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There is no doubt that the development of chemical technologies is closely tied to progress in catalysis.
Two aspects are crucial here: the search for new, efficient, selective, and stable nanocatalysts tailored
to specific reactions and obtaining them in forms best suited for modern catalytic systems, such as
structured reactors. Both challenges fit perfectly within the capabilities of cold (non-equilibrium) plasma
thin-film deposition technology. The enormous potential of this technology for producing new
nanocomposite materials with predetermined molecular structures, nanostructures, and electronic
structures that are so crucial for catalytic properties seems unrivaled. This review summarizes recent
progress in cold plasma deposition methods, including low-pressure plasma-enhanced chemical vapor
deposition (PECVD), atmospheric-pressure plasma deposition (APPD), and plasma-enhanced atomic
layer deposition (PEALD), and highlights their usefulness in fabricating thin films on 3D supports as
packings for catalytic structured reactors. Advances in plasma deposition of nanocomposite films and

Received 15th December 2025, the design of their architectures for catalytic activity are also discussed, with particular focus on
Accepted 21st January 2026 emerging research involving nanoscale heterojunctions. Furthermore, the most important chemical
DOI: 10.1039/d5¢cc07133] processes currently being tested using plasma-derived nanocatalysts are presented, providing strong

evidence of their practical applicability. Overall, this work demonstrates the significant potential of cold
rsc.li/chemcomm plasma technology for the design and fabrication of innovative nanocatalysts.
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1. Introduction

It has long been recognized that the development of the
chemical industry is strongly dependent on catalysts, without
which approximately 90% of current industrial chemical pro-
cesses would not be feasible."”” The introduction of new tech-
nologies, as well as the pursuit of increased performance
and reduced costs of those already in use, requires intensive
efforts to develop increasingly advanced and effective catalytic
systems. Despite the enormous progress in catalyst research,
these efforts still contain an element of mystery, resembling
“alchemy” with its “trial-and-error” strategy rather than the
rational design of catalytic structures with predetermined
properties.’

In the early 1990s, when the term ‘“nanocatalysts” emerged,
particular attention was focused on small, nanosized objects
that, due to their high surface-to-volume ratio, were expected to
provide significantly higher process performance relative to
the amount of catalyst used. However, it was quickly realized
that the transition from macroscopic to nanoscale materials
not only increases the active surface area of the catalyst at a
constant mass but, more importantly, can dramatically - and
nonlinearly with changes in surface area - alter the catalytic
activity of the resulting material, sometimes leading to un-
expected and unique properties.”® In some cases, materials
that exhibited no catalytic activity in their bulk form became
catalytically active once reduced to the nanoscale.® Since then,
the use of nanosized catalysts in various chemical processes
has generated significant interest — both in their synthesis and
in the study of their catalytic properties - leading to the
establishment of nanocatalysis as a major discipline in the 21st
century.”

Focusing our considerations on heterogeneous thermo-
catalysis, which is the subject of this work, and setting aside
other forms of catalysis such as photocatalysis or electrocata-
lysis, it can be stated that a breakthrough in the development of
nanocatalysis in this field occurred when it was realized that
not only the size but also the interactions between different
materials in nanostructured forms have a profound impact on
catalytic behavior. These interactions can result in properties
that differ radically from those of the individual nanomaterials
in isolation. Various nanocomposite structures - including
nanohybrids,*>® as well as more specific systems such as metal-
support (oxide) and oxide-support (metal) catalysts,'®"" or single-
atom and nanoparticle-single-atom catalysts'®>** - have become
the subject of extensive research. Despite significant progress, a
detailed understanding of the interactions between nanocompo-
site components and the mechanisms of catalytic reactions occur-
ring within such systems remains limited. The complex interactions
between these components - believed to either enhance or,
conversely, diminish catalytic activity - are often collectively
described under the vague terms “synergy”’>'® and its opposite
“anti-synergy”,'”'® leaving the relationship between catalytic proper-
ties and component interactions still largely unresolved. This situa-
tion poses yet another challenge: the rational design and fabrication
of nanostructures that meet specific catalytic requirements.
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Among the many methods explored for the synthesis
of heterogeneous nanocatalysts,"**° cold (non-equilibrium)
plasma deposition methods - of which the oldest and most
widely used one is plasma-enhanced chemical vapor deposition
(PECVD) - have been relatively neglected so far, even though
they offer significant opportunities to control both the mole-
cular structure and nanostructure and, consequently, the elec-
tronic structure of the resulting materials. Although cold
plasma has already found some applications in heterogeneous
catalyst technology, it has been used mainly to assist conven-
tional synthesis routes or to modify existing catalysts, whereas
the still-innovative method of direct plasma deposition remains
largely underexplored.>*>®

The cold plasma deposition technology opens new possibi-
lities for producing nanocatalytic materials, often with unique
properties unattainable by other means. The potential of this
approach is enormous - perhaps limited only by our imagination
and the laws of physical chemistry — and molecular engineering is
increasingly employed to design material structures.”®

Two key attributes of this technology determine its consid-
erable potential, and it still awaits broader utilization in the
rational design of nanocatalysts. First, it enables the fabrication
of materials in the form of very thin films (typically < 1 um) on
virtually any substrate without altering its original geometry -
an invaluable advantage in the design of structured chemical
reactors. Second, it offers exceptional control over the structure
of the deposited material, providing the freedom to tailor it to
specific catalytic properties. It is also worth emphasizing that
the synthesis of nanocatalysts using cold plasma fully aligns
with the principles of green chemistry: it is virtually waste-free,
consumes minimal amounts of precursors, and is energy-
efficient. At the same time, it is simple to implement and
readily scalable from the laboratory to the industrial level.

