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Abstract

:

Low-temperature atmospheric pressure (AP) plasma technologies have recently proven to offer a range of interesting opportunities for the preparation of a variety of nanocomposite (NC) coatings with different chemical compositions, structures, and morphologies. Since the late 2000s, numerous strategies have been implemented for the deposition of this intriguing class of coatings by using both direct and remote AP plasma sources. Interestingly, considerable progress has been made in the development of aerosol-assisted deposition processes in which the use of either precursor solutions or nanoparticle dispersions in aerosol form allows greatly widening the range of constituents that can be combined in the plasma-deposited NC films. This review summarizes the research published on this topic so far and, specifically, aims to present a concise survey of the developed plasma processes, with particular focus on their optimization as well as on the structural and functional properties of the NC coatings to which they provide access. Current challenges and opportunities are also briefly discussed to give an outlook on possible future research directions.
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1. Introduction


Low-temperature atmospheric pressure plasmas (APPs), also referred to as non-equilibrium or cold atmospheric pressure plasmas, have been studied extensively over the last decades. By providing unique reactive environments at moderate gas temperatures and atmospheric pressure, they have opened unprecedented opportunities for plasma science and technology in numerous applicative fields, such as surface engineering and nanomaterials fabrication [1,2,3,4,5,6,7], chemical synthesis and catalysis [8,9,10,11,12,13,14,15], environmental protection and remediation [8,14,16,17], medicine and healthcare [18,19,20], and food and agriculture [16,21,22,23].



Developing new low-temperature plasma technologies for the surface modification of materials at atmospheric pressure (AP) has attracted more and more attention in academic and industrial communities since the 1990s. Over the years, different plasma generation methods have been therefore exploited to address the rapidly increasing demand for new APP processes in surface engineering applications. They primarily include dielectric barrier discharges (DBDs), corona discharges (CDs), microplasmas (MPs), radiofrequency (RF), and microwave (MW)-driven plasmas [24,25,26,27,28,29]. As a result, a variety of APP sources are available today, offering a wide range of options in terms of sizes and geometries, plasma characteristics and regimes, electron and gas temperatures, and densities of charged and reactive species [29].



In this context, during the past two decades, significant efforts have been devoted to the development of low-temperature AP plasma reactors and processes for the preparation of thin films [2,30,31]. Key advances have been made in the following areas: (i) the direct and remote plasma deposition of thin films, in which the substrate to be coated is located, respectively, inside and downstream the plasma generation region [2,4,30,32,33,34]; (ii) the preparation under open-air conditions of coatings with controlled structure and properties [2,4,34,35]; (iii) the deposition over large areas [2,36] or, oppositely, the localized or patterned deposition of functional films [4,37,38,39]; and (iv) the uniform coating of objects with complex geometries, including three-dimensional (3D) porous materials [4,32,40,41,42,43,44]. It has been demonstrated that with proper selection of the plasma source and its operating conditions as well as of the precursors nature and delivery method [2,4,45], it is possible to deposit coatings with very different characteristics in terms of chemical composition, structure, and morphology [2,4,34]. Examples in the literature range from high-quality inorganic layers (e.g., silica-like films [36,46], hydrogenated silicon nitride films [47], etc.) to polymeric coatings characterized by remarkable retention of the monomer structure [48,49,50,51] and include also a variety of nanocomposite (NC) films. These latter are defined as multicomponent layers comprising multiple different phase domains in which at least one type of the phases has at least one dimension in the nanometer range [52,53]. First studies on the low-temperature APP deposition of NC thin films were published between the end of the 2000s and the early 2010s [54,55,56,57,58,59]. Since then, numerous research groups have developed novel AP plasma-based methods for the preparation of this intriguing class of coatings [60,61,62,63,64,65,66,67]. Progress in this field has been significantly accelerated by the parallel development of aerosol-assisted plasma processes (Figure 1a) [45,68,69]. In fact, the use of aerosols of either precursors solutions or nanoparticle dispersions has allowed greatly broadening the nature and type of constituents that can be combined in the plasma-deposited NC layers.



Overall, to date, through rational design of the plasma sources and deposition strategies, it has been possible to explore the preparation of NC coatings with a wide range of chemical compositions (i.e., all-inorganic, all-organic, and organic-inorganic NC coatings). Low-temperature APPs have enabled, for example, the preparation of various hybrid organic-inorganic coatings consisting of inorganic nanoobjects (e.g., metal, metal oxide, salt nanoparticles) and a plasma-polymerized organic component [54,55,56,57,58,60,61,64,67]. Moreover, they have provided access to a unique class of biocomposite layers consisting of bioactive molecules (e.g., proteins and drugs) spatially confined within nanosized domains [45,70].



Our goal with the present paper is to provide an overview of the advances that have been made since the late 2000s in the deposition of nanocomposite coatings by low-temperature AP plasmas. First, a concise survey of APP technologies and configurations used in this applicative field is presented (Section 2) to facilitate the understanding of the sections to follow. Then, the APP processes used for the deposition of NC coatings are outlined and discussed, with particular attention to their implementation and optimization using both direct and remote plasma sources (Figure 1b,c). Specifically, Section 3 addresses plasma-enhanced chemical vapor deposition (PECVD) processes, in which the vapors of one or two precursors are injected in the plasma to synthesize the NC films in a single step. Section 4 is dedicated to emerging aerosol-assisted plasma deposition (AAPD) strategies in which at least one precursor of the NC film is delivered in aerosol form. In Section 5, we review the most common functional properties and possible applications of the NC films deposited by APPs. Finally, challenges and future research perspectives are briefly outlined (Section 6).




2. Low-Temperature APP Technologies for NC Coatings Deposition


This section provides a concise survey of low-temperature APP technologies currently in use for the preparation of NC coatings. It is worth specifying that a number of recent reviews have comprehensively covered both fundamentals and material science applications of low-temperature (non-equilibrium or cold) plasmas generated at atmospheric pressure [1,2,4,24,26,27,28,30]. Therefore, in this section, basic concepts regarding the most used AP plasma generation methods, apparatuses, and processes are only briefly outlined to facilitate the reading of the following sections.



In the last two decades, low-temperature APPs have received great attention from both the academic and industrial communities. They have proven to be effective and versatile tools to modify the surface of a great variety of materials without affecting their bulk properties since they provide highly reactive environments close to room temperature and at atmospheric pressure. Non-equilibrium APP processes relevant to surface modification can be broadly classified into three main types:




	
Plasma deposition enables the preparation of organic, inorganic, and hybrid organic-inorganic thin films with thickness ranging from a few nanometers to a few tens of microns. The most used methods for thin film deposition with APPs are the plasma-enhanced chemical vapor deposition (PECVD) and the aerosol-assisted plasma deposition (AAPD) [2,4,31].



	
Plasma etching consists of the ablation of the substrate material through reaction with plasma-generated species to form volatile products [4,71]. It can be also exploited for removal of surface contaminants (i.e., plasma cleaning) [4,72].



	
Plasma treatment consists of the modification of the topmost layers of the substrate through, for example, grafting of specific chemical groups, variation of the crosslinking degree, and change of the surface morphology [4,73,74].








Undoubtedly, the main motivation to investigate APP technologies has lied in the advantages offered by the atmospheric pressure operation. First of all, the absence of vacuum equipment can lead to significant reduction in the cost of plasma reactors while simplifying their maintenance and handling. It can also enable plasma processing in open-air conditions and facilitate the integration of plasma apparatuses in continuous production lines. Another important advantage associated with AP operation resides in the possibility of igniting the plasma into millimeter and submillimeter gaps and cavities [1,4,26,42]. This definitely makes the modification of the inner surfaces of tubes, channels, and porous materials (e.g., scaffolds, foams, etc.) more feasible [40,41,42,43,75]. AP operation is also more compatible with the processing of highly-outgassing materials [76] as well as with the use of liquid aerosols [2,45,68,69]. Interestingly, it provides unique access to the plasma-assisted synthesis and processing of nanomaterials in liquids [1,3,7,77,78,79].



The above-discussed advantages render AP plasmas an attractive alternative to low-pressure (LP) plasmas. However, at present, the general consensus seems to be that it will be hardly possible for AP plasma technologies to replace LP ones in surface engineering applications where, for instance, a very precise control of the reactive atmosphere, ion bombardment, and thin film growth is strictly required (e.g., microelectronics, optics).



Since the late 1990s, different types of non-equilibrium APPs have been exploited in surface engineering to meet the growing demand for new plasma processes at atmospheric pressure. As a consequence, many different plasma sources have been devised and currently offer a wide range of possibilities in terms of configurations and sizes, plasma characteristics and regimes, electron and gas temperatures, etc. [4,24,26,27,29]. For example, Figure 2 reports some representative APP systems used for the deposition of NC coatings.



