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Abstract

Low-pressure, glow discharge plasma catalytic CO, methanation was investigated in the presence of
Ni/Al,0s, Ni/SiO, and Ni/Ce0,-ZrO, catalyst. The prepared samples were characterized by ICP, XRD,
low-temperature N, sorption, H,-TPR, dielectric constant measurement and FT-IR in-situ adsorption
of NO, CO and CO,. The performed characterization allowed selecting the optimal conditions of
catalyst preparation as well as explaining the results of plasma-catalytic tests. The application of
various supports had a significant effect on plasma properties and thus dissociation of CO, in the gas
phase. It affected plasma stability as well, which decreased with the increasing values of the
dielectric constant. Ni/Al,O; sample showed the best performance in terms of CH, production. The
positive effect on the catalytic activity in thermal CO, methanation was observed for Ni/Al,O; and
Ni/SiO, samples. Adsorption of probe molecules (NO, CO and CO,) performed for fresh reduced and
spent catalysts allowed to get insights into plasma-catalytic reaction mechanism and to explain the

effect of plasma promotion on the performance of the catalysts in thermal CO, methanation.



1. Introduction

New techniques for the chemical use of CO, are needed for reducing human influence on the earth’s
atmosphere and the greenhouse effect. The recent report from the Intergovernmental Panel on
Climate Change emphasizes the urgent need to decrease as much as possible our CO, emissions to
avoid increasing the atmosphere’s temperature [1]. The conversion of CO, into methane i.e. CO,
methanation, attracted a lot of attention in the last years: it consumes CO, and would allow storing
energy in a chemical form [2—4]. The process is run at atmospheric pressure by heating above 350°C
in the presence of heterogenous catalyst. The search for efficient catalysts has been very intense,
particularly on those using nickel as the metal, for economic reasons [2,5-7]. Catalysts based on
noble metals (Rh, Ru, Pd) are also efficient, and significant activities were also observed on Co- or Fe-
based catalysts. The replacement of conventional heating by cold (or rather non-equilibrium)
plasmas for the catalytic hydrogenation of CO, was also proposed in the 90s’ [8,9]. This process
initially aimed at producing methanol because of the low economic interest in the production of
methane from hydrogen at the time. This has changed with new environmental concerns and the

production of methane could contribute to the solution.

The activation of catalytic processes by cold plasma has many possible advantages [10-14]. A non-
equilibrium plasma is an ionised gas containing various activated species and high energy electrons.
It is an extremely reactive medium with a moderate average temperature (depending on the type
and geometry of the plasma). Such conditions allow converting CO, at much lower temperature than
with conventional heating. Moreover, the surface of the catalyst can also be modified by the
creation of new reaction sites under plasma. The solid can also reciprocally influence the plasma’s
properties by modifying local electric fields, by inducing micro-discharges, which in its turn can also
create new excited species. A synergetic effect between the plasma and the catalyst can thus allow
an efficient conversion of CO, at low temperature. The hybrid plasma-catalytic approach has been
successfully applied to several other CO, consuming processes such as methane reforming [15-17]

or CO, dissociation [18-21].



Table 1 Summary of recent research (years 2016-2018) on plasma-catalytic CO, hydrogenation to

methane.
Plasma Reaction
Catalyst Type f v P P ! Feed gas® cig\zl yci:I:i Ref.
kH kv w ° ’
(kHz) | (kv) | (W) | (bar) | (°C) S
Cu/y-Al,03 8 0.68
Mn/y-Al,05 DBD 8.7 n.d. 35 1 135 1/1; 34.6 10.1 0.76 [22]
Cu-Mn/y-Al,0; 9.2 0.63
4/1; 69 29 1.15
15Ni/y-Al,O .d.
i/y-Al,0; DBD n.d 30 30 1 150 4/14Ar; 69.2 56 415 [23]
Ni(Mg,Al)O 160 78 77
Ni-Ce(Mg,Al)O 10- 220 _ 16 3
Ni-Zr(Mg,Al)O bBD 4l 15 16 1 240 4/1;200 70 55 [24]
Ni-Ce,Zr(Mg,Al)O 260 68 56
15Ni/Ceq.12Zr(40, 40 10 72 71.8
15Ni/Ceq¢Zr(.40, DBD a 15 1-3 1 320 4/1 ;200 81 80.4 [25]
15Ni/Ceq.9Zrg 10, 83 82.8
15Ni/CZ-cal’ 40- | 13- 14 170 73 73
15Ni/CZ-red” PBD | 428 | 18 16 T 4/1;200 80 75 [26]
6Ru/y-Al,0; DBD 3 9 n.d. 1 25 3/1/6°; 50 12.8 9.4 [27]
14Ni/USY(40) 64 2.5
14Ni/USY(30) 3.2 ) 63 1.2 [28,2
2.5Ni/ZSM11 GD 0.05 2 n.d. 103 125 4/1;20 64 14 9]
5Ni/ZSM-11 64 0.9
Cs-USY(38) 12 1.5
15Ni/Cs-USY(3) DBD 2>- 0-15 35 1 170 3§/9/ 22 17.6 [30]
- 70 10%; 250
15Ni/Cs-USY(38) 75 72
Ce-Ni/Cs-USY(38) 79 77.4
150 4/1; 70 69.3
Z .d. .a.
5Co/CeZrO, DBD 1 n.d n.d 1 200 25 78 77 [31]
1Pt/y-Al,03 3:1; 18 0.3
DBD 1 1 2 2

DBD — Dielectric Barrier Discharge; GD — Glow Discharge

® Feed gas: H,/CO, molar ratio; total flow (Nml/min)
bcz - Ceria-Zirconia; catalysts differed in activation: cal — calcination only; red — temperature reduction; Predx —
plasma reduction for x=20, 40 or 60 min

“H,/CO,/N,

Most of the work on plasma assisted catalytic methanation of CO, was published in the last 4 to 5

years. A summary of the various processes reported is presented in Table I. Most of them deal with

the use of nickel catalysts in a dielectric-barrier discharge plasma (DBD) under atmospheric pressure.