In this review, we introduce the concept underlying the use
of cold plasma technology to fabricate thin-film nanocompo-
sites for heterogeneous thermocatalysis, present the current
state of knowledge in this field, and outline the future prospects
of this approach, which is based primarily on PECVD, but also on
APPD (atmospheric pressure plasma deposition) and PEALD
(plasma-enhanced atomic layer deposition) methods. We begin
with an introduction to this topic (Section 2) and a review of
current progress (Section 3). Next, we demonstrate the possibili-
ties of tailoring the molecular structure, nanostructure, and
electronic structure of the deposited films (Section 4), followed
by a discussion of correlations between the controlled structure of
thin-film nanocomposites and the thermocatalytic processes
occurring on them (Section 5). Finally, we summarize the broad
prospects that lie ahead and encourage deeper engagement with
this emerging research area (Section 6).

2. Cold plasma deposition — a bit of
history

The adventure with thin films deposited in cold plasma began
over 150 years ago, when the formation of solid products during
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an electrical discharge in gaseous acetylene was reported.>”*®
This phenomenon - later observed in various studies involving
discharges in gases containing organic compounds - was long
regarded as nothing more than a curiosity, associated merely
with undesirable by-products of reactions occurring in electri-
cal discharges. It was not until the early 1960s, after the use of a
plasma-deposited styrene film as an insulation layer in nuclear
batteries,?® that interest in such materials was rekindled.

From that time on, numerous publications and monographs
have appeared on thin films deposited in cold plasma - their
properties, structure, formation mechanisms, and potential
technological applications.?® Initially, and for a long time
thereafter, these films were referred to as plasma polymers,
and the process of their production was called plasma
polymerization.*' This terminology stemmed from the fact that
conventional monomers were used as precursors for deposi-
tion. However, it was soon realized that virtually all organic,
metal-organic, and even some inorganic compounds could
serve as precursors, provided that they could be introduced
into the discharge chamber in the form of a gas or vapor.*>?
Over time, the process began to be referred to as plasma-
enhanced chemical vapor deposition (PECVD), a term that
can be somewhat misleading, because the mechanisms of film
deposition under cold-plasma conditions differ drastically from
those of high-temperature thermal CVD.**?*

The growing interest in the PECVD method was related to
the aforementioned (Introduction) virtually unlimited ability to
produce new materials in the form of thin films with controlled
thickness (from a few nanometers to at most several micro-
meters) and often unique structures and properties. The rela-
tive simplicity of producing such films was also important, as
was the more recent recognition of PECVD as an environmen-
tally friendly method aligned with the principles of green
chemistry.**?’

It must be acknowledged that it was initially exciting simply
to introduce a selected low-molecular-weight compound into
the plasma reactor and, by adjusting the process parameters,
obtain a film to be examined by all available characterization
techniques. However, as more applications emerged, research-
ers were compelled to adopt a more rational approach. With a
specific application and the associated property requirements
in mind, a suitable structure was designed and then imple-
mented via plasma deposition by selecting appropriate precur-
sors and controlling the process parameters. Today, extensive
knowledge exists on the nature of non-equilibrium (cold)
plasma, the processes occurring within it, the mechanism of
thin-film formation, and the methods for depositing films with
predetermined characteristics.>®

Among the features of PECVD-produced materials, thin-film
properties have played a key role in their applications, enabling
uses that would have been unattainable or very difficult to
realize by other methods. It is therefore not surprising that
early attention focused on films serving functions such as gas
barriers, reverse osmosis membranes, mechanical protection
layers, selective optical absorbers, corrosion resistant coatings,
biocompatible layers, and hydrophobic surfaces.>® They were

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

also used as photovoltaic components and as active (photo-
catalytic and electrocatalytic) electrode coatings in fuel cells,
batteries, and water-splitting systems.*® At that time, however,
there was little need to use thin-film technology in thermo-
catalysis, where catalysts were typically employed in fixed-bed
reactors, usually in the form of powders or shaped bodies
(spheres, tablets, and pellets). Cold plasma was used only
occasionally in the synthesis or post-processing of such materials.
Consequently, interest in applying PECVD to deposit catalytic films
for thermal catalysis was sporadic and remained within the realm
of basic research, with studies generally mentioning only the
potential catalytic use of such films without conducting catalytic
tests.*!

Films with potential catalytic properties produced by PECVD
(primarily those based on metals or their oxides) appeared in
the 1980s, when metal-organic complexes began to be used
more widely as precursors for plasma deposition. The limited
film characterization techniques available at the time were
sufficient to determine that such films contained pure metals
or their oxides, and in some cases even to identify nano-
particles. Attempts were also made to co-deposit metal-organic
precursors with hydrocarbons, laying the foundation for the
controlled fabrication of thin-film nanocomposites rather than
by depositing films solely from metal-organic precursors with
fixed chemical structures.***®

In fact, PECVD films produced from metal-organic precur-
sors and explicitly dedicated as catalytic coatings for thermo-
catalysis became the subject of serious interest only when the
need arose with the rapid development of structured packings
for catalytic reactors.”””*® The first reports on such films date
back about 20 years. The research conducted at that time
focused primarily on films deposited from a cobalt precursor
(cobalt(i) cyclopentadienyldicarbonyl) in radio frequency
plasma onto substrates such as metal plates and meshes used
as structured packing elements. The films exhibited a nanocom-
posite structure consisting of a carbon matrix and cobalt oxide
nanoparticles (CoO,), which, with appropriate control of produc-
tion parameters, formed nanocrystalline Co;0, spinel.**>°

The films with Coz;0, nanoparticles obtained in this way
proved to be excellent nanocatalysts for hydrocarbon combus-
tion, exhibiting very high activity - significantly better than that
of conventional catalysts such as PtRh mesh or Co foil coated
with Co;0, formed by oxidation.”" Building on this success, the
films were tested in a large-scale laboratory structured reactor,”
reinforcing the view that thin-film nanocomposites produced by
PECVD hold great promise as nanocatalysts for thermocatalytic
applications and motivating further research in this area.