To better understand the architecture of these systems, it is important to keep in mind that the plasma surface modification of materials can be carried out by using two main approaches. In the first approach, referred to as direct approach, the substrate is placed in the plasma generation region between the electrodes and is therefore directly exposed to the plasma [2] (Figure 1b and Figure 2a,b). Differently, in the second approach, known as remote approach, the substrate is located downstream of the plasma generation region [30]. At atmospheric pressure, this latter approach is typically associated with the use of plasma jets or torches (Figure 1c and Figure 2c,d) [4], i.e., remote plasma sources in which the plasma is generated remotely within the device and launched in the external environment in the form of a so-called “plasma plume” towards the substrate to be treated. APP jets give the possibility of placing the substrate outside the physical boundaries of the plasma source. Consequently, they are particularly suited for the processing of complex 3D objects, for the localized surface modification, and for the integration in existing production lines [4,39,43,71,73,74,85,86]. It is also worth noting that, as shown, for example, in Figure 2b–d, APP apparatuses are very often equipped with sample/plasma source movement systems, which allow considerably enlarging the treated area and improving the homogeneity of the surface modification (e.g., motorized sample-holders, roll-to-roll system, multi-axis robotic arms for controlled motion of the plasma source, etc.) [1,4,43,56,66,74,87].



By examining the literature, it appears that the types of AP plasmas used for the preparation of NC films primarily include dielectric barrier discharges, corona discharges, and a range of arc-based plasma jets:




	
Dielectric barrier discharges (DBDs) are generated using electrode configurations containing at least a dielectric layer between the electrodes [24,28]. The dielectric material prevents arc transition and allows achieving non-equilibrium plasma conditions at atmospheric pressure. DBDs are mostly operated with alternating (AC) high voltages at frequencies between 50 Hz and a few hundreds of kHz [24,28]. However, recently, the use of pulsed or radiofrequency power supplies (i.e., frequency equal or greater than 1 MHz) is attracting growing interest [28,88]. Over the years, DBDs have become very popular in surface processing due to their versatility and scalability [2,4,32,89,90]. They can be generated by using a variety of electrode configurations (e.g., parallel-plate, coaxial cylindrical, coplanar electrode arrangements, etc. [24,28]) that can be implemented for both direct and remote surface processing [2,4]. For example, Figure 2a,b shows two different types of parallel-plate electrode systems. The first presents a classical symmetric geometry (i.e., assembly of two identical electrodes both covered by a dielectric layer, Figure 2a) and has been widely exploited for the direct deposition of thin films (e.g., NC films [60,62,64,65,68,89]) as well as for various plasma treatments and etching processes [89]. The second is manly used for thin film deposition (Figure 2b): it consists of two flat, parallel high-voltage (HV) electrodes covered by a dielectric plate and a moving stage as grounded electrode [59,80].



	
Corona discharges (CDs) are produced in the close proximity of pin or thin wire HV electrodes due to electric field enhancement [24,29]. They are commonly generated by using both DC and AC power supplies (operating in continuous or pulsed mode) at voltages up to several tens of kV [24,29]. The vast literature on the use of CDs in surface engineering includes, among others, recent studies dealing with the direct and remote deposition of NC coatings [57,61,63,91]. Figure 2c shows the schematic diagram of the PlasmaStream™ system, i.e., a corona-based plasma jet specifically optimized for the open-air aerosol-assisted deposition of thin films (including NC thin films) [57,81,82]. The PlasmaStream™ system presents two needle electrodes located either side of a central aerosol generator used for precursor delivery. This arrangement is positioned at one end of a quartz or polytetrafluoroethylene (PTFE) tube in which the CD develops extending towards the substrate.



	
Low temperature arc-based plasma jets or torches are currently widely used for thin films deposition and the surface treatment of both polymeric and inorganic materials [4]. In principle, arc jets are thermal plasma sources characterized by high gas temperatures. However, it has been demonstrated that they can be able to eject in the external environment a plasma characterized by relatively low gas temperature, provided that the appropriate power supply, source geometry, and operating conditions are selected [66,85,92,93,94,95,96,97]. For example, Figure 2d reports a plasma source commercialized by Plasmatreat and used for NC film deposition in [83,84].








A more limited number of papers also focuses on the preparation of NC coatings by using other types of AP plasmas, such as high-frequency plasmas and microplasmas. For example, very few works investigated the remote deposition of NC coatings with RF and MW plasma jets [98,99], in which the use of high-frequency AC electric fields is exploited to obtain stable and uniform non-equilibrium plasmas at atmospheric pressure. Details on this class of APP jets can be found in [4,25,27,100,101].



As non-equilibrium plasmas confined within sub-millimeter cavities in at least one dimension, microplasmas (MPs) offer stable operation at atmospheric pressure, non-thermal characteristics, and high power densities. These features make them particularly suited for the synthesis of nanomaterials [1,7]. We refer readers interested in MPs and their use for nanofabrication to a number of reviews [1,4,7,26,77]. In the context of this review, it is worth mentioning that a number of studies demonstrated that microplasma-based processes can play a key role in multistep procedures used for NC films preparation. For example, microplasma jets can be used to assist the synthesis of NPs in a pre-deposited film [102,103]. Moreover, the coupling of microplasmas with liquids can lead to the synthesis in solution of nanohybrid and nanocomposites [104,105] as well as to the surface treatment of pre-synthesized NPs to improve their dispersion in the matrices of NC films [77].




3. Plasma-Enhanced Chemical Vapor Deposition of NC Coatings


Atmospheric pressure PECVD processes used for the preparation of NC thin films can be classified in single-source and dual-source approaches in which, respectively, vapors of a single or two precursors are diluted in a carrier gas (also referred to as main or dilution gas, i.e., helium, argon, nitrogen, air) and delivered to the AP plasma [2,4] to synthesize in a single step the different constituents of the NC layer. Specifically, in the plasma, the precursor molecules undergo fragmentation (for example, by collision with energetic electrons or metastable atoms/molecules of the carrier gas [2]) and consequent gas-phase and/or gas-surface reactions, which contribute to the growth of the hybrid layer.



For example, Shelemin et al. [106] investigated the direct PECVD of organic/inorganic NC films using titanium tetraisopropoxide (TTIP, Ti[OCH(CH3)2]4) as single precursor. In particular, PECVD processes were carried out by using a parallel-plate DBD fed with nitrogen or air in mixture with TTIP vapors. When air was used as carrier gas, the deposited films consisted mainly of TiO2 NPs because oxygen present in air acted as scavenger of the organic component. In contrast, nitrogen/TTIP feed mixtures allowed the deposition of highly porous hybrid films consisting of inorganic nitrogen-doped TiO2 NPs wrapped by a nitrogen-rich plasma polymer (Figure 3a,b). The NC composition was controlled as a function of the PECVD conditions; for instance, the relative contribution of the inorganic component was increased by increasing the power delivered to the plasma (i.e., the input power).



Rapp et al. [84] reported the remote PECVD of inorganic SiOx/TiOx composite films by using an arc-based plasma jet and two different precursors, i.e., tetraethylorthosilicate (TEOS) and titanium tetraisopropoxide. The plasma source was operated with air, while the precursors vapors were simultaneously injected in the downstream region (also referred to as post-discharge region) before the source outlet nozzle (see Figure 2d). Scanning electron microscopy (SEM) observations revealed the granular structure of the films due to the presence of nanoparticles with average size of 500 nm. The deposited coatings exhibited photocatalytic and antimicrobial activity under visible light irradiation.



It is worth noticing that, overall, a very few works appeared in the literature on the use of PECVD processes for the deposition of NC coatings. This is reasonably due to the fact that the operational window of these processes is typically very limited because it is challenging to find the deposition conditions under which the contemporaneous synthesis of the different NC constituents can occur.



Interestingly, the literature offers examples in which the PECVD is included in multistep deposition procedures leading to layered NC coatings [107,108,109,110,111,112,113]. In their simplest form, these coatings consist of two layers, i.e., a layer of inorganic NPs overcoated with a plasma-deposited thin film that enables the NPs immobilization on the substrate [113]. The NPs layer is typically obtained from NPs dispersions via dip-coating or drop-casting procedures. For example, Reniers and coworkers [107,108] used a simple procedure wherein (i) first, an aqueous dispersion of TiO2 or SiO2 NPs was deposited onto silicon wafers, and (ii) then, after solvent evaporation, the NPs were overcoated with a plasma-polymerized fluorinated layer. The PECVD process was carried out using a parallel-plate DBD fed with a noble gas (He and Ar) and an unsaturated fluorocarbon (i.e., perfluoro(2-methylpent-2-ene)). The authors investigated the effect of the amount and chemical nature of the NPs on the roughness and hydrophobic properties of the coatings as well as on the chemical stability of fluorinated overlayer.



Sandwich-structured films represent another family of layered NC coatings that can be obtained, for example, by incorporating inorganic NPs between two plasma-deposited layers. The preparation of these NC coatings requires a three-step procedure, such as the one reported in [110,111,112]. In these studies, antibacterial non-woven polyethylene terephthalate (PET) fabrics were prepared by sandwiching inorganic nanoparticles (e.g., Ag, ZnO, or Cu NPs) between two organosilicon layers obtained by PECVD using a corona-based plasma jet fed with N2, O2, and an organosilicon precursor (tetramethyldisiloxane or hexamethildisiloxane). In particular, the authors optimized the following procedure: (i) first, a 70-nm thick organosilicon layer was deposited by PECVD on the fabric to control the silver nanoparticles adhesion to the PET fibers; (ii) then, NPs were deposited on the precoated fabrics by a facile dip-drying method; and (iii) finally, the NPs were covered by a second organosilicon layer (thickness of 10–50 nm) acting as barrier layer.




