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Abstract 
The mechanism of methane activation and oxidation over La0.8Sr0.2Ga0.8Mg0.2O3−α 

(LSGM) has been investigated using hydrogen isotope exchange with gas phase 
equilibration. The measurements have been conducted in a temperature range of 
300–700 °C in pure methane and in a mixture of methane and hydrogen under 

pCH4 of 100, 200, and 500 Pa and pH2 of 200 Pa. LSGM has been shown to exhibit 
catalytic activity to C−H bond splitting in methane in the temperature range of 

550–700 °C. The mechanism of methane activation comprises two parallel reac-
tion pathways, with the first pathway related to CH3 and H species formation and 
the second pathway related to stepwise methane dissociation to carbon atoms. 

The ability of LSGM to consume hydrogen from methane is determined. The for-
mation of carbon deposit and CO on LSGM decomposition was observed at tem-
perature ≥ 750 °C. 
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Key findings 

● Methane activation mechanism for LSGM involves two parallel exchange pathways 

● Hydrogen incorporation into LSGM structure is the rate-determining step of the activa-

tion mechanism. 

● LSGM exhibit phase stability in dry methane atmosphere up to 750 °C. 

© 2025, the Authors. This article is published in open access under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Solid oxides remain of considerable interest owing to their 

potential applications in heterogeneous catalysis and re-

newable energy production [1, 2], particularly in electro-

chemical devices such as solid oxide and proton ceramic 

electrochemical devices (SOEDs and PCEDs), including fuel 

cells [2, 3], electrolysis cells [4–6], reversible cells [7], and 

membrane reactors [8–11]. These devices utilize oxides ex-

hibiting oxygen-ion, protonic or electronic conductivity to 

convert the energy of redox reactions between an oxidizer 

(e.g., air) and fuel gases (e.g., H₂, H₂O, CH₄) into electricity 

or purified gases, including hydrocarbons [1–11]. However, 

the devices commercialization is hindered by stringent re-

quirements for materials with high chemical and thermal 

stability, compatibility, conductivity, and catalytic activity 

under oxidative and reductive conditions. 

A(II)B(IV)O₃ and A(III)B(III)O₃ perovskites of various 

compositions remain the primary oxide materials for 

SOEDs and PCEDs [12–19]. Among them, Sr- and Mg-doped 

LaGaO3 (La1−xSrxGa1−yMgyO3−α) is regarded as one of the 

most promising oxygen-conducting electrolytes in SOEDs 

[20–34] due to its high oxide-ion conductivity and thermal 

compatibility with other oxides. 

Studies of hydrogen mass transfer, although fewer in 

number, suggest the possibility of protonic conductivity in 

H₂/H₂O atmospheres. On the one hand, some investigations 

[35–37] confirmed the protonic conductivity in 

La1−x(Sr,Ba)xGa1−yMgyO3−α via measurements of total conduc-

tivity, electromotive force, and hydrogen permeation. On the 

other hand, the authors of [28] reported its absence in 

La0.9Sr0.1GaO3−α under humid air. Recent H/D exchange stud-

ies between H2 and a0.8Sr0.2Ga0.8−yMg0.2FeyO3−α reveal the ox-

ide's catalytic activity toward H–H bond splitting [38, 39]. 

The mechanism involves dissociative H₂ adsorption forming 

adsorbed hydrogen atoms, followed by their incorporation 

into the oxide lattice, influenced by charge transfer. In Fe-

free oxides, hydrogen uptake is purely exothermic, as in 

other proton-conducting oxides [18, 19], whereas Fe-doped 
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variants exhibit mixed exothermic-endothermic regimes de-

pending on the Fe cation oxidation states. 

The interaction of light hydrocarbons, such as methane, 

with La1−xSrxGa1−yMgyO3−α is less studied. Most works focus 

on the efficiency of SOEDs for methane partial oxidation us-

ing these oxides as membranes [40–44]. For instance, un-

doped and 3d-metal-doped La1−xSrxGa1−x−zMgyMzO3−α sys-

tems show higher power densities than YSZ, CSZ, or SDC 

electrolytes in methane partial oxidation to syngas at 

1273 K with comparable conversion ratios [40, 41]. Doping 

with 3d metals enhances oxidative methane coupling per-

formance, increasing power densities and conversion [41]. 

