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studied by many researchers during the last decades as a 
contribution to the solution to global warming. Therefore, 
 CO2 can be used as a chemical reactant and be valorized 
into carbon monoxide (CO) and methane  (CH4) as main 
products.  CH4 can be further used as synthetic natural gas 
(SNG) creating a global cycle between  CH4 combustion 
and  CO2 methanation [1]. CO (CO-rich syngas) can be used 
as reactant for Fischer–Tropsch reaction for synthesizing 
hydrocarbons as well as for manufacturing a wide range of 
products such as olefins, paraffins and oxygenated products 
(e.g. aldehydes, alcohols, acids and ketones) [2–5].

Transition metals have been usually adopted as catalysts 
for thermal  CO2 hydrogenation. The choice of transition 
metal can significantly affect the product distribution of this 
reaction. Depending on the thermal reaction conditions, Ni 
[6, 7] and Ru [8, 9] catalysts produce mainly  CH4 while Pd 
[10], Pt [11], Rh [12], Mo [13] and Au [14] favor  CH4, CO 
and methanol  (CH3OH) production. Cu [15] can be used to 
produce mainly  CH3OH. Nickel has been reported to be the 
most interesting catalyst for thermal  CO2 hydrogenation due 
to its high activity and low cost [1, 16].

The catalyst support also plays a key role on thermal 
catalysis through the active phase dispersion, activity and 
stability. Thermal  CO2 hydrogenation has been studied over 
a wide range of supports such as  Al2O3 [17],  SiO2 [11],  TiO2 
[11] and Ce–Zr mixed oxides [16]. Zeolites with high sur-
face area and stability are very attractive supports. Ni-doped 
ultra-stable faujasites (USY) have been reported to present 
higher stability and comparable thermal catalytic activity 
with respect to the best thermal  CO2 hydrogenation catalysts 
found in the literature [1].

Nevertheless, thermal  CO2 hydrogenation catalysts are 
only active at high temperatures near 450 °C. Under high-
temperature working conditions and atmospheric pressure, 
the catalysts are deactivated by poisoning (coke deposition) 

Abstract Zeolite H-USY doped with nickel (14% wt.) was 
used as a catalyst in the plasma-assisted  CO2 hydrogenation 
under partial vacuum. CO was found to be the main product 
of the reaction and it is generated by plasma-assisted  CO2 
dissociation in the gas phase. The  CO2 molecules vibra-
tionally excited by plasma are also adsorbed on metallic 
nickel as formates which are further transformed into lin-
ear carbonyls. These species are then hydrogenated to form 
methane. Since the catalyst presents a low basic behavior, 
methane is produced from hydrogenation of linear carbon-
yls on nickel surface rather than from carbonates species. 
A detailed mechanism for this reaction assisted by plasma 
(glow discharge) is proposed using Operando time-resolved 
FTIR spectroscopic data.

Keywords Mechanism · CO2 hydrogenation · Time-
resolved FTIR · Glow discharge · Zeolite USY

1 Introduction

Carbon dioxide  (CO2) concentration in the atmosphere has 
been increasing since the end of the industrial revolution and 
it is a well-known issue that contributes to the greenhouse 
effect. Thermal  CO2 hydrogenation has been proposed and 
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and sintering of the active phase. This drawback decreases the 
industrial viability of the  CO2 hydrogenation processes under 
thermal heating.

Carbon dioxide hydrogenation can be intensified by using 
plasma technology. Plasmas provide very high concentrations 
of energetic and chemically active species such as electrons, 
ions, atoms, radicals and excited species at relatively low tem-
peratures near room temperature. The use of low pressure plas-
mas is preferred for several reasons: (i) the plasma is stable; (ii) 
the catalyst deactivation by coke deposition is thermodynami-
cally minimized; (iii) the reaction rate is increased compared 
to thermal heating and thermodynamic  CO2 conversion and 
products yield can be easily overcome and (iv) the lifetime 
of excited species is prolonged [18, 19]. Some disadvantages 
related to low pressure systems can be also cited such as (i) 
higher operating costs associated to the vacuum system; (ii) 
higher risk of system contamination in case of leaks and (iii) 
adsorption phenomena are more difficult at low pressure. 
Hence, under low pressure conditions,  CH4 selectivity and 
yield is lower than those found in literature under atmospheric 
pressure.

As in thermal catalysis, the catalyst support plays also a 
key role in plasma-assisted catalysis. The phenomena respon-
sible for the synergistic effects in the interaction between the 
catalyst support and the plasma have been recently investi-
gated. Various plasma effects on the catalyst as well as several 
catalyst support effects on the plasma have been proposed in 
the literature in order to explain the plasma–catalysis syner-
gistic effects from theoretical modelling [20–22]. Moreover, 
an excellent review about the current state of knowledge and 
ignorance on plasma–catalysis interaction mechanisms has 
recently been published [23].