4. Aerosol-Assisted Plasma Deposition of NC Coatings


In the present section, we first provide a general overview of the AAPD technique and its main features (Section 4.1). Then, we review the studies that explored the AP plasma deposition of NC films from aerosols of conventional liquid precursors (Section 4.2), nanoparticle dispersions or dry particles (Section 4.3), and precursors solutions (Section 4.4). Since the use of aerosols poses new challenges in the optimization of plasma deposition processes, we discuss in detail the key parameters controlling the growth of the hybrid layers as well as specific aspects related to the use of both direct and remote plasma sources.



4.1. General Overview


Recently, the AAPD has emerged as the most promising and versatile technique to prepare NC thin films using atmospheric pressure plasmas. This is primarily due to the fact that there is no stringent requirement for volatile precursors as in case of conventional PECVD processes [114,115]. In fact, the use of aerosols can enable the delivery of low-volatility or thermally-unstable molecular precursors as well as of diverse unconventional precursors, such as, for example, a variety of nanoparticle dispersions and precursor solutions [114,115,116]. Interestingly, it has been also shown that AAPD can lead to greater deposition rates as compared to PECVD since aerosol delivery allows obtaining high mass-transport rates of the precursors [114,115]. It is also worth noting that the literature offers very interesting examples of both low pressure [117,118] and atmospheric pressure AAPD processes. However, it is commonly acknowledged that the use of aerosols (in particular, liquid aerosols) is more convenient and practical when coupled with AP plasmas rather than with LP ones.



Taking into account the numerous variants reported in the literature, atmospheric pressure AAPD processes used for the deposition of NC coatings can be broadly defined as single- or sequential multi-step deposition methods in which at least one precursor of the nanocomposite layer is delivered in aerosol form. It is worth specifying that this general definition also includes hybrid dual-source processes in which the NC film is deposited from an aerosolized precursor and a gaseous precursor [59,65,70,80]. Typically, the aerosolized precursors are injected directly in the plasma [54,56,60,62,64,65] during the deposition process. However, a possible alternative is to spray-deposit the precursor on the substrate surface right before plasma exposure [59,80,119] using, for example, an APP reactor with a configuration similar to the one reported in Figure 2b. In case of liquid precursors (e.g., pure liquid molecular precursors, NPs dispersions and precursors solutions), the aerosol is typically generated by pneumatic or ultrasonic atomizers (or nebulizers) [45,68,114]. Pneumatic atomizers exploit a high-velocity gas stream to break up the liquid precursor in fine droplets. The atomizing gas, which typically is the main gas used for plasma generation, also ensures the transport of the precursor mist to the plasma reactor [60,68]. In contrast, ultrasonic atomizers utilize high-frequency vibrations to convert the liquid precursor into a fine mist [114]. They can be, for example, either integrated in the discharge cell (e.g., in parallel-plate DBD systems [120]) or located upstream the plasma generation region. On the other hand, in case of solid precursors, such as dry particles, the aerosol is generated by various methods which can include the use of fluidized beds, brush mechanisms, moving toothed belts, and Venturi aspirators. These methods enable the dispersion of dry particles in a carrier gas (i.e., gas-borne particles), which also ensures their delivery to the plasma.




4.2. Deposition of NC Coatings from Conventional Liquid Precursors in Aerosol Form


NC coatings can be deposited by atmospheric pressure AAPD, first of all, from conventional single-source or dual-source precursors commonly used in PECVD (Section 4.1). In these AAPD processes, single- or two-liquid molecular precursors are atomized and delivered to the plasma. To the best of our knowledge, only one study to date has exploited this deposition strategy. In this work [66], transparent anti-fogging and self-cleaning TiO2/SiO2 NC films were deposited on polymer substrates by using an AP arc jet fed with air, titanium tetraisopropoxide, and hexamethyldisiloxane (HMDSO). The proposed AAPD strategy enabled the simultaneous synthesis and embedment of anatase TiO2 NPs into a SiO2 matrix. In particular, it relied on the concomitant and separated injection of aerosols of TTIP and HMDSO in the downstream (or post-discharge) region of the arc-jet before its outlet. TTIP was injected into the upper part of the downstream region near to the arc generation zone, where gas phase reactions and the subsequent formation of crystalline TiO2 NPs are promoted by the high density of excited species and the relatively high gas temperature. In contrast, HMDSO was injected into the lower part of the downstream region close to the substrate in order to promote heterogeneous chemical reactions at the substrate surface and obtain the growth of a SiO2 layer that could embed the crystalline TiO2 NPs. The HMDSO/TTIP delivery rate ratio was varied in order to tune the chemical composition and morphology of the nanocomposite coatings. In particular, the increase of the HMDSO delivery rate from 0 to 10 μL·min−1, while keeping constant the TTIP one (6 μL·min−1), led to a linear increase of the Si/(Si+Ti) ratio of the coatings determined by X-ray photoelectron spectroscopy (XPS), to an increase of the deposition rate from about ~0.8 to ~2.5 μm·min−1, as well as to the appearance of a cauliflower morphology (Figure 3c–f). Interestingly, it was shown that the separate injection of the two precursors was necessary to generate a two-phase structure and therefore to allow the synthesis of a NC layer. In fact, by injecting both precursors at the same location, a single SiTiOx phase was obtained. Overall, this study provides a very illustrative example because, on one hand, it demonstrates the effectiveness of the proposed aerosol-assisted strategy; on the other hand, it shows that, as in PECVD processes (Section 4.1), the use of conventional molecular precursors requires very careful process optimization to obtain the contemporaneous synthesis of the constituent phases of the NC. This explains why an increasing number of studies has been recently published on the use of aerosolized unconventional precursors, such as nanoparticle dispersions, in liquid solvents (Section 4.3), dry particles (Section 4.3), and solutions (Section 4.4).




4.3. Deposition of NC Coatings from Aerosols of Either Nanoparticle Dispersions or Dry Particles


4.3.1. Aerosols of Nanoparticle Dispersions


A number of pioneering papers published between the late 2000s and the early 2010s [54,55,56,57,58,59] successfully explored the possibility of combining the aerosol of a NPs dispersion with a low-temperature AP plasma as a viable route to prepare NPs-containing NC coatings. This strategy was inspired by the literature on the preparation of nanostructured and nanocomposite materials by aerosol-assisted methods, such as spray-deposition and aerosol-assisted CVD [60,68,114,115,116,121,122,123]. Since then, an increasing number of studies has been carried out on a variety of direct and remote AAPD processes in which a dispersion of preformed inorganic NPs in a proper solvent is atomized and injected in the AP plasma together with, if necessary, an additional gaseous or aerosolized molecular precursor. These processes enable the single-step deposition at atmospheric pressure and room temperature of all-inorganic [62,76] or organic-inorganic [60,64] NC coatings in which the preformed inorganic NPs are embedded in an inorganic or polymer matrix formed through the so-called plasma polymerization of the dispersion solvent and/or of the additional precursor. Typically, the composition and crystallinity of the inorganic NPs injected in the plasma and incorporated in the coating is not affected by the deposition process [60,62,64,124,125]. In contrast, the chemical composition of the NC matrix (i.e., inorganic or polymer matrix) depends on several factors including the chemical nature of the dispersion solvent and/or of the additional precursor, the presence of reactive additives (e.g., oxygen), as well as the plasma generation conditions (e.g., input power). The use of inorganic NPs dispersions in AAPD processes presents two main advantages. The first is that, in principle, a large variety of preformed nanoobjects (e.g., metal NPs [55], inorganic oxides NPs [54,57,60,68], graphene nanosheets [67], etc.) can be injected in the plasma and incorporated in the coating. The second resides in the fact that, since preformed NPs are utilized, these processes have not to fulfill the requirements for the in-situ synthesis of the NPs as well as for the control of their size, shape, and properties. However, in spite of these advantages, a critical issue to address is the preparation of stable NPs dispersions. In fact, it is important to achieve a good dispersibility of the inorganic NPs in the selected solvent in order to avoid excessive agglomeration phenomena. For instance, two different methods have been proposed to prepare stable inorganic NPs dispersions in liquid organic precursors (e.g., hydrocarbons, organosilicon compounds). The first involves the surface functionalization of the nanoparticles with a capping agent (e.g., a surfactant). For example, Fanelli et al. [60] functionalized the surface of commercial ZnO NPs with oleate (i.e., a surfactant with a long alkyl chain) using a simple wet chemistry procedure to obtain stable dispersions in hydrocarbon solvents. The second exploits the addition to the dispersion of a noncovalent compatibilizer [54,57,62]. For instance, Bardon et al. [54] added small amounts of ethanol (3%) to dispersions of aluminium-cerium oxide (AlCeO3) NPs in hexamethyldisiloxane to improve the NPs dispersibility in the liquid organosilicon precursor.



