
catalysts

Article

Cold Plasma Synthesis and Testing of NiOX-Based Thin-Film
Catalysts for CO2 Methanation

Martyna Smolarek 1, Hanna Kierzkowska-Pawlak 1 , Ryszard Kapica 1 , Maciej Fronczak 1 , Maciej Sitarz 2 ,
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Abstract: An essential problem in managing CO2 and transforming it into methane as a useful fuel
is the quest for adequately efficient and cheap catalysts. Another condition is imposed by the new
designs of structured reactors, which require catalysts in the form of the thinnest possible films. The
aim of this work was to produce Ni-based thin-film catalysts by the cold plasma deposition method
(PECVD) from a volatile metal complex (Ni(CO)4) and to study their structure and catalytic properties
in the CO2 methanation process. We tested three basic types of films: as-deposited, calcined in Ar,
and calcined in air. The nanostructure and molecular structure of the films were investigated by
electron microscopy (SEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).
The catalytic activity was evaluated in the methanation process (CO2 + H2), which was performed
in a tubular reactor operating in the temperature range of 300–400 ◦C. The films calcined in air
showed the highest activity in this process but behaved unstably. However, their regeneration by
recalcination in air restored the initial catalytic activity. An important conclusion emerged from the
obtained results, namely that the active phase in the tested films is Ni3+ (most likely in the form of
Ni2O3), contrary to the common opinion that this phase is metallic Ni0. In our case, Ni0 quenches
the catalytic activity.

Keywords: Ni-based catalysts; thin-film nanocatalysts; cold plasma deposition (PECVD); CO2

methanation; nickel oxides

1. Introduction

The technology for the production of thin films using the cold plasma deposition
method (PECVD) has opened the possibility of obtaining a completely new generation of
catalytic materials with wide prospects for their application in various chemical and photo-
electrochemical processes [1–3]. The main advantage of this type of catalytic materials is
their thin-film nature (thickness from several tens of nm to several µm) and the possibility
of deposition on supports of virtually any shape without changing their original geometry,
which is extremely useful in the construction of structured packings for chemical reactors [4].
Not without significance is also the relatively easy and precise control of the molecular
structure and nanostructure of such films, which is realized in a wide range by selecting
the appropriate plasma precursors and the conditions of the production process [5,6].

In recent years, there has been enormous interest in using CO2 to produce a variety
of useful products, especially methane as a very valuable fuel. This is related to both the
widespread belief in the negative role of CO2 in global warming and the treatment of CO2
as a wonderful source of “pure” carbon, opening the way to various useful syntheses [7–9].
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Among the many catalysts tested in the CO2 methanation process, nickel-based cat-
alysts belong to the most active in this process and are simultaneously relatively cheap,
so it is no wonder that these catalysts receive a lot of attention [10–13]. However, despite
intensive research, the optimal Ni-based catalyst for the CO2 methanation process has not
yet been indicated. On the other hand, a wide base of results has already been gathered
showing large differences in the process performance and the catalyst stability depending
on the type of support material, preparation methods, and the additives [14–19], supple-
menting the base constantly with new, more and more sophisticated systems, such as
decorating carbon nanotubes doped with nitrogen with nickel nanoparticles [20] or nickel
loading on graphene nanosheets [21].

Another unresolved problem is the determination of the nature of the active centers
in Ni-based catalysts, which participate in the CO2 methanation process [22,23]. Initially,
it was thought, which is still often claimed today, that the only active phase is metallic
nickel (Ni0) [24–26]. However, subsequent studies showed the complex structure of such
catalysts [27], in which NiO (Ni2+) began to be assigned a special role [28–30]. Some
attention should also be paid to Ni2O3 (Ni3+), which appears in Ni-based catalysts, and its
activity has already been suggested in the CO2 methanation process [31,32].

