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 Coupling non-thermal plasma with Ni catalysts supported on BETA 

zeolite for catalytic CO2 methanation

Supporting Information (SI)

1. Performance of non-thermal plasma (NTP)-assisted CO2 methanation over BETA zeolites 
and La/Na-BETA catalyst 

The catalytic CO2 methanation performance has been tested over the La/Na-BETA catalyst with 20 
wt.% La loading under the NTP condition, and the results are shown in Fig. S1. This catalyst was 
found to be inactive under NTP conditions, showing a very low CO2 conversion of ca. 10%, which 
could be related to the gas phase reaction induced by NTP.
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Fig. S1. Catalytic performances of H-BETA, Na-BETA zeolites and 20wt.%La/Na-BETA catalyst in NTP-activated CO 
hydrogenation: (a) CO2 conversion, (b) CH4 selectivity, and (c) CO selectivity (feed gas composition of H2/CO2 = 4, WHSV 
of 23,077 ml (STP) gcat

−1 h−1).

In terms of the catalytic CO2 methanation performance over the developed catalysts (e.g. 15Ni/H-
BETA, 15Ni/Na-BETA) under NTP conditions (shown in Fig. 2), at low applied voltage of 6.0 kV, 
we realised that the value of sum of CH4 and CO selectivity is lower than the 100%. Accordingly,  the 
carbon balance was calculated based only on the gaseous products (i.e. CO, CH4, and CO2) from the 
exit of reactor, showing that there was ca. 15% carbon loss. There are three possible reasons for 
accounting for the measured carbon loss of the reaction: (1) the measurement errors including gas 
chromatography (GC) measurements, measurements of gas flow rate via a bubble flow meter, etc; (2) 
the carbon species adsorbed on the catalyst surface under low temperature plasma conditions, which 
can be clearly observed in the Figs. 7–9; (3) the formation of liquid products (e.g. methanol and formic 
acid) in the catalytic system. 

During the NTP catalytic CO2 methanation experiments, only the gaseous products (i.e. CO, CH4, and 
CO2) were measured and quantified using the in-line GC. For the liquid products, they were condensed 
using an ice bath, however were not quantified since they are accumulated in the condenser (it was 
difficult to correlate the data as a function of time-on-stream). In order to examine the liquid products, 
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we analysed the mass spectrometry (MS) signals collected from the exit of the DRIFTS cell when we 
performed the in situ DRIFTS experiments. Figs. S2–S4 shows the MS signals collected at the exit of 
the DRIFTS cell loaded with different catalysts (i.e. 15Ni/H-BETA, 15Ni/Na-BETA, and 15Ni-
20La/Na-BETA catalyst), respectively. Clearly, with the ignition of NTP, the MS profiles for all the 
catalysts show the emerging of the lines at m/z = 29 and 31, confirming the production of methanol 
and formic acid during the catalysis. Since the work concerns the production of gaseous CH4 via the 
catalytic CO2 hydrogenation, the detailed analysis of the selectivity and yield of the liquid products 
(e.g. methanol and formic acid) are not determined.

Fig. S2. MS signals collected at the exit of the DRIFTS cell loaded with 15Ni/H-BETA catalyst as a function of time during 
the NTP-assisted catalytic CO2 methanation at ambient temperature (feed gas composition: 4% CO2/16% H2 diluted in 
Argon, applied peak voltage = 6.0 kV, frequency = 26 kHz).
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Fig. S3. MS signals collected at the exit of the DRIFTS cell loaded with 15Ni/Na-BETA catalyst as a function of time 
during the NTP-assisted catalytic CO2 methanation at ambient temperature (feed gas composition: 4% CO2/16% H2 diluted 
in Argon, applied peak voltage = 6.0 kV, frequency = 26 kHz).

