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Abstract: While the reverse water-gas shift (RWGS) reaction holds great promise as a method of
converting CO2 to CO and subsequently into valuable fuels, achieving its commercial viability
requires the development of highly efficient, selective, durable, and low-cost catalysts. Recently,
thin-film nanocatalysts produced through plasma deposition (PECVD) have garnered significant
attention in this domain. Among them, FeOx-based catalytic films deposited using Fe(CO)5 as a
precursor, under reduced pressure (4–5 Pa) and a 13.56 MHz glow discharge, have demonstrated
particular interest. Our study shows that by appropriately tuning the parameters of the plasma
deposition process, it is feasible to generate nanocatalyst films exhibiting exceptional CO2 conversion
(38% at 673 K) and CO selectivity (97%). Moreover, the study has revealed the formation of a carbon
deposit containing carbon nanotubes (CNTs) during the RWGS reaction, significantly increasing the
catalytic activity of the films. Through an analysis involving X-ray photoelectron spectroscopy (XPS),
X-ray diffraction (XRD), and electron microscopy techniques (SEM and HRTEM), we have determined
that CNTs not only serve as carriers for highly catalytically active Fe nanoparticles but also create
nanoscale heterojunctions (p-n) with Fe2O3 nanoparticles, thereby enhancing their catalytic effect.
This paper attempts to elucidate the differences and changes in the surface structure of FeOx-based
films dictating the catalytic activity, which stems from both the conditions of plasma deposition and
the environmental impact during the catalytic process.

Keywords: thin-film nanocatalysts; plasma deposition; RWGS reaction; CO2 hydrogenation; iron
nanoparticles; iron oxides; nanoscale heterojunctions

1. Introduction

Undoubtedly, thin-film nanocatalysts produced through cold plasma deposition
(PECVD) have been attracting increasing interest due to their unique properties and wide
range of applications in various catalytic structured reactors [1–4]. Building on our previous
research on FeOx-based PECVD thin-film catalysts tested for the CO2 hydrogenation pro-
cess [5,6], our current focus is investigating the impact of carbon deposits on their catalytic
activity, which turned out to be formed as carbon nanotubes during this process.

Beyond the imperative to significantly reduce atmospheric CO2 levels, this substrate
offers a valuable source of pristine carbon that can be utilized for large-scale production
of various important chemicals, including liquid fuels. It is, therefore, not surprising that
substantial efforts have recently been dedicated to developing existing and exploring new
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approaches for CO2 utilization. Among them, the reverse water-gas shift (RWGS) reaction
is particularly interesting [7,8]:

CO2 + H2 → CO + H2O ∆H0
298 = 42.1 kJ/mol (1)

This mildly endothermic and competitive reaction with CO2 methanation (Sabatier
reaction) holds great potential and is considered an essential intermediate stage in various
key CO2 hydrogenation reactions [9], and it also serves as a route to produce syngas com-
patible with existing industrial infrastructure [10]. However, although the RWGS reaction
shows immense promise, achieving commercial viability and efficiency still necessitates
the development of highly efficient, selective, durable, and low-cost catalysts [11,12].

A lot of attention in this area is devoted to iron-based catalysts, which have been
intensively studied for a long time, not only in the RWGS reaction [13] but also in the
Fischer-Tropsch (FT) synthesis [14,15] and the water-gas shift (WGS) reaction [16]. However,
in all these cases, there is still an intense debate about the mechanisms of these processes
and the role that the individual phases of iron-based catalysts, such as oxides, carbides, and
elemental metal (Fe), play in them [17,18]. Furthermore, the problem is complicated by the
complex transformation between these phases, which occurs during the catalytic processes.
Nevertheless, based on current findings, iron oxides are frequently considered to be notably
active phases of the RWGS reaction, where oxygen vacancies act as catalytic sites for CO2
activation and CO release [19]. On the other hand, there are also reports indicating metallic
iron nanoparticles as the active phase in this reaction [20].

Another challenge in finding suitable catalysts for the RWGS process is the already
well-known accumulation of carbonaceous deposits (also called coke) on their surfaces
during catalytic reactions [21,22]. In the vast majority of cases, such a deposit deactivates
the catalyst by blocking pores of various sizes or directly blocking active sites. In the RWGS
process in the relatively lower temperature range (<873 K), two reactions of carbon deposit
formation should be considered [23]:

2CO→ C + CO2, (2)

CO + H2 → C + H2O (3)

The first is the Boudouard reaction, often attributed to the formation of carbon deposits
on iron oxides in the presence of carbon monoxide [24]. In the second case, it is assumed that
the initial step is the adsorption of CO and H2 on the catalyst surface. H2 molecules directly
dissociate, and hydrogen atoms can assist in the dissociation of CO and the formation of,
among other species, a carbon deposit [25].