Nevertheless,  CO2 hydrogenation reaction mechanism has 
been widely studied using several sorts of catalysts and sup-
ports under thermal heating only [1, 16, 24–35]. A few papers 
have been recently reported on the plasma-assisted  CO2 dis-
sociation [36, 37] but, to the best of our knowledge, there is 
no scientific research dealing with plasma-assisted  CO2 hydro-
genation reaction mechanism.

In this work, the low pressure plasma-assisted mechanism 
of  CO2 hydrogenation is studied by time-resolved FTIR. A 
low pressure glow discharge at 50 Hz was used. Operando and 
in-situ infrared spectra were collected in the reactor discharge 
zone at 2.28 Torr. The evolution of the IR bands intensities 
of the species in the gas phase as well as of the adsorbed spe-
cies (intermediates) on Ni-USY is reported at the microsecond 
time-scale.

2  Experimental

2.1  Catalyst Preparation

The ultra-stable faujasite protonic zeolite (H-USY) with Si/
Al molar ratio of 40 was supplied by Grace Davison. Nickel 
introduction on the zeolite support was carried out by wet 
impregnation (14 wt.%), using nickel nitrate hexahydrate 
[Ni(NO3)2·6H2O, Merck, >99%] as precursor salt diluted in 
water. The water was evaporated using a rotary-evaporator at 
80 °C under vacuum until complete dryness. Afterward, the 
zeolite Ni-USY was treated under  N2 flow (25 NmL min−1) 
at 500 °C during 10 h followed by calcination in air at 
500 °C for 3 h. Finally, zeolite powders were pressed (5 × 107 
Pa) into self-supported wafers (2 cm2, ~20 mg) for infrared 
measurements. Notice that, in this work, the gas flow rates 
are expressed as normal milliliters per minute (NmL min−1), 
since the gas flow rate values are calculated at normal tem-
perature and pressure conditions: temperature = 273 K and 
Pressure = 760 Torr.

2.2  Catalyst Characterization

2.2.1  Verification of Crystalline Structure

The crystallinity of zeolite Ni-USY was verified with a 
PANalytical X’Pert PRO diffractometer with CuKα radia-
tion (λ = 0.15418 nm, 40 mA, 45 kV). The diffraction data 
were collected between 5° and 50° of 2ϴ at intervals of 0.1° 
and speed of 2° per min.

2.2.2  Determination of Zeolite Surface Area, Microporous 
and Mesoporous Volumes

The specific surface area and pore volume of the Ni-USY 
zeolite were determined by  N2 adsorption–desorption meas-
urements at 77 K using the Brunauer–Emmet–Teller (BET) 
and T-plot methods respectively in a Micrometrics sorptiom-
eter Tri Star 3000. Before  N2 adsorption, the samples were 
outgassed at 200 °C overnight.

2.2.3  Scanning Electron Microscopy of Zeolite Catalyst

The size and morphology of the zeolite crystals and nickel 
particles were examined with a Philips XL-30 scanning elec-
tron microscope (SEM) with acceleration voltage of 30 kV.

2.2.4  Temperature‑Programmed Reduction Under Vacuum 
(TPR‑MS)

After calcination, the reduction of zeolite Ni-USY was per-
formed in-situ before reaction (in the same experimental 
setup which was used for the  CO2 hydrogenation) and the 
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hydrogen consumption was followed by mass spectrometry 
(TPR-MS).

2.3  Operando Time-Resolved IR Spectroscopy Setup

The reactor designed for Operando time-resolved IR 
spectroscopy is presented in Fig. 1a. The sample holder 
containing the 20 mg catalyst wafer is placed inside the 
reactor within the glow discharge zone perpendicularly to 
the IR beam. The plasma discharge is generated between 
two tungsten electrodes which are connected to a high 
voltage ac power supply (Resinblock transformer FART, 
50 mA) with a maximum voltage and frequency of 2 kV 
and 50 Hz, respectively. The gas inlet with mass flow con-
trollers (Brooks) is located on the top of the reactor. The 
gas outlet is connected to a vacuum pump and also to a 
Quadrupole Mass Spectrometer (Pfeiffer Omnistar GSD 
301) in order to analyze the composition of the gas phase. 
The reactor is placed inside the sample compartment of 
a Bruker Vertex 80v spectrometer with a Mercury–Cad-
mium–Telluride MCT detector. Such spectrometer allows 
fast time-resolved acquisition of reproducible events (tran-
sients) by the step-scan technique. The modus operandi 
of this technique has been detailed in a previous work 
[38]. Once the glow discharge is ignited at 50 Hz (Plasma 
period: T = 20 ms) the interferometer mirror is held at a 
fixed position and the IR light intensity is recorded for 

one point of the interferogram at equal intervals (20 µs) 
(Fig. 1b). The number of measurements for each point 
of the interferogram was set to 3000 points in order to 
improve the signal/noise ratio (S/N). Therefore, the resi-
dence time on each interferogram point is 60 ms corre-
sponding to three plasma periods and six plasma pulses. 
The next interferogram points are recorded with same 
time-spaced intervals. After applying the Fourier trans-
form to the time domain, frequency domain time-resolved 
spectra were obtained in the range of 4000 − 1000 cm−1 at 
32 cm−1 spectrum resolution.

