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Abstract 

A kinetic study revealed that a Ni/Al2O3 catalyst exhibited a drastic increase in CH4 and CO2 

conversion under nonthermal plasma when lanthanum was added to the Ni/Al2O3 catalyst as a 

promoter. For a better fundamental understanding of the plasma and catalyst interfacial 

phenomena, we employed in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) under plasma-on conditions to elucidate the nonthermal plasma-enabled reaction 

enhancement mechanisms. Compared with thermal catalysis, plasma-activated CO2 shows a 

1.7-fold enhancement for bidentate (1560 and 1290 cm-1) and monodentate carbonate (1425 

and 1345 cm-1) formation on La. Moreover, new peaks of bicarbonate (1655 cm-1) and bridge 

carbonate (1720 cm-1) were formed due to nonthermal plasma interactions. CO2-TPD study 

after plasma- and thermal-activated CO2 treatment further confirmed that plasma-activated 

CO2 enhances bidentate and monodentate carbonate generation with a 1.5-fold promotion at 

high temperature (500 °C). XRD and EDS analyses suggest that atomic-scale interaction 

between CO2-La and CHx-Ni is possible over the complex La-Ni-Al oxide; vibrationally 

excited CO2 (CO2
vib.)-induced carbonates provide the key to enhancing the overall performance 

of CH4 dry reforming at low temperature.
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1. Introduction

Dry methane reforming (DMR) shows significant benefits regarding biogas upgrading to 

syngas (R1) and reducing greenhouse gas emissions because of accessible and abundant 

feedstocks [1]. The product syngas is a key chemical feedstock for Fischer-Tropsch upgrading 

towards high-value products [2, 3].

CH4+CO2→2CO+2H2 R1

However, DMR is an intensive endothermic reaction that requires high-temperature thermal 

energy [4]. From the perspective of thermodynamics study, spontaneous reaction could not 

occur at low temperature because a negative Gibbs free energy is required to meet the reaction 

entropy [5]. To reduce the light-off temperature, nonthermal plasma-assisted reforming is 

practical with additional electron energy input, which has been demonstrated in some studies 

[6-8].

From the perspective of kinetic studies, nonthermal plasma-assisted catalysis could reduce 

the energy barrier by plasma-derived excited species [9-15]. The CH4 dissociative 

chemisorption on nickel is considered to be the rate-determining step that controls the overall 

reaction rate. Our previous study demonstrated that dissociative CH4 activation on La-modified 

Ni/Al2O3 catalyst was clearly promoted under the influence of nonthermal plasma [16]. We 

performed comprehensive kinetic analysis, showing that vibrationally excited CH4 and CO2 

are the key subject [17]. Especially, the role of vibrationally excited CH4 was investigated by 

comparing the molecular beam study [18]. Meantime, analysis of plasma-excited CO2 and their 

reaction was not well clarified in our previous study [17]. Therefore, we focus on a microscopic 

study to the deep insight into CO2 reactivity to form carbonate species, followed by CH4 

reforming.

Regarding the metal-support catalyst (e.g., Ni/Al2O3) for DMR, metal nanocrystals are the 

active sites for CH4 activation. The interface between the metal and metal oxide is commonly 

considered the active site for CO2 activation [19, 20], which inevitably leads to limited active 

sites for CO2 activation. Due to the lack of efficient activation sites for plasma-activated CO2 

uptake, a synergistic effect with plasma was not observed clearly in the Ni/Al2O3 system [21]. 

To solve this problem, a promoter and high basic support are expected to improve the 

performance of CO2 uptake on the catalyst. The principle is that the basic metal oxide 

contributes an oxygen anion (O2-) to CO2 to form a surface carbonate species (CO3
2-), which 

has been investigated by diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

on various promoters or supports in thermal catalytic reactions, e.g., CaO [22], TiO2 [23], 
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La2O3 [24-28], ZrO2 [29], CeO2 [30], and MgO [31]. Regarding the plasma-assisted reaction, 

Ref. [32] demonstrates that the Ni-La2O3/MgAl2O4 catalyst increases the basicity of the catalyst 

to enhance the chemisorption of CO2 and further enhance CH4 activation. However, evidence 

for an in situ plasma-assisted reaction was not provided. Recently, Xu et al reported nonthermal 

plasma-induced promotion of carbonate, bicarbonate and formate species over a Ru-Mg-Al 

catalyst surface by in situ DRIFTS-MS study of CO2 hydrogenation [33]. Other analogical 

works also presented clear surface activation by plasmas of carbonate and formate species over 

metal–organic frameworks [34, 35].