Only Zeng [22] used other solids such as Cu or Mn on alumina, obtaining only a limited production of

CH,. This might suggest that catalysts need to be efficient under conventional heating (and thus

not Cu or Mn based) to be active under plasma. Under conventional heating, supporting the Ni on




ceria or on ceria-zirconia, rather than on any other oxide, often leads to a significantly better activity
[33—-37]. The reason for that is probably the specific interaction between Ni and ceria which allows
the formation of very small and well dispersed Ni crystallites with acid-basic properties. Basic sites
with intermediate basic strength are often mentioned for an important production of CH, [38—-41].
Ce-Zr was thus also used as a support in plasma-assisted catalysis, but no formal comparison was
ever done [13,25,26,31]. Plasma assisted catalysis involves complex processes, and a simple transfer
of the conditions from conventional heating to plasma might in fact simply not be relevant. A
thorough and direct comparison of the various supports and their influence in the plasma processes

is thus necessary.

The aim of the present work was to evaluate the influence of various metal oxide supports on the
catalytic performances of nickel catalysts in the methanation of CO, under plasma. The supports
employed were alumina, silica and ceria-zirconia. Alumina and silica are common supports for
catalysis, and Ni/Al,O; has already been used at the pilot scale for the thermal methanation of CO,
[42]. As already mentioned, Ce-Zr is an excellent support for this process [35]. Our comparison will
tell whether the efficiency ranking of the various catalysts is the same under thermal or plasma
activation. The materials were tested at room temperature in a glow-discharge reactor under low
pressure. Low pressure minimizes the formation of carbon deposits, increases the life-time of
excited species and stabilises the performances of the plasma in order to compare the various

catalysts efficiently.

2. Experimental

2.1. Catalyst preparation

2.1.1. Supports

Alumina and silica support were commercial carriers purchased from SASOL and Solvay (Zeosil®
1165MP), respectively. Ceria-zirconia support was synthesized via the homogeneous urea
precipitation method according to the procedure described by Pan et al [38]. In this procedure
equimolar amounts of Ce(NO3);:6H,0 and ZrO(NOs),-5H,0 were dissolved in distilled water, moved
to 1dm?® round-bottom flask and aged for 3h. Subsequently, an appropriate amount of urea was
dissolved in distilled water and added to the round-bottom flask. (Ce**+Zr*")/urea molar ratio was
equal to 1/3. The flask was immersed in an oil bath at 120°C. The prepared solution was boiled for
2h, cooled down to room temperature and filtered. The obtained material was washed with distilled

water and ethanol (both ca. 0.5 dm?) and dried at 80°C for 16h. Finally, support was calcined under



static air in a muffle oven at 500°C for 2h. The obtained ceria-zirconia support with Ce/Zr atomic

ratio equal to 1 was marked as CZ.

2.1.2 Nickel-based catalysts

Nickel species were introduced onto three supports by wet impregnation method using an aqueous
solution of Ni(NOs),-6H,0. The amount of nickel nitrate was calculated to obtain constant nickel
surface coverage of 11umol Ni per m? of support, which corresponded to nickel loading of 14, 9.5
and 4 wt.% respectively for alumina, silica and CZ support. Water was removed using rotary-
evaporator at 80°C under partial vacuum. Catalyst precursors were subsequently dried overnight at
80°C and calcined in a muffle oven at 450°C for 4h under static air. All catalysts were reduced ex-situ

in the stream of H, (100cm3/min STP) at 700°C for 1h in a tubular flow reactor.

2.2. Physico-chemical characterization

Nickel content in prepared materials was determined by ICP analysis.

Structure of prepared materials was analyzed using a PANalytical X’Pert PRO diffractometer
equipped with Cu Ka radiation source (A=0.15418 nm, 40mA, 45kV). The X-Ray diffractograms were
registered in 5-90° 20 range with scan step size 0.017° 26 and scan step time equal to 35 s. Based on
the XRD patterns registered for reduced catalysts the nickel crystallite size was estimated using the

Scherrer equation.

Textural parameters (specific surface area, pore volume and mean pore diameter) of prepared
catalysts were investigated by low-temperature N, sorption experiments with the aid of an ASAP
2020 apparatus from Micromeritics. Samples were outgassed at 250°C overnight prior to analysis.
The specific surface area of materials was determined from the Brunauer-Emmet-Teller (BET)

equation. The total pore volume was estimated from the N, adsorbed volume at p/py=0.99.

H,-TPR profiles were recorded using AutoChem 2920 apparatus from Micromeritics equipped with
TC detector. 50 mg of the catalyst sample was heated in a U-tube quartz reactor from room
temperature to 1000°C with a heating rate of 10°C/min in a 5% v/v H,/Ar stream (total flow

40cm?/min).

The complex permitivity (dielectric constant) of supports and nickel catalysts was measured with the
aid of Microwave Dielectric Measurement Kit from ITACA. The prepared materials were pelletized
into pellets with 13 or 16mm diameter and minimal height of 5mm. The measurements were

performed at room temperature and at a frequency of 2.45 GHz.



2.2.1. In-situ FTIR adsorption of probe molecules (NO, CO and CO,)

In situ FTIR measurements of the different probe molecules i.e. NO, CO and CO, on the surface of
prepared catalysts were performed with the aid of a NicoletMagna 550 FTIR spectrometer equipped
with MCT detector. The FTIR spectra were recorded in the 4000-650cm™ range using 4cm™ optical
resolution (32 scans). Catalyst samples were pressed (1.96-10° Pa) into self-supported wafers (2cm”
ca. 20-30mg). Prior to infrared measurements, the catalyst was activated under secondary vacuum
(ca. 6:10™ Pa) at 350°C for 4h with a heating rate of 3°C/min. The wafers were subsequently cooled
down to 150°C (cooling rate 3°C/min) and reduced consecutively two times during 30 min with ca.
130-140 hPa (100 Torr) of H,. The sample was cooled down to room temperature and the adsorption
experiments were performed. Small volume (1.57cm?) doses (between 0.09-0.9umol) of probe
molecules were sent to the sample until complete surface saturation. CO and NO probe molecules
were selected to characterize the nickel metal active phase, while CO, was selected to characterize

basicity of the supports.

