into two separate steps: APS and SPS.
Therefore, the study did not need to consider the spray
process parameters of APS and SPS co-spraying.
Finally, a typical layered structure coating was
obtained by reduction treatment. It showed that the
nano-aggregates were added on the rough and porous
micron-structure. The micron-sized features promote
the escape of gas bubbles and the contact between the
electrolyte and coating surface, and the nano-sized
features improved the specific surface area of the
coating. Thus, the electrocatalytic activity of the
electrode was improved. The same group [78] further

400 um

prepared three-dimensional (3D) electrode coatings for
hydrogen production with fin arrays micro-nano
structure using APS + SPS. To form the structure of the
array, the substrate was masked by wire mesh in the
APS process. Then, SPS was used to add nanostructures
on the APS layer. Different meshes were used for
experimental comparison. The fins in the coarse mesh
screen showed a trapezoidal shape, whereas dome-
shaped fins in the fine mesh screen. The electrode
prepared by a fine mesh screen had a larger surface
area, which improved the activity of the electrode
again. The cross-sectional and 3D surface images of
the fin array micro-nano structured coating are shown
in Fig. 7. Experimental results showed that the electrode
activity was mainly determined by surface roughness.

3.2.2  Thermal barrier coatings

As for thermal barrier coatings (TBCs), they can also
be prepared via combining APS and SPS. Introducing
considerable porosity is a common method to improve
the insulation performance of TBCs [79]. Many
conventional methods were applied to introducing
pores, such as replica, sacrificial template, and direct
foaming technique [80,81]. Although a large number of
pores can be formed, these methods introduce
impurities and the process is difficult in comparison
with thermal spraying. Most importantly, TBCs cannot
effectively utilize these internal pores to improve
thermal barrier performance, because the thermal
conductivity of the material is closely related to the
pore size and geometry of the coating [82]. Zhang et al.
[4] prepared layered YSZ by APS + SPS, in which
homogeneous nanoparticle heaps with a large aspect
ratio were introduced by SPS to replace large-scale
pores. It solved the problem of a low ratio of effective

Fig. 7 (a) SEM image of coating cross-sectional surface and (b) confocal laser scanning microscope (CLSM) image of
electrode 3D top surface topography. Reproduced with permission from Ref. [78], © Elsevier B.V. 2016.

www.springer.com/journal/40145



526

J Adv Ceram 2020, 9(5): 517-534

thermal barrier pore. High aspect ratio heaps enhanced
the thermal barrier performance of YSZ coating.
However, in the process of hybrid plasma spraying, the
introduction of nanoparticle heaps with a large aspect
ratio is a challenge. Because when the suspension
droplet impacts on the substrate, the solvent should not
be completely evaporated to ensure that the suspension
droplet has enough fluidity to spread. At the same time,
the residual amount of solvent must be controlled.
Through the experiment of single nanoparticle heap
formation, the long spray distance was determined and
the organic solvent was replaced by water. This method
can not only obtain ideal nanoparticle heap structure,
but also avoid the overlapping of them. As shown in
Fig. 8, the thermal barrier coatings showed obvious
layered characteristics. The coating prepared by APS +
SPPS was a bimodal micron-structure consisting of
both dense and loose regions, and the nanoparticle
heaps were sandwiched between layered micron-
structures. Compared with conventional powder spray
coatings, the thermal conductivity of composite coatings
was reduced by 1/5.

The micro-nano structure improves not only the
thermal barrier properties of the coating, but also the
service life [83]. Indeed, the YSZ TBCs prepared by
APS have been widely used due to the internal porous

structure and micro-cracks in coatings which ensure
the barrier of heat transfer. However, this kind of
coatings tends to sinter during service, which will
make coatings peel off and fail [84]. The structure of
APS coating was porous and lamellar whereas SPPS
coating was vertical cracks structure [46,85]. It is well
known that the coatings with vertical cracks can
increase thermal cycling durability of TBCs by
offering enhanced strain tolerance, and nanostructure
can exert better thermal shock resistance and lower
thermal conductivity [32]. The advantages of the two
kinds of coatings can be combined with composite
spraying. Joshi et al. [83] prepared YSZ TBCs with a
micro-nano structure by combining APS with SPPS.
Different kinds of coatings with micro-nano structures
were prepared by feeding mixed powder and liquid at
the same time or consecutive feeding in turn: covering
the APS layer by the SPPS layer. These two structures
were the layered coating and composite coating
mentioned above.