Many different methods are used to prepare Ni-based catalysts, such as impregnation,
deposition-precipitation, co-precipitation, sol-gel, ion exchange, flame synthesis, or the
recently described new spray-drying method [30,33]. In some cases, the plasma technique
was also involved in the preparation of nickel catalysts for methanation. It focused mainly
on the dielectric barrier discharge (DBD) method used both in the process of initial catalyst
formation and its final activation. It was found that such a procedure improved the catalytic
properties and provided better anti-carbon deposit performance compared to the catalyst
made only by thermal treatment [34–38]. It should be noted, however, that this is only a
plasma treatment of “classically” produced catalysts. Despite the already successful use of
Co-based plasma-deposited thin-film catalysts in the CO2 methanation process [3–5], to
our knowledge, Ni-based plasma-deposited catalytic films have not been tested so far in
this process.

In this study, an attempt was made to obtain Ni-based thin-film catalysts from a
volatile metal complex (Ni(CO)4) by the PECVD method, and preliminary investigations
of their structure and catalytic properties in the CO2 methanation process were carried out.

2. Results and Discussion

The catalytic films were deposited by the PECVD method from Ni(CO)4 on a support
made of kanthal steel covered with a layer of Al2O3 by high-temperature calcination. Three
types of films were then investigated: as-deposited films (ad-NiOX), thermally treated
at 400 ◦C after deposition in an argon atmosphere (Ar-NiOX), and treated in the same
way in an air atmosphere (air-NiOX). Scanning electron microscopy (SEM) observations
showed, in each of these cases, uniform coverage of the support surface by the deposited
films, revealing at the same time their globular morphology (Figure 1a–c). The grain size
distribution analysis indicates no significant differences in surface morphology between
these three types of films. Only a slightly larger average grain size (by approximately
14%) was observed for the Ar-NiOX film compared to the ad-NiOX and air-NiOX films
(Figure 1d–f). It should be added that after the methanation process (400 ◦C, 37 h), the
surface morphology of the catalytic films practically does not change. As an example, SEM
images for the air-NiOX film before and after this process are shown in Figure 2.

Catalytic testing of the methanation process was carried out in a tubular reactor (de-
scribed in Ref. [39]) using a stoichiometric reaction mixture of CO2 and H2 (1:4). In this
process, in addition to methane, a certain amount of by-product was also identified, which,
in this case, was carbon monoxide. Figure 3a shows the dependencies of selectivity to CH4
and CO as a function of the process temperature for the three tested types of catalytic films.
In turn, Figure 3b presents the CO2 conversion and CH4 yield depending on the tempera-
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ture at which the methanation process was carried out. The values shown in Figure 3 were
determined for the initial stage of the methanation process at a given temperature.
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When analyzing the catalytic properties, apart from the determined instantaneous
values of conversion and selectivity, the stability of these parameters is of particular impor-
tance. The results of CO2 conversion and CH4 selectivity measurements as a function of
time for the tested types of catalytic films and for different temperatures of the methanation
process are shown in Figure 4a.
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Figure 4. CO2 conversion and selectivity to CH4 (at 400 ◦C) as a function of time-on-stream for
the three types of plasma-deposited Ni-based films: (a) First run (fresh catalysts); (b) the next run
after regeneration.
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As can be seen, the air-NiOX films provide the best selectivity and yield of methane
production. On the other hand, however, these films are characterized by relatively poor
catalytic stability. At the temperature of 400 ◦C in the first hour of the methanation process,
the CH4 yield drops from 47 to 25% (calculated from Figure 4a). As it turned out, the
air-NiOX films can be easily regenerated. Interruption of the methanation process and
thermal re-treating the catalytic film in air for 30 min restores its initial CH4 yield, which in
turn decreases again with the duration of methanation (Figure 4b). Thus, the regeneration
process is reversible, and in that case, much easier than in the case of permanent changes
in the structure, it will be possible to try to inhibit the deactivation process through an
appropriate molecular design, for example, by doping or creating a proper nanocomposite
structure, which will allow for obtaining a stable and active catalyst based on the tested
films. The PECVD technique makes it possible to easily implement such ideas using the
co-deposition technique (for example, see Ref. [39]).