2.3 Plasma-catalytic tests
Prior to each plasma-catalytic or catalytic test, the prepared materials were pelletized and crushed.
The fraction characterized by a 1-3mm diameter was selected. Subsequently, materials were

reduced ex-situ in the stream of H, (100cm?/min STP) at 700°C for 1h in a tubular flow reactor.

Plasma-catalytic and catalytic tests were performed in a set-up schematically shown in Fig. 1. In a
typical test, 3g of catalyst were placed in a Pyrex® glass reactor with 2 cm internal diameter
supported on a quartz frit. The catalysts bed was placed between two tungsten electrodes
(separated by 13.5 cm) connected to the plasma generator. Gases were supplied through the top of
the reactor. The flow of reactant gases was equal to 20cm®/min (STP) and was controlled by mass
flow controllers from BROOKS. The catalyst bed height ranged between 0.5 and 3 cm depending on
the bulk densities of prepared materials. The catalysts prior to each test were activated under
secondary vacuum at 250°C for 2h. CO, methanation was performed using a CO,/H,/Ar molar ratio
of 2/8/10. The pressure inside the reactor was measured by pressure controllers (Pfeiffer Vacuum)
and was within the range 220-270 Pa (1.7-2 Torr). The applied conditions corresponded to GHSV
within the range 60,000-360,000h™.

The catalyst bed was placed between two tungsten electrodes which guaranteed plasma discharge
generation through the catalyst bed. Additionally, a heating jacket with cartridge heaters was placed
around the glass reactor. The temperature of the catalyst bed was controlled by thermocouple
coupled to a PID controller which allowed to perform plasma-catalytic and catalytic tests at elevated

temperatures (from room temperature to 300°C).
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Fig. 1 Scheme of plasma-catalytic set-up used for the evaluation of the performance of prepared materials.

The gases leaving the reactor were analyzed on-line by both infrared spectroscopy (Bruker Vertex 80
v FTIR Spectrometer) and mass spectrometry (Quadrupole Mass Spectrometer, Pfeiffer Omnistar
GSD 301). The FTIR spectra were recorded between 4000-1000cm™ with an optical resolution of

0.2cm™

Glow discharge plasma was generated with the application of 2 various plasma generators. In the
first configuration, the discharge was generated using a plasma function generator (FI5S350GA)
coupled to a high voltage amplifier (Trek model 20/20C). The function generator generated the pulse
signal with the frequency of 66Hz, peak to peak voltage of 3V,, and cycle time of 15 ms with duty of
33% (5ms On and 10 ms OFF). As the generated signal was amplified 2000 times, the final discharge
voltage was equal to 6kV with a maximum current of 20 mA. In the second configuration, the plasma
discharge was generated by a high voltage AC power supply (Resinblock transformer FART, 50 mA)
giving a sinus signal characterized by a 50kHz frequency and 2kV voltage with higher current. The
two configurations which differed in the type of generated signal and discharge power will be

referred to as Generator 1 and Generator 2 respectively.

The CO, conversion, CH, and CO yield and carbon balance were calculated from the intensity of the

appropriate bands of FT-IR spectra using the following equations:

. Fco,,in—Fco,,0ut
CO, conversion: X¢o. (%) = —2——222-.100%
2 Fcoy,in

CH, yield: Yoy, (%) = “2242%. 100%

COy,in



CO Yield: Yz (%) = €22t . 10004

Fco,in

Carbon Balance: CB (%) = M 100%

mol,in

Yeu, (%) + Yoo (%) + (100 — X0, (%))



3. Results and discussion

3.1. Physico-chemical characterization of the prepared materials
XRD diffractogram acquired for the commercial and prepared supports are presented in Fig. 2 (a).
The calcined alumina support was characterized by the crystal structure of y-Al,0;. On the other
hand, silica exhibited amorphous structure. The ceria-zirconia support, which was not the
commercial material, showed the reflections characteristic for two separate phases of ceria and
zirconia. Samples after the introduction of nickel exhibited additional reflections characteristic for
cubic nickel oxide phase (Fig. 2 (b) — reflections at 37.2, 43.3, 62.8, 73.4 and 79.4° 26), which after
reduction in the stream of H, transformed into cubic metallic nickel structure (Fig. 2 (c) — reflections

at44.4,51.7 and 76.1° 26).
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Fig. 2 XRD diffractograms registered for prepared materials: (a) calcined supports, (b) calcined supports with impregnated
nickel, (c) reduced materials and (d) catalysts after plasma-catalytic tests

In order to correctly select a reduction temperature of prepared catalysts, H,-TPR experiments were
performed. The registered reduction profiles are presented in Fig. 3 A. The Ni/Al,O; catalyst was
characterized by one reduction peak with the maximum at 700°C, suggesting strong nickel-alumina
interactions. Nevertheless, the formation of NiAl,O, spinel phase was not observed (see Fig. 2(c)).
Ni/SiO, support showed also one reduction peak with a maximum at 430°C, clearly pointing to much
lower interactions of nickel with silica support with respect to Ni/Al,O; sample [43]. This effect is
directly reflected in the estimated Ni crystal size obtained from XRD analysis (Table 2). The reduction
profile of Ni/CZ sample is more complicated as three reduction regions may be distinguished with
maximum temperature at 310, 400 and 870-900°C. Such profile results from overlapping of the
reduction of nickel oxide and ceria support. The latter proceeds in three steps: (i) reduction of
surface oxygen species (250-300°C) [44], (ii) reduction of surface lattice oxygen (450-600°C) [45] and

(iii) total bulk reduction up to 900°C [46]. The Ni/CZ catalyst was loaded with the lowest content of
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nickel and its reduction process is partially covered by ceria reduction. Thus it is not so
straightforward to conclude about the nickel support interactions. The Scherrer estimation of
metallic nickel crystallites suggests weak interactions between Ni species and ceria-zirconia support.
This conclusion is supported by the low-temperature N, sorption experiments (Table 2) as textural
properties of the CZ support were the least developed in comparison to alumina and silica. Based on
H,-TPR profiles the reduction temperature of 700°C was selected, which guaranteed almost

complete reduction of nickel species for all catalysts, as confirmed by the calculation (Table 2).
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Fig. 3 H,-TPR profiles (a) and low-temperature N, sorption-desorption isotherms (b) registered for the prepared calcined
nickel catalysts supported on alumina, silica or ceria-zirconia.