To summarize this short historical review, which introduces
us to the technology of thin film deposition in cold plasma, a
timeline showing the key developmental stages and conceptual
evolution of cold plasma thin film deposition discussed in this
review, against the backdrop of the number of publications in
this field, is presented in Fig. 1. As can be seen, the subject of
plasma-deposited thin-film nanocatalysts for thermocatalysis,
which is the main topic of this review, only became a regular
feature of the literature in 2007. A certain decline in interest
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Fig. 1 A timeline showing the key developmental stages and conceptual evolution of cold plasma thin film deposition discussed in this review, against
the backdrop of the number of publications on this topic. The arrows indicate the year in which a given topic became a permanent feature in the
literature. The number of publications was obtained from the Scopus database and includes papers whose titles, abstracts, and keywords contained the
terms “plasma polymerization”, “plasma deposition”, PECVD, APPD, PEALD, and their derivatives.

in plasma deposition observed after 2010 is now gaining
momentum again.

3. Advances in cold plasma deposition
methods

Cold plasma deposition methods for thin-film nanocomposites have
advanced significantly in recent years within this rapidly evolving
and promising field, opening up new and tangible opportunities for
the fabrication of systems with thermocatalytic activity. Develop-
ments in plasma-enhanced chemical vapor deposition (PECVD),
atmospheric pressure plasma deposition (APPD), and plasma-
enhanced atomic layer deposition (PEALD), together with substantial
progress in coating 3D structures and large-area substrates, provide
strong impetus for the rational design and prospects of large-scale
production of thin-film nanocatalysts. The distinctive features that
set these catalysts apart from other catalytic materials - such as their
thinfilm nature and their ability to be deposited on structural
substrates, which is essential for modern catalytic reactors, as well
as the enormously expanding capacity to tailor molecular, nanos-
tructural, and electronic properties, thereby ensuring the possibility
of realizing the desired catalytic activity — are increasingly achievable
through contemporary cold plasma deposition techniques. The
following discussion highlights key advances in cold plasma deposi-
tion technology that are critical to the future development of thin-
film nanocomposites with thermocatalytic activity.

3.1. Plasma-enhanced chemical vapor deposition (PECVD)

To date, the most commonly used type of cold plasma for thin
film deposition is a glow discharge generated under reduced

4454 | Chem. Commun., 2026, 62, 4451-4476

pressure in reactors with internal electrodes, ie., capacitively
coupled, usually at radio frequency (most often 13.56 MHz).
An example diagram of such a reactor is shown in Fig. 2a.
In general, the reactor chamber is initially evacuated to
10~'-1077 Pa, after which a volatile precursor and often an inert
carrier gas (e.g., argon) are introduced into it with a controlled
flow. The precursor can be any gaseous chemical compound, or it
can be a sublimating solid or evaporating liquid. The role of the
carrier gas is, on the one hand, to enable plasma generation in the
presence of low vapor pressure precursors, and on the other, to
provide control over the process of ion bombardment (e.g., by Ar"
ions) during deposition, which is crucial for shaping the structure
of the growing film. Once the desired conditions are achieved in
the reactor chamber (gas flow rate and partial pressures), a glow
discharge is generated between the electrodes by applying an
appropriate voltage. As a result of chemical processes occurring
both in the gas phase of the plasma and its interaction with
surfaces within its range of influence (electrodes and substrates),
a thin solid film is formed on these surfaces, with a structure
closely related to the type of reaction gases used and the para-
meters of the deposition process.*>?

Of course, the reactor design presented above and the
procedure for deposition of thin films in it are constantly being
developed and modified, covering other ranges of plasma
generation frequencies (from DC discharge, through kilohertz
(audio), megahertz (radio), up to microwaves), other generation
conditions (e.g., inductive coupling, remote plasma, presence
of a magnetic field (magnetron)) or the use of glow discharge
(i.e., still cold plasma) at atmospheric pressure. Progress in the
PECVD technique has been ongoing for many years, but new
and interesting solutions continue to emerge in this field,

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Example schematics of cold plasma deposition devices: (a) a typical PECVD reactor, reproduced from ref. 26 with permission from Elsevier,
copyright 2019. (b) Setup for hybrid PECVD + sputtering, reproduced from ref. 62 with permission from Elsevier, copyright 2024. (c) A PECVD reactor
with precursor injection in the form of an aqueous solution, reproduced from ref. 67 with permission from Elsevier, copyright 2011. (d) A PECVD reactor
with precursor injection in the form of a suspension, reproduced from ref. 69 with permission from IOP Publishing, copyright 2021. (e) Two-chamber
thermal plasma/cold plasma reactor.”* (f) Spatial PEALD concept and schematic of a wafer rotating reactor, reproduced from ref. 86 with permission

from AIP Publishing, copyright 2018.

mainly aimed at achieving greater control over the deposition

process and deposit uniformity, as well as shortening the process
time and increasing the surface area of coated substrates.

54-57

This journal is © The Royal Society of Chemistry 2026

However, bearing in mind the use of PECVD for the produc-

tion of thin nanocomposite films with potential application as

nanocatalysts for thermocatalysis, further considerations will
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focus mainly on relatively new and particularly important
solutions that hold great promise in this field. The first
innovation of this type, the foundations of which were reported
quite a long time ago,* is the deposition of films not from one,
but from two or more precursors, appropriately selected in
terms of their chemical structure and content in the reaction
mixture.”®>® This approach significantly expands the possibi-
lities for achieving the designed film structure. The co-
deposition procedure can be carried out by directly feeding
the precursor mixture into the reactor chamber (Fig. 2a),>® or by
introducing them separately at different locations into the
plasma region, thus controlling the course of chemical reac-
tions in the plasma more precisely.®°

Recently, co-deposition using a combination of two techni-
ques - PECVD and simultaneous sputtering - which was
already reported some time ago,*® has also attracted increasing
attention. A schematic setup for such a “hybrid PECVD +
sputtering” system is shown in Fig. 2b. In this way, it is possible
to produce films consisting of a suitable matrix obtained in the
plasma deposition process and metal nanoparticles,*"** or, for
example, their oxides®® or carbides.®”® This method offers
great opportunities for direct control of the size of nano-
particles and their distribution in the film, making it a poten-
tially useful tool for the production of designed nanocomposite
structures with catalytic properties.