The nature of carbonaceous deposits formed on the catalyst depends on the catalyst’s
composition, textural properties, structure, feed composition, and reaction conditions; they
can take various forms, such as amorphous and graphitic carbon islands on the catalyst
surface, encapsulating layers, carbon filaments, whiskers, nanofibers, and even creating
chemical connections as carbides [26]. A special place among them is occupied by carbon
nanotubes (CNTs), which, unlike most other forms of carbon deposit, are able to enhance
catalytic activity [27].

The ability to form carbon nanotubes on fine Fe particles or its compounds (like iron
oxides or carbides) as effective catalysts for this process was established quite a long time
ago in the reactions of thermal decomposition of carbon monoxide or hydrocarbons [28],
before the concept of carbon nanotubes was known. They were called filamentous carbons
at that time. Interestingly, the formation of carbon nanotubes with the participation of
magnetite (Fe3O4) was also found in interplanetary space by studying micrometeorites. It
is assumed that carbon was formed there in the catalytic reaction of CO disproportionation
(Equation (2)), i.e., analogous to the one observed during the processes of Fischer-Tropsch
and RWGS (Equation (1)) [29].
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In some cases, studies of the catalytic properties of nanohybrids formed from FeOx and
CNTs revealed better catalytic activity than that of pure FeOx. This has been shown, for exam-
ple, in the case of Fe2O3/CNT (then reduced to Fe/CNT, where Fe nanoparticles were inside
or outside of carbon nanotubes) tested in the Fischer-Tropsch reaction [30], Fe3O4/CNT
nanohybrids used in catalytic ozonation [31], or α-Fe2O3/CNT in photo-catalytic oxida-
tion [32]. It should be emphasized, however, that all these nanohybrids were produced in a
planned manner and were not the result of uncontrolled carbon deposit formation.

Although the explanation of the effect of CNTs on the improvement of catalytic activity
is still debatable, some interesting suggestions point to the possible influence of electronic
interaction between the particles of the catalytic material and the walls of the CNTs, which
may entail the transfer of electrons and, consequently, facilitate the activation of the reaction
substrates [33].

In this work, we also demonstrate the improving effect of the deposition of carbon
nanotubes formed during the RWGS reaction (Equation (1)) on the catalytic activity of the
FeOx-based PECVD thin-film catalyst in this reaction. The paper attempts to explain the
mechanism of this phenomenon.

2. Results and Discussion
2.1. General Characteristics of Catalytic Films

The studies were carried out on catalytic FeOx-based thin films produced by cold
plasma deposition (PECVD) from Fe(CO)5 as a precursor. Preliminary catalytic tests
performed for the CO2 hydrogenation showed that the catalytic activity of the films was
significantly affected by the parameters of the plasma deposition process and, above all, by
the partial pressure of the precursor, which led to the distinction of two basic groups of
these films—with low and high catalytic activity. Representatives for each of these groups
were selected for further analysis, namely two nanocatalysts produced at different partial
pressures of Fe(CO)5: 0.1 Pa (low activity) and 0.3 Pa (high activity), while maintaining
other parameters constant, such as discharge power P = 80 W, partial pressure of argon
(carrier gas) pAr = 4.0 Pa, and deposition temperature T = 298 K. Before the catalytic tests,
the produced films were calcined at 673 K in an argon atmosphere. In the next part of the
work, the films produced at the precursor partial pressure of 0.1 Pa will be called 0.1FeOx,
and those obtained at the pressure of 0.3 Pa will be called 0.3FeOx. Their thicknesses were
about 200 nm and 650 nm for 0.1FeOx and 0.3FeOx, respectively.

Investigations of the basic elemental composition of the film surfaces performed by
XPS spectroscopy (Table 1) exhibit a significant similarity between both types of fresh films
(as prepared, before their use in the catalytic tests). A deeper look at the molecular structure,
however, revealed quite significant differences. Figure 1a,b shows the core level of the
Fe 3p spectrum for both types of films. The spectra were numerically deconvoluted, and
the calculated bands were assigned to appropriate oxidation states of Fe [6,34]. On this
basis, it can be concluded that while metallic iron (Fe0) is present in the 0.3FeOx film, it
is completely absent in the 0.1FeOx film. In turn, the presence of Fe2+ and Fe3+ in both
films indicates the possibility of the existence of iron oxides, such as FeO, Fe2O3, and Fe3O4.
However, in the case of 0.1FeOx, Fe2O3 (Fe3+) is dominant on the surface, while all three
of these oxides may be present on the surface of 0.3FeOx, although the Fe3+/Fe2+ content
ratio = 2.02 may indicate Fe3O4 as the main component.
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Table 1. Elemental atomic composition of the fresh and spent 0.1FeOx and 0.3FeOx films.