Textural parameters (Table 2) were determined by low-temperature N, sorption experiments
(Fig. 3(b)). All samples exhibited type IV isotherms characteristic for mesoporous materials. The main
difference between samples was in the amount of N, adsorbed and type of hysteresis loop, pointing
to various pore shape and size distribution [47]. The lowest values of textural parameters were
observed for CZ support, which may be explained by the formation of separate ceria and zirconia
phases, rather than one ceria-zirconia phase, as confirmed by XRD analysis (Fig. 2). Nevertheless, the
obtained values stay in line with the data reported in the literature [48,49]. In the case of all
catalysts, values of the specific surface area decreased after nickel species incorporation, pointing to
partial blockage of pores. An N, uptake increase at high relative pressure may be observed,
suggesting the existence of some interparticle mesoporosity. This may explain the increase in total

pore volume and mean pore diameter values observed for the Ni/Al,O; sample.

The dielectric constants of the three supports and those of the three nickel doped catalysts are
shown in Table 2. For all cases, the dielectric constant of nickel doped catalysts was lower than
that of supports (without metal). This fact points out the decrease of the dielectric constant values
after the transition metal introduction in agreement with Azzolina-Jury et al. [50]. Dielectric

constants are also highly dependent on the water adsorption capacity of samples. The water
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adsorption capacity trend for the three nickel doped catalysts is: Ni/Al,O; (8.90%wt) > Ni/SiO,
(8.47%wt) > Ni/CZ (4.27%wt). Ni/Al,O; catalyst presents a higher dielectric constant than Ni/SiO,
as a consequence of the higher water content during the dielectric constant measurements even if
there is 20% more nickel in its structure. However, it was observed that Ni/CZ, with the lowest
water adsorption capacity and nickel amount, presented the highest dielectric constant. This fact
can be explained through the material density which was 4 times higher than that of the other two
catalysts. The Ni/CZ pellet, prepared for dielectric constant measurement, presented a significant
lower porosity than that of the other two cases, leading thus to a higher dielectric constant value

(with and without metal).

Table 2 Results of physicochemical characterization of prepared catalysts including nickel content, textural and structural
parameters, reducibility information and dielectric constant.

Ni Dielctric
Ni® Seer” Veor© d” | Nicrystal d e d e
Sample wt.%) | (m%g) | (cm*/g) | (nm) | size® (nm) Thax (°C) redt:ced constant” g,
(%) (-)
. 214 0.72 11 2.58
Ni/Al,O; 11.58 7 700 81
(248) | (0.78) | (13) (3.03)
o 129 1.79
Ni/SiO, 9.23 1.08 34 21 430 97
(165) (2.11)
53 0.04 5 310, 400 5.94
Ni/CZ 3.45 >20 ! ¢ -
/ (64) (0.04) (4) 870-900 (6.38)

% determined by ICP analysis

® determined by low-temperature N, sorption; in parenthesis are given values registered for the
corresponding support

“estimated for the reduced samples by the Scherrer equation from the position of Ni(200) reflection
4 determined by H,-TPR experiments

®measured at 2.45GHz and at ambient temperature; in parenthesis are given values registered for the
corresponding support

3.2. Effect of support alone in plasma CO, hydrogenation
In the first series of experiments, the effect of the support on the plasma performance was
evaluated. The results of the experiments performed with an empty reactor (bars, Fig. 4) and in the
presence of 3 studied supports under plasma conditions generated by generator 1 and generator 2
are presented in Fig 4. In the case of all experiments, CO, was converted to carbon monoxide. CH,
production was not observed at all tested temperatures, which points that the presence of nickel
metallic phase is necessary to form CH,. Nevertheless, the presence of various metal oxides in the
reactor affects the conversion of CO, under plasma conditions. Regardless of the plasma generator
applied, the CO, conversion followed the sequence: silica > alumina > ceria-zirconia. This stays in line
with the values of dielectric constant (see Table 2) and clearly shows that physical properties of

supports may greatly influence the performance of the plasma by changing its properties. In the case
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of silica and alumina materials, their performance is better when more powerful generator 2 is used.
This may be explained by the fact that the more power is supplied to form plasma the more reactive
whole system becomes and CO, conversion increases. However, this is not the case when ceria-
zirconia support is used. Moreover, when a more powerful plasma source is used (generator 2), CO,
conversion in the presence of ceria-zirconia is even lower than in the case of an empty reactor. The
explanation of this phenomenon may be found in the values of the dielectric constant. It is
important to underline here that the dielectric constant was measured at the frequency of 2.45 GHz
while the experiments were performed using the frequency 66Hz or 50kHz. The CZ support was
characterized by 2-3 times higher values of €,, which may result in the formation of hot spots in the
catalyst bed and thus plasma becomes unstable and the whole system losses activity. The moments
in which unstable plasma performance was observed are marked in Fig. 4 in red circles. As it can be
seen, the plasma performance becomes unstable when too much energy is supplied into the system,

both thermal or electrical.
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Fig. 4 CO, conversion obtained under plasma conditions in the presence of various supports and two different plasma
sources: (a) generator 1 and (b) generator 2. (Lines between points are added only to facilitate reading of the graph)

The observed results (Fig. 4) clearly point to the high dependence of plasma performance on the
type of material placed inside the reactor. This affects greatly the approach of designing materials
for plasma-catalytic processes as the electrical properties of catalyst/supports may affect plasma
and thus studies on catalytic processes cannot be directly transferred into the hybrid process. In this
case, ceria-zirconia support hindered plasma activity, while in catalytic CO, methanation it showed
superior performance with respect to alumina and silica. At the same time, it is important to
underline that in all cases quartz frit supporting catalyst bed was present inside the reactor (even in
case of empty reactor tests) and its electrical properties as well as the irregularity of the materials

surface may affect plasma performance as well.
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3.3. The catalytic activity of Ni-based catalysts in glow discharge plasma

catalytic CO, methanation

The CO, conversion, CH, and CO yield registered for prepared catalysts under glow discharge plasma

conditions are presented in Fig. 5, 6 and 7. In case of all samples, CO, conversions were following the

similar sequence as in the case of the supports, pointing that even in the presence of nickel active

phase the support affects CO, conversion the most. In terms of CO, conversion, the increase in

reaction temperature had no beneficial effect, except for Ni/SiO, sample (Fig. 6). The most

significant differences between catalysts were observed in terms of the products distribution. The