Despite the wide range of precursors that can be used in
PECVD processes, there is a clear limitation stemming from the
need for volatility (gases or vapors) and stability. Therefore, if a
chemical compound is a non-subliming solid or one that can
be obtained in a volatile form but undergoes rapid decomposi-
tion, we cannot use it in PECVD, even though it would be well
suited to our molecular design. This inconvenience has been
recognized for a long time, but only in recent years has there
been some progress in this area.

One advantageous alternative is the direct injection of
colloidal solutions or suspensions in the form of an aerosol
into the plasma reactor chamber. In this way, non-volatile or
unstable precursors can be introduced into the plasma gener-
ated in a working gas and/or a volatile precursor.®® This method
was used in the case of introducing cobalt atoms into the
plasma by injecting an aqueous solution of cobalt nitrate’®”
or a hexane solution of dicobalt octacarbonyl (Co,(CO)s),
which, although it boils at 325 K, immediately decomposes
and cannot be delivered in the gas phase to the reaction
chamber.®® The resulting thin films containing CozO, nano-
particles showed excellent catalytic activity and long-term sta-
bility for CO oxidation at room temperature. Among other
things, this method has also been used to directly introduce
titanium oxide nanoparticles by providing their colloidal sus-
pension in a mixture of organic solvents.®® Examples of sche-
matic PECVD setups with injection of precursor solutions are
shown in Fig. 2c and d.

However, apart from the significant advantage of liquid
solutions enabling the direct delivery of non-volatile or
unstable precursors to the plasma reactor chamber, they also
have a disadvantage, similar to that associated with volatile
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precursors, resulting from their chemical structure. There is
still a problem with freely deciding on the composition of
the reaction mixture if we use chemical compounds with a
pre-fixed structure. For example, when injecting an aqueous
solution of Co(NOj3), or CoSO,, in addition to cobalt atoms,
we can also introduce oxygen and nitrogen or sulfur atoms into
the film, which are not necessarily desirable there, and the
presence of H,O is also not without significance for the
structure of the deposited film. On the other hand, when
injecting a suspension of cobalt itself in the form of metallic
nanoparticles, it will most likely be placed in the same nano-
particle form within the film, and its atomic dispersion under
cold plasma conditions is not expected.

A way to further expand the range of precursors usable in
PECVD is to combine thermal (equilibrium) plasma, in which
the atomization of the substances introduced there would take
place, with cold (non-equilibrium) plasma, where film deposi-
tion would occur. Virtually any material introduced into a
thermal plasma chamber, whether in the form of a powder,
solution, or suspension, can be atomized by selecting the
appropriate parameters of the process, which takes place at
high working gas pressure (e.g., argon), and then fed as the
resulting gas mixture into a low-pressure cold plasma chamber,
where film deposition will take place, for example, with the
participation of PECVD supplied with additional volatile
precursors.

Two-chamber thermal plasma/cold plasma (PECVD) designs
are still at the conceptual stage,”””" although there are already
several similar solutions in which, admittedly, no additional
cold plasma with further precursors is generated in the second
chamber, and only film deposition takes place there, but this is
done under low pressure and non-equilibrium plasma
conditions.””””* An example of a two-chamber reactor of this
type is shown in Fig. 2e.

It should be noted that controlling the processes occurring
in a two-chamber reactor is a serious technological challenge
requiring further research. For example, the transition of the
reaction mixture from the high-pressure chamber to the low-
pressure chamber can generate a supersonic stream of reac-
tants, which undoubtedly affects the structure of the deposited
film.”>”*

Although thermal plasma/PECVD designs are in their
infancy, they offer significant potential for producing thin-
film nanocatalysts, primarily due to the extensive possibilities
of controlling the chemical structure and nanostructure of the
deposited nanocomposite films.

3.2. Atmospheric pressure plasma deposition (APPD)

Considering the prospects for the use of cold plasma for the
deposition of catalytic films on a larger, industrial scale, APPD
should be mentioned. Although this method is characterized by
much higher deposition rates than low-pressure methods and
lower costs due to the lack of pumping systems, until recently it
was mainly used for surface treatment rather than for the
deposition of films, which were generally inhomogeneous,
had many defects, and, above all, the range of structures that

This journal is © The Royal Society of Chemistry 2026
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could be obtained was limited and difficult to control. However,
recent advances in this technology are encouraging, offering a
range of possibilities for obtaining a variety of nanocomposite
coatings with diverse chemical compositions, structures, and
morphologies,”®> which is particularly interesting for us in
terms of thin-film nanocatalysts. The essence of progress in
this area is primarily related to the intensive development of
APPD processes involving aerosols. The use of precursor solu-
tions or nanoparticle dispersions in the form of an aerosol,
similarly to the case of low-pressure PECVD discussed above,
significantly broadens the range of components that can be
used to build deposited films.”®

Significant advances in the design of APPD reactors are also
being observed. In addition to the most commonly used
reactors, which operate on the basis of dielectric barrier dis-
charge (DBD), increasing attention is being paid to plasma jet
reactors (APP]). They offer significantly greater flexibility in the
deposition process than DBD, which requires flat and insulat-
ing substrates, thus eliminating the possibility of 3D deposition
and the use of metal substrates.””””® It should be noted that the
plasma generated in both APPJ and DBD reactors, similarly to
low-pressure PECVD, is a cold (non-equilibrium) plasma.

To ensure deposition of films over large surfaces, moving
substrates are introduced, for example using the roll-to-roll
technique, which is much more difficult to apply in low-
pressure reactors.”® More sophisticated designs are also emer-
ging, such as conducting deposition of SiO, on a moving
substrate in the reaction zone between the gaseous organosili-
con precursor and oxygen plasma introduced into this zone
independently of each other.%°

It is expected that further inventions in the field of APPD will
fully realize the possibility of producing thin films of nano-
composites on various substrates, also structural materials,
meeting the requirements for nanocatalysts for thermal
processes.