Before starting the plasma-assisted  CO2 hydrogenation 
mechanism study, the catalyst was activated at 450 °C dur-
ing 1 h under secondary vacuum. Then, the temperature-
programmed reduction of zeolite Ni-USY was performed 
in-situ under partial vacuum (2.8 Torr) from room tem-
perature to 470 °C. A heating rate of 10 °C.min−1 under 
 H2/N2 (5% v/v) flow of 30 NmL min−1 was used.

CO2 hydrogenation was carried out using a  CO2/
H2 molar ratio of 1:4 and a volumetric flow rate of 20 
NmL min−1 was applied. The pressure in the system was 
2.1 Torr.

Fig. 1  a Operando time-resolved IR reactor; b step-scan acquisition of the interferogram evolution at the microsecond time-scale during glow 
discharge
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3  Results and Discussion

3.1  Catalyst Characterization

The crystalline structure of the Ni-USY catalyst was veri-
fied by XRD. The crystallinity of the zeolite H-USY was 
not modified after nickel incorporation and physicochemi-
cal treatments. The Ni-USY internal and external surface 
areas, micropore and mesopore volumes were found to be 
632 m2/g, 107 m2/g, 0.252 cm3/g and 0.201 cm3/g respec-
tively. The SEM images of Ni-USY showed a narrow zeolite 
crystal size distribution of 500 nm with nickel particles of 
50 nm. Nickel particles are mainly located outside the zeo-
lite pores and the reaction takes place mainly at the catalyst 
surface. A low amount of nickel (as  Ni2+) remains in the 
exchange position within the zeolites cages as shown by the 
TPR-MS profiles. Catalyst shows thus a bimodal Ni distri-
bution with large metallic particles on the external surface 
and single-site centers inside the zeolite cages. The nickel 
dispersion in zeolite Ni-USY was calculated from in-situ 
TPR-MS and it was found to be equal to 17.6%.

3.2  Plasma-Assisted  CO2 Hydrogenation Mechanism

This section deals with the identification of the IR bands of 
the species in the gas phase as well as the adsorbed species 
on the catalyst in order to identify them afterwards during 
the microsecond time-resolved FTIR spectroscopy experi-
ments. Hence, this section has been divided into four Sub-
sections: Sect. 3.2.1. identification of species (reactants and 
products of the reaction) in the gas phase without plasma 
using conventional IR spectroscopy; Sect. 3.2.2. identifica-
tion of species (reactants and products of the reaction) in 
the gas phase with plasma using conventional IR spectros-
copy; Sect. 3.2.3. identification of adsorbed species on the 
catalyst (Ni-USY) using conventional IR spectroscopy and 
Sect. 3.2.4. identification of the species in the gas phase as 
well as the adsorbed species on Ni-USY using time-resolved 
FTIR spectroscopy for mechanistic study.

The experiments were repeated several times to verify the 
reproducibility of the measurements.

3.2.1  Infrared Band Assignment of the  CO2 
HydrogenationReactants and Products in the Gas 
Phase

The IR bands of reactants and products of  CO2 hydrogena-
tion in the gas phase were identified by conventional IR 
spectroscopy analysis of a gas mixture containing pure 
 CH4,  CO2 and carbon monoxide (CO) in argon (Ar) with-
out plasma. The total volumetric flow was set to 20 NmL.
min−1 with the following gas composition: 3 NmL CO2.
min−1; 1  NmL  CH4  min−1; 2  NmL  CO  min−1 and 14 

NmL Ar min−1. The IR spectra were acquired with two dif-
ferent resolutions: 1 cm−1 and 32 cm−1 (Fig. 2). The high 
resolution spectrum allows determining more precisely the 
IR bands of the elements in the gas phase and linking them 
to those observed at lower resolution (32 cm−1) at which 
the step-scan time-resolved FTIR Spectroscopy will be 
further performed.

3.2.2  Infrared Band Assignment of the  CO2 Hydrogenation 
Species in the Gas Phase During Plasma Assistance

The IR bands of  CO2 hydrogenation species in the gas 
phase were identified by conventional IR spectros-
copy analysis of a gas mixture containing  H2 and  CO2 
as reactants in Ar. The total volumetric flow was set to 
20  NmL  min−1 with the following gas composition: 
2 NmLCO2 min−1; 8 NmLH2 min−1 and 10 NmLAr min−1. 
The IR spectrum (32 cm−1 resolution) was acquired with 
and without plasma assistance (Fig. 3).