Ni/Al,O; catalyst was the most active towards CH,, followed by the Ni/CZ sample. On the other hand,

the Ni/SiO, catalyst did not produce methane under plasma. The CH, production was affected by the

Ni crystal size (Table 2). However, the lack of methane in the products observed over the Ni/SiO,

catalyst points out that Ni crystal size is not the only factor affecting catalysts activity under plasma-

catalytic conditions.
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Fig. 5 Results of plasma-catalytic tests performed over the Ni/Al,O5 catalyst in the temperature range 25-250°C, low
pressure (ca. 2 Torr) and in the presence of 2 plasma generators: Generator 1 (pulse plasma 66Hz, 6kV, 20mA), Generator 2
(sinus plasma 50kHz, 2kV,50mA); CO,/H,/Ar=2/8/10, total flow 20cm*/min (STP), m,=3g;

Methane production depended as well on the plasma power. In general, CH, production under

plasma conditions was lower when more powerful plasma generator was used, suggesting that
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produced CH, desorbed from the catalyst surface is subsequently decomposed in plasma. Such
effect was already described in the literature. Arita et al. [51] investigated the production of
methane in a low-pressure CO,/H, glow discharge with and without a magnetic field. The application
of the magnetic field allowed to diffuse electrons to the different reaction region away from neutral
radicals. At the same time, the neutral radicals produced in plasma were able to recombine
producing CH,4. Such effect reduced CH, re-decomposition in plasma and thus increased CH,

selectivity. Decomposition of produced CH, under CO, hydrogenation conditions and DBD plasma

was as well discussed by de Bie et al. [52].
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Fig. 6 Results of plasma-catalytic tests performed over the Ni/SiO, catalyst in the temperature range 25-250°C, low
pressure (ca. 2 Torr) and in the presence of 2 plasma generators: Generator 1 (pulse plasma 66Hz, 6kV, 20mA), Generator 2
(sinus plasma 50kHz, 2kV, 50mA); CO,/H,/Ar=2/8/10, total flow 20cm?/min (STP), m,=3g;

The reaction temperature had a minor effect on catalysts activity towards CO, as the registered
values of CO, conversion were at the same level (Fig. 5-7). However, the reaction temperature as
well as the power of the plasma source influenced the stability of the whole system. At high reaction
temperatures (above 200°C) and with Generator 2, the formation of hot spots in the catalyst bed
was observed, which resulted in a rapid increase of pressure inside the reactor. This may be

explained by the sudden and local increase of temperature affecting the steady state of the system.
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The plasma was turned off immediately after observation of the hot spot’s formation (red dash lines

in Fig. 5and 7).
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Fig. 7 Results of plasma-catalytic tests performed over the Ni/CZ catalyst in the temperature range 25-250°C, low pressure
(ca. 2 Torr) and in the presence of 2 plasma generators: Generator 1 (pulse plasma 66Hz, 6kV, 20mA), Generator 2 (sinus
plasma 50kHz, 2kV, 50mA); CO,/H,/Ar=2/8/10, total flow 20cm?/min (STP), m,:=3g;

3.3.1. CH, production after plasma extinction

The most interesting aspect of the experiments was observed after plasma extinction. In the case of
both active catalysts in CH, production, i.e. Ni/Al,O; (Fig. 5) and Ni/CZ (Fig. 7), a significant increase
after plasma was turned off was observed. This increase of CH, production was greater when more
energy was put in the system, both in terms of plasma power (Generator 2 > Generator 1) and heat
(increase in CH, production with the increase in temperature). A similar observation was observed in
a previous work by Azzolina-Jury et al. [28] who tested Ni/USY zeolite-based catalysts under low-
pressure glow discharge plasma. They explained this effect by the occupation of nickel active sites
via CO under plasma conditions. After plasma extinction, CO production was stopped, and the
coverage of surface nickel species was decreased. This made nickel sites available for H, adsorption
which resulted in the increased CH, production. Moreover, they observed that CH, production after
plasma extinction was proportional to the nickel reduction degree and nickel content, which is also

true for Ni/Al,0; and Ni/CZ catalysts. However, the CO, conversion after plasma extinction in the
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case of both catalysts does not follow the same trend, suggesting various mechanisms of CH,
production. Therefore, the increased production of CH, might be a result of a combination of various
effects, including the one proposed in the work of Azzolina-Jury et al. [28,29]. In the case of Ni/CZ
sample, CH, production is not accompanied by the increase of CO, conversion, as it is in the case of
Ni/Al,O; catalyst. At the same time, the carbon balance (results not shown) suggests agglomeration
of carbon species under plasma conditions. This carbon agglomeration was proportional to the
plasma power applied (Generator 1 or 2). At the same time, an increase in reaction temperature
decreased the agglomeration of carbon species during plasma discharge. Most probably, these
carbon species are generated through CH, decomposition and after plasma extinction they may
react with H species producing CH,. This also stays in line with the results for carbon balance, which
confirmed the carbon release after plasma extinction. This suggests that CH, production after

plasma extinction is a result of the reaction of the species already present on the catalyst surface.

In case Ni/Al,O3; CH, production after plasma extinction is accompanied by the increasing conversion
of CO,, suggesting that catalyst surface is still active for CO, methanation reaction. This effect may
be explained by several phenomena. Firstly, under plasma conditions, catalyst surface is bombarded
by various species which may modify its surface properties making the surface sites temporary
active. The second possibility is the formation of hot spots in the catalyst bed. The temperature
around such a hot spot may be high enough to overcome activation energy resulting in CH,
production. This explanation is additionally supported by the fact that the CH, production decreases

with time similarly as the hot spot cools down.