3.3. Plasma-enhanced atomic layer deposition (PEALD)

When searching for the most precise thin-film deposition
methods for molecular designs, the atomic layer deposition
(ALD) method,®" which often uses cold plasma in its technology
(PEALD),*>® cannot be overlooked. In conventional temporal
ALD, the substrate is cyclically exposed to alternating precursor
and co-reactant, with purge steps for removing any unreacted
precursors and by-products after each process. The use of
plasma as a co-reactant effectively reduces heat demand and
often allows for better film properties compared to films
deposited by thermal ALD. Nevertheless, both ALD and PEALD
have the main limitations of very low deposition rates and a
cumbersome control system for multiple sequential process
steps, which generally favors the PECVD method for practical
applications.®® However, this does not prevent large-scale
research into the atomically precise design and synthesis of
thin-film catalytic materials using ALD, including PEALD.%
An attractive approach to increasing both the deposition rate
and the surface area of coated substrates is a modification of
ALD known as spatial ALD. When cold plasma is used as the
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co-reactant, it is referred to as spatial PEALD. This involves
separating the dosing of the precursor and co-reactant in space
rather than time. Their streams are now continuously delivered
to a reciprocating or rotating substrate, and time-consuming
chamber purging steps are no longer necessary because inert
gas shields separate the precursor streams between and around
the reaction zones. These shields act as gas bearings, allowing
for virtually frictionless movement between the reactor head
and the substrate.®**>®*” This solution also eliminates the need
for low pressure, and the process can be conducted at atmo-
spheric pressure.®***® A diagram illustrating the spatial PEALD
concept and a schematic of an example wafer lab-scale rotating
reactor are shown in Fig. 2f.

The visible progress in the development of ALD methods
towards PEALD and spatial PEALD allows us to realistically look
at their competitiveness with PECVD from a technological point
of view. However, it should be remembered that the range of
possible precursors, due to the specificity of ALD, is much
narrower than that in PECVD. In the case of ALD, in addition to
volatility, they must also be characterized by self-limiting sur-
face reactions, resulting in the formation of only one mono-
molecular precursor layer on such a surface in each subsequent
cycle.®" Furthermore, despite the significant increase in the
film deposition rate in spatial PEALD compared to that in
typical temporal PEALD, it is still much slower than that in
PECVD.* On the other hand, a significant advantage of PEALD
(temporal and spatial) methods is excellent atomic-scale con-
trol of thickness and chemical structure. However, obtaining
nanocomposite films composed of nanoparticles placed in a
matrix in this way is a much more complicated task than using
PECVD.*® Among the advantages of PEALD, and temporal
PEALD in particular, one should also mention the possibility
of obtaining good uniformity and conformality over 3D
substrates,*®°® which is particularly important if we are con-
sidering the deposition of thin catalytic films on supports for
structured reactors.

3.4. Deposition on 3D substrates

The essence of the concept of using cold plasma deposition
methods to produce nanocomposites for thermocatalysis appli-
cations is their thin-film nature. This fundamental character-
istic underlies new designs for packings for structured catalytic
reactors, where the key challenge is the appropriate shape of
the support, not the form of the catalyst, which, due to its thin-
film nature, can be applied to any surface without changing the
geometry of the packing. A reliable but highly limited solution
for such designs is to manufacture the packing from a material
that itself acts as a catalyst. For example, platinum and plati-
num-rhodium catalytic meshes have been in use for over a
hundred years, but these are associated with very high operat-
ing costs.” Recently, attention has turned to 3D printing,
which offers significantly greater possibilities due to its rela-
tively low price and the ability to produce packings of virtually
any shape. By adding a catalyst precursor directly to the
robocasting ink, it is possible to obtain a packing with a
designed shape and catalytic properties.”>® However, it is
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Fig. 3 Thin films deposited by cold plasma methods on 3D structures: (a)
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SEM images of a CoO,-based nanocatalyst deposited by PECVD on a kanthal

mesh: (A) — before deposition; (B) — after deposition, reproduced from ref. 26 with permission from Elsevier, copyright 2019. (b) SEM image of a
nanocatalyst composed of TiO, nanoparticles and a silicon—carbon-oxide matrix deposited by APPD on a very dense mesh.1°2 (c) SEM image of an SiN,
film deposited by PEALD in a 350 nm-wide trench structure, reproduced from ref. 103 with permission from AIP Publishing, copyright 2016. (d) Cross-
sectional TEM image of an SiN, film deposited by PEALD in a 100 nm-wide trench structure, reproduced from ref. 90 with permission from American

Chemical Society, copyright 2017.

important to realize that the range of catalytic fillings that can
be obtained in this way is quite narrow. It is therefore not
surprising that attention is focused on thin-film coatings,
among which cold plasma-deposited films are at the forefront.

Fig. 3a shows SEM images of a structured packing in the
form of a kanthal mesh with a film produced by PECVD from a
cobalt-organic precursor. Depending on the post-treatment of
the deposited film, nanocomposites consisting of a carbon
matrix and CoO or Co;0, nanoparticles can be obtained (Sec-
tion 4), which exhibit significant catalytic activity in CO,
hydrogenation and hydrocarbon combustion, respectively.>">®
Such films were also deposited in the same manner on kanthal
plates,”"** from which, for example, structured channel pack-
ings can be constructed.’® In addition to the CoO,-based
catalytic films, other nanocomposites, such as those containing
Cu0,,’*% NiO,,”” FeO,”® nanoparticles, or more sophisticated

4458 | Chem. Commun., 2026, 62, 4451-4476

nanohybrid structures, e.g., CoO,/CuO,,”**> Fe0,/C00,” and
CoO/WO03,"*° have been deposited by PECVD on the above-
mentioned structured packing elements and successfully tested
in thermocatalytic reactions. It should be emphasized that
nanohybrid structures have recently attracted particular atten-
tion due to the observed formation of specific nanoscale
heterojunctions, which determine the course of the catalytic
process (more on this topic is written in Sections 4 and 5).