In this process, two kinds of raw materials are
separately fed axially to control their feed rates and
injection angles. By the investigation of particles
collected in flight, high plasma power and appropriate
precursor flow rate were found to help obtain well-
defined spherical particles. Then, in the studies of splat

V7 4

i’

Fig. 8 SEM image of cross-sectional surface: (a, b) APS and (c, d) SPS + APS. Reproduced with permission from Ref. [4], ©
Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology 2017.
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formation using hybrid spraying, process parameters
closer to those favoring the LPS appear more promising
to form composite micro-nano structures. Fine-sized
solution-based splats can be deposited over larger
splats originating from the spray-grade powder, as
desired in the case of composite coatings. The shapes
of splats from the powder and the solution precursor
were close to disk-shaped form, which are preferred
for better adhesion—cohesion within the micro-nano
structures. In terms of performance, their thermal
cycling durability was much better than that of APS
coatings. In layered coatings, the top SPPS porous
nanostructure coatings retained vertical cracks which
were protective as well as the bottom APS coatings
retained larger pores and obtained lower thermal
conductivity. So the micro-nano structure prepared by
alternate deposition had better thermal barrier
performance and durability and it had the advantages
of both SPPS and SPS coatings.

High-temperature corrosion is another important
factor affecting coating life [86]. Ajay et al. [46]
compared the thermal corrosion resistance of YSZ
TBCs prepared by APS and SPPS, respectively. In an
environment of hot corrosive salts, the vertical crack of
SPPS coating would become a channel to transport salt
to the interface between the bonding layer and the
insulation layer and accelerate the failure of the

coating. Sivakumar et al. [87] studied the thermal
corrosion behavior of powder-solution plasma-sprayed
YSZ TBCs (composite micro-nano structure) in
chloride ion and vanadate environment. As shown in
Fig. 9, the thermal barrier performance and thermal
corrosion resistance of composite TBCs were much
better than those of SPPS or SPS TBCs. Besides the
absence of vertical crack, a composite micro-nano
structure could reduce the induced stresses within the
upper coatings and avoid densification under high
temperatures [88,89]. Therefore, micro-nano structured
coatings have their advantages. Besides, some researchers
have studied new materials to solve the hot corrosion
problem. La,Ce,07 (LC) is reported to have extremely
low thermal conductivity and can prevent the
infiltration of hot corrosive salts by the formation of
the apatite phase [90]. Praveen ef al. [91] prepared double-
layered TBCs containing YSZ and (Lag¢Gdy ),Ce,O5
(Gd-LC) by combing SPPS and APS. For SPPS based
Gd-LC layer, nitrate solutions of La, Gd, and Ce were
prepared as spray material, and YSZ powder for
SPS/YSZ coating was deposited first followed by
SPPS Gd-LC. APS coatings exhibited lamellar features
and SPPS showed coating nano-sized structure with
small pores. In the same hot corrosion environment,
the micro-nano structured TBCs had better thermal
cycling durability than standard YSZ coatings.

Time to failure (h)

(C)
250 N Chloride salt

B Vanadate salt

Composite

Fig. 9 SEM image of (a) surface morphology, (b) cross-sectional image (at low magnification), and (c) cross-sectional image
(at high magnification) of composite YSZ TBCs; (d) time for the failure of three kinds of YSZ coatings after hot corrosion
testing in chloride and vanadate environments. Reproduced with permission from Ref. [87], © Elsevier B.V. 2018.
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Some reports studied on the co-spraying of SPPS
and SPS to prepare TBCs. Hou et al. [92] prepared
Ba(Mg,;3Tay;3)0; (BMT) thermal barrier coatings via
SPPS and SPS. Ta,0Os nanoparticle suspension was
used for SPS, and barium and magnesium nitrate
solution was used for SPPS. Due to an excessive
sintering temperature of BMT [93], which would cause
the evaporation and loss of Mg, this method could
reduce the loss of magnesium element under the
plasma flame and ensure the purity of coating without
complex secondary phases. The effects of power and
spray distance on coating deposition were studied to
determine the optimum process parameters. The
existing research on the co-spraying of SPPS and SPS
is relatively rare. However, the SPPS + SPS provides
more possibilities for designing and tailoring of micro-
nano structures.