Several studies revealed that the atmospheric pressure AAPD from aerosols of NPs dispersions typically leads to NC coatings containing quasi-spherical NPs agglomerates with size ranging between a few hundred nanometers and a few micrometers (Figure 4a,b) [57,60,62,64,76,124,125,126,127,128,129,130]. The NC matrix covers the NPs agglomerates to an extent depending on the matrix growth rate, allows their immobilization in the coating, and ensures the coating adhesion to the supporting substrate [60,124,125,126,129]. The NPs agglomerates can form as a result of (i) a primary agglomeration that can occur in the dispersion and can be rather severe depending on the nature of the NPs and of the solvent [54,130] and (ii) a secondary agglomeration that can take place after dispersion atomization due to solvent evaporation (Figure 4a,b) [60,130]. The experimental evidences support the hypothesis that a certain solvent evaporation occurs at the aerosol droplets surface, and therefore, the NPs undergo evaporation-induced agglomeration to form closely packed quasi-spherical structures (Figure 4a,b) [60,121,122,123,130]. Interestingly, the formation of analogous NPs agglomerates is widely reported in the literature on aerosol-assisted processes involving the atomization of NPs dispersions [68,121,122,123].



There is no doubt that, among others, the major challenge to address when depositing NC films from APPs fed with an aerosolized NPs dispersion is to obtain NC coatings with the desired chemical composition and morphology. This requires a fine control of the film growth and, more specifically, of the co-deposition of the NPs and the matrix. In the following, we present advances that have been recently made in the understanding of the influence of various process parameters when both direct and remote plasma sources are used. In particular, we discuss separately studies dealing with direct and remote deposition approaches in order to better enlighten specific aspects related to their optimization.



The most common direct AAPD methods involve the use of a parallel-plate dielectric barrier discharge fed with a main gas and the aerosol of dispersion of inorganic NPs in an organic solvent, which acts as precursor of the NC matrix. Such methods are, in principle, very facile and convenient. However, a detailed understanding of the different factors that influence the growth of the matrix and the NPs transport to the surface is needed to properly control the NPs-to-matrix ratio in the NC.



As far as the matrix is concerned, it is important to take into account that the precursor polymerization rate in the plasma (and, in turn, the matrix growth rate) depends on both the reactivity of the precursor [124] and the DBD power (which increases with both the excitation frequency and the applied voltage) [128]. It is worth specifying that the greater the power, the higher the density of energetic species able to activate the matrix precursor and thus the greater the matrix growth rate.



A more detailed discussion is needed to explain the key factors that influence the NPs deposition. Studies by Profili et al. [130,131] and Brunet et al. [64,127,128] focused on understanding and controlling the trajectory of NPs across the DBD as well as their transport to the surface. It is well-known that the NPs transport in the plasma can be governed by five forces which include the gravity (Fg), neutral drag (Fn), ion drag (Fi), thermophoresis (Fth), and electrostatic (Fe) forces [64,127,131]. The last three forces are related to the plasma characteristics: the ion drag force is controlled by the ion density according to the discharge regime; the thermophoresis force is related to the temperature gradients between the gas bulk and the electrodes or between different plasma regions; and the electrostatic force is proportional to the NPs charging (which linearly increases with the NPs radius) and to the electric field [64,127]. According to the simplified model proposed in [64,131], the NPs transport in the DBDs used for NC film deposition is mainly governed by the electrostatic force and the neutral drag forces (Figure 4c). In fact, since in the DBD the neutral species temperature is close to the room temperature, and the ionization degree is very low, the thermophoresis and ion drag forces can be considered negligible as compared to the electrostatic and neutral drag forces (Figure 4c). In addition, experimental evidences demonstrated that the gravity force does not play a significant role in favoring the NPs collection on the substrate surface as compared to the electrostatic force (Fe) even with the discharge off [130]. As a consequence, the following two considerations can be made regarding the transport of the NPs and NPs agglomerates in the DBD:




	
Since in the parallel-plate DBD, the gas flow is laminar, the gas velocity profile is parabolic, as shown in Figure 4c. Therefore, the NPs are more likely to be located at the center of the discharge gap. However, the sinusoidal voltage applied to the electrodes to generate the plasma is able to induce an oscillation of the particles. This explains why the voltage frequency needs to be sufficiently low to obtain an oscillation amplitude large enough to allow the NPs to reach the substrate surface [64].



	
By increasing the gas flow rate, it is possible to transport the NPs farther and farther from the entrance in the DBD cell. As a consequence, the greater the gas flow rate, the more uniform the NPs deposition over the entire electrode area and thus the more spatially homogeneous the coatings [127].








The above discussion about the fundamental mechanisms that control the growth of the matrix and the transport of the NPs to the substrate surface can facilitate the understanding of the studies which explored the influence of various process parameters on the chemical composition and morphology of the deposited coatings. These studies can be divided into two classes: the first investigated the influence of the composition of the starting NPs dispersion [32,60,124,125,132]; and the second explored the effect of the electrical conditions used to generate and sustain the DBD [62,64,128,129,133].



The influence of the composition of the starting dispersion was investigated by varying both the NPs concentration and the composition of the solvent mixture [32,60,124,125,132]. For example, Fanelli et al. [60] carried out a comprehensive study on the properties of hydrocarbon polymer/ZnO nanoparticles NC coatings deposited on flat glass samples by using a DBD fed with helium and the aerosol of a dispersion of oleate-capped ZnO NPs in n-octane. As summarized in Figure 5a, it was demonstrated that the increase of the NPs concentration in the starting dispersion (0.5–5 wt%) has a significant effect on the chemical composition and morphology of the NC films. In fact, it promotes a remarkable increase of the ZnO NPs content in the coating and, consequently, induces a transition from a polymer-dominated smooth morphology to a nanoparticles-dominated rough surface morphology (see cross-sectional SEM images in Figure 5a). Interestingly, it is possible to obtain superhydrophobic coatings (advancing and receding water contact angles > 160°) with low-contact-angle hysteresis (<10°). This wettability behavior derives from the synergistic effect of the hierarchical multiscale surface texture due to NPs incorporation and the low surface energy of the hydrocarbon polymer. In a subsequent work [124], dispersions of oleate-capped ZnO nanoparticles (NPs) in binary n-octane/1,7-octadiene solvent mixtures were used. It was found that 1,7-octadiene addition is able to trigger the growth of the organic and inorganic components of the NC coating due to the high reactivity conferred by the two terminal carbon-carbon double bonds. In particular, as reported in Figure 5b, when the concentration of 1,7-octadiene in the hydrocarbon mixture is very low (0.5–2 vol%), the immobilization of NPs agglomerates on the substrate surface is promoted; in contrast, at greater concentration of octadiene (>2 vol%), the growth of the organic component is favored.



A number of recent studies demonstrated the possibility of tuning the properties of the NC coatings by simply varying the electrical parameters utilized for DBD generation, such as the excitation frequency [62,64], the waveform [62,128,129] and the amplitude [133] of the voltage applied to the electrodes. In particular, the works by the Massines [64,128,129] and Gherardi groups [62] on the influence of the excitation frequency, the applied voltage waveform, and the modulation mode are of great conceptual importance. In [64], Massines and coworkers investigated the impact of the excitation frequency on the properties of organic-inorganic NC films deposited in a DBD fed with argon and dispersions of TiO2 NPs in isopropanol (i.e., isopropyl alcohol, IPA). Results revealed that, at low frequency (1–10 kHz) (Figure 6a), the transport of NPs to the surface is favored due to the electrostatic force and dominates over isopropanol plasma polymerization. In contrast, by increasing the frequency from 10 to 50 kHz (Figure 6a), the growth rate of the organic component increases because of the increase of the plasma power, while the NPs remain mainly trapped in the gas phase because their oscillation amplitude is reduced. In a subsequent publication [128], the same group demonstrated the possibility to achieve a fine control of the nanocomposite thin film composition by simply alternating two excitation frequencies through a frequency shift keying (FSK) double modulation. As shown in Figure 6b, this modulation mode consists of periodically alternating sinusoidal voltages at two frequencies, i.e., a low frequency (LF, e.g., 1 kHz) and a high frequency (HF, e.g., 15 kHz), the period of the FSK waveform (TFSK) being the sum of the LF time (TLF) and the HF time (THF). In particular, the LF voltage is used for transporting NPs to the surface, while the HF voltage is used to boost the growth rate of the organic component. Interestingly, it was demonstrated that by simply changing the duty cycle (DC), defined as THF/TFSK, it is possible to achieve fine control of the NPs/matrix ratio in the NC coating. Interestingly, in another study, Profili et al. [62] investigated the growth dynamics of TiO2-SiO2 NC coatings in a parallel plate DBD using nebulized TiO2 NPs dispersions in hexamethyldisiloxane. They demonstrated that a combined LF-HF voltage waveform allows obtaining significant and spatially uniform deposition of the NC coating across the whole discharge area.