To better explore the nature of the plasma deposited Ni-based films and, consequently,
to better understand their catalytic properties, studies of the nanostructure (XRD) and
the surface molecular structure (XPS) of these films were carried out. XRD patterns of
the ad-NiOX, Ar-NiOX, and air-NiOX are shown in Figure 5. As the XRD analysis shows,
the ad-NiOX film undoubtedly contains metallic nickel nanoparticles with a hexagonal
structure (hcp), as evidenced by reflections at 38.8◦ (010), 41.9◦ (002), 58.5◦ (012), 70.3◦ (110),
and 78.2◦ (103) [40,41]. In addition, there is one more distinct diffraction peak (at 44.3◦) in
this spectrum, the interpretation of which is more difficult. It can also be assigned to the Ni
hcp structure as the reflection corresponding to the (011) plane, or as the reflection (111)
for the Ni fcc structure. However, the latter case is unlikely because no other diffraction
peaks for the Ni fcc structure can be seen here [40,41]. Meanwhile, at the 44.2◦ position, a
diffraction peak for NiO is also predicted [42]. The presence of NiO in the film is confirmed
by weak reflection at 37.3◦ [43]. In turn, the weak diffraction peak at 32.8◦ can be attributed
to the Ni2O3 structure [44–46].

After thermal treatment at 400 ◦C, in both the argon and air atmosphere, a drastic
change in the structure of metallic nickel is observed. Its full phase transition from hcp to
fcc takes place, as evidenced by the complete disappearance of the hcp diffraction peaks
visible for the ad-NiOX sample and the appearance of typical reflections for the fcc structure
at 44.6◦ (111), 51.9◦ (200) and 76.4◦ (220) for the Ar-NiOX and air-NiOX samples. This
result is understandable given the fact that the Ni fcc is the more thermodynamically stable
nickel crystal structure, and hence temperature induces the hcp to fcc transformation [40].
Moreover, the diffraction patterns for these films, similarly as in the case of the ad-NiOX
film, indicate the presence of NiO and Ni2O3 in their composition. This is particularly
evident for the air-NiOX film, where the NiO structure is shown by reflections at 37.5◦ and
63.0◦, as well as at 44.3◦, of which the peak probably overlaps with that of Ni fcc (111).
The presence of Ni2O3 is evidenced by the reflection at 32.8◦ and presumably also by the
diffraction peak at 43.3◦, which could optionally be associated with this oxide [46].

The XRD analysis only provides information about the averaged structure of the
entire sample, whereas catalytic processes take place on the sample surface and therefore
its molecular structure is primarily of particular importance. The performed XPS inves-
tigations allowed for a more precise determination of this structure and an attempt to
connect it with the catalytic process of methanation. XPS wide-scan spectra for ad-NiOX,
Ar-NiOX, and air-NiOX films before (fresh) and after the catalytic process (spent) revealed
that in all these cases the films are composed of three elements: nickel, oxygen, and carbon
(hydrogen is not detected). The determined elemental atomic composition of these samples
is presented in Table 1.
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Table 1. Elemental atomic composition of the fresh and spent plasma-deposited Ni-based films.

Catalyst
→

ad-NiOX
Fresh

ad-NiOX
Spent

Ar-NiOX
Fresh

Ar-NiOX
Spent

air-NiOX
Fresh

air-NiOX
Spent

Element ↓ Content [at %]