To understand the surface intermediates induced by plasma-activated CO2 on La-modified 

Ni/Al2O3 catalyst, in situ DRIFTS study, under the presence of nonthermal plasma (hereafter 

in situ plasma-DRIFTS), was employed to reveal CO2 activation at 200 °C. The CO2-TPD 

study was carried out after plasma-activated CO2 treatment at 500 °C to investigate the amount 

of adsorbed species compared with that of thermal-activated CO2 treatment. XRD and EDS 

were employed to analyze the detailed structure of the catalyst. To reveal the surface reaction 

between CO2- and CH4-derived species, high-temperature in situ DRIFTS without plasma was 

carried out for a more in-depth mechanistic study.

2. Experimental section

2.1. Catalyst characterization

La-modified Ni/Al2O3 catalyst was employed in this study, with the main components of 

Ni (11 wt%), La (3 wt%) and an Al2O3 support, referred to herein as “La-Ni/Al2O3”. Another 

catalyst of 12 wt% Ni/Al2O3 was employed in this study as a control group without La 

modification, referred to herein as “Ni/Al2O3". A schematic model of Ni/Al2O3 is given in 

another reference [5]. The XRD (Mini Flex 600) analysis of the Ni/Al2O3 and La-Ni/Al2O3 

after thermal H2 reduction is presented in Figure 1 (a) and (b). The peaks of 44.6 and 51.9 

corresponded to Ni(111) and Ni(200), respectively. The mean size of the Ni nanocrystals in 

Ni/Al2O3 was estimated to be 29.0 nm by Scherrer's equation (K=0.94, λ=1.54 Å) based on the 

average of 8 measurements. Other peaks were assigned to Al2O3. In the XRD pattern of La-

Ni/Al2O3, La2O3 was not identified, which has been reported for some La-added catalysts [25, 

36-38]. In Figure 1 (b), LaNiAl11O19 was identified based on 2θ of 32.1, 34.0, 36.1, 39.3, 42.7, 

44.9, 58.5, 60.0 and 67.2° (cf. Figure 1 (c)), illustrating that Ni and La were located on the 

atomic scale as a complex La-Ni-Al oxide. The structure of LaNiAl11O19 is presented in ref 

[39]. Similarly, the mean size of the Ni crystal of La-Ni/Al2O3 was estimated to be 10.8 nm by 
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Scherrer's equation. In this case, Ni nanocrystals and Ni in the La-Ni-al oxide complex 

coexisted. Moreover, Figure 1(b) shows peaks of MgAl2O4 with negligible intensity (0.7 wt% 

Mg) because Mg-containing dispersing agent was used during the catalyst preparation.

Figure 1. XRD patterns of (a) Ni/Al2O3, (b) La-Ni/Al2O3, and (c) LaNiAl11O19, where

○ Ni; | LaNiAl11O19; ♢ Al2O3; and * MgAl2O4.