3.2.3  Wear-resistant coatings

To improve the performance of wear-resistant coatings,
the addition of high-temperature stable hard particles
with nano- or micron-size to common wear-resistant
matrix has also attracted much attention. Many
traditional methods are trying to form this dispersed
phase in the matrix, such as powder metallurgy, in-situ
synthesis, casting technology, electrodeposition, and
traditional thermal spraying, but these methods are not
easy to adjust according to the demand [94]. Generally,
the traditional thermal spray method uses a given
mixing ratio of powder material, which limits the
flexibility of design and production. Besides, as
mentioned above, APS has difficulty in spraying
nanopowder. An et al. [95] modified nano-Al,Os
powder with KH-560 silane coupling agent to improve
its dispersion. Then the nano- and micron-Al,O3
powders were uniformly mixed by ultrasonic waves so
that all the nanoparticles were attached to the micron-
particles. This process avoided the blockage problem
of nanoparticles in traditional APS. The resistance
performance to brittle fracture and wear resistance of
the coatings is strengthened significantly with an
increasing amount of the nanopowder. This method
mainly focused on the improvement of raw materials,
but how to retain nano-structures after plasma spraying
needs further study. Adding hard nanoparticle by
composite plasma spraying can improve wear resistance
of the coating. Lohia ef al. [44] mixed zirconium
acetate and yttrium nitrate hexahydrate salt as a solution
precursor material and Mo-alloy blend powder as APS

material to prepare wear-resistant coatings with micro-
nano structure by composite spraying. The SPPS
coating was mainly composed of YSZ spherical particles
with nano- or submicron-size, which improved wear
resistance of the coating. The wear rate was reduced by
about 40% under the lubrication condition and about
20% under dry grinding conditions. Similarly, Murray
et al. [47] prepared Al,O5—YSZ coatings using SPS
and APS. The Al,O; powder and YSZ suspension were
injected axially at the same time. In a comparison of
AlLO5 coatings, the hybrid Al,Os;—YSZ coatings had
significantly lower porosity, higher fracture toughness,
and wear resistance. Compared with gas-sensitive or
thermal barrier coatings, wear-resistant coatings need
higher density. Therefore, the hybrid plasma spray
process of wear-resistant coating often uses higher
spray power and shorter spray distance. By splat
formation studies, higher spray power enables the
pyrolysis of the liquid precursors to form in-situ
particles and ensures good splat formation during their
subsequent melting process. At a higher spray distance,
finer particles formed from the solution precursor
re-solidify, and the nanostructure would be destroyed.
Therefore, it is necessary to reduce the spray distance
appropriately to avoid the powder particles from
incomplete melting.

Other researchers added alumina nanoparticles into
the wear-resistant coating matrix via liquid spraying.
Bolelli et al. [96] introduced submicron Al,Oj; particles
into the NiCrAlY matrix by APS + SPS, which was
characterized as a dual-scale structure of large
NiCrAlY lamellae interspersed with fine and rounded
Al O3 particles. Bolelli et al. [97] also added h-BN
based on NiCrAlY + Al,O; composite coatings by
hybrid plasma spraying to achieve ternary systems.
Particularly, the incorporation of lubricants within
coatings is hot research in the field of wear-resistant
coatings [98]. This ternary system contained both hard
phase and solid lubricants to obtain high wear
resistance. The submicron Al,O; and h-BN particles
tended to agglomerate together in the coating. In a
dual-scale structure, Al,O; and h-BN submicron
particles tended to cluster. The sliding wear resistance
of the coating was further enhanced by the addition of
h-BN. Obviously, this method of composite spraying is
not limited to plasma spraying. Mohanty et al. [94]
used arc spraying and supersonic flame spraying
(solution of precursors material) to insert SiO, and
Al,O3 nanoparticles into nickel-chromium alloy matrix
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to improve the creep resistance and thermal fatigue
resistance of the coating. Kiilakoski et al. [99]
fabricated Al,O;—YSZ/ZrO, wear-resistant coating
with micro-nano structure by high-velocity oxygen-
fuel spray to improve mechanical properties. The
solution precursor and powder were coaxial feeded,
and YSZ/ZrO, nanoparticles produced by solution
precursors were sandwiched between micron-Al,O;
lamellae in coatings. The added nanostructured phase
could bring out the toughening effect. However, the
mechanical strength of the coatings was not optimal
due to the excessive amount of the nanostructured
YSZ/ZrO, addition. Therefore, the process needs to be
further improved.