Ni 30.6 33.6 1.2 1.5 31.3 33.5

O 30.2 27.6 5.2 4.2 39.6 41.7

C 39.2 38.8 93.6 94.3 29.1 24.8

Comparing the composition of the fresh films, it is easy to notice the drastic difference
between Ar-NiOX film and the other two films, where the surface of the former is composed
mainly of carbon and a very small amount of nickel and oxygen. Obviously, the thermal
treatment with argon could not cause the removal of nickel. Thus, carbon most likely
diffuses to the surface of the film from its bulk. In this way, it covers a significant part of
catalytically active nickel structures, which is reflected in low CO2 conversion (Figure 3b).
The carbon coating also increases the size of the globules observed by SEM, as shown by the
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analysis of the surface morphology (Figure 1d–f). In turn, when comparing the ad-NiOX
and air-NiOX films, we see practically the same nickel content, while the air-NiOX film has
a clearly lower carbon content and a higher oxygen content, which is due to the “burning”
of carbon and the chemical bonding of oxygen in the film during thermal treatment in air.
The methanation process carried out on the tested films does not cause significant changes
in their surface composition (spent samples). An important conclusion, however, is finding
that there is no increase in the carbon content on the surface of the catalytic films during
this process, which proves that no carbon deposit is formed there. This is a promising
result for Ni-based thin-film catalysts. In general, carbon deposit is a significant problem in
the case of the methanation process using Ni-based catalysts [27,47].

To look deeper into the molecular structure of the studied catalytic films, the region
corresponding to Ni 2p in the XPS spectra was analyzed in detail. The core-level spectrum of
Ni 2p was numerically deconvoluted and the obtained bands were assigned to appropriate
species, in accordance with the literature [48–52]. This spectrum is a spin-orbit split into
a doublet, Ni 2p3/2 and Ni 2p1/2 bands, which reveal the same chemical oxidation states
of nickel. Therefore, only the more intense Ni 2p3/2 band was analyzed. Figure 6 shows
the spectra of this band after deconvolution for all three investigated types of fresh films.
The figure also shows an example of the Ni 2p3/2 band for the air-NiOX sample after the
methanation process (spent catalyst).
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The Ni 2p1/2 band can be fitted with four sub-bands assigned to (1) metallic Ni (Ni0)
at 852.4 eV, (2) Ni2+ oxidation state at 853.5–854.2 eV, which is related to NiO, (3) Ni3+

oxidation state at 855.4–856.5 eV, which is related to Ni2O3, and (4) a broad satellite peak at
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approximately 860–861 eV. To determine the quantitative relationship between different
Ni oxidation forms, their contents are summarized in Table 2. The surprising conclusion
from these results is that the surface of the air-NiOX film, which shows the best catalytic
properties (Figure 3a,b), does not contain the metallic form of nickel (Ni0), and only the
oxidized forms (Ni2+ and Ni3+) are present. It should be noted here, taking into account
the XRD results (Figure 5), that the XPS analysis examines only a very thin surface layer
(about 10 nm). Thus, Ni0 may be present in the bulk of the air-NiOX film (as shown by XRD
analysis), although this form is not on the surface. During the methanation process, the
Ni2+ and Ni3+ forms are clearly reduced to Ni0, with a simultaneous significant decrease in
CO2 conversion. A similar effect of the increase in Ni0 content at the expense of oxidized
forms is also observed for the other two types of films (ad-NiOX and Ar-NiOX), which is
accompanied by a decrease in CO2 conversion (Figure 4a).

Table 2. Nickel and carbon speciation composition of the fresh and spent plasma-deposited
Ni-based films.

Catalyst→ ad-NiOX
Fresh

ad-NiOX
Spent

Ar-NiOX
Fresh

Ar-NiOX
Spent

air-NiOX
Fresh

air-NiOX
Spent

Ni speciation ↓ Content [at %]

Ni0 40.5 69.0 32.1 63.6 0.00 55.7

Ni2+ 29.3 20.4 44.0 36.4 32.9 28.1

Ni3+ 30.2 10.6 23.9 0.00 67.1 16.2

C speciation ↓ Content [at %]