High-angle annular dark-field STEM (HAADF-STEM) and energy-dispersive X-ray 

spectroscopy (EDS) (Bruker Nano GmbH) were employed to obtain the nanoparticle images 

and element distributions. Catalyst pellets were crushed by mechanical milling. Figure 2 (a) 

and (b) shows HAADF images and Ni mapping of Ni/Al2O3, where Ni is identified as 

distributed nanoparticles in the observation field. The results for La-Ni/Al2O3 are shown in 

Figure 2 (c-f), which presents a different distribution of Ni than Ni/Al2O3. First, both Ni 

nanocrystals and fine Ni (in LaNiAl11O19) are detectable in Figure (e), showing a higher and 

more uniform Ni dispersion than Figure (b). Second and more importantly, Ni and La overlap 

in Figure (f) due to the combination of (d) and (e). For bimetallic or polymetallic catalysts, the 

proximity of components is critical for determining the cooperative effect [40]. Synergistic 

interaction between the active species on Ni and La is highly likely over the La-Ni-Al oxide 

complex.
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Figure 2. HAADF images and elemental maps: (a and b) Ni/Al2O3; (c-f) La-Ni/Al2O3. 

2.2. In situ DRIFTS

In situ DRIFTS (PerkinElmer Frontier) was employed with a liquid nitrogen-cooled 

mercury cadmium telluride (MCT) detector. Helium was introduced into the cell as a balance 

gas with a flow rate of 60 or 100 mL/min. The helium-induced plasma chemistry is discussed 

in Supporting information S1. CH4/CO2 was introduced into the cell at 10 mL/min. Two 

DRIFTS cells were employed: (I) a custom-built plasma-DRIFTS cell (Figure 3) and (II) a 

high-temperature regular cell without plasma. Figure 3 (a) schematically depicts (I) where a 

high-voltage needle electrode was located above the catalyst powder (ca. 1 mm gap) to generate 

a DBD (dielectric barrier discharge)-type nonthermal plasma between the needle and powder. 

A ground electrode was located at the periphery of the ceramic catalyst holder, which worked 

as a dielectric barrier. The plasma was generated at a 50 Hz sinusoidal high voltage of 5.5 kV. 

Figure 3 (b) shows the overall view of the plasma-DRIFTS cell without a catalyst. The top 

view in Figure 3 (c) shows details of the cell with a 0.1 gram mashed catalyst pellet with a 

(a) (b) (c)

(d) (e) (f)
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mean diameter of ca. 1 mm. Figure 3 (d) and (e) shows the emission from the plasma in the 

visible spectrum. The temperature of the catalyst was maintained at 200 C during the 

experiment. The temperature cannot be further increased due to the limitation of heat tolerance: 

the sealing materials around electrodes could not work at high temperatures (higher than 

200 °C). At high temperatures, the gas leakage will occur due to the disorder of sealing 

materials.

The high-temperature cell (II) has a structure similar to that of the plasma-DRIFTS cell 

without electrodes, and the temperature of the catalyst can be increased up to 600 C. Ca. 0.03 

g of the powder catalyst filled the holder. Before the experiment, all the catalysts were 

pretreated by H2/Ar (100/1000 mL/min) for 60 min at 600 °C in the experimental setup shown 

in Figure S1 (Supporting information S2), the same conditions used in our previous works [16, 

21]. All the measurements were taken at atmospheric pressure. The 26-scan accumulation was 

carried out with a resolution of 4 cm−1 for all the spectral recordings.

Figure 3. In situ plasma-DRIFTS cell: (a) schematic diagram; (b) overall view; (c) top-view; 

and (d) and (e) emissions from plasma.

3. Results and discussion

3.1. Enhanced carbonate formation by nonthermal plasma

3.1.1. In situ plasma-DFIFTS study

Figure 4 (a) and (b) shows the spectra from the in situ plasma-DRIFTS cell operated at 

200 °C with Ni/Al2O3 and La-Ni/Al2O3, respectively. Spectrum (a1) in Figure 4 (a) shows the 

CO2 activation on Ni/Al2O3. The peak in the range of 2260 to 2400 cm-1 is assigned to gas 
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phase CO2. The broad peaks centered at 1340 and 1600 cm-1 are assigned to the generated 

carbonate species [41, 42], which is presumably on the interface between the Ni nanocrystals 

and Al2O3 [36, 43-45], where adsorption sites are limited due to the small area of the interface. 