A more limited number of studies has addressed the remote AAPD of NC coatings. The first of these studies was published in 2011 by Dembele et al. [57]. This group reported the deposition of organosilicon polymer/TiO2 NPs coatings obtained by nebulizing a dispersion of TiO2 NPs in tetramethylorthosilicate (TMOS) into a corona-based plasma jet (Figure 2c). Different alcohols (i.e., methanol, pentanol, and octanol) were added to the dispersions to improve their stability as well as to enhance the homogeneity and growth rate of the NC coating. It was observed that, when methanol was added, the coatings were very similar to the ones deposited without alcohol addition. In contrast, octanol or pentanol addition led to coatings with greater thickness and improved homogeneity. This evidence, in conjunction with results from the chemical characterization, indicated the incorporation of octanol and pentanol in the NC coatings. The differences observed with the various alcohols were ascribed to their different boiling points (65, 136, 196 °C for of methanol, pentanol, and octanol, respectively) compared to the plasma temperature measured at the jet outlet (77 °C). Since methanol has a boiling point lower than the plasma temperature, it is expected to evaporate during the coating deposition and not to be incorporated in the coatings.



Arefi and coworkers [83] deposited photocatalytic Ag/TiO2 NC coating with controlled porosity and crystal size by using an arc-based plasma jet. During the deposition, a dispersion of Ag NPs in titanium tetraisopropoxide was sprayed into the vicinity of the outlet of the plasma jet fed with air (Figure 7a), while the substrate temperature was kept constant at 200 °C. After deposition, all coatings were annealed at 450°C in ambient air for 1 h. The influence of the Ag NPs concentration in the dispersion (0–0.7 wt%) and deposition parameters, such as discharge pulse frequency (18–25 kHz) and air flow rate (30–50 L·min−1), were investigated on the coating structure, crystallinity, and crystal size. Through XRD investigations, it was possible to assess that the deposited Ag/TiO2 coatings were crystalline with an anatase TiO2 structure regardless of the pulse frequency, while the anatase crystal size depended on the experimental conditions. For instance, with increasing Ag NPs concentration in the starting dispersion, the anatase crystal size decreased, likely due to the growth inhibition induced by Ag NPs (Figure 7b). Moreover, the anatase grain size decreased with the pulse frequency, likely due to the higher energy input into the plasma (Figure 7c).



A different deposition approach is shown in [63,98], where the APP jet deposition of the NC thin films is accomplished by separate and simultaneous injection of the aerosol of a dispersion of inorganic NPs and the vapor of a conventional precursor. For example, Liguori et al. [63] deposited antibacterial NC coatings consisting of silver NPs embedded in a plasma-polymerized acrylic acid matrix by using a single-electrode plasma jet driven by a micropulsed generator. During the deposition processes, the aerosol of a dispersion of Ag NPs in ethanol and the vapor of acrylic acid were injected in the plasma region through two distinct channels of the plasma source. Interestingly, this deposition process allowed reaching a coating deposition rate as high as about 10 μm·min−1.




4.3.2. Aerosols of Dry Particles


In this section, we present the few but important feasibility studies that appeared in the literature on the AP plasma deposition of NC coatings from dry particle aerosols (i.e., gas-borne inorganic or polymeric NPs) in conjunction with conventional molecular precursors [61,91,99,134,135,136,137]. The first study that used this approach was published in 2014 by Deng et al. [61,134]. This group deposited silver/organosilicon nanocomposite films using a corona plasma jet fed with nitrogen in mixture with oxygen, the vapor of an organosilicon precursor (tetramethyldisiloxane, TMDSO), and aerosolized Ag NPs (i.e., dry Ag NPs transported by nitrogen). The NPs aerosol was generated by injecting a nitrogen flow into a NPs feeding module, which consisted of a narrow tube filled with the NPs. It is worth noting that the authors tried also to inject in the plasma the aerosol of Ag NPs dispersions in three different solvents (H2O, ethanol, and TMDSO); however, this led to plasma destabilization and to a very low concentration of Ag NPs in the films.



Interestingly, the works by Alexandrov et al. [91] and Tyurikov et al. [135] demonstrated the feasibility of a two-stage process for the deposition of NC coatings consisting of a molybdenum disulfide (MoS2) nanoparticles embedded in a silicon dioxide matrix (Figure 8).



Specifically, in this process, the deposition of the NC layer was performed in a vertical tubular quartz reactor consisting of two zones (Figure 8a): the upper zone was employed for the synthesis of MoS2 NPs via spray-pyrolysis of a solution of ammonium thiomolybdate ((NH4)2MoS4) in dimethylformamide; the lower zone was used for the co-deposition on the substrate surface of the MoS2 particles transported by He stream from the upper zone of the reactor and a SiO2 layer formed in a corona discharge fed with helium and TEOS. SEM observations showed that the deposited layers contain spherical particles randomly distributed in the matrix (Figure 8b) and that the average size of NPs in the layers depends on the concentration of (NH4)2MoS4 in the starting solution. The potential of this two-stage process mainly resides in the possibility of varying the composition of the deposited films over a wide range through independent control of the NPs synthesis and of the NC coating deposition.



Studies have been also published on the preparation of organic/inorganic NC coatings by simultaneously injecting in the AP plasma the precursor of the inorganic component of the NC (vapor or aerosol) and aerosolized polymer particles [99,136]. For example, Zuber et al. [99] successfully deposited transparent and robust nanocomposite films of polytetrafluoroethylene (PTFE) particles dispersed in a continuous SiOx matrix by using an AP microwave plasma jet [101] fed with argon, oxygen, gas-borne PTFE micropowders, and vapors of 1,1,3,3-tetramethyldisiloxane. It was demonstrated that by changing the amount of PTFE powder injected in the plasma, it is possible to tune the polymer-to-matrix ratio of the layer as well as its properties: at low PTFE loading, the coatings are robust, transparent, and hydrophobic; and by increasing the PTFE loading, superhydrophobic coatings are obtained. Such nanocomposite films were easily deposited to a range of solid and liquid substrates (e.g., glass slides, polymer substrates, cotton cloths, droplets of liquid paraffin oil).





4.4. Deposition of NC Coatings from Aerosols of Precursor Solutions


In this section, we review the studies that combined the aerosol of a precursor solution with a low-temperature AP plasma to deposit NC thin films. This strategy represents a unique tool to use as thin film precursors inorganic salts [138,139,140] and a range of organic compounds, such as, for instance, proteins [141,142,143,144,145,146], drugs [65,138,147,148,149], diagnostic tracers [150], metalloporphyrins [80], and cyclodextrins [119]. These precursors are commonly dissolved in water [138,141,142,144,148,149,150] or, more rarely, in aqueous buffers [145,146] or organic solvents [139,147]. When the precursor is dissolved in either pure water or aqueous buffer, the aerosol of the resulting solution is delivered to the AP plasma in conjunction with the vapor [138,142,144,148,149] or the aerosol [142,150] of the NC matrix precursor. In contrast, when an organic solvent is used, this also acts as precursor of the NC matrix [139,147]. In both cases, the NC coating is formed through incorporation of the solute into the growing plasma-polymerized matrix.



In the following, we review the studies that explored the use of solutions of inorganic metal salts (Section 4.4.1) and of organic compounds (Section 4.4.2).



4.4.1. Solutions of Inorganic Metal Salts


When solutions of inorganic metal salts are atomized and injected in the AP plasma, the plasma ionized species can induce the reduction of the metal ion (Mn+) to generate metal (M) NPs, while the plasma energetic species can activate the matrix precursor which thus undergoes plasma polymerization. Consequently, the synthesis of the NPs and of the matrix occurs simultaneously in the plasma. This is the approach used by Nadal et al. [139] in a very recent work. The authors deposited plasmonic gold NPs/polymer nanocomposite thin films by using a parallel plate DBD fed with argon and the aerosol of a solution of a gold salt (i.e., HAuCl4·3H2O) in a polymerizable solvent (i.e., isopropanol, IPA). This deposition strategy was combined with FSK double modulation of the DBD (see Section 4.3.1, Figure 6b). In particular, it was observed that: (i) the high-frequency time (THF) corresponds to the synthesis of the Au NPs in the gas phase and to the deposition of the polymer matrix (as the plasma is at the highest energy and ionization level possible); and (ii) the low-frequency time (TLF) is associated with the NPs transport towards the substrate surface. An important finding of this study was the demonstration that the in-situ synthesis and deposition of the NPs and the polymer matrix allow obtaining homogeneous NC layers with non-agglomerated NPs and high NPs density. The ultraviolet-visible (UV-vis) absorption spectra confirmed the formation of Au NPs (i.e., plasmonic resonance peak centered at about 540 nm), while the atomic force microscopy (AFM) phase images revealed the presence of a thin polymer shell around the nanoparticles. The metal salt concentration in the atomized solution, the FSK parameters (i.e., duty cycle and repetition rate), and sample position along the gas flow in the DBD cell were demonstrated to affect the size of the gold NPs, their concentration, and level of plasmonic coupling. For instance, for more concentrated starting solutions, the NPs size in the deposited layer increases, the assemblies result much denser due to the largest nucleation and higher growth rate of the NPs, and the UV-vis absorption amplitude increases.



The work by Wang et al. [140] is another example on the atmospheric pressure AAPD of NC coatings from metal salt solutions. The authors reported the deposition of antibacterial Ag-containing NC films by injecting in a parallel-plate DBD the aerosols of an aqueous AgNO3 solution and HMDSO through two different pneumatic atomizers. This strategy led to the formation of organic/inorganic NC coatings featuring spherical nanocapsules. These nanocapsules exhibited a core-shell structure and, specifically, contained silver in the core and the organosilicon polymer in the shell. The effect of various experimental parameters (e.g., silver nitrate concentration in the solution, discharge power, aerosol flow rate, continuous and pulsed mode operation of the DBD) was investigated on the chemical composition and morphology of the nanostructured hybrid films.