3.3.2. Plasma-Catalytic activity vs. electrical properties

Basing on the results presented in section 3.2, it was concluded that CO, conversion is dependent on
the dielectric constant of material present inside the plasma discharge zone. In order to confirm that
statement, the relation between CO, conversion obtained using 2 plasma generators in the presence
of 3 supports and 3 nickel-based catalysts vs. their dielectric constant were plotted (Fig. 8). This
relation is dependent on the plasma power. It seems that for glow discharge plasma produced by
generator 1, CO, conversion is independent of dielectric properties. However, when more power is
supplied to the system (generator 2) then CO, conversion shows a negative linear correlation with
the increasing dielectric constant. However, this is only true for CO, dissociation in plasma and not
for CH, production. The high correlation (R’=0.995) was obtained when the points associated with
CH, production were eliminated (marked in the green circle in Fig. 8) i.e. when part of CO, was

converted to CH,. Such situation was observed in the case of Ni/Al,0; and Ni/CZ catalysts.
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marked points associated with CH, production which were not considered for linear fitting of data points.

Interestingly, in literature usually the opposite trend is described. Mora et al. [53] who investigated
CO,/H, DBD discharge at atmospheric pressure, showed that better performance in terms of CO,
conversion was observed when alumina was used as a dielectric when compared to quartz. Bacariza
et al. [30] studied various Ni/USY catalysts in DBD atmospheric pressure CO, methanation. They
observed the better performance of the catalysts characterized by a higher dielectric constant. This
was attributed to the enhancement of the electric field caused by the polarization of the catalyst
surface and charge accumulation on the dielectric surface, which changes plasma composition. It is
important to underline, that these systems were analysed under different conditions with respect to

the process presented in this study.

Fig. 8 aims at showing the influence of the dielectric constants of catalysts on the CO, conversion
via modification of plasma properties such as local electric field intensity changes. However, there
are several other parameters affecting the electric field intensity such as the presence of a packed
bed within the plasma discharge [54]. The observed trend on Fig. 8 can be explained via the
different packed bed void volumes (bed porosity) of the three catalysts. In the case of Ni/CZ the
bed porosity is near 4 times lower than in the case of Ni/Al,O; and Ni/SiO,. Therefore, even if
Ni/CZ catalyst presents the higher dielectric constant, the low bed porosity does not allow
enhancing the electric field like in the case of the other two catalysts. Moreover, low bed porosity
should increase the pressure inside the reactor and affect the plasma properties such as the

electron-CO, collisions within the gas phase which are responsible for CO, dissociation molecules
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by electron impact. This could be a plausible explanation why the catalysts with the highest

dielectric constant presented the lowest CO, dissociation rate.

3.3.3. Effect of plasma treatment on the thermal catalytic performance

The prepared catalysts were tested as well in the thermal catalytic CO, methanation without glow
discharge in order to prove the effect of plasma treatment. The results of these tests are presented
in Fig. 9 (blank symbols). All samples exhibited better performance in the presence of plasma (Fig, 5-
7), both in terms of CO, conversion as in the case of CH, yield when compared to thermal catalysis
(Fig. 9). Under low-pressure conditions and without plasma presence, the catalytic activity in terms
of CH, production followed the same sequence as under plasma-catalysis i.e. Ni/Al,O; > Ni/CZ >>
Ni/SiO,. The Ni/SiO, sample did not produce CH, at all, while other 2 catalysts were characterized by
methane selectivity over 94% at all tested temperatures. Nevertheless, the obtained CO,

conversions were lower with respect to the plasma-catalytic tests (Fig. 5 & 7).
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Fig. 9 Results of catalytic CO, methanation performed at low pressure for the reduced catalysts (blank symbols) and for the
catalysts after plasma treatment (full symbols); CO,/H,/Ar=2/8/10, total flow 20cm®/min (STP), m.:=3g; pressure 2 Torr;
(Lines between points are added only to facilitate reading of the graph)

In a recent year’s catalyst plasma preparation/treatment has gained much attention due to the
improvement of catalyst performance [55,56]. For this reason, all prepared catalysts were evaluated

in the thermal catalytic CO, methanation after plasma-catalytic tests. The results are depicted in
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Fig. 9 (full symbols). The comparison of plasma-treated and untreated samples shows that the effect
of plasma treatment is dependent on the catalyst properties. For the Ni/Al,O; and Ni/SiO, catalysts,
a positive effect was observed in terms of CO, conversion. The latter sample, however, was still
inactive in CO, methanation and produced only CO. On the other hand, Ni/CZ catalyst after plasma

treatment showed decreased activity.

In literature, the effect of plasma pre-treatment on Ni-based CO, methanation catalyst was always
positive and was attributed to the increased nickel reducibility and dispersion which also improved
H, and CO, adsorption capacity [39,57-61]. However, in the mentioned reports plasma was used to
decompose nickel precursors (usually nickel nitrate) omitting in this way calcination step. In our
case, plasma was affecting already reduced nickel catalysts, which resulted in a positive (Ni/Al,O3
and Ni/SiO,) or negative (Ni/CZ) effect of plasma treatment. In order to explain both positive and
negative effects of plasma treatment additional characterization experiments were performed

(section 3.4).

3.4. FT-IR in-situ adsorption of NO, CO and CO, — insights into reaction

mechanism & effect of plasma promotion
According to the literature [48,62—65], CO, methanation may proceed on the catalyst surface via 2
proposed paths schematically shown in Fig. 10. The first mechanism involves dissociation of CO, to
CO which may be further reduced to form surface carbon species. Both adsorbed CO and C may be
subsequently hydrogenated to form CH,. The second proposed mechanism involves direct
hydrogenation of adsorbed CO, to form formate intermediates which are subsequently transformed
to CH,. In a few publications concerning the mechanism of plasma-catalytic CO, methanation, the
same reaction mechanisms were proposed [29-31,66]. This proves that the reaction mechanism
proceeds via the same surface reactions as in case of the thermal catalysts. However, it is important
to underline that plasma affects significantly products of the reaction e.g. decomposition of CH, as
observed in our case (Fig. 5-7). What is more, the plasma may modify catalyst surface, creating new

active sites and therefore open a new reaction path.
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Fig. 10 Scheme of surface reactions involved in CO, methanation.