CO2 is vibrationally excited under plasma assistance 
and can be further dissociated into CO in the gas phase 
without catalyst. The  CO2 conversion is 60% and CO is 
the main product with 99% selectivity. A relatively low 
amount of  CH4 is also generated in the gas phase.  CH4 
production can only be enhanced with the presence of an 
appropriate catalyst.  CH4 selectivity is enhanced up to 7% 
and  CO2 conversion remains equal to 60% when the reac-
tion is performed with Ni-USY catalyst.

The intensity of  CO2 ground state IR band at 2345 cm−1 
is decreased under plasma assistance as a consequence of the 
vibrational excitation of  CO2 molecules which are observed 
at lower frequencies (2293 cm−1). Plasma can also dissoci-
ate  CO2 into CO ground state at 2165 and 2120 cm−1; and 
vibrationally excited at 2077 and 2034 cm−1. The IR band 
assignments of the reactants and products of  CO2 hydro-
genation in the gas phase are summarized in Table 1

Fig. 2  IR bands of  CO2, CO and  CH4 in the gas phase
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Fig. 3  IR bands of  CO2 hydrogenation species in the gas phase with and without plasma assistance

Table 1  IR band assignment 
of  CO2 hydrogenation reactants 
and products in the gas phase

Gas phase Molecule Mode Band position 
(1 cm−1 resolution) 
 (cm−1)

Band position 
(32 cm−1 resolution) 
 (cm−1)

Without plasma CO2 Combination band (ν1+ν3) 3731 3723
3701

Combination band (2ν2+ν3) 3627 3610
3603

Asymmetric stretch (ν3) 2357 2345
2336

CH4 Degenerate stretch (ν3) 3085 3085
3017 3013
2958 2958

Degenerate bend (ν4) 1332 1347
1306 1295
1253 1254

CO Stretch (ν1) 2165 2165
2120 2120

With plasma H2O Stretch (ν3) 3918
3846

Stretch (ν1) 3445
3260

Bend (ν2) 1686
1625

Excited  CO2 Asymmetric stretch (ν3) 2293
Excited CO Stretch (ν1) 2077

2034
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3.2.3  Infrared Band Assignment of the  CO2 Hydrogenation 
Adsorbed Species on Ni‑USY

In this section, the IR absorption spectra of  CH4,  CO2, CO 
and transient species adsorbed on Ni-USY are discussed. 
The references for the adsorbed species are presented in 
Table 2. The total volumetric flow was set to 20 NmL min−1 
with the following gas composition: 2 NmLCO2 min−1; 
8 NmLH2 min−1 and 10 NmLAr min−1. Conventional IR 
measurements (32 cm−1 resolution) were performed with 

and without plasma assistance. Fig. 4 shows the following 
three spectra: (a) the zeolite Ni-USY wafer only; (b) the zeo-
lite Ni-USY wafer together with the reactants  (CO2 and  H2) 
and (c) the zeolite Ni-USY wafer together with the plasma-
assisted  CO2 hydrogenation products which are present in 
the gas phase and also over the catalyst surface. The absence 
of a broad IR band between 4000 and 3750 cm−1 shows a 
correct dehydration of the catalyst samples indicating a good 
vacuum system operation. The IR bands between 2100 and 
1500 cm−1 represent the adsorbed species as well as the 

Table 2  IR band assignments 
of plasma-assisted CO2 
hydrogenation adsorbed species 
on Ni-USY

Adsorbed species Mode Band position (32 cm−1 
resolution)

Ref.

Monodentate formates on nickel νC = O 1561 [39]
Adsorbed water on zeolite framework δO-H 1634 [40]
Zeolite band 1696 This work
Zeolite band 1777
Zeolite band 1872
Linear carbonyls on nickel νC= O 1989–1995 (shift) [41]
Nickel dicarbonyl Ni(CO)2 νC= O 2118
N–CH νC–H 2740 [42]
Ni–CH2 νC–H 2812
Ni–CH3 νC–H 2864
H bonding surface water OH groups νO–H 3173 [40]
H bonding zeolite oxygen atoms νO–H 3252

Fig. 4  IR bands of  CO2 hydrogenation species over Ni-USY with and without plasma assistance
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Ni-USY zeolite IR bands. The intensities of the three IR 
spectra are saturated at 1200 cm−1. This fact indicates that 
the catalyst wafer did not present any orifice (not perforated). 
Lower wavenumbers (below 1000 cm−1) cannot be observed 
with the MCT detector used.

The IR band at 3742  cm−1 corresponding to silanol 
groups (Si–OH) of the USY zeolite support was observed 
in the three spectra.