As a result, the absorbance intensity of the peaks of carbonate species is not too strong in the 

spectrum (a1), showing clear evidence that the interface between Ni and Al2O3 supplies weak 

active sites for CO2 activation. Spectrum (a2) is obtained after 30 min of treatment with plasma-

activated CO2. Except for the plasma-induced electromagnetic noise, the intensity of the 

carbonate peaks is not enhanced. Spectrum (a3) is taken when the CO2 flow and plasma are 

turned off simultaneously, showing that surface species on Ni/Al2O3 was not enhanced after 

plasma treatment.

Figure 4. In situ plasma-DRIFTS spectra of CO2 activation at 200 °C. (a) Ni/Al2O3: (a1) 30 

min treatment with CO2/He (9 vol%, 110 mL/min), (a2) 30 min plasma treatment with 

CO2/He, and (a3) plasma halt under He flow. (b) La- Ni/Al2O3: (b1) 40 min treatment with 

CO2/He, (b2) 30 min plasma treatment with CO2/He, and (b3) plasma halt under CO2/He 

flow. (c) shows the vibrationally excited CO2-enhanced mechanism of carbonate formation 
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accompanied by magnified spectra (c1 and c2).

The spectra in Figure 4 (b) represent La-Ni/Al2O3. The overlapping peaks between 1200 

and 1800 cm-1 are assigned to several carbonate species [44, 46]. The details of all the carbonate 

species coordinated with La are summarized in Supporting information S3. Spectrum (b1) is 

obtained when the CO2 activation reaches steady state with 40 min of treatment. Figure 4 (c1) 

shows magnified carbonate peaks, which are deconvoluted to several peaks as the red dashed 

curves. The peaks centered at 1560 cm-1 and 1290 cm-1 are assigned to bidentate carbonate 

[36]. The peaks at 1425 and 1345 cm-1 are assigned to monodentate carbonate [36, 47, 48]. A 

broad peak at 1720 cm-1 is assigned to bridged carbonate [22] at a negligible intensity. The 

intensity of the carbonate peaks is much stronger than that of Ni/Al2O3 in spectrum (a1), 

illustrating that complex La-Ni-Al oxide works as the active site for CO2 activation. It must be 

mentioned that the dispersing agent, Mg oxide species, may has an effect on CO2 activation 

although the content is low (0.7 wt%). However, the deconvolution of such influence is 

impracticable in DRIFTS spectra where the CO2-La (or carbonate-La) system is 

unambiguously established based on the higher content of La (3 wt%), uniform dispersion, and 

literature support. We should not discard any possibility of the influence of Mg species hidden 

behind the DRIFTS data, which is expected to be investigated in the future work with optimized 

catalyst preparation technology.  

The spectrum (b2) in Figure 4 (b) is obtained under plasma treatment. Due to the 

electromagnetic noise in spectrum (b2), the spectrum (b3) is shown to highlight the plasma-

induced changes. The spectrum (b3) is magnified in Figure (c2), where the bidentate and 

monodentate carbonate contents are clearly increased after plasma treatment: the total areas of 

peaks of bidentate carbonate (1560 and 1290 cm-1) and monodentate carbonate (1425 and 1345 

cm-1) in plasma-activated CO2 activation (Figure (c2)) show an approximately 1.7-fold 

enhancement compared to those of thermal-activated CO2 (Figure (c1)). In addition, bridged 

carbonate (1720 cm-1) [22] and bicarbonate (also called hydrogen carbonate) (1655 cm-1) [24, 

48, 49] are generated. The broad peak centered at 3800 cm-1 may be attributed to the OH band 

of bicarbonate [27, 31, 50]. The surface hydrogen species from catalyst pretreatment (thermal 

H2 reduction) may contribute the hydrogen species for generating bicarbonate with plasma.

Electron collision kinetic analysis reveals that the production of vibrationally excited 

species in nonthermal plasma is the dominant reaction pathway rather than dissociation and 

ionization when the reduced electric field (E/N) is low [16, 17]. As discussed in Supporting 

information S1, helium would increase electron number density via the reaction by metastable 

species, but mean electron energy and thus electron collision kinetics would not change to a 
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large extent. Energy loss fraction analysis showed that a large part of electrical energy is 

consumed by dissociation and ionization of molecules in DBD type nonthermal plasma [51]. 