Catalyst→ 0.1FeOx
Fresh

0.1FeOx
Spent

0.3FeOx
Fresh

0.3FeOx
Spent

0.3FeOx
Spent

(CNTs Partially Removed)

Element ↓ Content [at%]

Fe 23 ± 2 24.0 ± 0.5 25.0 ±0.4 5.0 ± 0.3 10 ± 1
O 45 ± 2 49.7 ±0.4 48 ± 1 11 ± 1 23 ± 1
C 32.0 ± 0.1 26.3 ± 0.8 27 ± 2 84 ± 1 67 ± 2
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To supplement the above studies, XRD measurements were performed. Raw XRD
spectra (Supplement Figure S1) in both films reveal the likely presence of an amorphous
fraction while also containing clear nanocrystalline structures. Figure 2 shows “normal-
ized” XRD patterns by interpreting individual diffraction peaks based on the ICDD PDF
database [35], using the following ICDD-PDF cards: FeO (card no. 01-089-0687), Fe3O4
(card no. 01-072-2303), and Fe (card no. 04-002-3692). However, it should be remembered
that the XRD results refer to the entire thickness of the film, while XPS covers only its very
thin surface layer (5–10 nm), the structure of which may differ from the bulk structure.
This is the case with 0.1FeOx, where XRD (Figure 2a) indicates the presence of Fe3O4
(approx. 25 nm) and FeO (approx. 10 nm) nanocrystallites in the film, while XPS on the film
surface basically shows only the presence of iron at the oxidation state (Fe3+). However, a
common result for both measurement techniques is the complete lack of metallic iron (Fe0)
in the 0.1FeOx film. In turn, in the 0.3FeOx film, the XRD pattern (Figure 2b) indicates the
presence of metallic iron nanocrystallites with a cubic structure of bcc (approx. 23 nm) and
Fe3O4 (approx. 25 nm), confirming in this case compliance with the XPS result.
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2.2. Catalytic Activity

The catalytic tests were carried out for the CO2 hydrogenation process (in the reaction
mixture, H2/CO2 = 4:1). Figure 3 shows the dependencies of CO2 conversion and selectivity
to CO and CH4 as a function of the catalytic process temperature for the two types of
nanocatalysts tested.
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and 0.1FeOx films.

As can be seen, the CO2 hydrogenation reaction proceeds much more efficiently
on the 0.3FeOx than on the 0.1FeOx film. The next step in the analysis of the catalytic
process was to determine the conversion as a function of time (time-on-stream). Figure 4
shows such dependencies for both nanocatalysts after they reach (in the reaction mixture)
the temperature of 673 K. In the case of 0.3FeOx, a clear increase in CO2 conversion is
visible over time, until reaching a high stable value after about 4–6 h (Test A), close to the
equilibrium value (Supplement Material Figure S2 which under the reaction conditions is
41.5%. Meanwhile, for the 0.1FeOx film, such an induction period is not observed (Test B),
and the conversion remains at a very low level.

Interestingly, the end of the catalytic process carried out on 0.3FeOx after 20 h (Test A),
cooling the catalyst to room temperature in the reaction mixture, leaving it in an air atmo-
sphere for 12 h, and then carrying out another catalytic test in the same way as the first test,
reveals a similar increase in conversion over time after reaching the temperature of 673 K
(Test C). In the next, third, analogous test, we obtain a similar, as in the previous, course
of the CO2 conversion curve versus time (Test D). This type of behavior indicates evident
periodic changes in the molecular structure of the 0.3FeOx nanocatalyst, which may result
from changes in temperature as well as the environment in which the catalyst is located.