In the case of La0.7Sr0.3Ga0.6Fe0.4O3−α membranes the rate-

determining step of methane partial oxidation is shown to 

be bulk oxygen diffusion in the oxide [42]. These findings 

are consistent with those of studies on amperometric me-

thane sensors, where the sensitivity of the sensors corre-

lates with oxygen-ion conductivity [43]. However, the side 

process of carbon deposition over Ni-doped 

La0.8Sr0.2Ga0.8Mg0.2O3−α during ethane/ethylene production 

under low O2/CH4 ratios is reported in [44]. The process 

reduces the selectivity of the oxide over time. 

Overall, research into Sr- and Mg-doped LaGaO3 re-

mains focused on their role as oxygen-conducting mem-

branes, with limited insights into methane interaction 

mechanisms. Attempts have been made to elucidate the 

roles of oxides in light hydrocarbon activation [45, 46]. 

Study [45] associates the catalytic activity of the oxides, 

along with their selectivity to ethane/ethylene and 

CO2/CO, with varying oxygen anion binding energies. The 

authors of [45] propose a multistep mechanism, involving 

methane dissociation to methyl radicals (which recombine 

to form C₂ hydrocarbons), oxidation to CO (catalyzed by 

strongly bound lattice oxygen), and CO to CO2 (catalyzed 

by adsorbed oxygen). These findings are consistent with 

those of a previous study [46]. However, both papers draw 

on reaction schemes for methane oxidative coupling de-

veloped for other oxide systems [47–49], while infor-

mation on elementary steps and intermediates remains in-

sufficient, with methyl radicals as the only proven inter-

mediate [50]. Thus, this study aims to investigate the ki-

netics of methane activation over La0.8Sr0.2Ga0.8Mg0.2O₃₋α 

(LSGM) oxide, examining the effects of temperature, gas 

pressure, and hydrogen addition on reaction rates. 

2. Materials and Methods 

The as-synthesized La0.8Sr0.2Ga0.8Mg0.2O3−α (LSGM) powder 

was obtained from the previous study, in which the details 

of the synthesis and characterization of the oxide are pre-

sented [38]. The powder sample had a cubic structure with 

Pm−3m sp. gr. and <1.0 wt.% of impurities La4Ga2O9 and 

SrLaFa3O7, as determined by whole-powder-pattern fitting 

[38]. The elemental composition of the oxide was 

La0.78Sr0.22Ga0.82Mg0.18O2.80. The specific surface area of the 

powder was 1.07 ± 0.01 m2/g. 

The phase stability of the oxide in a methane atmos-

phere was analyzed by XRPD using a D/MAX-2200 diffrac-

tometer (Rigaku, Japan) with Cu Kα radiation 

(λ(Kα) = 1.5406 Å, 40kV, 30mA) at room temperature in 

ambient air. The measurements were carried out in the 

10−90 ° range of 2θ with the step of 0.02°. 

The processes of carbon deposition on LSGM were in-

vestigated with Raman spectroscopy using a Renishaw U 

1000 microscope-spectrometer (Renishaw, United King-

dom) equipped with a 15 mW, 532 nm solid-state laser 

(LCM-S-111, Renishaw). The spectra were recorded over the 

wavenumber range 50–2000 cm⁻¹ under a spectral resolu-

tion of 1–2 cm⁻¹. The laser beam spot size was 1 μm and an 

exposure time was 30 s. 

The kinetics of methane activation over LSGM was stud-

ied using hydrogen isotope exchange with gas phase equili-

bration (IE GPE). The experiments were conducted in the 

temperature range of 300−800 °C under pCH4 of 100, 200, 

and 500 Pa and under a mixture of 100 Pa CH4 and 200 Pa 

of H2. All experiments were conducted using the unique sci-

entific setup “Isotope Exchange” described in [19, 38, 51]. 