Feasibility studies of the remote AAPD of NC coatings from metal salts solutions [151,152,153] have been also published. For instance, Beier et al. [151] used an APP jet to deposit Ag/SiOx films with antibacterial properties and high abrasive-wear resistance. In this process, an aqueous AgNO3 solution was sprayed into the plasma fed with air and HMDSO vapors. This led to the in-situ synthesis of silver NPs, which were incorporated in the growing SiOx matrix.




4.4.2. Solutions of Organic Compounds


Over the last few years, remarkable advances have been made in the design and optimization of APP deposition processes from aerosols of solutions of organic compounds and, in particular, of bioactive organic molecules, such as proteins and enzymes [141,142,143,144,145,146], antibiotics and other drugs [65,138,147,148,149]. Since bioactive organic molecules are typically dissolved in water, during the AAPD process, the aerosolized solution is injected in the AP plasma in conjunction with the organic precursor of the polymer matrix. The resulting coatings are commonly referred to as biocomposite coatings since they incorporate bioactive agents and are therefore able to trigger specific biological responses.



The first studies that reported this strategy focused on the preparation of organic coatings loaded with either biomacromolecules, such as proteins and enzymes (e.g., glucose oxidase, lipase, elastin, lysozyme [141,142,143,144,145,146]) or small model drugs (e.g., acetaminophene) [147]. These feasibility studies demonstrated that this deposition approach offers the possibility to effectively incorporate a bioactive molecule in the coating without altering its structure and functionality thanks to the mild conditions of the AP plasma and the presence of a thin protective solvent shell around the bioactive during plasma exposure. Interestingly, in recent years, it was highlighted that very often in these coatings, the bioactive molecules localize in spatially defined nanodomains and, specifically, in the core of nanocapsules, i.e., nanometric vesicular systems consisting of a bioactive molecule-loaded cavity and a surrounding polymeric layer. Favia and coworkers investigated the deposition of NC coatings by using a parallel-plate DBD with He, ethylene, and the aerosol of an aqueous solution of antibiotic vancomycin [65,149] or gentamicin [148]. The deposited coatings consisted of antibiotic-containing spherical structures with a size of hundreds of nanometers (Figure 9). In particular, the spherical structures were nanocapsules with an antibiotic-loaded core and a hydrocarbon polymeric shell originated from the plasma polymerization of ethylene. In-depth observations with confocal fluorescence microscopy of a NC layer deposited from an aerosolized fluorescein solution (instead of the antibiotic solution) allowed better appreciating the NC structure [65]. Interestingly, fluorescence images revealed that fluorescence mainly originates from the nanocapsules due to the presence of fluorescein in the core. The authors hypothesized that this unique core-shell structure could form from the combination of aerosol droplets shrinking due to water evaporation and ethylene polymerization around the surface of the aerosol droplets. Due to this unique morphology, the deposited coatings demonstrated to be suitable for drug delivery applications (see Section 5.4). We refer readers interested in the formation of nanocapsules as well as in the experimental parameters that influence their shape, size, and number density to a number of recent papers [70,138,148,149]. For example, Palumbo et al. [148] investigated the effect of the electrical conditions used to generate the DBD (i.e., continuous and pulsed mode, high and low input power) on the morphology of gentamicin-loaded NC coatings and, in particular, on the dimension and distribution of the nanocapsules. SEM observations revealed that: (a) under continuous plasma conditions and at high input power, the gentamycin-loaded coatings exhibit a more uniform size distribution of spherical features (Figure 9a); (b) under pulsed plasma conditions and at high power, a broader size distribution of slightly smaller nanocapsules is observed (Figure 9b); and (c) under continuous plasma conditions and at low power, the nanocapsules present a similar average diameter but decreased surface density compared with those formed in continuous mode and at higher power (Figure 9c).






5. Functional Properties of NC Coatings Deposited by APPs


In this section, we provide an overview of the most common functional properties of APP-deposited NC coatings. On the basis of the available literature, we also identify various potential applications and define areas where further research is needed.



5.1. Catalytic Properties


Considerable research efforts have been devoted to the design and development of photocatalytic NC coatings for wastewater treatment [32,83,125,126] and self-cleaning applications [66,84] (Table 1). In particular, a number of recent studies focused on the APP deposition of TiO2- or ZnO-containing NC coatings and on the optimization of their photocatalytic activity towards the degradation of organic pollutants in water. These photocatalytic NC coatings include: (i) inorganic coatings (e.g., Ag/TiO2 or TiO2/SiO2) obtained by either PECVD or AAPD processes [66,83,84]; and (ii) hybrid organic/inorganic coatings (e.g., hydrocarbon polymer/ZnO NPs or hydrocarbon polymer/TiO2 NPs) prepared by AAPD from dispersions of preformed metal oxide NPs in the liquid precursor of the organic matrix [60,125,126]. It has been highlighted that the highly porous structure [66,83,125] of APP-deposited NC coatings is particularly important for catalytic applications and, for instance, leads to increased photocatalytic activity. Interestingly, Peng et al. [83] demonstrated that enhanced visible-light photocatalytic activity can be achieved through incorporation of Ag nanoparticles in porous anatase TiO2 coatings by using a facile, remote AAPD strategy. In addition, a very recent work [125] confirmed the potential of low temperature AP plasmas for the well-controlled deposition of TiO2-based NC coatings on complex geometry substrates, such as open-cell polyurethane foams. This study revealed that enhanced photocatalytic activity can be achieved by using these substrates due to their 3D macroporous structure, which ensures large interface for reaction and superior light-harnessing capabilities ([125] and references therein).



To the best of our knowledge, the work by Michel et al. [55] remains the only paper that has focused on another class of catalytic NC coatings. The authors investigated the atmospheric pressure AAPD of plasma-polymerized polyaniline films embedding Pt nanoparticles. In particular, these films consisted of a dense three-dimensional porous network of PANI-Pt fibers (diameter in the range 50–70 nm) and exhibited promising catalytic properties for fuel cell applications.



To close this section, it is also important to mention the studies reporting the atmospheric pressure AAPD of biocomposite coatings loaded with enzymes [144,146], i.e., biocatalysts able to accelerate many biochemical and chemical reactions. These studies pave the way to novel APPs-based strategies for the facile and efficient enzyme immobilization onto solid supports [154] for potential application in diverse fields (e.g., industrial biocatalysis, biosensing, various biotechnological applications).




5.2. Corrosion Resistance Properties


The plasma deposition of corrosion-protective coatings on metal substrates received enormous attention in the last decades and still continues nowadays to attract considerable interest [155,156]. In particular, organosilicon and SiO2-like coatings deposited by low pressure PECVD have been widely and successfully used for the corrosion protection of various metals (e.g., steel, magnesium alloys, silver) [155,157]. In contrast, a very limited number of studies assessed the applicability of analogous coatings deposited in AP plasmas (see, for example, [158,159]). However, it has been recently reported that the incorporation of small amounts of inorganic nanoobjects in an AP plasma-deposited organosilicon polymer can lead to improved anticorrosion properties [54,67]. For example, Anagri et al. [67] successfully developed anticorrosion NC coatings by atomizing into a DBD reactor a dispersion of graphene nanosheets (GNs) in a liquid organosilicon precursor (i.e., HMDSO). Steel substrates coated with the hybrid GNs/organosilicon polymer layers exhibited significantly improved resistance to corrosive media as compared to those coated with the organosilicon layer alone. This is likely due to the additional physical barrier offered by graphene nanosheets. The authors also showed that the pretreatment of the steel substrates with an air-fed APP jet (see Figure 2d) immediately prior to coating deposition enhances the coating-substrate performances. The beneficial effect of the pretreatment was ascribed to various factors, including the removal of surface contaminants (e.g., hydrocarbon layer), the formation of a passivation layer, and the improvement of the coating-metal adhesion [67,155].



Bardon et al. [54] reported on the direct AAPD deposition of hybrid NC coatings consisting of AlCeO3 NPs embedded in an organosilicon polymer. Due to the presence of the AlCeO3 NPs, these NC coatings exhibited self-healing properties and hence increased corrosion protection performances.




5.3. Optical Properties


Various studies explored the possibility to use low-temperature AP plasmas for the preparation of nanocomposite films with tailored optical properties (Table 2). For example, the deposition of luminescent or photoluminescent NC films was investigated in [59] and [98], respectively. Boscher et al. [59] prepared luminescent, lanthanide-based hybrid coatings by using an aerosol-assisted strategy. In the deposition process, a dispersion composed of optically active lanthanide-containing coordination polymer particles, hexamethyldisiloxane (HMDSO), and ethanol was sprayed onto the surface of aluminum or polypropylene foils prior to AP plasma exposure.



UV-protective NC thin films coatings were also fabricated by Jnido et al. [136]. These authors deposited on wood samples a TiO2/polyester film by using an AP arc jet fed with air, titanium tetraisopropoxide, and polyester powders. The coated-samples were demonstrated to undergo a minor discoloration when exposed to UV irradiation as compared to the uncoated samples [136].