The IR bands of the adsorbed species generated during 
the plasma-assisted  CO2 hydrogenation reaction can be 
assigned from the difference between the IR light intensity 
of the curves c and b (Fig. 5).

The different regions of the difference IR spectrum will 
be analyzed in detail.

3.2.3.1 IR Region Between 4000 and 3300 cm−1 The dark 
gray negative bands in Fig. 5 correspond to different sorts 
of OH groups that are suppressed after plasma ignition. In 
this region, elongation vibrations in OH groups are basically 
found. There are several parameters influencing the fre-
quency of the ν(OH) bands such as the coordination number 
of the oxygen atom, the presence of cationic vacancies in 
the direct vicinity of the OH group, the oxidation state of 
the cation [43] indicating that their band frequencies can be 
shifted depending on the catalyst under study.

The IR band at 3425 cm−1 corresponds to the stretching 
of OH groups of adsorbed molecular water. The IR bands at 

3518 and 3682 cm−1 are assigned to OH groups on nickel in 
the sodalite cages and in the exchange positions respectively. 
The bands at 3723 and 3754 cm−1 are assigned to the vibra-
tion of very weakly acidic isolated silanol groups. Finally, 
the very high frequency band at 3867 cm−1 can be attributed 
to the antisymmetric stretching of OH groups of  H2O moiety 
in the faujasite channels [44].

3.2.3.2 IR Region from 3300 to 2700 cm−1 and From 2500 
to 2150 cm−1 The difference IR spectrum between 3300 
and 2700 cm−1 is presented in Fig. 6a.

The IR bands at 2740, 2812 and 2864 cm−1 correspond 
to CH,  CH2 and  CH3 species adsorbed on metallic nickel 
respectively. The IR bands at 3069, 3019 and 2950 cm−1 
are assigned to  CH4 in the gas phase. The bands at 3173 and 
3252 cm−1 are due to H-bonded OH groups.

The difference IR spectrum between 2500 and 2150 cm−1 
is presented in Fig. 6b. The IR absorption bands in this 
region correspond to the reactants and products of  CO2 
hydrogenation in the gas phase. The band at 2345 and 
2293 cm−1 are assigned to ground state and vibrationally 
excited  CO2 molecules respectively. The band at 2191 cm−1 
is attributed to CO in the gas phase. It is worth noticing 
that this IR band was not previously assigned to CO gas 
in Table 1 (2165 and 2120 cm−1). These two bands are 
observed here as one band only as a consequence of the dif-
ference spectra low resolution (32 cm−1). Besides, this band 

Fig. 5  Difference IR spectrum (with plasma minus without plasma) showing adsorbed species on Ni-USY
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is shifted towards higher frequencies due to the temperature 
effect. The spectra before and during plasma (b and c spec-
tra of Fig. 4) have been recorded at different temperatures. 
An average temperature of 125 °C in the wafer (curve c) 
has been determined, under plasma irradiation against room 
temperature for the spectrum without plasma (curve b). Nev-
ertheless, IR band shift has been observed for the case of CO 
molecules in the gas phase. This shift, observed in the gas 
phase, does not affect the interpretation and assignment of 
the adsorbed species.

It is worth noticing that a  CO2 ground state positive sig-
nal in the difference IR spectrum of Fig. 6b is observed, 
which seems to contradict Fig. 3, in which  CO2 ground state 
decreases after plasma ignition as a consequence of the  CO2 
dissociation into CO in the gas phase. The amount of ground 
state  CO2 is not higher with plasma than without. Neverthe-
less, when the catalyst wafer is put in contact with the gas, 
which is flowing at high speed (very high Reynolds number) 
and at higher temperature (plasma ON), a relatively low fluid 
dynamics problem arises in our IR cell. This problem does 
not have any influence on the adsorbed species. Vortex can 
be formed around the obstacle (wafer) and a concentration 
increase of the mixture compound with the highest dynamic 
viscosity can be experienced. Gas viscosity increases with 
temperature (if the pressure is kept constant). In our mixture, 
 CO2 viscosity was calculated to be 1.4 times the hydrogen 
viscosity. In other words,  CO2 is being retained around the 
wafer while hydrogen flows away from the IR beam with 
a lower resistance. CFD simulations will be performed in 
our IR Operando plasma cells in order to determine the 
vorticity and local velocity fields around the catalyst wafer. 
Notice also that this problem, with ground state  CO2, is not 
observed during IR Time-resolved measurements at lower 
temporal resolution (ms).

3.2.3.3 IR Region Between 2150 and  1400  cm−1 The 
IR absorption bands of zeolite USY as well as those cor-

responding to  CO2 hydrogenation adsorbed intermediates 
species can be found in this IR region between 2150 and 
1400 cm−1.