Table 3 Summary of NO, CO and CO, adsorption experiments over "freshly" reduced catalysts and samples after plasma-
catalytic tests.

Amount adsorbed (umol/g)
Catalyst
NO co Co,
fresh” 138 20 51
Ni/Al,O;
Spent 103 25 60
,fresh” 36 0 12
Ni/SiO,
Spent 21 0 10
,fresh” 8 0 9
Ni/Cz
spent 19 11 13

In order to understand the obtained results of plasma-catalytic tests (Fig. 5-7) as well as the effect of
plasma treatment in CO, methanation (Fig. 9), the reduced catalysts and spent samples after
plasma-catalytic tests were characterized by in-situ FT-IR adsorption of probe molecules. NO and CO
were selected to characterize nickel species, while CO, was chosen to evaluate supports basicity.
Moreover, CO and CO, molecules participate in the reaction, thus they may give insights into the

mechanisms of CO, methanation. The results of these experiments are summarized in Table 3.

3.4.1. Ni/Al;O;3

Fig. 11 depicts results of NO, CO and CO, FT-IR in-situ adsorption experiments performed for
reduced and spent Ni/Al,O; catalysts. Samples after adsorption of NO (Fig. 9 a & b) showed 2
absorption bands at 1870 and 1845 cm™ associated with the mono nitrosyl and di nitrosyl species
adsorbed on Ni** sites, respectively [67-69]. The amount of the adsorbed NO species decreased for
the spent catalyst (Table 3), indirectly pointing that nickel species were reduced under plasma

treatment, which may partially explain the beneficial effect of plasma treatment on Ni/Al,O; sample

(Fig. 9).
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The CO adsorption revealed the existence of various nickel sites on the catalyst surface. At ca.
2195cm™ absorption band associated with CO adsorbed on Ni** was observed, confirming the
existence of unreduced nickel species. Moreover, the intensity of this band was lower for the spent
catalyst, confirming the reduction of Ni** to Ni° upon plasma treatment Linearly adsorbed carbonyls
and subcarbonyl species on metallic nickel sites are identified by bands at 2030-2050 and 2065-
2090, respectively. Finally, bridged CO adsorbed species were observed at 1960cm™. The way of CO
adsorption on metallic nickel sites may be associated with the dispersion of nickel. The Ni dispersion
is increasing from bridged CO adsorbed on poorly dispersed Ni, through linearly adsorbed CO on
moderately dispersed Ni, to finally formation of subcarbonyls on well-dispersed Ni species [70,71].
The performed experiments show that the CO adsorption capacity (Table 3) is at a similar level for
reduced and spent catalyst. However, nickel dispersion is changing. The bands associated with well-
dispersed nickel species are wider for the spent sample with respect to the reduced catalyst,

suggesting an increase of Ni dispersion after the plasma reaction.
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Fig. 11 Adsorption of probe molecules: NO (a & b), CO (c & d) and CO, (e & f) on the surface of reduced (a, c & e) Ni/Al,O;
and catalyst after plasma-catalytic tests (b, d & f); L — linearly adsorbed CO,; MC — monodentate carbonate; BC — bidentate
carbonate; BrC — Bidentate bridged carbonate; HC -bicarbonate species;

The CO, adsorption experiments revealed the existence of various CO, adsorbed species on the
catalyst surface. The presence of linearly adsorbed CO, was confirmed by the band at 2345 cm™.
The asymmetric and symmetric stretching vibrations of bicarbonates were present at 1648 and
1473 cm™, respectively, while bending vibrations of bicarbonates were observed at 1232 cm™.
The absorption bands of bidentate and monodentate carbonates were observed at 1765, 1270 and

1540, 1340 cm™, respectively. The presence of bridged carbonate species was confirmed as well

(bands at 1810 and 1180cm™) [72,73].
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The CO, adsorption capacity was greater for spent catalysts than for fresh one. Similar observations
were reported for nickel-based, hydrotalcite-derived catalysts [74], proving that plasma modifies not
only the metallic nickel species but also affects support properties. The supports with high CO,
adsorption capacity are reported to have a beneficial influence on the performance of CO,
methanation catalyst [2,3]. The support is treated as a pool of CO, species available for methanation
reaction. This could explain the superior performance of Ni/Al,10; sample with respect to silica and
ceria-zirconia supported materials. However, the mechanistic study of the reaction under DBD
plasma conditions with isotopic labelled CO, for Co/CeZrO, catalyst performed by Parastaev et al.
[31] showed that the main reaction path involves plasma induced dissociation of CO, in the gas
phase, followed by the CO adsorption and subsequent surface reactions leading to CH,. The path in
which CO, is dissociated on the surface was possible as well, however, its contribution to CH,

production was lower than in the case of a former one.

The presented results of adsorption experiments give some important information. Firstly, the best
performance of Ni/Al,O; catalyst in glow discharge plasma CO, methanation may be attributed to
the highest adsorption capacities with respect to other catalysts. Secondly, the results of CO and CO,
adsorption experiments revealed that both reaction paths, involving CO adsorption or CO,
hydrogenation (Fig. 10), are possible for Ni/Al,O; catalyst. Finally, the glow discharge plasma
changed the surface properties of the catalyst. The adsorption capacity of CO, was increased,
creating more surface sites for the reaction. At the same time, unreduced Ni** species were reduced
under plasma conditions. Ni dispersion was improved as well. All in all, plasma treatment improved

catalyst performance in thermal CO, methanation.

3.4.2. Ni/SiO;

The NO adsorption experiments performed for Ni/SiO, sample (Fig. 12 a & b) revealed a similar
tendency as in the case of Ni/Al,0; catalyst. The NO adsorption on Ni** sites decreased after plasma
treatment, pointing indirectly to the reduction of nickel. However, an additional adsorption band
appeared at 1630cm™. According to research performed by Mihaylov and Hadjiivanov [68,69], it can

be assigned to the nitratospecies.