Meantime, comparison of inelastic collision frequency in DBD shows clearly that production 

of vibrationally excited CO2 becomes the dominant pathway than CO2 dissociation to CO [16, 

17]. Eq. 1 shows that vibrationally excited molecules are produced due to low energy electron 

impact with a rate constant kv. Here, A represents a neutral molecule such as CO2 or CH4. The 

rate expression for the production of vibrationally excited species is formulated in Eq. 2, where 

NA and Ne represent the number densities of neutral molecules and electrons, respectively. Our 

previous study demonstrated that the production of vibrationally excited CO2 and CH4 is 40-

150 times greater than the electron number density, as shown in Eq. 3 [16, 52]. In other words, 

a single electron produces 40 to 150 times more vibrationally excited molecules. Therefore, 

the vibrationally excited species is the most abundant species in the nonthermal plasma 

environment. A molecular beam study revealed that vibrational excitation is effective at 

promoting the reaction between the incident molecule and catalyst surface [53], contributing 

to the enhanced surface coverage of adsorbed species by vibrational energy redistribution [18, 

54]. 

We highlight that plasma-induced vibrationally excited CO2 plays a key role in enhanced 

carbonate formation over La-Ni/Al2O3, which is schematically depicted in Figure 4 (c): (c1) 

shows that active sites in complex La-Ni-Al oxide are occupied by carbonates in thermal-

activated CO2 activation. When plasma-activated CO2 treatment starts, electron-induced 

vibrationally excited CO2 has a stronger interaction with unoccupied active sites. Consequently, 

bridged carbonate and bicarbonate are generated, and the formation of monodentate and 

bidentate carbonate is enhanced, as shown in Figure (c2). It should be pointed out that CO2 

dissociation products, i.e. CO and O radical, cannot generate carbonate species (CO3
2-). 

Moreover, gas phase CO band and adsorbed CO band were absent during CO2 treatment with 

plasma-on in Figure 4.

𝐴 + 𝑒
𝑘𝑣

𝐴𝑣 + 𝑒 Eq. 1

𝑟𝑣 =
d𝑁𝑣

𝐴

d𝑡 = 𝑘𝑣𝑁𝐴𝑁𝑒 Eq. 2

𝑁𝑣
𝐴 = (40 ― 150)𝑁𝑒 Eq. 3
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3.1.2. Ex situ CO2-TPD study

The plasma-DRIFTS experiments present carbonate generation behavior at 200 °C due to 

the limitation of heat tolerance of the plasma-DRIFTS chamber. To investigate carbonate 

generation at high temperatures, CO2-TPD (temperature programmed desorption) was carried 

out after CO2 treatment with and without plasma. The details of the CO2-TPD experiment are 

presented in Supporting information S2, and the setup is depicted in Figure S1. The TPD 

patterns of Ni/Al2O3 are shown in Figure S2, where the CO2 desorption (signal of m/e=44) is 

negligibly weak in patterns (a) and (b), illustrating that the carbonate generation over Ni/Al2O3 

is intrinsically weak. Plasma-enhanced synergism is not observed clearly for Ni/Al2O3 catalysts, 

which correlates well with the DRIFTS experiments shown in Figure 4 (a).

The results for La-Ni/Al2O3 are shown in Figure 5. All the curves between 300 and 600 °C 

are deconvoluted into several peaks, and the fitting curve (an orange dotted line) overlaps with 

the original spectrum. The curve (a) in Figure 5 is the CO2-TPD pattern after thermal CO2 

treatment. The assignment of peaks I-IV are summarized in Table 1. Peaks I and II are 

attributed to the desorption of the bidentate carbonate adsorbed on the interface between Ni 

and Al2O3 (hereafter Al2O3) and the La in the La-Ni-Al oxide complex (hereafter La) [36], 

respectively. The desorption temperature of carbonate at different sites can be distinguished 

based on the premise that La oxide is more basic than Al2O3 [55-57], which leads to a higher 

desorption temperature. Peaks III and IV at higher temperatures correspond to the desorption 

of monodentate carbonate absorbed on Al2O3 and La, respectively [36]. A comparison between 

the TPD peaks of La-Ni/Al2O3 and Ni/Al2O3 (supporting informing Figure S2) shows that 

peaks I (I’) and III (III’) are common features of these two catalysts, which are related to Al2O3. 