In order to distinguish the bands of zeolite USY and 
those of intermediate species adsorbed on the catalyst sur-
face, the intensity of all bands was followed during the 
 CO2 hydrogenation reaction assisted by plasma (Fig. 7). 

Fig. 6  a Difference IR spectrum between 3300 and 2700 cm−1; b difference IR spectrum between 2500 and 2150 cm−1

Fig. 7  IR absorption bands of zeolite USY and adsorbed intermedi-
ates species
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The spectra were recorded before starting the reaction, 
during the reaction, right after plasma extinction and 3 
and 5 min after the plasma extinction. The evolution of the 
intensity of all the IR bands in this region was analyzed 
after IR bands decomposition. The different IR bands of 
zeolite USY and adsorbed intermediates species before 
starting the reaction are showed in Fig. 7a. The different 
spectra showing the evolution of the IR bands intensity as 
a function of time can be consulted in supplementary files. 
The temporal evolution of the IR bands intensity can be 
observed in Fig. 7b.

The band at 1634 cm−1 is assigned to the bending vibra-
tion of OH groups of surface water molecules adsorbed on 
zeolite. This band is suppressed after plasma ignition indi-
cating that the water molecules are easily desorbed from 
the zeolite surface by plasma. When the glow discharged is 
initiated, the intensity of the band at 1995 cm−1 is increased 
as a consequence of CO adsorption on metallic nickel. This 
band is assigned to CO stretching mode of linear carbonyls 
groups over nickel. When the plasma is stopped, this band 
is shifted towards lower frequencies indicating a decrease 
of nickel surface coverage by CO. After plasma ignition, a 
new IR absorption band appears at 2118 cm−1. This band 
is attributed to CO stretching mode of more stable dicar-
bonyls species on nickel which are formed from the linear 
carbonyls. Nickel dicarbonyls actually present two IR bands: 
a first band at 2145–2131 cm−1 due to the CO symmetric 
stretching vibration and a second band at 2100–2081 cm−1 
due to the CO antisymmetric stretching vibration. Since low 
resolution (32 cm−1) is used, only one IR band located at 
2118 cm−1 is observed. The IR band at 1561 cm−1 increases 
under plasma as a consequence of the adsorption of  CO2 
molecules on nickel. This band corresponds to CO stretch-
ing mode of monodentate formates on nickel. The IR bands 
at 1872, 1696 and 1777 cm−1 are attributed to zeolite USY 
bands. When plasma is ignited, the intensities of the first 
two bands increase while the one at 1777 cm−1 decreases. 
This observation is inverted after plasma extinction indicat-
ing that the temporal evolutions of the IR intensity of these 
three bands are closely related. In fact, these IR absorption 
bands represent the contraction and expansion of the zeolite 
USY framework under plasma irradiation as a consequence 
of the adsorption and desorption processes inside the zeolite 
cavities.

The IR band assignments of the adsorbed species on Ni-
USY are summarized in Table 2.

Figure 7 shows that the intensity increase of the IR band 
at 1561 cm−1 corresponding to monodentate formates, 
as a consequence of  CO2 molecules adsorbed on nickel, 
is significantly lower than those observed in the case of 
IR bands at 1995 and 2118 cm−1 assigned to adsorbed 
CO molecules as carbonyls. Carbon adsorbed species 
are mainly represented by carbonyls species rather than 

formates species.  CO2 molecules can mainly contribute 
to methane production after dissociation by plasma in the 
gas phase into CO molecules.

3.2.4  Microsecond Time‑Resolved FTIR Spectroscopy 
(Step Scan)

The temporal evolution (microsecond) of the IR band 
intensities acquired with step scan FTIR for the free and 
adsorbed species summarized in Tables 1 and 2 are pre-
sented in Fig. 8. A reaction mechanism can be proposed 
to account for the observations.

The  CO2 dissociation into CO by plasma is shown in 
Fig. 8a.  CO2 molecules are vibrationally excited by plasma 
and further dissociated into CO in the gas phase. This fact 
can be evidenced by the decrease of the IR intensity at 
2345 cm−1 and the increase in intensity of the IR band at 
2293 cm−1 when  CO2 molecules are exposed to a plasma 
pulse (indicated here by a vertical gray line). The inten-
sity curve of the IR band at 2293 cm−1 corresponding to 
the vibrationally excited  CO2 molecules is 180° phase-
shifted relative to the  CO2 ground state molecules trace 
at 2345 cm−1 and this event is repeated through the three 
plasma periods from 0 to 60 ms. The intensity curve of 
the IR band at 2191 cm−1 corresponding to CO molecules 
is 180° phase-shifted relative to the vibrationally excited 
 CO2 molecules at 2293 cm−1. Therefore, after the plasma 
pulse, the excited  CO2 molecules are dissociated into CO 
molecules in the gas phase. In the presence of the Ni-
USY catalyst, the vibrationally excited  CO2 molecules 
can be also adsorbed on nickel. The IR intensity curve at 
1561 cm−1, corresponding to monodentate formates on 
metallic nickel, increases while the IR intensity trace at 
2293 cm−1 (Excited  CO2 molecules) decreases (Fig. 8b). 
The adsorbed  CO2 molecules on nickel as monodentate 
formates are further transformed into linear carbonyls 
under plasma assistance (Fig. 8b). When the plasma is 
ignited (vertical gray line), the IR intensity at 1561 cm−1 
decreases while the one at 1989 cm−1 corresponding to 
linear carbonyls is increased. Between two plasma pulses, 
more stable dicarbonyl species on metallic nickel (IR 
band at 2118 cm−1) can be formed from linear carbonyls 
(Fig. 8b, c).