To obtain more complete information about changes in the structure of 0.3FeOx, two
further catalytic tests were carried out. In the first of them, the catalyst, after the previously
performed test (Test A) and prepared as for Test C, was heated from room temperature
to 673 K, but not in the reaction mixture and only in a helium atmosphere. After 2 h of
keeping the catalyst at the final temperature, the reaction mixture (H2/CO2 = 4:1) was
introduced. The time dependence of the CO2 conversion is shown in Figure 4 (Test E). The
observed period of the conversion increase is much longer in this case (approx. 8–10 h)
than in the tests where the catalyst was heated to 673 K immediately in the reaction mixture
(Tests A, C, and D). This difference in the induction period is indicated by the dotted lines
in Figure 4.
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Figure 4. CO2 conversion at 673 K as a function of time-on-stream: (Tests A, C, D) Successive runs
for 0.3FeOx film starting in reaction mixture (H2/CO2 = 4:1) from room temperature; (Test B) Run for
0.1FeOx film starting in reaction mixture (H2/CO2 = 4:1) from room temperature; (Test E) Run for the
0.3FeOx film after Test A and heated from room temperature to 673 K in He; (Test F) Run for 0.3FeOx
film after Test A and heated from room temperature to 673 K in H2; (Test G) Run for 0.3FeOx film
after Test A and removing part of the moss-like carbon deposit. (More details in the text.).

The second test was carried out analogously to the first one, except that the heating
and holding at a temperature of 673 K for 2 h were carried out in a hydrogen atmosphere.
The curve (Test F) in Figure 4 illustrates the dependence of the CO2 conversion on time,
which in this case is stable and reaches a high value from the beginning (as in Tests A, C,
and D). The tests performed indicate that the reducing environment (hydrogen) plays an
important role in the catalytic activity of 0.3FeOx. The reduced structure of the catalyst is
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oxidized upon contact with air and needs to be reduced again to achieve a stabilized CO2
conversion value.

An interesting observation was provided by studies performed using scanning electron
microscopy (SEM). Figure 5 shows SEM images of the surface of the 0.1FeOx and 0.3FeOx
as-prepared and spent catalysts (after Tests B and A in Figure 4, respectively). In the case of
0.3FeOx, unlike 0.1FeOx, a fine moss-like deposit appears on the catalyst surface after the
catalytic test and persists during subsequent tests. However, this deposit can be removed
(at least partially) by blowing it off with compressed air. A stream of synthetic air at a
pressure of 0.35 MPa for 3 min was used. The elimination of the deposit causes a drastic,
irreversible change in the catalytic activity of 0.3FeOx, which is shown by the curve of CO2
conversion versus time at 673 K (Test G, carried out in the same way as Test A). Performing
further catalytic tests gives a very similar result. SEM observations also do not reveal the
presence of a moss-like deposit in these cases.
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of the RWGS reaction. The moss-like deposit is clearly visible on the surface of the spent 0.3FeOx
nanocatalyst.

The composition of the mixture consisting of substrates (CO2 and H2) and products
(CO, H2O, and a small amount of CH4) suggests with high probability that the emerging
deposit is made of carbon. This is confirmed by XPS investigations carried out on 0.1FeOx
and 0.3FeOx films after catalytic Tests B and A, respectively. Table 1 shows the elemental
compositions of the surface of these films, which, compared with the composition of the
films before the catalytic process, indicates a drastic increase in the carbon content on the
0.3FeOx film and practically no change in the composition for the 0.1FeOx film. The core-
level analysis of the Fe 3p spectrum also shows no significant differences for the 0.1FeOx
film before and after the catalytic test (Figure 1a,c). Similarly, no significant differences in
the Fe 3p spectrum, apart from signal reduction and noise increase caused by a significant
increase in carbon content, are visible for the 0.3FeOx film before and after the catalytic test
(Figure 1b,d). Changes, however, occur after removing the superficial moss-like layer of
carbon deposit with compressed air (as was achieved before the catalytic Test G), where
we do not now record the presence of metallic iron (Figure 1e). Analysis of the elemental
composition, however, indicates that a significant part of the carbon deposit still remains
on the surface (Table 1).
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Attention should also be paid to the location of the maximum of the Fe3+ band, which
in the 0.3FeOx film is shifted by about 0.38 eV towards the higher binding energy after the
catalytic process, while in the 0.1FeOx film, it remains practically unchanged. This effect
will be discussed in Section 2.4.

2.3. HRTEM Analysis

The finding of the formation of a carbon deposit on the 0.3FeOx films in the catalytic
process and its moss-like structure shown in the SEM micrographs (Figure 5) suggests
the possibility of building this deposit from carbon nanotubes. To delve deeper into
the structure of the deposit, studies were carried out using high-resolution transmission
electron microscopy (HRTEM).

