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Abstract: Chemical vapour deposition (CVD) is an important technique that uses volatile precursors
to produce thin film deposits on an exposed substrate, having the capability to generate different types
of nanostructures (e.g. nanoparticles, nanotubes, nanofibers or nanocomposites) as catalytic
materials. The environmental hazard of volatile organic compounds (VOCSs) requires efficient methods
to reduce their emission into the atmosphere, due to their high potential to cause severe health issues,
along with their extended spread in the environment. Catalytic combustion proves to be one of the
most effective means for the abatement of VOCs, employing different catalysts, such as noble metals or
non-noble metal oxides, to facilitate the oxidation process of the pollutants. These catalysts can be
prepared through various methods as multiple steps wet processes or CVD techniques, indicating the
superiority of the CVD-prepared catalysts compared to those prepared using the former type of
process, due to the ability to achieve high dispersion of the active material, together with enhanced
textural and morphological properties. This paper aims to present the various CVD techniques
employed in the fabrication of different catalysts with the possibility of generating materials at nano-
scale for use in numerous reactions, mostly in combustion process for VOCs decomposition.
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1. Introduction

The development of technological processes with high atom economies represent a challenge in all
industries and academic research [1-7]. A challenge for the 21st century is the control of technological
processes in all industries to develop atom-economical and environmental friendly processes without
by-products [8-13]. In this context, excellent comparative studies for several catalysts have been per-
formed to improve catalytic performance in catalytic removal of CH4, NOx, COx, VOCs from flue
gases [14-22]. VOCs are known as organic compounds with a low boiling point (< 250°C) at
atmospheric pressure, according to the European Union (EU) [23]. Such compounds (e.g. toluene,
benzene, xylene) are widely used in various industries such as in the fabrication of semiconductors,
automobiles, and even as domestic cleaning agents, being so present in the environment [24]. They
contribute as the main components of indoor air pollution, are responsible for inducing carcinogenic,
mutagenic, and teratogenic effects, also increasing the risk for health issues such as skin allergies,
dizziness, vomiting, damage to the liver, kidney, and central nervous system [25,26], thus considered
to be the main reason for sick building syndrome [27].
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Due to the concerning effects of the volatile organic compounds, the catalytic combustion has
attracted a lot of interest in the recent years as one of the most efficient means to reduce VOCs
emission in order to control the atmospheric pollution. Compared to the flame combustion, the
catalytic process runs at lower temperatures wherein such conditions limit the nitrogen oxide (NOx)
emissions and can enhance the selectivity to CO> [28,29]. Most of the investigations on the catalytic
combustion process were realized using methane as molecule test, which is the most challenging
hydrocarbon to decompose because of its stability due to the high strength of C-H bonds [30].
Considering that methane represents the main constituent of natural gas, its continuous use of energy
source rises concerns due to the significant environmental impact of its combustion with regard to the
contribution to the global warming, thus the employed catalysts required high activity for its effective
combustion [31]. Methane is the most difficult hydrocarbon to oxidize and the 20 times larger global
warming potential than carbon dioxide [32-34].

Supported noble metals (e.g. Pd, Pt, Rh, Au) are the most used and efficient known oxidation
catalysts in virtue of their high specific activity [35]. However, besides their high activity, these noble
metals have some disadvantages: limited availability with low abundance, consequently being
expensive, and on the other hand, these metals are susceptible to sintering and to the formation of
volatile metal oxide at high temperatures. As the list of drawbacks for the noble metals extends, the
transition-metal oxides may represent a valid option in the development of combustion catalysts,
providing a range of technical and commercial advantages that make them an attractive alternative as
non-noble metal oxide catalysts.

The combustion over metal oxides occurs after an activation of the oxygen molecules through
an interaction with the surface of the catalyst in two steps: dissociative adsorption, which includes
coordination, electron transfer and dissociation, followed by the incorporation into the lattice [36].
There are available two states of oxygen on the catalyst surface: highly active adsorbed oxygen species
for complete oxidation and lattice oxygen, which takes part in selective oxidations.