Fig. S4. MS signals collected at the exit of the DRIFTS cell loaded with 15Ni-20La/Na-BETA catalyst as a function of 
time during the NTP-assisted catalytic CO2 methanation at ambient temperature (feed gas composition: 4% CO2/16% H2 
diluted in Argon, applied peak voltage = 5.0-6.0 kV, frequency = 26 kHz).
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2. Calculation of the equilibrium conversion 

The calculation for the equilibrium conversions as a function of the reaction temperature (H2/CO2 = 4, 
P = 1 bar) was implemented with the aid of Aspen Plus 8.0. In Aspen Plus, RGibbs (Rigorous reaction 
and/or multiphase equilibrium based on Gibbs free energy minimisation) was selected as a model to 
perform the simulation, and on top of that, the sensibility analysis was applied as a model analysis tool 
to investigate the impact of temperature.

3. Characterisation of the catalysts 

The determination of actual metal amounts in prepared catalysts was carried out by using a Quant PQ 
900 inductively coupled plasma optical emission spectrometer (ICP-OES). Prior to test, the samples 
(~25 mg) were mixed with 12 ml aqua regia and digested in an ETHOS UP microwave digester for 20 
mins under 220 ºC.

Table S1. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) analysis of the as-synthesised catalysts. 

Sample Ni (wt.%) La (wt.%) Na (wt.%)

15Ni/H-BETA 13.97±0.23 - -
15Ni/Na-BETA 14.84±0.49 - 3.14±0.09
15Ni-5La/Na-BETA 12.88±0.11 4.85±0.09 5.48±0.05
15Ni-10La/Na-BETA 12.51±0.12 9.25±0.11 5.83±0.13
15Ni-20La/Na-BETA 11.04±0.37 15.51±0.52 5.57±0.10

H2 pulse chemisorption was performed over Micromeritics AutoChem II 2920 instrument to measure 
the nickel dispersion and active nickel surface areas. The samples were reduced at 673 K for 1 h under 
10% H2/Ar flow (30 mL/min) and then were cooled down to 323 K. The H2 pulse chemisorption was 
then carried out by pulsing of a mixture of 10% H2/Ar (30 mL/min). The results are listed in Table S2. 

Table S2. H2 pulse chemisorption results. 

Sample Ni dispersion 
(%)

Active Ni surface areas
(m2 gNi

−1)

15Ni/H-BETA 3.82 25.41
15Ni/Na-BETA 1.80 11.99
15Ni-5La/Na-BETA 1.65 10.99
15Ni-10La/Na-BETA 1.53 10.16
15Ni-20La/Na-BETA 1.75 11.66

Fig. S5 reports the N2 physisorption isotherms of different catalysts developed in this work, and their 
corresponding textural and structural properties are also presented in Table S3. Fig. S5 shows that both 
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H-BETA and Na-BETA zeolites give similar N2 physisorption type IV isotherms, presenting typical 
hysteresis loop at relative pressures (P/P0) between 0.5 and 1. This result indicates the existence of 
mesoporous structures in BETA zeolite which are beneficial to the impregnation of high metal loading 
[1]. However, the size of the hysteresis loop decreases regardless of the exchange of Na+ and the 
impregnation of Ni+ in BETA zeolite. In addition, significant decreases in specific surface area, 
micropore and mesopore volumes are observed in this work, as shown in Table S3, confirming that 
the introduction of Na+, the formation of NiO and La2O3 clusters could block the micropores in BETA 
zeolite and, accordingly, reduce the adsorption capacity [2, 3]. 

Fig. S5. N2 physisorption isotherms of different samples.

Table S3. Textural and structural properties of different samples. 

Sample SBET (m2 g−1)a Vmicro (cm3 g−1)b Vmeso (cm3 g−1)b

H-BETA 500 0.18 0.30

Na-BETA 457 0.16 0.27

15Ni/H-BETA 373 0.14 0.21

15Ni/Na-BETA 301 0.11 0.19

15Ni-5La/Na-BETA 271 0.10 0.18

15Ni-10La/Na-BETA 236 0.09 0.16

15Ni-20La/Na-BETA 172 0.07 0.09

15Ni-20La/Na-BETA after c 127 0.05 0.09
a Calculated by complete BET equation; b Determined by application of BJH method; c Refer to the 15Ni-20La/Na-BETA 
catalysts after tested in NTP assisted CO2 methanation.   