Indeed, HRTEM micrographs of the moss-like structure taken from the surface of the
0.3FeOx film confirmed the presence of multi-walled carbon nanotubes (CNTs) formed
during the CO2 hydrogenation process (Figure 6).
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spent 0.3FeOx nanocatalyst.

As can be seen, the nanotubes are accompanied by nanoparticles with an average size
of about 20–35 nm, the location of which proves their participation in the formation of
CNTs and indicates the tip-growth mechanism. Nano-EDX measurements allowed for a
more precise determination of the nature of the nanoparticles. Figure 7 shows the atomic
intensity maps of C, Fe, and O for a typical nanoparticle located on top of the nanotube. It
is easy to see that the nanoparticles are composed of an iron-rich core and an oxygen-rich
shell (about 5 nm thick). A more detailed analysis of these results based on the atomic
intensity profile across the diameter of the nanoparticle (Supplement Figure S3) indicates
that the core is composed of pure iron, while the shell is composed of iron oxide, most
likely Fe2O3.

The above conclusions are confirmed by the analysis of the crystallographic structure
of the nanoparticles (Figure 8). The clearly visible interplanar spacing in the core of the
nanoparticle is 0.211 nm, which is attributed to the plane (111) in the Fe cubic (fcc) structure.
In contrast to the core, the shell shows a much more amorphous structure. However,
small, ordered areas composed of several planes can be found there. The interplanar
spacing determined for them is 0.274 nm, which can be attributed to the plane (104) in the
rhombohedral Fe2O3, thus the previously suggested shell structure.

Crystallographic structure analysis was also performed for CNTs. Figure 9 shows an
exemplary micrograph of a nanotube along with a fast Fourier transformation (FFT) diffrac-
tion pattern that reveals two main typical reflections corresponding to crystallographic
planes (002) and (100), characteristic of CNTs [36].
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2.4. What Is the Role of Carbon Nanotubes in the Catalytic Activity?—A Proposed Explanation

There are two key findings to build upon in starting this discussion. Firstly, the much
better catalytic activity of 0.3FeOx films, on which the CNT deposit is formed, than of
0.1FeOx films, on which such a deposit is not formed (Figure 4, tests A, B, C, and D).
Secondly, the significant decrease in catalytic activity after removing part of the CNT
deposit with associated iron nanoparticles from the surface of the 0.3FeOx films, although
still higher than for the 0.1FeOx films. Both of these results clearly indicate the positive role
of the CNT deposit in the RWGS reaction on thin-film FeOx-based nanocatalysts deposited
by PECVD.

Comparing the CO2 conversion for fresh 0.3FeOx and 0.1FeOx films (Figure 4, Test A
and Test B, respectively) and the molecular structure of their surfaces (Figure 1a,b), it can be
assumed that a much higher conversion value for the 0.3FeOx films is associated with the
presence of metallic iron nanoparticles, which are the active phase on the surface of such a
film. As a result of the CO2 hydrogenation process, CO is produced in an amount enabling
the formation of a carbon deposit (as a result of the reactions presented by Equation (2) or
Equation (3)), which is deposited in the form of CNTs using Fe nanoparticles, widely known
as the archetypal material that catalyzes the efficient growth of CNTs [37,38]. Growing
nanotubes, in accordance with the tip-growth mechanism, lift up Fe nanoparticles, where
they continue to act catalytically in the CO2 hydrogenation process. It is worth noting that,
although a difference was observed in the crystallographic structure of Fe nanoparticles
between those carried by nanotubes, for which the structure of fcc was determined in
HRTEM studies (Section 2.3), and those present in the fresh film, whose structure was
defined by XRD to be bcc (Section 2.1), it is not known at the present stage of research
whether this affects the catalytic activity. It is also difficult to determine whether the change
in the structure results from changes occurring during the transfer of Fe nanoparticles by
CNTs in the catalytic process, which is not completely excluded [39], or whether it results
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from the difference between the surface and bulk structure of the catalytic film that was
fixed in the plasma deposition process, which is also probable, for example in the light of
XPS and XRD investigations for the 0.1FeOx film, where the difference between the surface
and bulk structure is clearly visible (Section 2.1).

If the 0.3FeOx film comes into contact with air before initiating the catalytic test (e.g.,
Tests A, C, and D (Figure 4)), the surface of the Fe nanoparticles oxidizes, forming a Fe2O3
shell with a thickness of approx. 5 nm (Figure 7). Upon starting the test, a certain induction
period is required to achieve full catalytic activity. This effect is attributed to the reduction
of the shell to metallic Fe in the presence of hydrogen, which is a component of the reaction
mixture [40]. This assumption is strongly supported by the results of Test E described in
Section 2.2, and most notably by Test F, where the presence of the hydrogen atmosphere
eliminates the induction period. Based on the above discussion, an important conclusion
can be drawn: in the investigated nanocatalyst, metallic iron nanoparticles are primarily
responsible for the high catalytic activity. Although Fe2O3 shells also exhibit catalytic
activity, it is at a significantly lower level.