Among the studied non-noble-metal oxides (3d elements), cobalt oxide (Co304) exhibits the lowest
oxygen bond strength [37] and the highest rate of oxygen binding, showing a promising catalytic
efficiency for the total oxidation of hydrocarbons [38,39]. Co304 is one of the spinel oxides. It has
almost the weakest M—O bonds among all transition metal oxides [40,41]. The metal-oxygen bond
dissociation energy for Co-O at 773 K is 400 kJ/mol [42] and for other oxides as Al-O, Ce-0O, Zr-O,
Si-O, Pd-O and Ni-O are 505, 793, 769, 803, 241 and 370 kJ/mol, respectively [42]. It is known, the
lower the metal-oxygen bond strength, the higher the oxygen mobility [43]. Moreover, the oxygen
mobility also increases with oxide basicity [43], which contributes to the positive expectations from
basic Co3z04. Oxygen vacancies can be readily generated even at a temperature below 25°C [44,45]. In
addition, the barrier for hopping oxygen vacancies on the surface of Co304 is only 0.23 eV [44].
Furthermore, besides its activity as a main catalyst, cobalt oxide was also used as support catalyst for
Au-Pt (or Au-Pd) which resulted in performances exceeding those of Pd/Al,Oz for methane
combustion [46,47].

Many attempts have been made to develop new preparation methods to improve the physico-
chemical properties of catalysts for total oxidation of methane. The noble metals, as well as those non-
noble metal oxides catalysts, can be prepared through various methods as multiple steps wet processes
or single-step gas-phase preparation technique, e.g. Chemical Vapour Deposition — CVD.

2. Chemical Vapour Deposition (CVD) methods

Chemical vapour deposition (CVD) technique has been developed as a novel manufacturing
process in several industrial sectors [52]. Several studies have stressed the superiority of prepared
catalyst through CVD technique compared to those prepared using wet processes for both combustion
[48] and selective reactions [49,50], due to the ability of the process to achieve high dispersion of the
active material with stronger interaction with the support material.
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A scientific definition for CVD is a process whereby a thin solid film is deposited onto a substrate
through chemical reactions of the gaseous species. CVD it is a reactive process, involving chemical
reactions which generates the material for film deposition, that distinguish CVD process from physical
vapour deposition (PVD) processes, such as physical evaporation process, sputtering and sublimation
processes [51, 52].

A classical definition of CVD is that it is a complex process of depositing solid materials at a high
temperature as a result of a chemical reaction. This deposition forms a special type of material
commonly known as ordered crystal grown from vapour [52].

CVD methods are classified into seven main types of fabrication (Figure 1) [52]. The parameters
used to characterise a CVD process include wall/substrate temperature, depositing time, temperature,
pressure, precursor nature, gas flow state and activation manner [53-55].

| Atmospheric CVD | | Continuous CVD |

| cold-walicvo | | Low-pressurecvp_| | biscontinuous cvD |

| Hot-wall CVD | | ultra-vacuumcvp | | Pulsed CVD |
Wall/Substrate Pressure Depositing time

Chemical Vapour

Precursor nature Gas flow state

Deposition
(CVD)
| Inorganic CVD | / \ | Open CVD |
| Metal-organic CVD | | Close CVD |
Temperature Activated manner
\
Thermal CVD
Low-temperature CVD Plasma-enhanced CVD
High-temperature CVD Laser-induced CVD
Ultra-high-temperature CVD Photo CVD
Combustion CVD
| Catalyst-assisted CVD |

Figure 1. Classification for CVD methods [52]

In chemical vapour deposition, growth of the material takes place through the reaction or
decomposition of gaseous species, forming a solid film on a heated surface as one of the reaction by-
products. There are also a large number of CVD processes, depending on the operating conditions.