At the beginning of the experiments, the surface of the 

LSGM powder was cleaned by heating under high vacuum 

(10⁻4 Pa) up to 700 °C at a heating rate of 60 °C h⁻¹; next, 

the sample was exposed to 200 Pa of H2 (99.9999 vol.% 

purity, natural isotope composition) for 1 h and cooled to 

300 °C at the same rate under 200 Pa of H2. The experi-

ments were conducted according to [51, 52], with pre-equi-

libration of the oxide under the required pressure of CH4 

(99.999 vol.% purity, natural isotope composition) or a 

mixture of CH4 and H2. The pre-equilibrated sample was 

then subjected to H/D exchange with CD4 (99.8 wt.% me-

thane, 99.9 at.% D enrichment) or a mixture of H2 and CD4 

at the same partial pressures as the gas in the reactor cham-

ber with the sample to maintain chemical equilibrium / sta-

tionary conditions. Between the experiments, the sample 

was maintained under 200 Pa of H2 to prevent any oxida-

tion of the sample surface in accordance with [38]. The gas-

phase isotope composition was analyzed in situ using a 

quadrupole mass spectrometer (Microvision 2 Vision 

2000P, MKS Instruments, USA). The mole fractions of the 

gas phase components were calculated using a two-layered 

artificial neural network, as discussed in [51]. 

3. Isotope exchange theory 

The model of the five types of exchange was used to de-

scribe the kinetics of H/D exchange between methane and 

LSGM [17, 51−53]. The model considers isotope exchange 

between any molecule with four exchangeable hydrogen at-

oms and the hydrogen of a solid as purely statistical. In this 

case, all possible activation mechanisms in the system can 

be expressed through the five types of exchange [53]. Each 

type of exchange indicates the number of hydrogen atoms 

exchanged between the molecules in the gas phase and the 

solid during an elementary act of exchange. The five types 

https://doi.org/10.15826/chimtech.9185
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of exchange can be expressed in terms of the set of linear 

atom transfer reactions (1)−(5): 

A4

𝑟0

⇌4A𝑀, 
(1) 

A4

𝑟1

⇌A𝑆 + 3A𝑀, 
(2) 

A4

𝑟2

⇌2A𝑆 + 2A𝑀, 
(3) 

A4

𝑟3

⇌3A𝑆 + A𝑀, 
(4) 

A4

𝑟4

⇌4A𝑆. 
(5) 

In reactions (1)−(5) A is a random hydrogen isotope D 

or H, A4 is a methane isotopologue with an arbitrary isotope 

composition (CH4, CH3D, CH2D2, CHD3, and CD4), A𝑆 is ran-

dom hydrogen isotope in the solid, and 𝐴𝑀 represents ran-

dom hydrogen isotope in methane; the values 𝑟0, 𝑟1, 𝑟2, 𝑟3 

and 𝑟4 denote the rates of the respective atom transfer re-

actions. The system of differential equations and isotope 

variables describing isotope exchange according to the 

model is discussed in detail in [51] and is not presented here 

for brevity. 

It was shown [17, 51, 53] that the main kinetic parame-

ters describing the catalytic activity of the solid in the given 

system are the total rate of exchange (𝑟) calculated by equa-

tion (6) and the rate of hydrogen surface exchange (𝑟𝐻). The 

former represents the sum rate of methane dissociative ad-

sorption across all parallel dissociative adsorption steps per 

unit surface per unit time. The latter represents the average 

number of hydrogen atoms exchanged between the two 

phases per unit surface and time. 

r = ∑ 𝑟𝑘
4
𝑘=0 , 

(6) 

𝑟𝐻  =
1

4
∑ 𝑘𝑟𝑘 ,

4

𝑘=0

 
(7) 

where 𝑘 is the index number of the respective exchange 

type, indicating the number of hydrogen atoms transferred 

between a methane molecule and the solid by this type. 

The H/D exchange in the three-component system of 

CH4, H2, and LSGM was described based on a three-compo-

nent model of one-atom exchange in accordance with [54]. 