However, peaks II and IV are unique features of La-Ni/Al2O3. Compared with thermal CO2 

treatment, peaks II, III and IV are enhanced after plasma CO2 treatment in Figure 5, which 

corresponds well with the DRIFTS results at low temperature. Here, we conclude that plasma 

CO2 at high and low temperatures can enhance carbonate generation over La-Ni/Al2O3.
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Table 1. The assignment of peak IIV for La-Ni/Al2O3.

Peak
Temp.

(°C)

Carbonate 

type

Active 

site

I 375 Bi- Al2O3

II 400 Bi- La

III 460 Mono- Al2O3

IV 500 Mono- La

Figure 5. CO2-TPD patterns of La-Ni/Al2O3 

after 500 °C treatment: (a) thermally 

activated CO2 and (b) plasma-activated 

CO2. The CO2 flow rate was 500 mL/min at 

10 kPa. The heating rate was 10 °C/min.

Remarks: Bi- and Mono- are abbreviations of 

bicarbonate and monodentate, respectively; Al2O3 

represents the interface between Ni and Al2O3, and La 

represents complex La-Ni-Al oxide.

3.2. Carbonate-induced reaction pathway for DMR enhancement

3.2.1. In situ DRIFTS study

The carbonate generation over La-Ni/Al2O3 is clearly enhanced by CO2 plasma at 200 C. 

Meanwhile, Ni/Al2O3 without La is inert for carbonate generation. CH4 activation is difficult 

at 200 C even with plasma (cf. Supporting information S4): therefore, reaction between 

carbonates and CH4 over La-Ni/Al2O3 was studied by high temperature DRIFTS (600 C). 

Note, due to the limitation of heat tolerance of plasma-DRIFTS chamber, the experiments were 

carried out using regular DRIFTS chamber without plasma application. There are two steps in 

this experiment: (i) CO2 treatment; (ii) CH4 treatment over carbonate-containing catalyst.

The spectrum at 1 min in Figure 6 (a) for CO2 treatment shows two broad peaks centered 

at 1560 cm-1 and 1354 cm-1, which are assigned to bidentate and monodentate carbonates, 

respectively. Then, the CO2 flow is switched to CH4 at 2 min. Gas phase CH4 is detected as 

peaks at 1304, 1354 and 3015 cm-1 (not shown). With continuous CH4 flow, the peak at 1560 

cm-1 shifts gradually to 1500 cm-1 between 2 and 4 min because the bidentate carbonate (1560 

cm-1) is gradually consumed, while polydentate carbonate (1500 cm-1) [24, 58] becomes 

dominant, indicating that bidentate carbonate reacts primarily with CH4-derived species. 

Additionally, a weak broad band centered at 1750 cm-1 appears when CH4 is introduced, which 

(a)

(b) 
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is assigned to the C=O stretching vibration in surface CHxO* (x=1-3) species [59-61], and it is 

expected as the intermediate species for generating CO and H2 [62, 63]. Here, the adsorbed 

species are denoted by “*”. In this case, the CHx
* from CH4 dehydrogenation is continuously 

oxidized by CO3
2- (bidentate carbonate) to generate CHxO* before complete dehydrogenation 

to coke formation occurs. The peaks of gas phase CO (2113 and 2176 cm-1 [64]) are detectable 

at 4.5 min accompanied by an enhanced CHxO* band (1750 cm-1), indicating that the successful 

production of CHxO* leads to syngas (CO and H2) generation.