Depending on the operating pressure, there are encountered atmospheric pressure CVD (APCVD),
low-pressure CVD (LPCVD) and ultra-high vacuum CVD (UHPCVD). There are no differences in
equipment upon difference in pressure, but as the pressure goes down, it affects the mass transport
inside the reactor, affecting the deposition process [52,56].

Thermodynamics studies of a CVD process are undertaken to provide a basic understanding of
chemical reactions under equilibrium conditions. CVD phase diagrams are derived based on the
minimisation of Gibbs free energy and are useful in predicting the equilibrium phases present in the
chemical reaction system under given processing conditions determined by the deposition temperature,
pressure and reactant concentration.

A CVD process is also a non-equilibrium process and typically consists of complex chemical
reactions. The kinetics of a CVD system involves many steps which determine the rate of the
deposition process. Among them, three important steps are:
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e Homogeneous reactions taking place among the gases in a reaction chamber;

e Heterogeneous reactions occurring on the surface of a substrate;

e Mass transportation of the gaseous precursors.

The overall deposition rate of the CVD process is limited by the slowest step in the three
aforementioned steps.

The feasibility of the chemical reaction can be determined by calculating the Gibbs free energy of
the reaction under given conditions. A negative Gibbs free energy implies that the reaction may occur,
whereas a positive Gibbs free energy indicates that the reaction would not take place. If several
possible reactions are proposed and all are thermodynamically feasible, the reaction with the most
negative Gibbs free energy should be ideally selected since it leads to the most stable products. The
next selection is to determine the other processing parameters, such as depositing temperature,
pressure, concentration and so forth.

3. CVD technique for the preparation of catalytic materials

Aforementioned before, in general, CVD is a process in which a substrate is exposed to one or
more volatile precursors, which reacts and/or decompose on the substrate surface to produce the
desired thin film deposit [57]. Also, CVD is an established technique for the production of catalytic
materials, being able to generate diverse types of nanostructures by modifying the surface properties of
massive or even nano-divided substrates. A need for improving the performance and cost-benefit of
catalytic materials has motivated the search of alternatives of synthesis to enhance their textural and
morphological properties with consequences on the catalytic activity [57]. Although CVD has been
used for the synthesis of dense and continuous films in materials technology, also it has been
successfully used in producing catalytically important structures and morphologies such as
nanoparticles, nanotubes, nanofibers, nanocomposites and porous or highly orientated films of
valuable support, promoter or active materials [59,60]. In the last three decades, new CVD processes
were developed to allow the formation of nano-scale structures: catalytic CVD, fluidized-bed CVD,
rotary CVD, two-step (precursor vapour adsorption-decomposition) CVD and large spot laser CVD
[61,62].

In order to fabricate supported catalysts, the incorporation of active nanoparticles on high surface
area porous supports is usually realized at industrial scale by more classic methods like wet chemical
methods including ion-exchange, co-precipitation, sol-gel and wet impregnation. However, CVD has
represented an attractive alternative for the preparation of supported catalysts because of its significant
advantages over the traditional methods. CVD processes have an advantage over the previously
employed methods, allowing the incorporation of active nanoparticles in a gaseous phase on porous
supports, i.e. without the need of liquid solvents to disperse the active material and the substrate.
Moreover, the drying and reduction steps are no longer required, which may induce undesirable
changes in the active particles. In addition, higher dispersions and more uniform size distributions of
the active phase in catalysts prepared by CVD have been reported to increase the catalytic activity of
the materials. CVD has also been used to produce catalytically active films, composites, carbon
nanotubes (CNTs) and particles at the micro- or nano-scale size with careful control of the deposition
conditions. Furthermore, enhanced CVD techniques such as plasma or laser CVD can be used to
prepare porous and favourable oriented catalytic films.