The model considers the change in isotope enrichment in 

the exchange components (δ) during the exchange process. 

Formally, the exchange according to the model can be pre-

sented by three linear one-atom transfer reactions 

(8)−(10): 

A𝑀

𝑟𝐻

⇌A𝑆 , 
(8) 

A𝑀

𝑟𝐻2

⇌ A𝐻 , 
(9) 

A𝐻

𝑟𝐻3

⇌ A𝑆 , 
(10) 

 

where A𝐻 is a random atom in H2 of arbitrary isotope compo-

sition, 𝑟𝐻2 is the rate of hydrogen heteromolecular exchange 

between methane and H2 through the solid surface, and 𝑟𝐻3 

is the rate of hydrogen surface exchange between H2 and the 

solid, having the same meaning as 𝑟𝐻. The differential equa-

tion system for the model is presented elsewhere [54]. 

Since reactions (1)−(5) and (8)−(10) are linear, the gen-

eral kinetic equations describing isotope exchange by these 

models can be presented in vector form as follows: 

vA = e𝑅𝜏vA(0), (11) 

where 𝑅 is the square matrix containing the rates of atom 

transfer reactions for the models, vA and vA(0) are the col-

umn vectors containing isotope variables for the models at 

time 𝜏 and zero-time, respectively. The variables can be 

presented by the mole fractions of A4, A𝑆, A𝐻, and A𝑀, the 

products of the mole fractions of A𝑆, A𝐻, and A𝑀, or the 

other variables, as discussed in [51, 54]. 

4. Results and Discussion 

4.1. Kinetics of H/D exchange between methane 

and LSGM 

The time dependences of methane isotopologue mole frac-

tions in methane and deuterium enrichment of methane 

(𝛿𝑀 =
1

4
∑ 𝑖𝑥𝑖

4
𝑖=0 , where 𝑖 is the number of D atoms in the mol-

ecule) obtained from H/D exchange between CH4 and LSGM in 

the temperature range 500−700 °C at pCH4 = 100 Pa are pre-

sented in Figure 1. The figure shows that the exchange activity 

of LSGM to C–H dissociation starts at temperatures higher 

than 500 °C and gradually increases with temperature. A 

slight decrease in 𝛿𝑀 with time is observed in the temperature 

range 600−700 °C, suggesting the consumption of D from me-

thane by LSGM bulk. 

Figure 1 shows the model curves obtained from the re-

sults of fitting the data with the model of five exchange 

types with black lines. The curves closely match the exper-

imental data, suggesting an acceptable agreement between 

the model and the obtained data. 

Figure 2a presents the Arrhenius plot of the total rate of 

exchange (𝑟) and the rate of hydrogen surface exchange (𝑟𝐻) 

between methane and LSGM in comparison with the rates 

obtained in [38] for 200 Pa of pure H2 atmosphere obtained 

in [38]. The figure shows that in the whole studied temper-

ature range 𝑟𝐻 values are more than 1 order of magnitude 

lower than that of 𝑟 which suggest the methane adsorption-

related steps to be generally faster than that of incorpora-

tion. The comparison of the rates with those obtained in 

pure H2 atmosphere indicates that the catalytic activity of 

LSGM to H2 activation is significantly higher than that to 

methane activation. Nevertheless, in both cases 𝑟𝐻 values 

are lower than 𝑟, which indirectly confirms that one of the 

types of adsorbed species in the methane atmosphere is hy-

drogen adatoms, suggesting that the methane activation 

mechanism includes methane dissociative adsorption and 

the incorporation of hydrogen adsorbed atoms as one of the 

activation steps. 

https://doi.org/10.15826/chimtech.9185
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Figure 1 Time dependencies of methane isotopologue fractions and δM in methane obtained from the H/D exchange experiments at 100 Pa 

of CH4 (points) and fitted with the model of five exchange types (black lines). 

The apparent activation energies for 𝑟 and 𝑟𝐻 were 

1.3±0.2 and 1.3±0.8 eV. The values are comparable within 

the error margin and drastically higher than those in pure 

H2 atmosphere (0.28 and 0.24 eV, respectively) [38]. This 

indicates that both methane adsorption and hydrogen in-

corporation are determined by splitting C−H bonds of the 

species at the adsorption level of the oxide. 