After removing the CNT fragments with the Fe nanoparticles they carry, the CO2
conversion clearly and irreversibly decreases (Figure 4, Test G), although it does not fall to
zero. This finding proves that some catalytic activity is still retained by the surface of the
0.3FeOx film. However, this surface (Figure 1e and Table 1) differs from that of the fresh
film (Figure 1b and Table 1) in two aspects. Firstly, it lacks iron nanoparticles, implying
that they are not the sole contributors to the catalytic activity. Secondly, it contains the
remaining part of the CNTs deposit, which may enhance this activity, as evidenced by
comparison with the activity of the 0.1FeOx film. In the former case, the catalytic activity is
clearly greater than in the latter (Tests B and G, respectively (Figure 4)). Meanwhile, the
XPS spectra of Fe 3p for the spent film of 0.3FeOx devoid of Fe nanoparticles (Figure 1e)
and 0.1FeOx (Figure 1c) are analogous, indicating the dominant presence of Fe3+ in both
cases, most likely Fe2O3. We have already attributed some catalytic activity to this structure
in the case of Fe nanoparticles carried by CNTs.

The enhanced catalytic activity of 0.3FeOx films can be attributed to the creation
of nanohybrids from carbon nanotubes and Fe2O3 nanoparticles present on the film sur-
face [32]. This leads to the formation of nanoscale heterojunctions between them. Assuming
that Fe2O3 is an n-type semiconductor [41] and CNTs are a p-type semiconductor [42],
the junction formation results in the appearance of space charges, positive on Fe2O3 and
negative on CNTs, in the resulting depletion regions.

The small size of Fe2O3 nanoparticles (approx. 25 nm, determined analogously to the
size of Fe3O4 nanoparticles (Figure 2b), which are oxidized to Fe2O3 on the film surface)
is comparable to the average size of the depletion region [43]. This means that the entire
volume of Fe2O3 nanoparticles becomes filled with a positive charge. On the other hand,
the CNTs deposit constitutes a much larger volume, and the negatively charged depletion
region occupies only a small space in the vicinity of the junctions.

This concept is confirmed by the aforementioned shift of the XPS bands for Fe3+ by
approx. 0.38 eV towards higher binding energies after the catalytic process, i.e., after the
formation of CNTs (Figure 1b,d). The presence of a positive charge causes a stronger
binding of electrons, hence shifting the band maximum towards higher binding energy [44].
Such an effect is not observed in the case of the 0.1FeOx film, where no CNTs are formed in
the catalytic process (Figure 1a,c).

The presence of a positive charge in Fe2O3 nanoparticles can generally be interpreted
as an enhancement of the acidic nature of the surface of the 0.3FeOx film, leading, for
example, to an increase in the density of oxygen vacancies. This change results in an
elevated CO2 conversion towards CO [45], as evident when compared with the 0.1FeOx
film. Another aspect to consider is the possibility of reducing Fe2O3 with hydrogen from
the reaction mixture, similar to the case with the Fe2O3 shell on Fe nanoparticles. However,
it is reasonable to assume that Fe2O3 nanoparticles, with a size of about 25 nm and present
in much larger quantities on the film surface compared with the thin Fe2O3 shells (of a
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much smaller size, about 5 nm) on Fe nanoparticles, may undergo reduction, if at all,
more reluctantly [46]. The slow increase in CO2 conversion observed during Test G could
possibly be attributed to a partial, slow reduction of Fe2O3 to Fe.

Despite several questions that arise when attempting to explain the mechanism of
action of Fe2O3-based nanocatalysts produced by the PECVD method, the positive effect
of carbon nanotubes on their catalytic activity is evident. However, the pursuit of a
comprehensive understanding and potential application in the design of nanocatalysts
encourages further in-depth research and analysis.