Considered an efficient method, extensively applied in catalytic material preparation, CVD has
distinguished itself with the following advantages [55]:

a) CVD can be operated at high deposition rates to produce uniform films with effective
reproducibility.

b) Depending on the intended application, the careful control of the deposition rate allows
distinctive distribution of the grown material: low deposition rate favours the growth of epitaxial thin
films for microelectronic applications, whereas, a high deposition rate is directed for the deposition of
thick protective coatings with rates exceeding tens of mm per hour.
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c) The deposed materials by CVD processes are highly pure and dense.

d) CVD is capable to reach good coverage, being applied successfully to uniformly coat intricate
substrate components, and also in diverse film depositions with greater performance that outweighs the
Physical Vapour Deposition (PVD) process.

e) The fine tuning of CVD process parameters is associated with the control of crystal structure,
surface morphology and orientation in the deposed materials.

f) In CVD processes, a wide range of volatile chemical reagents such as halides, hydrides,
organometallics are employed to afford the deposition of various materials that include metals,
carbides, nitrides, oxides, sulphides etc.

g) The reasonable costs of the processing involved in CVD techniques is another reason for their
attractive uses.

h) The use of low energies at low deposition temperatures in vapour phase reactions permits the in-
situ formation of desired phases and control over the nucleation and growth on the substrate, also
allows refractory materials to be deposited at lower temperatures than their melting temperatures, e.g.
SiC with melting points of 2700 °C is deposited at 1000 °C, according to the below chemical reaction.

CH3SiCI3l> SiC + 3 HCI

However, besides the above mentioned advantages, CVD presents some drawbacks, most notably
including [55]:

a). CVD processes use a lot of toxic or flammable precursor gases that can raise considerable risks
regarding safety and health issues. Nevertheless, recent CVD techniques such as Electrostatic Spray
Assisted Vapour Deposition (ESAVD) and Combustion Chemical Vapour Deposition (CCVD)
methods have mitigated those risks by using more friendly environmental reagents.

b) Multicomponent materials with well-established stoichiometry are difficult to obtain from multi-
source precursors as they present different vaporization rates, so using single source precursors
increase the control over the stoichiometry.

c) Multiple CVD variants such as low pressure or ultrahigh vacuum CVD, plasma assisted CVD
and photo-assisted CVD tend to increase the cost of fabrication by the usage of more sophisticated
reactors and/or vacuum system, but there are also other variants of CVD such as Aerosol Assisted
Chemical Vapour Deposition (AACVD) and Flame Assisted Chemical Vapour Deposition (FACVD)
that do not require more complicated setup to ensure the adequate conditions. Thus, such variants may
provide alternatives for applications where production cost is an issue.

Consequently, the advantages of CVD technique outweigh its limitations, rendering in general,
CVD as a versatile technique for the deposition of coating, single-crystalline, amorphous, or
polycrystalline thin films for a wide range of applications, comprising of:

a) microelectronics, optoelectronics, energy conversion devices - semiconductors (e.g. Si, Ge, IlI-
V, 11I-VI group elements)

b) microelectronics - dielectrics (e.g. SiO2, AIN, SisNg, etc.);

c) electronics - metallic films (W, Pt, Mo, Al, Cu, etc.);

d) hard coatings, protection against wear, corrosion, oxidation, chemical reaction, thermal shock,
neutron adsorption or as diffusion barriers - refractory ceramic materials (e.g. TiB2, SiC, B4C, BN,
TiN, Al203, ZrO., MoSiz, diamond, etc.)

e) mechanic resistant materials - ceramic fibres (e.g. SiC and C) and ceramic matrix composites
(e.g. SiC/SiC, SiC/C).