Figure 2b present power type dependencies of 𝑟 on me-

thane pressure at 550 °C. The figure shows that the me-

thane partial reaction order in the pressure range of 

100−500 Pa is equal to 1, suggesting that methane adsorp-

tion follows a monomolecular reaction mechanism. 

To obtain detailed information on the elementary steps 

and intermediates involved in methane activation over 

LSGM, the probabilities of H/D exchange by the five ex-

change types (𝜒𝑘) and constraint parameters (𝑐1, 𝑐2, and 

𝑐3) are proposed in [17, 53]. The values can be calculated 

using Equations (12)−(15). According to [53], if any of 𝜒𝑘 

is equal to 1, the mechanism of activation is one-step and 

determined by one of the respective types. If the sum of 

any two 𝜒𝑘 is equal to 1, the mechanism is two-step, and 

in other cases the analysis of constraint parameters is re-

quired. 

https://doi.org/10.15826/chimtech.9185
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Figure 2 Arrhenius plot of 𝑟 and 𝑟𝐻 obtained from H/D exchange between methane and LSGM at 100 Pa of CH4 in comparison with 𝑟 and 

𝑟𝐻 from H/D exchange between hydrogen and LSGM at 200 Pa of H2 taken from [38] (a); Power type dependencies of 𝑟 on pCH4 obtained 

from H/D exchange between methane and LSGM at 550 °C in pCH4 range of 100−500 Pa (b). 

In general, if any constraint parameter is >1, the mech-

anism is presented by the distribution of parallel exchange 

steps; if it is <1, the kinetically non-equivalent adsorbed 

species with different hydrogen atomicities participate in 

some of the exchange steps. If all the parameters are 1, the 

mechanism comprises two-step dissociative adsorption and 

incorporation with single type of adsorbed species on the 

surface. A detailed discussion and mechanism analysis are 

presented in [53]. 

𝜒𝑘  =
𝑟𝑘

𝑟
,  (12) 

𝑐1 =
4

√6

√𝜒0𝜒2

𝜒1
, (13) 

𝑐2  =
3

2

√𝜒1𝜒3

𝜒2
, (14) 

𝑐3  =
4

√6

√𝜒4𝜒2

𝜒3
. (15) 

Figure 3 presents the dependences of 𝜒𝑘 on temperature, 

as calculated from fitting the model of the five exchange 

types to experimental data. The figure shows that the mech-

anism of methane activation for LSGM is temperature-de-

pendent. At 550 °C, the kinetics of exchange is described by 

𝜒0 = 1 which suggest [53] that the mechanism is one-step 

dissociative adsorption of 𝑟0 type. The mechanism is a sim-

ple indication of the absence of hydrogen participation from 

LSGM bulk in exchange. 

In the temperature range of 600−650 °C, the mecha-

nism is presented by a combination of non-zero 𝜒0 and 𝜒1 

probabilities. According to [53], the combination of the 

types is associated with a two-step mechanism, which, in 

the case of LSGM, involves methane dissociative adsorption 

to methyl-adsorbed species and adsorbed hydrogen in the 

first step and the incorporation of the adsorbed hydrogen 

to the solid in the second step. The mechanism can be de-

scribed with equations (16) and (17): 

CH4 + 2V𝑎

𝑟𝑎𝑑𝑠

⇌ (CH3)𝑎 + H𝑎, (16) 

H𝑎 + V𝑆

𝑟𝑖𝑛𝑐

⇌ H𝑆 + V𝑎, (17) 

where V𝑎 is a formal, arbitrary vacant active site in the ad-

sorption layer of LSGM, V𝑆 is the active incorporation site 

of LSGM bulk, (CH3)𝑎 and H𝑎 are adsorbed methyl species 

and hydrogen adsorbed atoms on the LSGM surface, H𝑆 is 

incorporated hydrogen in LSGM bulk, and 𝑟𝑎𝑑𝑠 and 𝑟𝑖𝑛𝑐 are 

the rates of the respective steps. It should be noted that the 

notation V𝑎 for the vacant adsorption sites on the LSGM sur-

face is used in a formal manner to complete equation within 

the finite-surface interpretation of dissociative adsorption. 