With the same reasoning, one can propose from Fig. 8c 
that linear carbonyls (1989 cm−1) are hydrogenated to 
form CH species on nickel (2740 cm−1), which are then 
hydrogenated to give  CH2 (2812 cm−1) and  CH3 species 
(2864 cm−1) on nickel (Fig. 9d).  CH3 species are finally 
hydrogenated into  CH4 molecules (2958 cm−1) which are 
further desorbed from the catalyst (Fig. 8d). The plasma-
assisted  CO2 hydrogenation mechanism is summarized in 
Fig. 9.
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4  Gas Versus Surface Reactions

In the absence of catalyst,  CO2 molar conversion is 60% 
under plasma assistance with 99% CO molar selectivity. 
In glow discharge plasmas, the  CO2 dissociation is mainly 
caused by electron impact [45]. Hence, without catalyst, 
CO molecules are produced from  CO2 dissociation in the 
gas phase only. A relatively low amount of  CH4 can also 
be generated in the gas phase but  CH4 production can only 
be enhanced with the presence of an appropriate catalyst. 
In this article, we studied the  CO2 hydrogenation reaction 
mechanism using the most efficient catalyst determined from 
a previous study: Ni-USY (14% wt. Ni).

In the presence of the catalyst,  CO2 molar conversion is still 
60% under plasma assistance but with a higher amount of  CH4 
produced with respect to the reaction carried out without cata-
lyst. Actually, the reduced nickel particles, located outside the 
zeolite crystallites, are the real active sites on which the meth-
ane formation will took place. It is worth noticing that this 
catalyst shows a bimodal Ni distribution. It is formed mainly 
of large nickel particles (metallic nickel after reduction) as 
well as of nickel ions  (Ni2+) located within the exchange posi-
tion inside the zeolite cavities. Nickel ions were evidenced by 

hydrogen consumption at relatively high temperatures during 
the TPR-MS (T above 700 °C). The site responsible for the cat-
alytic reaction activity is then the metallic nickel large particles 
 (Ni0) which are located outside zeolite pores. In plasma–catal-
ysis, when using porous catalysts, it is very important to deter-
mine if the plasma is being generated inside the catalyst pores 
in order to define the real active surface of the catalyst. In 
our study, the active phase is located on the catalyst surface 
only and represented by the reduced metallic nickel particles 
 (Ni0) which are located outside the zeolite pores. However, 
the plasma reactions observed in the gas phase only, could 
be present inside the zeolite pores (microdischarges) if the 
plasma can be generated inside them. Zhang et al. [46] have 
performed a very interesting modeling investigation about the 
influence of the materials dielectric constant, ranging from 4 
to 1000, on the possibility of plasma formation inside pores. 
They have shown that materials with lower dielectric constant 
allow plasma formation inside smaller pores than materials 
with higher dielectric constant. Authors concluded that in 
the case of the most common catalyst supports such as  Al2O3 
and  SiO2 with dielectric constants around εr = 8 − 11 and 4.2 
respectively (lower side of the dielectric constant range studied 
in [46]) should enhance the probability of microdischarges 

Fig. 8  Temporal evolution of free and adsorbed species IR band intensities (Step Scan)
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generation inside the material pores, even for smaller pore 
sizes. Despite the fact that the USY catalyst used in this work 
presents a relatively low dielectric constant [47] with respect 
to the dielectric constant range studied in [46], it is difficult to 
ensure plasma formation inside our USY catalyst pores as a 
consequence of the large difference in the order of magnitude 
of the pores (more than three orders of magnitude smaller than 
those studied in [46]). Moreover, plasma generation inside 
the USY pores could be restricted since the sidewall effects 
described in [46] would become much more important in 
nanosized pores.