As can be seen, PECVD, in addition to its extensive capability
to control the chemical composition and nanostructure of the
produced films (Section 4), proves to be a good tool for
depositing such films onto packing elements for structured
reactors. Recently, even attempts have been made to use cold
plasma, although only for surface treatment of 3D-printed
structured elements,'®* but this is a clear indication that
thin-film deposition using PECVD combined with 3D printing

This journal is © The Royal Society of Chemistry 2026
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will soon see the light of day. Proposals for research projects are
already emerging that consider the technology of alternating
the production of structured packing: 3D printing a fragment of
the packing, deposition of a catalytic film on it using PECVD,
then printing another fragment of the packing, and then
depositing another film, until the entire complex packing
structure is completed.

Of course, not only PECVD, but also other methods of thin
film deposition using cold plasma, such as APPD (Section 3.2)
or PEALD (Section 3.3), are being tested for their ability to coat
supports of 3D topography. Fig. 3b shows, for example, a
fragment of a very dense mesh covered with a film of a
nanocomposite containing TiO, nanoparticles in a silicon—-
carbon-oxide matrix, deposited by APPD using an aerosol
composed of a liquid mixture of hexamethyldisiloxane and
isopropyl alcohol with a suspension of TiO, nanoparticles
(10-50 nm) as a source of precursors.'®” Significant progress
has also been recently observed in the use of PEALD for the
deposition of thin films onto various 3D structures.®® For
example, 3D trench nanostructures were completely covered
in this manner by depositing thin films of silicon nitride on
their surfaces using volatile organic compounds containing
silicon, or silicon and nitrogen atoms as precursors and nitrogen
plasma as a co-reactant.””'®® SEM images of such trench struc-
tures with a SiN, film deposited are shown in Fig. 3c and d.

More spectacular attempts have also been made, for exam-
ple, by PEALD producing a uniform thin film of ruthenium
(15-60 nm thick) onto the surface of carbon nanotubes
(30-40 nm in diameter and 13-15 pm long) forming a forest
on a steel mesh. The three-dimensional structure of free-
standing multi-walled carbon nanotubes allows for maximum
utilization of the active material on their surface, which is
crucial for catalytic processes.'® Another example is the
deposition of approximately 10 nm nickel nanoparticles onto
the developed surface of cerium oxide (CeO,), achieving excel-
lent activity of this system in CO, methanation. Ni nano-
particles were produced by depositing nickel nitrate as a
precursor on the CeO, surface, which was then decomposed
using APPD in an argon atmosphere.'%’

When considering 3D structures, attention should also be
paid to powder structures. Cold plasma deposition methods
can be used to produce both supports and catalysts themselves
in the form of powders. The production of powder structures by
PECVD has been known and studied for a long time,'**'%” but
only recently has there been a significant increase in interest in
their applications as catalytic systems.'%®

Additionally, using cold plasma methods, thin-film catalytic
structures can be deposited on powder supports. For example,
Pd nanoparticles produced by the PEALD method and depos-
ited on powder substrates consisting of a mixture of y-Al,O;,
amorphous aluminum silicate, and molecular sieve have been
successfully used in the catalytic oxidation of CO. Palladium
hexafluoroacetylacetonate was used as the precursor in this
process, and hydrogen plasma as the co-reactant.’®® Recently,
particular attention has been drawn to systems consisting of
catalytic powder particles with a carbon nanolayer deposited on

This journal is © The Royal Society of Chemistry 2026

View Article Online

Review Article

their surface, thus forming a core-shell or core-shell-like
composite structure. At first glance, this may seem surprising,
but these layers, in addition to increasing the stability of the
core material, especially in transition metal catalysts, often also
enhance catalytic activity. This effect may be related to the
diffusion of reagents through the shell layer, which changes
their residence time in contact with active sites, as well as to the
formation of heterojunctions between the core and shell, which
modify the active sites. However, these mechanisms, particu-
larly in thermal catalysis processes that have already been
tested for these systems, such as Fischer-Tropsch synthesis
or hydrogenation reactions, are still undetermined and require
further in-depth research.’® It is worth noting that among the
methods for producing carbon shell layers, PECVD is becoming
increasingly attractive, typically using CH, as a precursor,
leading to the deposition of graphene-like films.'**'*?

In summary, it is important to reiterate the wide range of
possibilities offered by cold plasma deposition methods for
forming thin films on 3D substrates, which currently represents
a key challenge in the production of catalytic surfaces on
structured reactor packings. It is also important to emphasize
that the use of cold plasma for producing thin-film nanocata-
lysts on virtually any substrate (e.g., thermosensitive materials
such as polymers) and on substrates of any shape is becoming
increasingly unrivaled.

4. Controlling the structure of
deposited films

As discussed above, the production of thin films using cold
plasma deposition methods offers extensive possibilities for
designing and controlling their structure. This results from the
vast array of precursors with diverse chemical structures and the
wide range of parameters used for plasma deposition of films, as
well as their possible post-treatments. The rational design and
production of films with suitably tailored structures for a variety of
applications are also increasingly being considered,*®?%75:8283

Considering the topic relevant to us — plasma-deposited thin
films with potential nanocatalytic properties suitable for ther-
mocatalysis — we will limit further discussion of their structure
to this class of materials.

As shown in Section 3.3, ALD is undoubtedly the most
effective method for controlling the structure of the produced
films, and its modification, PEALD, is particularly relevant
here. However, as already mentioned, in terms of practical
applications for thin-film nanocomposites, it still remains
significantly inferior to direct plasma deposition methods such
as PECVD or even APPD. Therefore, in our further discussion of
controlling the molecular structure, nanostructure, and elec-
tronic structure of the films, we will focus primarily on these
methods.