In Figure 6 (b), the bands of product CO (g) became weak at 5 min due to the carbonate 

species being consumed, which is confirmed by the fact that all the carbonate peaks (between 

1200 and 1800 cm-1) disappear. The lack of carbonates leads to the oxidation-reduction 

behavior of Ni [23], which is attributed to the baseline shift from 5 to 7 min. Supporting 

information S5 demonstrates the transmittance difference between the reduced and oxidized 

samples, as well as the oxidation-reduction behavior. CH4 is dehydrogenated continuously to 

coke [44] after the carbonates are fully consumed. The CH4 flow is turned off at 8 min, and all 

the carbonate bands disappear.

Figure 6. In situ DRIFTS spectra of CH4 flows to carbonate-containing La-Ni/Al2O3 at 

600 °C (plasma-off). 1 min: CO2/He=14 vol %, 70 mL/min; 2-7 min: CH4/He=14 vol %, 70 

mL/min; 8 min: He=60 mL/min. 

3.2.2. Relationship between carbonate formation and CH4 conversion

Table 2 summarizes the CH4 conversion from our previous works [16, 21], as well as the 

amounts of carbonates obtained from the DRIFTS and CO2-TPD results. For Ni/Al2O3, CH4 

conversion is not increased under plasma reforming compared with that of thermal reforming 

(a) (b) 
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[21], indicating that the plasma-induced synergism for CH4 conversion is negligible. For La-

Ni/Al2O3, plasma reforming shows a 1.5-fold enhancement in CH4 conversion compared with 

thermal reforming [16]. Meanwhile, the enhancement of carbonate formation by plasma is 1.5-

1.8 times greater than thermal catalysis: it is noteworthy that there is a good correlation between 

CH4 conversion and carbonate formation enhancement behavior.

In the case of Ni/Al2O3, Ni forms nanoparticles providing the active sites for CH4 

dissociative chemisorption. On the other hand, in the case of La-Ni/Al2O3, Ni is consumed for 

Ni nanoparticles and La-Ni-Al oxide which provides peculiar active sites for carbonate 

formation. The Ni weight percent of Ni/Al2O3 (12% wt.) is higher than that of La-Ni/Al2O3 (11% 

wt.). Moreover, approximately 2% wt. Ni contributes to LaNiAl11O19, while 9% wt. Ni 

nanoparticles are estimated in La-Ni/Al2O3. Therefore, the CH4 conversion with La-Ni/Al2O3 

is lower than that with Ni/Al2O3. Another possibility is that active site for CH4 chemisorption 

is interrupted by carbonate formation. Because reaction order for CO2 takes negative value for 

the forward CH4 reaction rate equation [17]: as CO2 partial pressure increases, CH4 conversion 

decreases. 

Table 2. Comparison of the CH4 conversion and amount of carbonate generated

CH4 conversion in DMR Amount of carbonate generated

Reference
Kameshima S. et al

[21] (*a)

Sheng Z. et al 

[16] (*b)

DRIFTS results in 

Figure 4 (c) (*c)

CO2-TPD results 

in Figure 5 (*d)

Catalyst Ni/Al2O3 La-Ni/Al2O3

Unit mL/min mL/min
Areal intensity of 

absorbance (-)

Areal intensity of 

desorbed-CO2 (-)

Thermal 450 141 8.3 5.6

Plasma 450 204 14.9 8.3

Gain 1 1.5 1.8 1.5

Remarks

(*a) Catalyst temperature=600 °C; flow rate of CH4/CO2=1000 mL/min; 

catalyst weight=14 g.

(*b) Catalyst temperature=600 °C; flow rate of CH4/CO2=500 mL/min; 

catalyst weight=11 g.

(*c) Areal intensity of absorbance from DRIFTS was calculated by 

integration of absorbance intensity (a.u.) with wavenumber (cm-1).