Furthermore, newly developed CVD techniques such as pulsed injection CVD, ESAVD, CCVD
have enabled effective control in the deposition of multicomponent films with well-established
stoichiometry and controlled microstructure, extending in consequence the CVD applications for the
deposition of ferroelectrics (e.g. PbTiOs, PbZrTiOs3), superconductors (e.g. YaBa,CusO;) and
perovskite materials (e.g. La(Sr)MnOg for solid oxide fuel cell applications) [55].
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Moreover, the conventional CVD is also perfectly adequate for catalytic materials preparation.
Such a technique was able to produce quasi-spherical Ni powder (600 nm mean particle size) by
thermal decomposition of nickel carbonyl gas as precursor (Figure 2) [59]. Metal organic precursor
employed in CVD process represents a valid alternative to prepare nano-scale noble metal particles.
However, the impurity carbon arising from the thermal decomposition of the carbonyl precursors could
hinder the growth of continuous films on the substrate, thus resulting porous films that consists of
nano-scale metal particles surrounded by carbon (Pt-C, Ir-C, Ru-C, Pt-YSZ and IrO2-YSZ) [63, 64].

P e N

Figure 2. SEM image of quasi-spherical Ni powder prepared
by thermal decomposition of nickel carbonyl gas
using conventional CVD [59]

Supported catalysts can be obtained through a CVD technique called fluidized bed CVD (FBCVD)
wherein an upward flow of precursor and carrier gas mixture fluidizes the solid support particles in a
vertical reactor. Compared with conventional methods (wet impregnation, ion exchange and co-
precipitation), the production of supported catalysts by FBCVD is more advantageous as liquid
solvents are no longer used, consequently drying, calcination and reduction steps are not required.
Eliminating these additional steps, otherwise necessary when the conventional methods are applied,
prevents the aggregation of active particles during such processing which would lead to a decrease in
catalytic activity [65]. For supported catalysts, the dispersion of the catalytic particles is crucial, thus in
FBCVD, the surface area available for the deposition becomes extremely high by using porous
powders as supports with high specific surface area.

The fluidization of the support particles depends mostly on their properties, such as size,
distribution and density as choosing the adequate supports requires proper consideration. However, the
most used oxide particles (Al.Os3, MgO, SiOz, TiOz, and aluminosilicates) employed in the preparation
of supported catalysts are easy to fluidize, according to their small mean size (20-150 um) of the
powder and their low density [66]. Supported catalysts were obtained by FBCVD where noble metal
particles (Rh, Pd and Pt) were deposited on SiO2, Al.O3 and activated carbon (AC) [67,68]. Studies
have shown the superiority of CVD techniques as the activity of 1% wt.% Rh/SiO; catalyst prepared
by FBCVD (Figure 3)was higher in the hydrogenation reaction of 1-octane than that of 1 wt.%
Rh/SiO; catalyst prepared by impregnation [69]. Besides noble metal catalyst, FBCVD has also been
used in the preparation of supported transition metal catalysts (Cu/Al.Oz, Fe/Al>03, Mo/Al>03 and Fe-
Mo/Al2Oz3) by [70,71].
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Figure 3. TEM image of 1 wt.% Rh/SiO>
catalyst prepared by FBCVD [69]

Another CVD variation of for the preparation of supported catalysts is represented by the two-step
CVD which consists in a first step of precursor vapour absorption on the support particles, followed by
a thermal treatment to obtain the active particles. It is also called vapour-phase impregnation-
decomposition method, which has been widely used to obtain catalysts supported on oxide particles in
a micro-scale size (20-150 um). The two-step CVD overcomes the difficulty of the FBCVD to prepare
catalysts with particle size less than 20 um, being applied successfully to prepare catalysts based on
nano-scale size supports such as Al>Os nanoparticles, CNTs or titania nanotubes (TNTs) [72]. Pt
nanoparticles (2.1 nm mean size) were deposited on TNTs (7-10 nm diameter and several hundred nm
in length) in a two-step CVD, wherein the oxide and precursor powders were mechanically mixed and
heated at 180°C for vapour impregnation, followed by calcination (400°C). The Pt particles were
uniformly distributed on TNTs (even at a high Pt load of 14 wt.%) and had 10 times more activity in
naphthalene hydrogenation than a conventionally wet impregnated Pt/TNTs catalyst with the same
metallic load (Figure 4) [72].
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Figure 4. TEM image of the Pt/TNTs
prepared by two-step CVD [72]
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More advanced CVD techniques, such as plasma-enhanced CVD and laser CVD, allow catalytic
films deposition. For example, films containing CozO4 nanoclusters (4-6 nm) prepared by plasma-
enhanced CVD have proved to be promising in the n-hexane oxidation [73]. Laser CVD allowed the
growth of CeO- films which presented catalytically desirable features such as a highly orientation and
a columnar structure with considerable amount of nano-scale voids [74]. The more unstable (100)
plane of the fluorite structure of CeO: is potentially more reactive than the (110) and (111) planes. The
cross-sectional TEM images at the top of the columnar grains of the highly oriented ceria films
represented in Figure 5 indicate the alignment of the column in the <100> and <111> directions of the
cubic CeOz structure, as well as the nano-scale void structure which enables a favourable high surface
area, also highly dispersed and accessible catalytic sites.