Zhang et al. [48] have also modelled the applied voltage and 
the pore size in the formation of microdischarges in atmos-
pheric DBD helium plasma. Authors concluded that plasma 
formation inside pores is only possible for pores sizes in the 
micrometer range. In fact, plasma can only exist inside the 
pores if the Debye length is lower than the average USY zeo-
lite pore diameter. In our work, we used a 2 kV glow dis-
charge with a relatively high electron density (≃1017 m−3) and 
an electron temperature  Te ≃ 3 eV (=3.48 × 104 K). If the ion 
temperature is neglected with respect to the electron tempera-
ture, Debye length can be estimated by Eq. (1):

(1)�
D
=

√

�
0
× k

B
× T

e

n × e2

where λD is the Debye length, ε0 is the permittivity of 
free space (8.85 × 10−12 F m−1),  kB is the Boltzmann con-
stant (1.38 × 10−23 J K−1), e is the charge of an electron 
(1.6 × 10−19 C),  Te is the temperature of the electrons (K), n 
is the density of electrons  (m−3).

For our USY zeolite, the Debye length would then be 
equal to 40.74 µm which is three orders of magnitude larger 
than the USY pore size. This fact would still indicate that 
plasma cannot be formed inside our zeolite pores. In reac-
tive gases, where filaments can be formed, characterized by 
higher electron density, plasma formation might be possi-
ble in sub-micrometer pores. Nevertheless, in this work, a 
2 kV glow discharge has been used and these filaments are 
not present. However, reactive species from the bulk plasma 
phase can diffuse inside the sub-meter pores (nanometer 
sized pores) and interact with the inner walls of the USY 
pores. El-Roz et al. [49] stated that plasma can be formed 
at the core of zeolites. Nevertheless, this is probably wrong, 
and the zeolite modification by plasma quoted by the authors 
could be simply explained by reactive species diffusion from 
the bulk plasma phase inside their zeolite pores.

The generation (or not) of the plasma inside the USY 
pores, however, does not affect the mechanism proposed in 
this study since  CO2 hydrogenation takes place on the cata-
lyst surface only.

Fig. 9  Proposed plasma-assisted  CO2 hydrogenation mechanism over Ni-USY zeolite
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Since the initial form of the parent zeolite support was 
protonic (H-USY) and the Si/Al molar ratio of the Ni-USY 
was relatively high (Si/Al = 40),  CO2 was not adsorbed on 
zeolite as carbonates. Therefore, the  CH4 formation from 
carbonates as intermediate should be discarded. CO and 
vibrationally excited  CO2 molecules in the gas phase are 
accommodated by metallic nickel particles located at the 
zeolite surface only. Formates (from  CO2) and carbonyls 
(from CO) were observed during the reaction over metallic 
nickel. It was observed that formates are transformed to CO 
over metallic nickel particles indicating that CO is the real 
intermediate in the  CH4 formation from  CO2 under plasma 
assistance. These results are in agreement with those found 
for the same catalyst but under conventional heating without 
plasma assistance [1].

5  Conclusions

The mechanism of plasma-assisted  CO2 hydrogenation was 
studied by Operando time-resolved FTIR spectroscopy. 
Carbon monoxide was detected as the main product of the 
reaction as a consequence of  CO2 dissociation in the gas 
phase by the glow discharge. Methane was also observed 
as a secondary product. It remained in low amounts since 
the reaction was carried out under partial vacuum: pressure 
was kept low in order to promote the plasma discharge and 
to enhance its energy in the gas phase. Methane selectivity 
is also reduced by the fact that CO molecules, which are 
produced in the gas phase by plasma  CO2 dissociation, are 
being adsorbed on nickel thus covering the active phase sur-
face and reducing its activity for  CH4 production. When the 
plasma is stopped, the IR band of adsorbed CO molecules 
is shifted towards lower frequencies indicating a decrease in 
nickel surface coverage which actually favors the methane 
production.

Protonic Ni-USY was used as a catalyst. This zeolite pre-
sents no significant basic behavior and vibrationally excited 
 CO2 molecules are then adsorbed on nickel forming formates 
rather than carbonates. Carbonyls generated from adsorption 
of CO molecules produced after  CO2 plasma dissociation 
(major contribution) as well as from formates species are 
consecutively hydrogenated to form CH,  CH2 and  CH3 spe-
cies on nickel, which were precisely detected using FTIR. 
Finally,  CH4 and  H2O are formed and desorbed from the 
nickel surface.

Further studies will try to improve methane selectivity in 
plasma-assisted  CO2 hydrogenation. This could be achieved 
by limiting CO coverage of nickel, for example with shorter 
plasma pulses. Besides, the use of pulsed discharges will 
enhance the energy efficiency of the plasma process. The 
mechanism will also be studied with Operando time-resolved 
FTIR spectroscopy in the more popular dielectric-barrier 

(DBD) plasma. The mechanism is expected to be different as 
a consequence of the different (filamentary) nature of DBD 
plasma and of the different species population generated in 
the gas phase.
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