In general, the adsorption sites for CH3 and H are highly 

likely different. However, isotope exchange techniques do 

not provide direct information on the nature of the active 

sites, and additional techniques should be applied. A de-

tailed discussion on this matter is presented in Section 4.4 

below.  

 
Figure 3 Temperature dependencies of exchange probabilities 𝜒0, 

𝜒1, 𝜒3, and 𝜒4. 
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The data at 700 °C are described by non-zero 𝜒0, 𝜒1, 𝜒3 

and 𝜒4 probabilities, and, as a consequence, by the con-

straint parameters 𝑐1 = 0, 𝑐2 = ∞, and 𝑐3 = 0. According to 

[53], the values correspond to a mechanism with two inde-

pendent parallel exchange pathways. In the case of LSGM, 

the first pathway is related to 𝜒0 and 𝜒1 probabilities, 

namely reactions (16) and (17). The second pathway is de-

scribed by 𝜒3 and 𝜒4 probabilities. The analysis of exchange 

mechanisms presented in [53] shows that such a combina-

tion of these probabilities is related to a situation in which 

one of the four hydrogen atoms in the species in the adsorp-

tion layer of LSGM is kinetically different from the other 

three atoms. This indicates the existence of CH- species on 

the LSGM surface. Thus, this reaction pathway can be for-

mally expressed by the following two additional reactions 

(18) and (19): 

CH4 + 4V𝑎

𝑟ads2

⇌ (CH)𝑎 + 3H𝑎, (18) 

(CH)𝑎 + V𝑎

𝑟dis

⇌ (C)𝑎 + H𝑎, (19) 

where (CH)𝑎 and (C)𝑎 are methyn and carbon adsorbed spe-

cies in the adsorption layer of LSGM, and 𝑟ads2 and 𝑟dis are 

the rates of the respective steps. Notably, reaction (18) is a 

formal representation of the first step in the exchange path-

way. It is unlikely that three out of for C−H bonds were bro-

ken during the single exchange step. Rather, it indicates 

that during this pathway methane dissociation in a step-

wise manner with the dissociative adsorption to (CH3)𝑎 and 

(CH)𝑎 to (C)𝑎 are the slow steps, whereas the dissociation 

of (CH3)𝑎 to (CH2)𝑎 and (CH2)𝑎 to (CH)𝑎 steps are signifi-

cantly faster. The as-formed H𝑎 at these steps can be incor-

porated into the oxide structure by step (17).  

Summarizing the discussion of the mechanism, defining 

the rate-determining steps of exchange is necessary. Since 

the mechanism is one-step at 550 °C, this step is rate-de-

termining in the whole exchange process. At temperatures 

higher than 550 °C, r0 types of exchange dominate, indicat-

ing that dissociative adsorption cannot be a rate-determin-

ing step. In the temperature range, considering that the 

mechanism includes two parallel pathways at 700 °C, the 

fastest pathway will be rate-determining, and Figure 3 

shows that sum of 𝜒0 and 𝜒1 is higher than that of 𝜒3 and 

𝜒4. Therefore, steps (16) and (17) are rate-determining at 

700 °C, and the limiting step of exchange in the tempera-

ture range 600−700 °C is hydrogen incorporation (17). 

4.2. Kinetics of H/D exchange between methane 

and hydrogen mixture and LSGM 

Figure 4a-c presents time dependencies of D enrichment in 

methane (𝛿𝑀) and hydrogen (𝛿𝐻 =
1

2
∑ 𝑖𝑥𝑖

2
𝑖=0 ) obtained from 

the results of the H/D exchange experiments between the 

methane and hydrogen mixture with partial pressures of 

100 and 200 Pa, respectively, and the LSGM in the temper-

ature range 550−650 °C. The figure shows that increasing 

the temperature increases the exchange activity of LSGM 

for both methane and hydrogen in the mixture. The values 

of 𝛿𝑀 decrease as time increases, whereas the values of 𝛿𝐻 

demonstrate the opposite trend. These results indicate that 

D atoms are transferred from methane to hydrogen during 

H/D exchange. 