3. Materials and Methods
3.1. Thin-Film Nanocatalyst Preparation

The FeOx-based thin films were produced by plasma-enhanced chemical vapor deposi-
tion (PECVD) in a parallel-plate radio-frequency (RF 13.56 MHz) reactor, the construction of
which is described in more detail elsewhere [47]. The film fabrication procedure was similar
to that presented in our previous work [6]. Iron pentacarbonyl (Fe(CO)5, Stream Chemicals,
Newburyport, MA, USA) was used as a precursor, which was fed into the reactor chamber
as a vapor in a mixture with a carrier gas (Ar, 99.999%, Linde Gas, Cracow, Poland). Argon
had a constant flow rate of 1.0 sccm, corresponding to a partial pressure of 4.0 Pa, while
the precursor was fed at two different partial pressures: 0.1Pa (0.1FeOx films) or 0.3 Pa
(0.3FeOx films). The same discharge power of 80 W and the same deposition time of 30 min
were used in all experiments. For catalytic tests, the films were deposited on a precalcined
wire-mesh support [6], while for XPS and XRD studies, zero-background Si wafers (Si 510,
Institute of Electronic Materials Technology—Łukasiewicz Research Network, Warsaw,
Poland) were used as substrates. After deposition, all films were thermally treated at 673 K
for 30 min under a continuous flow of argon at a rate of 2 L/min. Samples for the HRTEM
study were collected from the surface of the 0.3FeOx film after the catalytic test.

3.2. Characteristics of the Film Structure

The elemental composition and molecular structure of the films were investigated by
X-ray photoelectron spectroscopy (XPS) using a Kratos AXIS Ultra spectrometer (Kratos
Analytical Ltd., Manchester, UK) with a monochromatic Al-Kα X-ray source (1486.6 eV). The
power of the anode was set at 180 W, and the hemispherical electron energy analyzer was
operated at a pass energy of 20 eV for all high-resolution measurements. The measurements
were performed with a charge neutralizer. XPS spectra were analyzed using Kratos Vision
2.2.10 software, calibrated by setting the C1s carbon peak assigned to sp2 carbon at 284.6 eV.
The background subtraction was performed with Shirley’s algorithm.

The nanocrystalline structure of the films was determined by X-ray diffraction. The mea-
surements were performed in a reflection Bragg–Brentano mode using an Empyrean diffrac-
tometer (Malvern Panalytical Ltd., Malvern, UK) with Cu Kα radiation (λ = 1.541874 Å),
operating at 45 kV and 40 mA. The diffractometer was equipped with a PIXcel3D detector
with 255 active channels. Soller slits of 0.04 rad, a fixed mask of 20 mm, and a divergence
slit of 1/4 deg were used on an incident beam path, while the diffracted beam path was
also equipped with Soller slits of 0.04 rad. The diffractograms were obtained in the range of
2Θ = 5–85 deg using a continuous scan mode with a step size of 0.0263 deg and a counting
time of 176 s. The samples were spined with a rotation time of 8 s.

The morphology of the films was examined using both scanning electron microscopy
(SEM) and high-resolution transmission electron microscopy (HRTEM). SEM micrographs
were obtained with an Apreo 2S microscope (Thermo Fisher Scientific, Waltham, MA, USA)
in high vacuum mode at low voltage (1.0 kV) with a T2 detector. The tested samples were
without sputtered coatings. In turn, the HRTEM investigations were performed using
a Titan Themis 300 S/TEM (Thermo Fisher Scientific, Waltham, MA, USA) in scanning
mode (STEM), equipped with a Super-X EDS system. Scanning transmission micrographs
were acquired simultaneously by four detectors: a high-angle annular dark field (HAADF)
detector, annular dark-field detectors (DF2, DF4), and an annular bright-field (ABF) detector.
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Copper grids with lacey carbon film were used to observe the deposits taken from the
surface of the catalytic films.

3.3. Catalytic Tests

The catalytic tests were carried out in a quartz tube-in-tube reactor at atmospheric
pressure with an internal diameter of 2.3 cm and an overall length of 30 cm. The reactor was
operated under continuous flow conditions and placed horizontally in an electric furnace
equipped with a programmable temperature controller. Further details on the experimental
setup can be found in our previous publication [6]. Here we present a concise description
supplemented with details on testing the performance of the catalyst under the conditions
used in this work.

The catalyst bed was formed by six circular wire mesh discs (OD = 2.3 cm) with a hole
(ID = 1.0 cm), which were fixed on the inner tube of the tubular reactor. To ensure a fair
comparison between the different catalysts, the same number of mesh discs were always
placed in the reactor in a uniform manner. The total geometrical area of the catalyst bed
was 38 cm2, and its measured length was 10 cm.