Figure 5. Cross-sectional TEM images at the top-ending
f the columnar grains of the highly (100)-oriented CeO>
films prepared by laser CVD [74]

Performing CVD technique at low pressure (20 mbar) and in the kinetically controlled regime (T =
230 °C), cobalt oxide as active phase was deposited on monolithic cordierite supports using cobalt (11)
acetylacetonate as the precursor. Its slow decomposition on the support surface allowed the generation
of a highly homogeneous layer on the complex surface geometry of the support with an excellent
reproducibility [75].

The grown cobalt oxide was identified as cubic spinel CosO4 using X-ray diffraction, and the
surface studies revealed a high content of oxygen using Auger electron spectroscopy (AES). In
addition, the morphology and the composition of the films were investigated by atomic force
microscopy (AFM) and energy dispersive X-ray analysis (EDX), whereas the reducibility of the grown
film which was evaluated by H.-TPR (temperature-programmed reduction) to show the oxidizing
character of the oxide [75].

Adjusting the deposition time allowed the preparation of a series consisting of catalysts with
different loading of cobalt oxide to investigate the effect upon the methane lightoff [76]. Catalyst
loadings above 0.46 wt.% reached complete combustion of methane at ~550 °C, also with high
reaction rates, having superior performance than that of the other studied perovskites [28,77].
Moreover, further studies involving the partial pressure of oxygen and methane respectively, showed
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that the activity of cobalt oxide is dependent on the reactant gas partial pressure with increased
performance at higher partial pressure of the reactants, confirming that the requirements for high
catalyst efficiency are stricter when lean mixtures have to be combusted as intended in pollutant
abatement.

These studies have also confirmed the participation of the bulk cobalt oxide in the catalytic
reaction, described by the Mars-Van Krevelen mechanism. Such activity is attributed to the concept of
oxygen bank function [78], which includes a rapid migration of oxide ions through the bulk diffusion.
Furthermore, the catalytic reaction over cobalt oxide is likely to occur similarly to that of Pd, which is
the most efficient catalyst for methane combustion, being also described by the Mars-Van Krevelen
redox model involving PdO formed at the surface and at the interface with the support [79]. Although
having its thermal stability as the major limiting factor, nevertheless, the cobalt oxide represents an
attractive choice as combustion catalyst in further investigation of replacing the currently used noble-
metal catalysts.

3.1. Non-thermal plasma (NTP) as alternative to catalyst activation in VOCs abatement

Besides the various technologies employed in the decomposition of VOCs including the catalytic
combustion, plasma catalysis (PC) has gathered considerable attention, particularly for the removal of
low concentration of VOCs (<1000 ppm), as the combination of non-thermal plasma (NTP) and
catalysis[80]. Non-thermal plasma is obtained when a sufficiently high electric field is applied between
two electrodes in order to produce electrons, excited gas molecules and free radicals which are suitable
to transform pollutant molecules in friendlier environmental products [81]. However, plasma applied
alone has the following disadvantages such as: formation of unwanted toxic by-products, low energy
efficiency and incomplete oxidation of VOCs, whereas the combination of NTP and catalysts could
brings together the ability of plasma to activate catalysts at lower temperature and the high selectivity
of the catalysts to increase the VOCs abatement potential [82].