Interestingly, very recently, Nadal et al. [139] demonstrated that it is possible to obtain plasmonic layers characterized by uniform insertion of Au NPs into a polymer matrix by injecting in the AP plasma the aerosol of a gold salt solution in isopropanol. Interestingly, the authors showed that the plasmonic optical response of the hybrid layers depends on the NPs size, morphology, and spatial arrangement, which in turn can be controlled by varying the deposition conditions. These coatings could find potential applications in various fields (e.g., medical imaging, biotechnology, photovoltaics).



In spite of the recent progress made, it is important to note that significant research efforts are still needed to achieve the outstanding optical performances of NC coatings deposited by LP plasmas [160,161,162]. LP plasma deposition processes allow achieving very precise control of the chemical composition, structure, and morphology of the NC coatings and thus enable fine-tuning of various properties, such as optical transparency, refractive index, and plasmonic response.




5.4. Antibacterial Properties


Over the last decade, APP plasmas have been widely used for the deposition of antibacterial NC coatings (Table 3). These can be divided into two classes: metal NPs-containing coatings and drug-loaded coatings.



The first class of antibacterial coatings is generally prepared by AAPD from an Ag NPs dispersion [63] or a metal salt solution (e.g., aqueous solution of AgNO3 [140,151,152], Zn(NO3)2 [153], or Cu(NO3)2 [153]). The antibacterial activity of these coatings is attributed to the controlled release of metal ions (e.g., Ag+, Zn2+, Cu2+) when in contact with water [63,140,151,152,153].



The preparation of the second class of antibacterial coating relies on the injection in the APPs of an aqueous drug solution (e.g., vancomycin or gentamicin antibiotics [65,138,148,149]) and a plasma-polymerizable organic precursor. As previously described (Section 4.4), this deposition strategy leads to the preparation of hybrid coatings containing drug-loaded nanocapsules. In particular, in [65,138,149], it was shown that, upon water immersion, the nanocapsules become empty or collapse, leading to effective drug release in the aqueous medium. Overall, these coatings have great potential for addressing various challenges in the field of drug delivery.




5.5. Wettability Properties


It has been widely reported that organic/inorganic NC thin films consisting of polymers and inorganic NPs can exhibit superhydrophobic behavior, i.e., water contact angle (WCA) > 150° and contact angle hysteresis < 10° [162,163,164,165]. This behavior is due to the combination of a low surface energy organic component and an adequate surface roughness induced by NPs incorporation. Various studies demonstrated that the atmospheric pressure AAPD from dispersions of inorganic NPs in an organic solvent enables the fast and facile deposition of superhydrophobic NC coatings [32,60,124,126,128] (Table 4). In particular, the studies by Fanelli et al. [60,126] revealed that the spatial organization of the organic and inorganic components in these NC coatings is particularly suitable for obtaining low hysteresis superhydrophobic properties: i.e., the low surface energy polymer dominates the surface chemical composition of the NC coating, while NPs form quasi-spherical agglomerates inducing a hierarchical multiscale surface texture (Figure 4a and Figure 5). The wetting properties of the NC coatings can be tuned by simply varying the composition of the starting dispersion (e.g., NPs concentration, volume fraction of an additive) [60,124] or the electrical conditions used for plasma generation (e.g., FSK modulation parameters [128], see Section 4.3). It is worth mentioning that the presence of NPs agglomerates in the coatings, while beneficial to obtain superhydrophobic properties, can severely compromise the durability and the optical transparency of the coatings. Therefore, current research efforts are focused on obtaining robust and transparent superhydrophobic NC coatings by APPs [60,99,124,136]. Broadly, the interest toward thin films with superhydrophobic properties concerns their ability to repel water and be self-cleaning and/or anti-stick. However, it is very important to consider that when dealing with organic/inorganic NC coatings efforts are very often directed to obtain multifunctional coatings. In fact, the proper selection of the embedded NPs allows developing multifunctional coatings that, in addition to superhydrophobic properties, simultaneously offer other functionalities, such as catalytic activity, anticorrosion resistance, and antibacterial properties [126,165].



Finally, it is worth mentioning the work by Chen et al. [132] that reported on the preparation of hybrid coatings with selective wettability with respect to different solvents (water and organic solvents). In particular, in this study, an AAPD process was used to deposit NC coatings consisting of octamethyl-polyhedral oligomeric silsesquioxane (octametyl-POSS) powders embedded in an organosilicon polymer. These coatings exhibited contemporaneous hydrophobic and alcohol-philic properties, offering separation factors of ethanol over water up to 6.5.





6. Conclusions


Low-temperature AP plasma technology is in a stage of great vitality in a range of application fields. The present paper provides a critical review of APP processes recently designed and optimized for the deposition of nanocomposite coatings. We have highlighted that, while the NC coatings prepared by using AP plasmas cannot offer the same properties of those deposited in LP plasmas, APP processes have distinctive features and advantages that have opened unprecedented opportunities for the fabrication of novel multicomponent materials in thin film form.



APP reactors have been developed in a wide range of configurations, allowing the design of a variety of PECVD and AAPD methods and therefore the synthesis of very diverse coatings, in terms of chemical, morphological, and functional properties. An increasing important role is played by aerosol-assisted plasma processes, which enable the use of unconventional precursors, such as dispersions and solutions. Interestingly, considerable progress has been made in the understanding of the fundamental mechanisms and key parameters that control the growth of the NC layers in the AP plasma.



As far as the functional properties and possible applications of the deposited coatings are concerned, some important research trends have emerged in recent years. They currently include the preparation of organic/inorganic NC coatings with superhydrophobic properties or opposite wettability behavior towards different liquids; the fabrication of drug-loaded coatings with potential application as drug delivery system; the synthesis of highly-porous photocatalytic NC coatings for wastewater treatment; as well as the effective incorporation of either catalytic inorganic NPs or biocatalysts (i.e., enzymes) in hybrid layers deposited on different substrates (including open-cell polymer foams).



Current challenges mainly lie in reducing the NPs agglomeration in the coatings as well as in improving the quality of the deposited layers, for example, in terms of chemical and mechanical durability, and of optical properties. Future efforts should be directed to evaluate the feasibility of using the most promising deposition methods for large-scale applications.
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Figure 1. (a) Simplified scheme of an aerosol-assisted AP plasma process used for the deposition of nanocomposite coatings. (b) Picture of a classical dielectric barrier discharge (DBD) system used for the direct deposition of thin films at atmospheric pressure. (c) Picture of an AP plasma jet with DBD configuration used for the remote deposition of thin films. 
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Figure 2. Selected examples of APP systems used for the preparation of nanocomposite coatings. (a) Classical symmetric parallel-plate DBD system [60,62,64] used for the direct PECVD or AAPD of NC films. (b) Parallel-plate DBD system used in [59,80] for NC film deposition from aerosols of NPs dispersions or precursors solution. (c) Corona discharge-based plasma jet (PlasmaStream™) used for remote AAPD processes [57,81,82]. Reproduced with permission from [81]. (d) Arc jet commercialized by Plasmatreat used for the remote AAPD [83] or PECVD [84] of NC films. 
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Figure 3. Scanning electron microscopy (SEM) images of different nanocomposite films deposited by AP plasma from conventional single-source or double-source precursors. (a,b) NC film consisting of inorganic nitrogen-doped TiO2 NPs wrapped by a nitrogen-rich plasma polymer deposited by direct PECVD using a DBD fed with nitrogen and vapors of titanium tetraisopropoxide (TTIP). Reproduced with permission from [106]. (c–f) NC films consisting of crystalline TiO2 NPs embedded into a SiO2 matrix deposited by using an arc-jet fed with nitrogen and the aerosols of TTIP and hexamethyldisiloxane (HMDSO). SEM images refer to the NC coatings deposited by increasing the HMDSO delivery rate from 0 to 10 μL·min−1 and keeping constant the TTIP delivery rate (6 μL·min−1). Reproduced with permission from [66]. 
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Figure 4. (a) Representative SEM images of a hydrocarbon polymer/ZnO NPs nanocomposite coating deposited for 10 min in a parallel-plate DBD fed with He and the aerosol of dispersion of oleate-capped ZnO NPs in n-octane. Reproduced with permission from [60]. (b) Schematic of the nebulization process explaining NPs agglomeration and SEM image of a NPs aggregate collected after atomization of a NPs dispersion. Reproduced with permission from [130]. (c) Schematic representation of the gas flow profile between the electrodes of a parallel-plate DBD system, and of the forces considered in [64] for the calculation of the NPs trajectory: Fe is the electrostatic force, Fn-x is the neutral drag force along the x-axis, Fn-y is the neutral drag force along the y-axis. Reproduced with permission from [64]. 
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Figure 5. Effect of the composition of the starting NPs dispersion on the chemical composition and morphology of hydrocarbon polymer/ZnO NPs NC coatings deposited in a parallel-plate DBD fed with He and the aerosol of dispersion of oleate-capped ZnO NPs in hydrocarbon precursors. (a) ZnO loading and cross-sectional SEM images of NC coatings deposited from dispersions at different concentration of the oleate-capped ZnO NPs in n-octane (0–5 wt%). Reproduced with permission from [60]. (b) ZnO loading and cross-sectional SEM images of coatings deposited from dispersions characterized by different concentrations of 1,7-octadiene in the n-octane/1,7-octadiene solvent mixture. Reproduced with permission from [124]. 
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Figure 6. (a) Schematic representation summarizing the influence of the frequency of the sinusoidal voltage applied to the electrodes of a parallel-plate DBD system during the deposition of NC coatings from a dispersion of preformed NPs in a liquid precursor: low-frequency (LF) excitation voltage, high-frequency (HF) excitation voltage, and frequency-shift keying (FSK) modulation alternating a high-frequency and a low-frequency voltage. Reproduced with permission from [128]. (b) Example of a frequency-shift keying (FSK) double modulation oscillogram with frequencies of 1 kHz (LF) and 15 kHz (HF), a 50% duty cycle, and TFSK of 5 ms. The high-frequency voltage is applied for 2.5 ms (THF), and the low-frequency voltage is applied for 2.5 ms (TLF). Reproduced with permission from [129]. 
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Figure 7. (a) Schematic of the apparatus used to deposit Ag/TiO2 nanocomposite coating by spraying a dispersion of Ag nanoparticles in titanium tetraisopropoxide liquid precursor in the vicinity of AP plasma jet (see Figure 2d). Anatase TiO2 crystal size in the NC coating as a function of (b) the Ag NPs concentration in the starting dispersion and (c) the discharge pulse frequency. Reproduced with permission from [83]. 
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Figure 8. (a) Schematic diagram of the two-zone vertical reactor used in [91,135] for the AP deposition of inorganicNC coatings consisting of MoS2 NPs embedded in a SiO2 matrix (1, piezoelectric nebulizer; 2, quartz reactor; 3, heaters; 4, high-voltage corona electrode; 5, substrate plate). The MoS2 NPs are synthesized in the upper zone by spray-pyrolysis, while the lower zone is used for co-depositing on the substrate surface the MoS2 NPs and a SiO2 layer formed by using a corona discharge fed with helium and TEOS. (b) Top-view and cross-sectional SEM images of the NC coatings. Reproduced with permission from [91]. 
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Figure 9. SEM images (at a magnification of 10k×, left and 50k×, right) of gentamicin-loaded NC coatings deposited for 20 min in a parallel-plate DBD fed with helium, ethylene, and an aqueous gentamicin solution (10 mg/mL). The DBD is generated using different electrical excitation conditions: (a) continuous mode, high power; (b) pulsed mode, high power; (c) continuous mode, low power. Reproduced with permission from [148]. 
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Table 1. Representative studies on photocatalytic NC coatings deposited by APPs.