3.2.4 Gas-sensitive coatings

Binary micro-nano structures can improve gas-
sensitive properties in different aspects. ZnO is an
excellent choice for hydrogen sensing materials [100].
However, pristine ZnO shows a low selectivity to
hydrogen gas [101]. Hoppe et al. [102] reported that
the hydrogen response and selectivity of ZnAl,O4-
decorated ZnO with binary micro-nano structure were
greatly improved. The ZnAl,O4 nano-crystallites
distributed on top of ZnO micron-wires densely.
However, the smaller the grain size, the higher the
specific surface area and the more reaction sites [103].
As a result, the grain size of the gas-sensitive layer is
generally at the nanoscale [104], such as nanospheres,
nanowires, nanobelts [105-107], etc. However, the
smaller the grain size, the lower the critical temperature
of grain growth, and the working temperature of sensors
can usually reach 200-600 ‘C [108]. At elevated
temperatures, the nanograins grow up, which will
reduce the sensitivity. Hence, the thermal stability of
nanomaterials needs to be solved urgently. Previous

studies showed that the thermal stability of WO;
coatings with a micro-nano structure prepared by
APS + SPPS had been greatly improved compared
with that of SPPS coatings [109]. WO; micrometer
particles were used as powder material and ammonium
tungstate hydrate dissolved in deionized water was
used as liquid precursor material. The nozzle angles
(from torch axis) of SPPS and APS were set to 75° and
90°, respectively. By comparing the effects of different
spray powers, lower power is beneficial to get fine
particles by SPPS and porous structure by APS. Since
the liquid and powder were fed at the same time, the
gas-sensing coating was a composite micro-nano
structure. As shown in Fig. 10, nanoparticles were
distributed independently on the surface of micron-
structures, avoiding physical contact of nanoparticles.
Therefore, nanoparticles would not move, agglomerate,
or grow, thus effectively improving the thermal
stability at working temperature.

In addition to improving thermal stability by modifying
the composition or structure, the combination of
different metal oxides can also lower the working
temperature to avoid agglomeration of the particles.
ZnSnOj particles are often used in ethanol gas sensors,
but the sensors also need to work at high temperatures
to obtain sufficient gas sensing properties [110,111].
Except for the problem of thermal stability, the hidden
danger of detecting flammable and explosive gases at
high temperatures should not be neglected. Nano-
titanium dioxide can reduce the working temperature
of ZnSnO; and improve its gas sensitivity [112,113].
Wang et al. [15] synthesized 3D flower-like micron-
ZnSnO; by co-precipitation method and then decorated
nano-titanium dioxide on ZnSnOj particles via coating
and sintering to fabricate UV-enhanced ethanol-sensing
coatings. The working temperature was lowered from

Fig. 10 SEM images of cross-sectional structure of APS + SPPS WO; coating: (a) low magnification and (b) high
magnification. Reproduced with permission from Ref. [109], © Elsevier B.V. 2016.
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200 to 80 °C. However, it is difficult to produce
coatings in mass and LPS will be a possible technology.

4 Summary and prospect

The construction of micro-nano structured coatings by
LPS has attracted much attention. The specific
functional characteristics can be obtained through
structural tailoring so that the service performance of
various functional coatings would be improved. The
final coatings produced by different spray materials
and processes can be varied greatly. Due to many
applicable substrates and flexible processes, LPS
micro-nano structured coatings will get more attention.

Most of the existing studies are limited to the
preliminary characterization of the structure and
properties of micro-nano structured coatings. The studies
concerning the deposition and tailoring mechanism of
micro-nano structured coatings need to be further
developed to form a well-established process. That is
why there is still plenty of work to be done in this
field.

The plasma spray process is a rapid deposition
process of a large number of particles on the substrate
surface. The time interval between two adjacent
particles reaching the substrate is much longer than the
time required for solidification of each particle, which
is also applicable to LPS. Therefore, the arrangement
of the surface particles with micro-/nano-structure is
adjustable. For a single sprayed particle, different
shapes and sizes will be formed during flight and
deposition, so it is necessary to further understand the
law of a single or few particles’ formations. Joshi and
Sivakumar [36] studied the formation and characteristics
of deposited particles in the flight process of composite
spraying TBCs. As for the entire coating structure, the
density, composition distribution, porosity, and geometry
of coatings may be determining factors for the performance
of functional coatings. After understanding the formation
mechanism of the coating, micro- and nano-structure
of the coating can be effectively regulated to achieve
the desired performance.

In conclusion, LPS (single or hybrid) combines two
kinds of materials with different scales more simply to
directly change the microstructure and composition of
entire coatings, ultimately improving their performance.
Therefore, one of its important values is to provide a
new technology for the micro-design and preparation

of the micro-nano structured coating, which greatly
reduces the development time and cost. With the
developing of new functional coatings with micro-
nano structures, the study of forming mechanisms,
numerical simulation, and improvement of preparation
technology should be the focuses of future studies.
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