The abatement of very low concentrations of VOCs (<100 ppm) in flue gas proves to be
challenging for plasma catalysis as most of the discharge energy will be utilized for the excitement of
oxygen and nitrogen, which are in higher amounts exceeding the pollutants [83], stressing out the
necessity to explore different techniques which are more suitable for the removal of very low
concentration of VOCs from a large volume of flue gas. To improve the energy efficiency and to treat
larger volumes of gas with low VOC concentration, a concept which combines adsorption and plasma
catalysis (APC) has been investigated wherein the NTP discharge is either continuous [84] or cyclic
[85,86].

Between these two variations, the continuous treatment presents the main disadvantage as
uninterrupted use of the plasma discharge, without regard to the high fluctuations in VOC
concentration, results in higher energy consumption for decomposition per VOC molecule. On the
other hand, the working principle of the cyclic APC process for VOC removal (Figure 6) allows first a
storage stage (plasma off) to store low-concentration VOCs in flue gas on catalysts/ adsorbents and
then the oxidation of the stored VOCs to CO: by plasma at a discharge stage (plasma on), with
enhanced energy eficiency [87,88].
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Figure 6. The working principle of the cyclic adsorption-plasma
catalytic process for VOC removal [81]

The main advantages of the cyclic APC over continuous APC include:

a) usage of oxygen plasma instead of air avoids the formation of unwanted by-products (e.g. NOx,
N20, etc.) and also allows a more efficient regeneration of the catalyst;

b) enhanced selectivity towards CO;

c) improved carbon balance;

d) increased energy efficiency with higher power output;

e) accumulation of VOCs in the adsorbents from dilute flue gas through storage stage (compact
system);

f) easy adjusting of the system, depending on the change in flow rate and VOC concentration;

g) fast operation

The properties of the adsorbents, namely the adsorbing and catalytic function, can be present in
separated form or combined in a dual-functional material. The most used materials with such
properties vary from physical adsorbents (e.g. alumina, zeolite and activated carbon), to either
chemical adsorbents (e.g. alkaline earth metals and transition metal loaded physical adsorbents). In the
case of physisorption, the adsorbed molecules are attached on the surfaces by the VVan Der Waals force
of attraction and can be desorbed by applying heat; whereas the chemisorption involves chemical
reactions that facilitate the fixation of molecules on the adsorbent surface through transfer of electrons
or ions. Hence, as the molecules can interact at the surface level, the adsorbents in the plasma
discharge region prolong the residence time of VOCs, active species and intermediate by-products,
resulting in increased collisional probabilities between them and thus in enhanced CO: selectivity [89].

Another noteworthy advantage of combining adsorption and NTP is the increased lifetime of the
used adsorbents. The VOCs from diluted flue gas can be accumulated on adsorbing materials and then
desorbed and decomposed with the help of plasma to less toxic or more useful products. In many
instances, the used adsorbents are to be discarded or incinerated, so from a more economic and
practical point of view, it is recommended to decompose the adsorbed VOCs and regenerate the
adsorbent [90]. There have been reported in the literature multiple methods that can be used in the
regeneration of the adsorbents such as heating [91], microwave heating [92], pressure and temperature
swing adsorption [93] and non-thermal plasma [94]. A major advantage for the use of NTP discharge
in the desorption and decomposition of VOCs accumulated in the adsorbents, instead of a conventional
thermal process, consists of can be used significant reduction in both the size of the treatment
equipment and the energy consumption [95]. At the same time, the highly oxidizing environment of
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plasma promotes the degradation of the adsorbed VOCs with simultaneous regeneration of the
adsorbent.