C−C/C−H
(sp3) 10.8 9.1 13.4 13.1 7.7 13.8

C=C (sp2) 71.2 78.5 72.4 83.4 86.4 69.9

C−O/C=O 18.0 12.4 14.2 3.5 5.9 16.3

The very similar nickel content in the surface of ad-NiOX and air-NiOX films, for both
fresh and spent samples (Table 1), allows us to try to link the content of nickel forms in
these films with the performance of the CO2 conversion process. The content of Ni0 in
the fresh ad-NiOX film is high and is about 40.5 at %, while the air-NiOX film, as already
mentioned above, completely does not contain this form. In turn, the Ni2+ content is
similar, whereas the Ni3+ content in the air-NiOX film is more than twice as high as in
the ad-Ni film and amounts to as much as 67.1 at %. Accordingly, it can be concluded
that over 3 times higher CH4 yield on the air-NiOX catalytic film than on the ad-NiOX
film (Figure 3b) results from the presence of nickel in the third oxidation state (Ni3+), and
most likely in the Ni2O3 structure. In the spent samples, the content of Ni0 increased
significantly, while the content of Ni3+ decreased drastically. However, the concentration of
Ni2+ decreased only slightly. These changes in the Ni-based structure are clearly associated
with a decrease in the efficiency of the methanation process and evidently indicate an
association of Ni2O3 with the process. If we regenerate the spent catalyst film, as it was
done with the air-NiOX film (Figure 4b), the original molecular structure of the film is
practically reconstructed, which is accompanied by a return to the initial catalytic activity in
the methanation process. These interesting findings require further study to determine the
role of Ni3+ in the catalytic mechanism, which can be quite complex, for example, through
the interaction of Ni3+ with Ni2+ [42], as well as to search for the possibility of ensuring the
stability of the catalyst, for example by adding appropriate promoters [53,54].

When analyzing the influence of the molecular structure of the investigated catalytic
films on the CO2 methanation process, one should also take into account carbon structures,
which often play a very important role in catalytic processes [55,56]. In our case, carbon
is introduced into the structure of the films during the plasma deposition process, and its
source is the Ni(CO)4 precursor. Figure 7 presents the XPS spectra of the deconvoluted C 1s



Catalysts 2021, 11, 905 9 of 13

band for all three investigated types of fresh films and for the air-NiOX sample after the
methanation process (spent catalyst). Generally, there are five basic sub-bands in the C 1s
band, which we have assigned, based on the literature [5,57,58], to (1) sp2 carbon (C=C) at
284.4 eV, (2) sp3 carbon (C−C, C−H) at 285.1–285.9 eV, (3) carbon single-bonded to oxygen
(C−O) at 286.3–287.2 eV, (4) carbon doubly bonded to oxygen (C=O) at 287.9–288.8 eV, and
(5) a broad sub-band at above 290 eV, related to the strongly oxidated carbon and recorded
only in the Ar-NiOX sample with a very high carbon content (Table 1). The concentrations
of the various forms in which carbon occurs in the investigated films are presented in
Table 2. As can be seen, the combinations between carbon atoms in sp2 hybridization are
generally dominant, which proves the graphite-like structure of the carbon matrix. The
differences in the concentration of sp2 carbon in individual samples should be considered
rather as a statistical distribution with an average value of 77 ± 3 at %, thus we do not see
any correlation here with the activity of the methanation process, which does not mean,
however, that the carbon matrix does not participate in this process through interaction
with nickel speciation [55,59,60].
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3. Materials and Methods