(*d) Areal intensity of desorbed-CO2 was calculated by integration of 

current intensity of m/z=44 (a.u.) with time (min). 
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3.2.3. Reaction mechanism of plasma-enhanced DMR

The plasma-enhanced reaction pathways over La-Ni/Al2O3 are explained based on the 

Langmuir-Hinshelwood mechanism, which are schematically illustrated in Figure 7. First, CH4 

is dissociatively chemisorbed on Ni as CH3
* and H* (R2), followed by consecutive 

dehydrogenation of adsorbed CH3
* to fragments (CHx

*) (R3). Additionally, as an acidic species, 

CO2 is adsorbed and activated on La because the La in the La-Ni-Al oxide supports a basic site 

contributing anionic oxygen (O2-) to adsorbed CO2 for surface covalent carbonate species 

(CO3
2-) formation (R4). At the initial stage of reforming, vibrationally excited CH4 and CO2 

enhance the interaction with catalysts, contributing to the increased amount of surface species.

CH4 + * → CH3
* + H* R2

CH3
* → CHx

* + (3-x) H* (x=1, 2) R3

CO2 + O2- → CO3
2- R4

Figure 7. Plasma enhanced reaction pathways over La-Ni/Al2O3.

In the second stage of reforming, carbonate species (CO3
2-) oxidize CHx

* (x=1-3) quickly 

on adjacent Ni to form CHxO* (R5), and successful production of CHxO* leads to syngas (CO 

and H2) production (R6 and R7): as a result, active sites of Ni for CH4 adsorption are 

regenerated. In this case, complete dehydrogenation of CH3
* to carbon, i.e., coking, is inhibited. 
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More carbonate generation by plasma-activated CO2 is expected to accelerate the surface 

reaction (R5) by increasing the surface coverage of carbonate. As a result, a promoted CH4 

conversion in plasma-assisted reforming is observed, as summarized in Table 2.

CO3
2- + CHx

* → CHxO* + CO+ O2- (x=1-3) R5

CHxO*→ CO+ x/2 H2 + * R6

H*+ H* → H2 + * R7

Likewise, plasma-activated CH4 is anticipated to promote dissociative chemisorption over 

Ni sites. However, CHx
* fragments need to react with carbonate species, and the active sites 

must be regenerated for the successive CH4 conversion to syngas. This is presumably the reason 

that the interaction between plasma-generated active species and Ni/Al2O3 is weak without La.

In addition to abovementioned mechanism, there is a possibility of Eley-Rideal (E-R) 

mechanism where CO2
v react with adsorbed CHx

*, leading to syngas production. Quan et al 

have performed the molecular beam study (ultra-high vacuum and cryogenic temperature) for 

the detection of reaction between vibrationally excited CO2 and adsorbed H2 within the scope 

of E-R mechanism [53]. Based on this fact, we should not discard the possibility of E-R 

mechanism which may occur parallel to carbonate formation in the plasma-catalyst system. 

However, it is hard to identify the E-R mechanism by the given in situ plasma-DRIFTS 

approach. We might be able to identify the E-R mechanism in our system, but we need a careful 

design of the experimental apparatus which is not necessarily limited to plasma-DRIFTS. 

Therefore, E-R mechanism is not included in Figure 7, because the experimental evidence is 

missing for now.

4. Conclusion

Nonthermal plasma can enhance CO2 activation on La, leading to more surface carbonate 

species formation than with thermal catalysis. Moreover, bicarbonate and bridge carbonate can 

be generated by plasma treatment. Due to the characteristics of the neighboring distribution on 

the atomic scale between Ni and La in the La-Ni-Al oxide complex, the CO2-La-derived 

carbonate species can oxidize CHx
* on Ni to generate syngas. The synergism of plasma-assisted 

reforming is explained by the plasma-enhanced surface carbonate generation: more surface 

carbonates contribute to a higher surface coverage of CO2. The faster surface reaction between 

CHx
* species and carbonates leads to higher CH4 conversion in plasma-assisted dry methane 
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reforming. We would like to point out that activation of CH4 into vibrational states should also 

play a vital role; however, coreactants, i.e., plasma-activated CO2, that form surface carbonates 

are necessary to maximize plasma catalysis.
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Abundant carbonate species are generated over lanthanum by vibrationally excited CO2, which 

increase adsorbed oxygen species fixation for surface reaction.
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