The APC requires an adsorbing/catalytic system which effectively adsorb VOCs and efficiently
oxidize the adsorbed VOCs. The selection of adsorbents takes into consideration various material
properties that lead to high energy efficiency to decompose diluted VOCs from air, such as pore size,
specific surface area, dielectric constant, hydrophobicity etc. As they include many of the desired
features, the zeolites represent one of the best adsorbents and catalysts for VOC degradation, being
already known as traditional adsorbents due to their unique channel system containing multiple
micropores and cavities. The pore diameter of zeolites in the range of 5-20 A is quite suitable for the
adsorption of various VOC molecules [96]. In addition, zeolites can interact with plasma, having a
semiconductor character and electrical conductivity [97].

Zeolites are a class of aluminosilicate minerals that are well-known as solid acids used widely in
many applications due to their high surface area, ordered pore size and structure, thermal stability,
shape selectivity. Other special features of the zeolites include hydrothermal stability, catalytic activity
due to their cations, along with the ability to tailor their properties such as wettability and auxiliary
mesopore generation in the crystals.

Due to their surface area and pore channels, zeolites are able to increase the residence time of
VOCs in the plasma discharge via adsorption. They allow higher conversion towards gaseous products
COx (CO, CO:y) in a setup of cyclic APC which is more suitable for air pollution treatment [98]. More
studies on different metal loaded (Cu, Mg, Ce, Co) zeolites for the decomposition of toluene revealed
that the metal loading on zeolite enhances the CO and CO3 yield [99]. This is due to the dissociation of
O3 produced by the NTP discharge on the metal active sites (*) which play a significant role on the
complete oxidation of toluene following the equations [100]:

O3 +* = Oy + %0

O3 + %O — Oy + *xO»

*(32 — (32 + %

Among the different metal loaded zeolites studied, the zeolites with Cu and Co showed enhanced
CO:; selectivity, because the active sites of Co and Cu catalysts are represented by Co304 and CuOy,
respectively, which have large oxygen adsorption capacity and easily convert oxygen to O™ and O*
ions. Another study using zeolites such as Na-ZSM-5 and Cu-ZSM-5 for trichloroethylene (TCE)
removal have reported a removal efficiency of 80% without plasma, thanks to the adsorption capacity
provided by their large specific surface area[101]. With a good adsorption of TCE at room temperature
and plasma discharge usage, Cu-ZSM-5 reached a removal efficiency higher than 95%.

The use of non-thermal plasma brings an innovative method for VOC removal. In combination
with zeolites as adsorbent materials and supports for metal loading, the cyclic-adsorption plasma
catalysis for VOC abatement represents a suitable option for removal of low concentration of VOCs
from large volume of gas. The nature and the amount of metal ions used for loading on zeolites has
many implications as it can influence the adsorption of VOCs, the characteristics of the plasma
discharge, the oxidation of adsorbed VOCs and the regeneration of adsorbent materials., Therefore,
CVD methods could provide new ways to develop different morphologies regarding the metal ion
loaded layer. The use of novel emerging approaches in catalyst preparations, combined with more
efficient activation systems as NTP for the catalytic process of VOCs conversion, is of great interest to
extend their applications to the real world.
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4. Conclusions

Chemical vapour deposition has distinguished itself as a superior technique to produce thin films
on different substrates with the possibility of generating numerous types of nanostructures, such as
nanoparticles, nanotubes, nanofibers or nanocomposites, for the development of active catalyst
materials in various reactions, mostly VOCs combustion processes. Depending on the operating
conditions, CVD techniques are divided in multiple categories, wherein the most used are the
conventional CVD, fluidized bed CVD, two-step CVD, plasma-enhanced CVD and laser CVD. Taking
into consideration the advantages and the drawbacks of CVD techniques, the catalysts prepared
through these techniques can achieve improved textural and morphological properties with great
effects on the performance in catalytic activity, showing superiority over the conventional multiple
steps wet processes, often employed in catalyst preparation. CVD processes have evolved during the
last years in matter of deposition control, being able to produce particles at the micro- or nano-scale
levels, also porous and favourable oriented catalytic films, proving to be quite attractive methods for
extensive material development.
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