The Ni-based films were produced by cold plasma deposition (PECVD) in a parallel-
plate radio frequency (RF 13.56 MHz) plasma reactor working at low pressure. Details
regarding the design of the reactor and the plasma deposition process are described else-
where [3]. Tetracarbonyl nickel (Ni(CO)4, Strem Chemicals, Inc., Newburyport, MA, USA),
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used as a precursor, was directly introduced (without carrier gas) to the plasma chamber
with a flow rate of 2.0 sccm. The glow discharge power and the pressure maintained in
the chamber were 40 W and 4.5 Pa, respectively. The films were deposited for 30 min on
kanthal steel supports (TermTech, Warsaw, Poland) in the form of knitted gauzes (mesh:
24 × 20 per inch, wire of 0.11 mm in diameter) for the catalytic tests and kanthal plates for
SEM, XRD, and XPS measurements. Prior to the film deposition, the supports were calcined
in air at 900 ◦C for 48 h. The aim of this process was to obtain a highly dispersed layer
of alumina on the support to increase its surface area [3,5]. After deposition, part of the
samples were thermally treated at 400 ◦C for 30 min in an argon atmosphere, and another
part under the same conditions in an air atmosphere. Three types of films were further
tested: films in the as-deposited state (ad-NiOX), thermally treated in argon (Ar-NiOX),
and thermally treated in air (air-NiOX).

Catalytic tests were carried out in a tubular quartz reactor (inner diameter of 2.3 cm,
total length of 30 cm) under atmospheric pressure. The construction of the reactor used
and the details of the measurement procedure are described in detail in our other work [39].
An inlet gas mixture for the CO2 methanation process consisting of CO2 (99.999%) and H2
(99.7%) (Linde Gas, Cracow, Poland) was passed through the reactor with tested catalytic
films (geometric area—38 cm2) at a total flow rate of 25 sccm with a feed composition of
H2:CO2 = 4:1. The exhaust gases were analyzed by using an on-line gas chromatograph
(type 8610 C, SRI Instruments, Torrance, CA, USA) equipped with a thermal conductivity
detector (TCD) and a HayeSep D column (Agilent, Santa Clara, CA, USA).

The surface topography of the films was studied by a scanning electron microscope
Quanta 200 F (FEI, Hillsboro, OR, USA). All measurements were carried out under high
vacuum conditions of approximately 10−5 Pa. The grain size distribution analysis was
performed using the ImageJ software (version 1.53c, National Institutes of Health, Bethesda,
MD, USA, 2020).

To determine the phase structure of the films, X-ray diffraction (XRD) was used. The
diffractograms were obtained in the grazing incidence diffraction (GID) mode at 1.5 degrees.
The patterns were measured by a PANalytical X’Pert Pro MD diffractometer with a Cu Kα

X-ray source (1.5406 Å). The scanning range was 30–80◦ with a step of 0.02◦.
The molecular structure of the surface of the tested films was investigated by X-ray

photoelectron spectroscopy (XPS) using an AXIS Ultra spectrometer (Kratos Analytical Ltd.,
Manchester, UK) equipped 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 pass energy of 20 eV for all high-resolution measurements. All measurements
were carried out with a charge neutralizer. The component of the C 1s carbon line (which
was assigned to sp2 carbon), positioned at 284.4 eV, was used to calibrate the spectra.
The background subtraction was performed with Shirley’s function. The Kratos Vision 2
software (version 2.2.10, Kratos Analytical Ltd., Manchester, UK, 2012) was applied to the
spectra deconvolution.

4. Conclusions

The PECVD method once again proved to be a useful tool for the production of thin-
film catalysts, which are so important in the design of structured packings. As part of this
study, nickel-based catalyst films were prepared using Ni(CO)4 as a precursor, and then
tested in the CO2 methanation process. Contrary to the general opinion that the active
phase in Ni-based catalysts in the CO2 methanation process is metallic nickel, or possibly
its composite with NiO, the performed studies showed a very good correlation between the
catalytic activity of the films in this process, and the Ni3+ concentration in them, most likely
in the form of Ni2O3. This finding opens a new chapter in research on the mechanism of
CO2 methanation over Ni-based nanocatalysts. Undoubtedly, further work is necessary on
the role of Ni2O3 in this process and its possible cooperation with the NiO (Ni2+) structure,
as well as the graphite-like carbon matrix, which were identified in the studied films.
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