The most interesting results for Ni/SiO, catalyst were obtained when CO was used as a probe
molecule (Fig. 12 ¢ & d). The surface of Ni/SiO, catalyst did not show any affinity towards carbon
monoxide. Considering that the Ni/SiO, sample gave 100% selectivity to CO and no CH,; was
produced, the obtained results point that the mechanism of CO, methanation must proceed through
the hydrogenation of adsorbed CO species. Since there are no sites available for CO adsorption (Fig.

10 ¢ & d) CH, is not produced. Therefore, one can assume that the observed CO, conversion for
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Ni/SiO, samples is mainly a result of plasma gas phase CO, dissociation to CO. The presence of
Ni/SiO, affects plasma properties and thus the CO, conversion, the contribution of surface reactions

may be probably neglected.
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Fig. 12 Adsorption of probe molecules: NO (a & b), CO (c & d) and CO, (e & f) on the surface of reduced (a, ¢ & e) Ni/SiO,
and catalyst after plasma-catalytic tests (b, d & f); L — linearly adsorbed CO,; MC — monodentate carbonate; BC — bidentate
carbonate;

The CO, adsorption experiments (Fig. 12 e & f) showed that the CO, adsorption capacity is not well
developed as well. The CO, on the SiO, surface was adsorbed mainly in the form of inactive linearly
adsorbed species (2354 cm™). The monodentate (1640 and 1375 cm™) and bidentate (1680 and
1325 cm™) species were also observed [75,76]. The CO, adsorption capacity after plasma-catalytic
tests slightly increased, which may contribute to the positive plasma treatment effect observed for

thermal CO, methanation (Fig. 7).
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3.4.3. Ni/Ce0,-ZrO;
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Fig. 13 Adsorption of probe molecules: NO (a & b), CO (c & d) and CO, (e & f) on the surface of reduced (a, c & e) Ni/CZ and
catalyst after plasma-catalytic tests (b, d & f); MC — monodentate carbonate; BC — bidentate carbonate; HC -bicarbonate
species;

Fig. 13 (a & c) shows the results of NO adsorption on Ni/CZ sample, which exhibited 2 absorption
bands associated with the NO adsorption on Ni** sites. In contrast, to Ni/Al,05 and Ni/SiO, samples,
the intensity of these bands increased for plasma treated sample, suggesting oxidation of Ni® species
under plasma conditions. Such observation may be explained by the fact that ceria-zirconia is
characterized by the existence of mobile oxygen species. Under glow discharge conditions O atoms
are formed through CO, splitting [77]. They may react with the oxygen vacancies of the CZ support

resulting in the support oxidation and subsequent oxidation of nickel species. This explains the

26



negative effect of plasma treatment on the performance of the Ni/CZ catalyst in the thermal

catalysis (Fig. 9).

The reduced Ni/CZ sample did not show any affinity towards CO (Fig. 13 c). The CH, production was
observed in the case of the thermal catalysis and plasma-catalytic tests for the Ni/CZ sample. This
clearly points that CO, methanation proceeds through hydrogenation of adsorbed CO, (Fig. 10).
However, the results of CO adsorption experiments performed for the spent sample (Fig. 13 d)
showed the presence of adsorption bands associated with the CO adsorption on both Ni** and Ni’.
Therefore, plasma treatment activated the sites for CO adsorption. This could open a new reaction

path for surface CO, methanation via hydrogenation of surface CO species.

The CO, adsorption experiments performed for the Ni/CZ samples are presented in Fig. 13 (e & f).
For both reduced and spent samples absorption bands associated with the bicarbonates (1598, 1407
and 1218 cm™), bidentate (1575 and 1303 cm™) and monodentate (1515 and 1330 cm™) species
were observed [78]. The CO, adsorption capacity increased after plasma treatment which could
contribute to the improvement of the performance in thermal catalysis. However, as already
observed in Section 3.2 the presence of metallic nickel is necessary for CH, production. Thus,
although CO, adsorption was increased, the Ni° was oxidized and the overall performance decreased
(Fig. 9). The adsorption capacity for plasma treated Ni/CZ sample increased with respect to all
examined probe molecules (Table 3). However, this was not transferred for superior performance

after plasma treatment.
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4. Conclusions

In the presented study the effect of the support on the performance of nickel-based catalysts in a
low-pressure glow discharge plasma-catalytic CO, methanation was investigated. The nickel loading
was normalized to the supports specific surface area to guarantee the same coverage of nickel
species on the catalyst surface. The performed experiments revealed that the physicochemical
properties of the materials present in the plasma discharge zone influence plasma properties.
The correlation between CO, conversion and the dielectric constant was found for materials which
were not active for CH, production, pointing that the presence of catalytically inactive material in

the plasma discharge zone affects the reactions in the gas phase.

The catalytic activity in hybrid plasma-catalytic process was greatly dependent on the applied
support. It was proven that the support affects plasma properties and thus has an influence on the
activation of CO,. Moreover, it greatly affects the changes of nickel surface species under plasma
conditions. Ni/Al,O; catalyst, which exhibited the best performance in terms of CH, production, was
characterized by the well-developed textural properties (high specific surface area, the high
adsorption capacity of both CO, and CO) as well as small and well-dispersed nickel crystallites. What
is more, these properties were enhanced under plasma conditions, pointing to the beneficial
influence of plasma treatment. The Ni/SiO, sample turned out to be inactive in glow discharge CO,
methanation. Its lack of activity was attributed to no adsorption of CO molecules, pointing that the
CO, methanation over the Ni/SiO, catalyst must proceed through the formation of surface carbonyl
species. The Ni/CZ catalyst was active in plasma CO, methanation. The CO, methanation on the
Ni/CZ surface may proceed through 2 proposed in literature reaction mechanisms. It was proven
that exposure to plasma activates the surface of the Ni/CZ catalyst towards CO adsorption. This,
however, was not reflected in the increased CH, production, as ceria-zirconia support under plasma

conditions oxidizes metallic nickel active sites.

Interestingly, the increased production of CH, after plasma extinction was observed for samples
active in CO, methanation i.e. Ni/Al,O; and Ni/CZ. The obtained results showed that there might be
several origins of this CH, production. It seems that this effect is as well associated with the

properties of the support.

All in all, the presented study showed that the properties of the support greatly influence the

performance of catalysts in glow discharge CO, methanation.
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