4.1. Molecular structure

From the perspective of potential heterocatalytic properties, the
most interesting nanocomposites are those containing metal
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nanoparticles or their combinations - primarily oxides, but also
carbides, nitrides, sulfides, etc. The most common starting
point for obtaining such films is the introduction of metal
atoms during deposition. This is most easily achieved using
appropriate volatile precursors, typically metal-organic complexes
and, less frequently, inorganic metal compounds. Metal nano-
particles (or their oxides, for example) can also be introduced
into the deposited film as preformed nano-objects in a hybrid
PECVD + sputtering process, or by feeding such nano-objects
into the PECVD reactor chamber in the form of an aerosol,
although direct deposition from volatile precursors remains
dominant (Section 3.1).

Table 1 lists examples of metal precursors used for plasma
deposition of thin films with potential catalytic activity. Each
serves as a source of the desired metal atoms, but if the goal is to
obtain oxides, carbides, nitrides, etc. the corresponding elements
must also be present in the plasma region. This can be achieved
by incorporating them into the precursor structure or introducing
them into the reaction mixture as separate chemical compounds.
Often, the addition of an elemental gas is sufficient: for oxides -
oxygen,*® for nitrides - nitrogen,'* for sulfides - sulfur vapor.'*®
Volatile compounds of these elements are also used, most com-
monly NH;, N,H,,"** or H,S."'® It should also be noted that the
carbon present in metal-organic complexes becomes a source of
carbon structures in the resulting nanocomposite films, such as
graphite-like carbon matrices’'” or carbon nanotubes.”®

View Article Online
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However, introducing the chemical elements needed to
build the designed structure into the plasma is only the first
step in such a process. The molecular structure of the film now
depends on the conditions of the plasma process, which are
influenced by many different factors, such as the type of
deposition method (Section 3), reactor design, precursor feed-
ing strategy, and process parameters (discharge frequency and
power, partial pressures and flow rates of precursors, carrier
gas type and its flow rate, substrate temperature, deposition
time, etc.). Post-treatments - thermal,'”” plasma-based,"'” or
laser-based'™® - may also play an important role. All these
factors determine the chemical and physicochemical processes
occurring in the plasma and on the substrate surface and then
on the surface of growing film, ultimately defining its final
molecular structure. Despite extensive knowledge of plasma
chemistry, mechanisms of film formation, and many studies
linking deposition to resulting molecular structures, no reliable
algorithms and recipes yet exist for precisely designing a film
by selecting specific deposition conditions.**''° Elements of
“alchemy” are still present.

As an example of regulating the molecular structure of films
by controlling the parameters of their deposition process in
cold plasma, consider nanocomposites containing CoO and
WO; oxides in a carbon matrix. These films were produced
by co-deposition using CpCo(CO), and W(CO) as precursors,
with the precursor mixture composition as the variable.

Table 1 Metallic precursors used for plasma deposition of thin films with potential catalytic properties. Liquid or solid precursors are introduced into
reactors in a vaporized form via evaporation or sublimation, while liquid solutions are injected as aerosols

State under standard Introduced
Metal precursor Denotation conditions metal Ref.
Platinum(u) acetylacetonate Pt(acac), Solid Pt
Palladium(u) acetylacetonate Pd(acac), Solid Pd
Palladium(u) hexafluoroacetylacetonate Pd(hfac), Solid Pd
Ruthenium(u) bis(ethyleyclopentadienyl) Ru(EtCp), Liquid Ru
Cobalt(i) acetylacetonate Co(acac); Solid Co
Cobalt(u) bis(2,2,6,6-tetramethyl-3,5-heptanedione) Co(TMHD),; Co(dpm), Solid Co
Cobalt(u) bis(cyclopentadienyl) CoCp, Solid Co
Cobalt(r) cyclopentadienyldicarbonyl CpCo(CO), Liquid Co
Titanium(iv) tetraisopropoxide TTIP Liquid Ti
Titanium(v) butoxide TNBT; Ti(OBu), Liquid Ti
Titanium(v) ethoxide Ti(OEt), Liquid Ti 21
Titanium(iv) diisopropoxidebis(2,2,6,6-tetramethyl- Ti(O-i-Pr),(thd), Solid Ti
3,5-heptanedionate)
Zirconium(wv) acetylacetonate Zr(acac), Solid Zr
Zirconium(wv) tetra(tert-butoxide) ZTB Liquid Zr
Zirconium-n-propoxide ZNP Liquid Zr
Iron(m) acetylacetonate Fe(acac); Solid Fe
Iron(u) bis(hexafluoroacetylacetonate)- Fe(hfa),TMEDA Solid Fe
(N,N,N',N'-tetramethylenediamine)
Tert-butylferrocene TBF Liquid Fe
Iron(0) pentacarbonyl Fe(CO)s Liquid Fe
Copper(u) acetylacetonate Cu(acac), Solid Cu
Chromium(in) acetylacetonate Cr(acac); Solid Cr
Nickel(0) tetracarbonyl Ni(CO), Liquid Ni 97
Tungsten(0) hexacarbonyl W(CO)s Solid w 59
Copper(1) hexafluoroacetylacetonate - vinyltrimethylsilane (hfac)coppervIMS Liquid Cu 58
n4-2,3-dimethylbutadiene ruthenium(0) tricarbonyl Ru(DMBD)(CO); Liquid Ru 104
Titanium tetrachloride TiCly Liquid Ti 113
Molybdenum pentachloride MoCls Solid Mo 115
Cobalt nitrate dissolved in water Co(NO;),/H,0 Liquid solution Co 67
Dicobalt octacarbonyl dissolved in hexane C0,(CO)s/CeH14 Liquid solution Co 68
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The elemental composition and molecular-level information
were provided by X-ray photoelectron spectroscopy (XPS).*°
Fig. 4a shows the atomic content of W and Co obtained in this
way, expressed as the W/(Co + W) ratio, and the carbon content
in relation to the metal content (C/(Co + W)), presented as
functions of precursor partial pressures (PW(CO)y/(PCpCo(CO), +
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PW(CO)g). In turn, Fig. 4b shows the dependence of elemental
composition on the W/(Co + W) ratio. These results confirm a
well-known observation:*2*'*! the elemental composition of
the film does not match the composition of the reaction
mixture. Establishing the precise relationship between these
compositions - the basis for designing a specific molecular
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Fig. 4 Molecular structure of thin-film nanocatalysts deposited by PECVD: (a) atomic contents of cobalt, tungsten, and carbon, expressed as W/(Co +
W) and (C/(Co + W)) ratios, as a function of precursor partial pressures for films co-deposited from CpCo(CO), and W(CO)s.>° (b) Dependence of the
overall elemental composition of the films in (a) on the W/(Co + W) ratio.>® (c) and (d) XPS spectra of cobalt (Co 2p) and tungsten (W 4f), respectively, for a
film with W/(Co + W) = 0.47 co-deposited from CpCo(CO), and W(CO)e, reproduced from ref. 100 with permission from Wiley-VCH, copyright 2025. (e)
XPS spectrum of cobalt (Co 2p) for a film deposited from CpCo(CO), followed by thermal treatment in oxygen.!® (f) XPS spectrum of carbon (C 1s) for an
example carbon matrix formed during plasma deposition from metal—organic precursors, reproduced from ref. 122 with permission from Elsevier,
copyright 2019.
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structure - requires, however, a deeper understanding of the
complex film-formation mechanisms, which is still incomplete
and demands further intensive research. Nevertheless, in this
individual case, the desired film composition can be obtained
by selecting an appropriate precursor ratio.