The system was purged with 99.999% He before starting a typical catalytic test. There-
after, a gas mixture consisting of CO2 99.99% and H2 99.999% (all gases supplied by Linde
Gas, Cracow, Poland) flowed into the system at a total rate of 25 sccm with a 4:1 H2/CO2
feed composition. Once helium was flushed out, the system was preheated to 473 K. Kinetic
tests were performed in the range of 473–673 K with a temperature ramp of 50 K and a
heating rate of 5 K/min. The test was then continued at 673 K, and the time-on-stream
performance was evaluated over a period of up to 20 h.

Additionally, several tests were conducted to evaluate the performance and repeata-
bility of the catalysts. Following the 20 h time-on-stream run, the system was cooled to
room temperature under the flow of the reaction mixture (25 sccm). The catalyst was then
held in the air for 12 h before the next catalytic test was restarted. Tests were also carried
out in which the catalyst reached a temperature of 673 K, in accordance with the procedure
described above, in a flow of helium (25 sccm) or hydrogen (25 sccm) instead of the reaction
mixture, and it was maintained in this way for 2 h. The flow of He or H2 was then stopped,
and the feed of the reaction mixture was started. After approx. 30 min, the progress of CO2
hydrogenation was monitored over time at 673 K.

The outlet gas mixture from the reactor was passed through a cold trap to condense
the water vapor, and then the dry gas was analyzed. The GC analysis was conducted
in triplicate at 10 min intervals at each temperature. Carbon-containing components,
including CO2, CO, and CH4, were analyzed on a HayeSep D column (Agilent) using
a gas chromatograph (SRI 8610C, SRI Instruments, Torrance, CA, USA) with a thermal
conductivity detector (TCD). Based on the calibration curves for CO2, CO, and CH4, the
conversion of CO2 and selectivity to CO and CH4 were determined.

We attempted to determine the mass of carbon deposited on the surface during the
catalytic tests. This was achieved by calculating the difference in mass between the fresh and
spent catalysts. The measured mass (after 20 h of the process) remained consistent within
an uncertainty of 0.1 mg, corresponding to the measurement sensitivity of an analytical
balance. As a result, the mass of deposited carbon per unit of time is orders of magnitude
lower than the flow rate of carbon in the tests performed (2.7 mg/min), and this value
does not impact the accuracy of the carbon balance, which is solely based on the gaseous
reactants (CO2, CO, and CH4) and was calculated as presented in Ref. [5].

4. Conclusions

This paper presents two significant aspects of research related to the search for new
solutions in the area of catalytic materials for CO2 conversion into syngas. The first
aspect confirms the broad potential offered by the PECVD method in producing thin-film
nanocatalytic materials with unique properties. These materials are particularly useful in
the construction of structured packings for catalytic reactors. Through plasma deposition
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using Fe(CO)5 as a precursor, conveniently carried out by means of PECVD, thin-film
nanocatalysts based on FeOx were obtained. The structure and catalytic activity of these
nanocatalysts can be precisely controlled by selecting appropriate deposition process
parameters. This approach enabled the production of films (referred to as 0.3FeOx in this
work) that achieved CO2 conversion in the reverse water-gas shift (RWGS) reaction very
close to the equilibrium value under reaction conditions (XCO2 = approx. 38% at 673 K for
H2/CO2 = 4:1, with an equilibrium value of 41.5%), and with a selectivity to CO of approx.
96%. Additionally, these films exhibited no signs of nanocatalyst destabilization over long
periods of time.

The second important aspect of the research involved the finding of a carbon deposit
containing carbon nanotubes (CNTs) on the surface of highly catalytically active films
(0.3FeOx). This deposit was formed during the RWGS reaction. Contrary to the commonly
held opinion, the presence of this deposit turned out to be highly beneficial in this case,
significantly enhancing the catalytic activity of the films. According to the proposed
mechanism, carbon nanotubes play a dual role in this context. Firstly, CNTs formed
through the tip-growth mechanism lift up the iron nanoparticles present on the surface of
the fresh 0.3FeOx film. These nanoparticles serve as both the nuclei for CNT growth and
an active catalyst in the RWGS reaction. The removal of these iron nanoparticles leads to a
significant reduction in catalytic activity. Secondly, CNTs simultaneously form nanoscale
heterojunctions with Fe2O3 nanoparticles present on the film surface. The resulting positive
charge on the Fe2O3 nanoparticles significantly enhances the conversion of CO2 into CO.

The presented results undoubtedly contribute to a better understanding of the nature
of the active form of plasma-deposited thin films based on FeOx as catalysts in the CO2
hydrogenation process, thus opening up new possibilities for designing active and selective
nanocatalysts in this area.
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