The morphology of the catalysts was also examined using the transmission electron microscopy 
(TEM). TEM images of 15Ni-20La/Na-BETA catalysts measured before and after NTP-assisted CO2 
methanation are presented in Fig. S6, respectively. The black spots could be the mixed Ni-La metal 
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species, which are well dispersed over Na-BETA zeolite support before and after NTP-activated CO2 
methanation. However, the Ni-La species exhibit aggregation to some extent. Therefore, it is difficult 
to determine the average metal particles in prepared catalysts accurately. 

Fig. S6. TEM micrographs of 15Ni-20La/Na-BETA catalysts before (a and b) and after (c and d) NTP-assisted catalytic 
CO2 methanation.

Fig. S7 shows XRD patterns of the protonic zeolite (H-BETA) and sodium exchanged zeolite (Na-
BETA), and the corresponding catalysts. It can be observed in Fig. S7a and b that the diffractogram of 
Na-BETA zeolite is almost identical to that of H-BETA, indicating the incorporation of Na+ only affect 
the zeolite crystalline nature slightly. In addition, the characteristic peak of Na2O cannot be observed 
in the XRD spectra, confirming the successful exchange of Na+ in the zeolite framework [1]. XRD 
spectra also show three diffraction peaks at 2θ = 37, 43 and 63° (marked with dots), which could be 
attributed to the bunsenite phase of NiO [4]. Interestingly, regarding the catalysts post NTP-assisted 
catalytic CO2 methanation, the XRD spectra present the new diffraction peaks at 2θ = 44 and 52° 
(marked with squares), indicating the formation of elemental Ni in the catalysts [5]. This result 
confirms that NiO species in catalysts were reduced during the NTP-assisted catalytic CO2 
methanation. XRD spectra of Na-BETA supported Ni catalysts after the impregnation of different 
amounts of La are presented in Fig. S7c. After the introduction of La, XRD spectra of the fresh 
catalysts show similar diffraction peaks at 2θ = 37, 43 and 63° which corresponds to NiO, whereas 
that of tested catalysts show peaks at 2θ = 44 and 52° which are characteristic of elemental Ni.
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Fig. S7 XRD patterns of (a) the H-BETA zeolite supported Ni catalysts, (b) the Na-BETA zeolite supported Ni catalysts, 
and (c) the Ni-La/Na-BETA catalysts with different nominal content of La. 

The developed zeolite catalysts were examined by H2-TPR technique in order to determine their redox 
properties and reduction behaviours. Specifically, Figs. S8b and S8e show the hydrogen consumption 
profiles of the 15Ni/Na-BETA and 15Ni-20La/Na-BETA catalysts, respectively. The reduction profile 
of the as-prepared 15Ni/Na-BETA catalyst exhibits a broad reduction peak located between 400 and 
700 °C which consists of two main peaks, i.e. about 500 and 650 °C. The first peak is attributed to the 
reduction of NiO species located on the external surface of Na-BETA zeolite [3, 6, 7], while the second 
peak is related to Ni2+ located inside BEA framework [1, 8-11]. Similar reduction behaviour is also 
observed in terms of the as-prepared 15Ni/H-BETA catalyst (as shown in Fig. S8a). Nevertheless, the 
H2-TPR profile of as-synthesised 15Ni-20La/Na-BETA catalyst shows a main H2 consumption peak 
located at ca. 450 °C, which is attributed to the reduction of NiO species located on the external surface 
of the zeolite [12, 13]. It should be noted that the reducibility of catalysts was improved slightly after 
the addition of La. As listed in Table S4, the total H2 consumption (mmol g−1 of catalyst) increased 
from 2.89 (15Ni/Na-BETA) to 3 (15Ni-20La/Na-BETA). Before performing the NTP-assisted CO2 
hydrogenation catalysis, all the as-prepared catalysts were pre-treated in the pure H2 flow with a flow 
rate of 50 mL min−1 for 30 min under the NTP condition (applied peak voltage: 7 kV, frequency: 20.3 
kHz). Therefore, the H2 reduction behaviour of the 15Ni-20La/Na-BETA catalyst after plasma pre-
treatment was measured as well. It can be seen in Fig. S8e that the pre-treated catalyst presents a main 
H2 consumption peak located at a relatively low temperature of ca. 400 °C in comparison with fresh 
catalyst. The total H2 consumption declined to 2.36, indicating that NiO species have been partially 
reduced to elemental Ni during the H2 plasma pre-treatment. Interestingly, after NTP-assisted CO2 
methanation, similar reduction behaviour can be observed, confirming that the characteristics of active 
sites remain stable during the plasma activation. Furthermore, the reduction peak of 15Ni-20La/Na-
BETA after H2 plasma pre-treatment is more intense than that of the used catalyst, and the 
corresponding H2 consumption further decreases from 2.36 to 1.62, indicating that the NiO species in 
catalyst were further reduced to elemental Ni during the NTP-assisted CO2 hydrogenation process. 
Similar results can also be observed concerning other catalysts developed by this work (Fig. S8). These 
results confirm the XRD results shown above. 