More detailed XPS studies provide deeper insight into the
molecular structure of the films, offering further opportunities
for tailoring the material. Fig. 4c and d show the XPS spectra of
cobalt (Co 2p band) and tungsten (W 4f band), confirming CoO
and WO; formation. By varying the ratio of precursors in the
reaction mixture, as shown in Fig. 4a, the CoO and WO;
contents can be controlled in the deposited films."°

In addition to controlling the parameters of the plasma
deposition process, the molecular structure of the films can
also be tailored through post-treatment of such films. An
example would be films produced, similarly to those above,
from a cobalt precursor (CpCo(CO),) and then subjected to
short thermal treatment (623 K, 15 min is sufficient) in an
argon or oxygen (air) atmosphere.”®'**> In the former case,
nanoparticles of CoO are present in the film, as evidenced by
the XPS spectrum similar to that shown in Fig. 4c. However,
after thermal treatment in oxygen, the film contains nano-
particles of cobalt spinel Co;0,4, as confirmed by the XPS
spectrum (Fig. 4e). Thus, short thermal treatment of the
deposited film in a suitable atmosphere can dramatically alter
the catalytically active phase, making post-treatment an addi-
tional tool for rational control of molecular structure of films
deposited by cold plasma.

When fabricating thin films from metal-organic precursors,
it is important, as mentioned earlier, to account for the
presence of carbon, which - as a result of plasma processes —
typically forms the matrix of the deposited nanocomposite.
Depending on the deposition conditions, the molecular
structure of this matrix can vary and, as will be shown later
(Section 4.3), may influence the catalytic properties of the
nanocomposite.'’” Fig. 4f shows a typical XPS C 1s spectrum
of the above-discussed film post-treated thermally in argon.'*?
A very high content of sp> carbon relative to sp® carbon can be
seen here, which indicates a graphite-like matrix structure.
A small amount of oxygen bound to the matrix in the form of
various functional groups is also visible.

As in the case of metal-based fractions, we also have certain
possibilities to control the structure of the carbon matrix. For
example, when conducting the PECVD process in a precursor-
deficient region, the elemental composition of the film pro-
duced from the CpCo(CO), precursor remains virtually
unchanged as a function of glow discharge power."'® However,
an increase in power, and thus an increase in self-bias
potential, causes an increase in the energy of the ions bom-
barding the growing film. This effect can also be achieved by
applying a controlled bias directly to the electrode on which the
film is deposited. The increase in the energy of ion bombard-
ment of the growing carbon matrix leads to an increase in the
number of carbon atoms in sp® hybridization at the expense of
sp” and a structural transition from graphite-like to diamond-
like."*® Thus, discharge power can be used to modify the
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molecular structure of the carbon matrix. Similarly, flow rate,
pressure, and substrate temperature,’**'>> as well as thermal
post-treatment,**” can be employed.

As can be seen, we have a wide range of process parameters
at our disposal, the selection of which allows us to influence the
molecular structure of the deposited films. However, despite
significant recent progress and emerging attempts to model
plasma deposition processes,"?®**® the traditional “trial and
error” approach is still often necessary to obtain the designed
molecular structure.

4.2. Nanostructure

When considering nanocomposites for catalysis, nanoparticles
are undoubtedly the key nanostructural elements responsible
for catalytic behavior.”'*? Using cold plasma deposition meth-
ods to produce nanocomposites, the first quite obvious way to
obtain their structure in the form of a matrix containing
nanoparticles with a predetermined chemical composition,
size, and condensation seems to be the hybrid PECVD +
sputtering method (Section 3.1). By adjusting deposition para-
meters, target composition, and reaction mixture composition,
one can strive to produce films with a precisely defined
nanostructure. However, this challenge is not trivial, because
the complex and competing mechanisms of nanocomposite
formation complicate the establishment of a simple correlation
between deposition conditions and nanostructure.®***® Recent
observations in this area, however, are bringing us closer to a
more rational design of the deposition process toward the
desired nanostructure.

One example is the deposition of nanocomposite films
containing a silicon-carbon-oxide matrix and TiO, nano-
particles.®® The reaction mixture (with an operating pressure
of 4 Pa) consisted of hexamethyldisiloxane (20%), oxygen with a
content of 0 to 50%, and argon varying from 80 to 30% to
maintain a constant operating pressure during the experi-
ments, and the target was titanium dioxide powder. By control-
ling the ratio of O, and Ar in the plasma, the composite
nanostructure can be adjusted by changing the concentration,
size, and form of the particulate phase. Fig. 5a and b shows the
effect of oxygen content in the reaction mixture on TiO,
a