Table 1. Representative studies on photocatalytic NC coatings deposited by APPs.





	Coating Composition
	Plasma Source/

Deposition Process
	Precursors
	Application
	Reference





	Ag/TiO2
	Arc jet/

Remote AAPD
	Dispersion of

Ag NPs in TTIP
	Dyes and drugs degradation in water
	[83]



	TiO2/SiO2
	Arc jet/

Remote AAPD
	TTIP + HMDSO
	Self-cleaning surfaces
	[66]



	TiOx/SiOx
	Arc jet/

Remote PECVD
	TEOS + TTIP
	Self-cleaning and antimicrobial surfaces
	[84]



	ZnO/hydrocarbon polymer
	DBD/

Direct AAPD
	Dispersion of

oleate-capped ZnO NPs

in n-octane/1,7-octadiene
	Dye degradation

in water
	[32,126]



	TiO2/hydrocarbon polymer
	DBD/

Direct AAPD
	Dispersion of

oleate-capped TiO2 NPs in

n-octane/1,7-octadiene
	Dye degradation

in water
	[125]







TTIP, titanium tertraisopropoxide; TEOS, tetraethyl orthosilicate; HMDSO, hexamethydisiloxane.
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Table 2. Representative studies on APP-deposited NC coatings with specific optical properties.






Table 2. Representative studies on APP-deposited NC coatings with specific optical properties.





	Coating Composition
	Plasma Source/

Deposition Process
	Precursors
	Application
	Reference





	Lantanide-containing coordination polymer/SiOx
	DBD/

Direct AAPD
	Dispersion of lantanide-containing coordination polymer NPs in HMDSO/ethanol
	Luminescence-based applications
	[59]



	ZnO/hydrocarbon polymer
	Arc jet/

Remote AAPD
	Dispersion of ZnO NPs

in water (aerosol)

+ hexane (vapor)
	Photoluminescence-based applications
	[98]



	Zn(TPP)/organosilicon polymer
	DBD/

Direct AAPD
	Solution of Zn(TPP) in HMDSO and ethanol or chloroform (aerosol) + HMDSO (vapor)
	Colorimetric gas sensors
	[80]



	TiO2/polyester
	Arc jet/

Remote AAPD
	Polyester powder (aerosol)

+ TTIP (aerosol)
	UV protection
	[136]



	Au/ppIPA
	DBD/

Direct AAPD
	Solution of gold salt (HAuCl4·3H2O) in IPA
	Plasmonics
	[139]







HMDSO, hexamethydisiloxane; Zn(TPP), zinc 5,10,15,20-tetraphenylporphyrin; TTIP, titanium tetraisopropoxide; ppIPA, plasma-polymerized isopropyl alcohol; IPA, isopropyl alcohol (isopropanol).













[image: Table] 





Table 3. Representative studies on antibacterial NC coatings deposited by APPs.






Table 3. Representative studies on antibacterial NC coatings deposited by APPs.





	Coating Composition
	Plasma Source/

Deposition Process
	Precursors
	Property
	Reference





	Ag/organosilicon polymer
	DBD/

Direct AAPD
	Solution of AgNO3

in water + HMDSO
	Antibacterial property based on Ag+ release
	[140]



	Ag/organosilcon polymer
	Arc jet/

Remote AAPD
	Ag NPs powder (aerosol)

+ TDMSO (vapor)
	Antibacterial property based on Ag+ release
	[61]



	Ag/ppAA
	Arc jet/

Remote AAPD
	Dispersion of Ag NPs in ethanol (aerosol)

+ AA (vapor)
	Antibacterial property based on Ag+ release
	[63]



	Ag/SiOx
	Arc jet/

Remote AAPD
	Solution of AgNO3 in water/IPA (aerosol)

+ HMDSO (vapor)
	Antibacterial property based on Ag+ release
	[151,152]



	Zn/SiOx

Cu/SiOx
	Arc jet/

Remote AAPD
	Solution of Zn(NO3)2

or Cu(NO3)2 in

water/IPA (aerosol)

+ HMDSO (vapor)
	Antibacterial property based on Zn2+ or Cu2+ release
	[153]



	Vancomycin/hydrocarbon polymer
	DBD/

Direct AAPD
	Solution of vancomycin hydrochloride in water (aerosol) + ethylene
	Antibacterial property based on drug release
	[149]



	Gentamicin/hydrocarbon polymer
	DBD/

Direct AAPD
	Solution of gentamicin sulfate in water (aerosol)

+ ethylene
	Antibacterial property based on drug release
	[148]







HMDSO, hexamethydisiloxane; TDMSO, 1,1,3,3-tetramethyldisiloxane; ppAA, plasma-polymerized acrylic acid; AA, acrylic acid.
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Table 4. Representative studies on APP-deposited NC coatings with superhydrophobic or special wettability properties.






Table 4. Representative studies on APP-deposited NC coatings with superhydrophobic or special wettability properties.





	Coating Composition
	Plasma Source/

Deposition Process
	Precursors
	Wettability Behavior
	Reference





	ZnO/hydrocarbon polymer
	DBD/

Direct AAPD
	Dispersion of

oleate-capped ZnO NPs

in n-octane/1,7-octadiene
	Superhydrophobicity
	[32,60,124,126]



	TiO2/ppIPA
	DBD/

Direct AAPD
	Dispersion of

TiO2 NPs in IPA
	Superhydrophobicity
	[128]



	TiO2/ppIPA
	DBD/

Direct AAPD
	Dispersion of

TiO2 NPs in IPA
	Superhydrophobicity
	[133]



	PTFE/SiOx
	Arc jet/

Remote AAPD
	PTFE powder (aerosol)

+ TDMSO (vapor)
	Superhydrophobicity
	[99]



	TiO2/polyester
	Arc jet/

Remote AAPD
	Polyester powder (aerosol) + TTIP (aerosol)
	Superhydrophobicity
	[136]



	POSS/organosilicon polymer
	DBD/

Direct AAPD
	Dispersion of POSS NPs

in HMDSO
	Contemporaneous hydrophobicity/

alcoholphilicity
	[132]







ppIPA, plasma-polymerized isopropyl alcohol; IPA, isopropyl alcohol (isopropanol); PTFE, polytetrafluoroethylene; TDMSO, 1,1,3,3-petramethyldisiloxane; TTIP, titanium tetraisopropoxide; POSS, polyhedral oligomeric silsesquioxane; HMDSO, hexamethydisiloxane.
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