Furthermore, CO-TPD for the catalysts was measured as well since that the hydrogenation of CO 
species could be likely the rate determining step [14]. Additionally, the adsorption of CO species and 
corresponding strength can be examined via CO-TPD. As shown in Fig. S9, all the catalysts present 
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only one main peak located between 200 and 450 °C which can be assigned to the molecularly 
adsorbed CO [15]. Specifically, the CO desorption temperatures of both 15Ni/Na-BETA and 15Ni-
20La/Na-BETA catalysts are higher than that of 15Ni/H-BETA. It must be noted that no CO desorption 
peak can be observed at the temperature below 75 °C, indicating that Ni(CO)4 species are not formed 
in all the catalysts, which could accelerate the catalysts deactivation [15]. 

Fig. S8. H2-TPR profiles for different catalysts (F and A refer to fresh and used catalyst after tested for NTP assisted CO2 
methanation, respectively, whereas P refers to catalyst pre-treated in pure H2 flow under NTP conditions). 

Table S4. Quantitative total H2 consumption of different catalysts. 

Catalyst Total H2 consumption (mmol gcatalyst
−1)

15Ni/Na-BETA fresh 2.89
15Ni/Na-BETA after plasma reaction 1.45
15Ni-20La/Na-BETA fresh 3
15Ni-20La/Na-BETA after H2 plasma treatment 2.36
15Ni-20La/Na-BETA after plasma reaction 1.62
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Fig. S9. CO-TPD profiles of different samples.

XPS measurements were also carried out in order to analyse the nature and surface distribution of 
metal sites. Figs. S10a, d and e show the XPS spectra regarding the Ni 2p, and La 3d core levels for 
as-synthesised 15Ni/Na-BETA and 15Ni-20La/Na-BETA catalysts, as well as the used catalyst after 
NTP, assisted catalytic CO2 hydrogenation. It can be seen in Fig. S10a that the XPS spectrum of 
15Ni/Na-BETA catalyst mainly consists of Ni 2p1/2 and Ni 2p3/2 regions. Specifically, the Ni 2p3/2 
region shows two peaks at ca. 852 and 854 eV as well as a broad shake-up satellite peak at ca. 860 eV. 
Two main peaks at the relatively low binding energy (i.e. 852 and 870 eV) are attributed to the 
octahedral NiO species weakly interacting with Na-BETA zeolite, whereas the peaks at 854 and 872 
eV are probably related to the framework pseudo-tetrahedral Ni (II) (e.g. Ni-O-Si species) [1, 8]. It 
must be noted that no peak at ca. 853 eV which is related to the reduced nickel (Ni0) can be detected. 
After the addition of La in the 15Ni/Na-BETA catalyst, the XPS spectrum of 15Ni-20La/Na-BETA 
catalyst (Fig. S10d) reveals a new region (i.e. La 3d5/2) which consists of two peaks. The main peak at 
ca. 833 eV could be assigned to the supported La3+, whilst the peak at ca. 837 eV is related to the 
satellite peak [16]. Similar peaks were also identified in Figs. S10b and S10c for the catalysts with 
different La nominal contents (i.e. 5 and 10 wt.%). It should be noted that the intensity of the two peaks 
increased with the increase in the La content, confirming the loading amount of La in the two catalysts. 
In addition, in the Ni 2p3/2 - La 2p3/2 region (Fig. S10d), the XPS spectrum reveals a new main peak at 
ca. 850 eV and its satellite peak at ca. 852 eV, which are all corresponded to the La3+ [1]. It can also 
be observed that the intensity of these two peaks gradually increases as the La contents in catalysts 
increasing. Additionally, in the XPS spectrum of 15Ni-20La/Na-BETA catalyst, the presence of shake-
up satellite peaks for Ni 2p1/2 and Ni 2p3/2 at ca. 877 and 860 eV confirms that the status of Ni species 
in the catalyst is in the second oxidation state [17]. Specifically, the main peaks of Ni 2p1/2 at ca. 871 
eV and Ni 2p3/2 at ca. 854 eV could be assigned to pseudo-tetrahedral Ni (II), suggesting that Ni active 
sites are being in strong interaction with the Na-BETA zeolite framework [8]. Furthermore, the XPS 
spectrum of used 15Ni-20La/Na-BETA catalyst (tested in NTP-assisted catalytic CO2 hydrogenation) 
was also examined in order to probe any structural changes of active sites induced by plasma. In 
comparison with the fresh catalyst, the XPS spectrum shown in Fig. S10e presents similar binding 
energy region of La3+ at La 3d5/2 region which means that the La2O3 species did not change 



10

significantly during the NTP-activated CO2 hydrogenation. However, it should be noted that the 
intensity of main peaks in the Ni 2p1/2 and Ni 2p3/2 decreases slightly, whereas the intensity of the main 
peak at ca. 850 eV increases significantly, indicating the NiO species were partially reduced into 
metallic Ni during the plasma-activated reaction. This result is in agreement with the results by XRD 
and H2-TPR analysis (as shown in Fig. S7 and 8). This phenomenon is somehow consistent with that 
of the thermally activated CO2 methanation mechanisms reported by the literatures. For example, 
Alcalde-Santiago et al. 18 recently reported that part of the nickel species could be reduced to metallic 
nickel during thermally catalytic CO2 methanation.

Fig. S10. XPS spectra of different catalysts: (a) 15Ni/Na-BETA, (b) 15Ni-5La/Na-BETA, (c) 15Ni-10La/Na-
BETA, (d) fresh and (e) used 15Ni-20La/Na-BETA. 
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4. Mechanistic study of NTP-assisted catalytic CO2 methanation

Fig. S11. MS signals collected at the exit of the DRIFTS cell loaded with 15Ni-20La/Na-BETA catalyst as a function of 
time during the NTP-assisted catalytic CO2 methanation at ambient temperature (feed gas composition: 4% CO2/16% H2 
diluted in Argon, applied peak voltage = 6.0 kV, frequency = 26 kHz).

Comparison of the IR spectra in the wavenumber range (3,500 – 3,800 cm−1) corresponding to zeolite 
hydroxyl groups is presented in Fig. S12. It can be seen in Fig. S12 that the intensity of IR bands for 
zeolite hydroxyl groups increased in the presence of La2O3. This is consistent with the conclusions 
reported by Huang et al.19 In this paper, they concluded that bridging OH groups can be formed on 
zeolites via the Hirschler-Plank mechanism in the presence of La species.

Fig. S12. Comparison of the IR spectra in the wavenumber range (3,500 -3,800 cm-1) for different samples.
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