The model curves obtained from the fitting results of the 

data with the model of the three components are presented 

in Figure 4a-c with black lines. The curves closely match the 

experimental data, suggesting good agreement between the 

model and the obtained data. 

Figure 4d presents the Arrhenius plot of the exchange 

rates (𝑟𝐻 and 𝑟𝐻2) calculated from the fitting results and 

compared with the hydrogen surface exchange rates (𝑟𝐻) 

obtained in a pure methane atmosphere (see Section 4.1). 

According to the figure, among three possible exchange re-

actions in the three-component system (8)−(10), reaction 

(10), associated with surface exchange between H2 and 

LSGM, is not presented in the system of methane, hydrogen, 

and LSGM. Formally, this result contradicts the results of a 

previous study [38] that demonstrated the presence of sur-

face exchange between pure H2 and LSGM. However, if we 

compare the rates of hydrogen surface exchange in pure H2 

(see Figure 2a) with 𝑟𝐻 and 𝑟𝐻2 obtained in the mixture, the 

surface exchange between H2 and LSGM is much faster than 

the other process. Thus, considering the same initial iso-

tope composition of LSGM and hydrogen, the hydrogen sur-

face exchange between H2 and LSGM is too fast to be ob-

served experimentally in the mixture of methane and hy-

drogen. 

In contrast to the hydrogen surface exchange between 

H2 and LSGM, the heteromolecular exchange between H2 

and CH4 and the surface exchange between CH4 and LSGM 

demonstrate measurable rates. The non-zero values of 𝑟𝐻2 

indicate the possibility of direct H/D exchange between me-

thane and hydrogen in the LSGM adsorption layer. The ap-

pearance of this process suggests that as-formed hydrogen 

adsorbed atoms from methane and gaseous hydrogen are 

located at the same active sites (outermost oxygen atoms) 

[38, 39]. The apparent activation energy of the process is 

1.6±0.2 eV and is close to the values for 𝑟𝐻 and 𝑟 in pure 

methane (Figure 2a). Thus, the limiting step of hydrogen 

migration between H2 and CH4 in the adsorption layer of 

LSGM is related to the formation or splitting C−H bonds in 

methane or methane-adsorbed species. 

The comparison of 𝑟𝐻 obtained in pure methane and in 

the mixture of methane and hydrogen shows that the values 

in the mixture exhibit the same temperature trend as the 

values in pure methane, but by 1.5 order of magnitude 

higher. This effect may be related to the higher concentra-

tion of protonic defects in LSGM bulk due to the increased 

incorporation of hydrogen from H2. 
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Figure 4 Time dependencies of D enrichment in methane (𝛿𝑀)  and hydrogen (𝛿𝐻) obtained from the results of H/D exchange in the 

mixture of methane (100 Pa) and hydrogen (200 Pa) over LSGM in the temperature range of 550−650 °C, where points are experimental 

data and lines are model curves (a–c); Arrhenius plot of hydrogen surface exchange (𝑟𝐻) and heteromolecular exchange (𝑟𝐻2) calculated 

from the fitting results (d). 

4.3. Carbon deposition  

To estimate the stability of LSGM to the formation of carbon 

deposits on its surface during the H/D exchange process, 

the mean carbon fraction in the gas phase was evaluated 

(𝑥𝑐 =
1

5
∑ 𝑥𝑖

4
𝑖=0 +

1

2
𝑥CO +

1

3
𝑥CO2). The increase in the value in-

dicates the oxidation of methane, while the decrease indi-

cates the formation of carbon deposits. Figure 5a presents 

the time dependences of 𝑥𝑐 for all the temperatures under 

study. The figure shows the relatively constant values of 𝑥𝑐 

in the entire temperature range (500−700 °C), indicating 

that LSGM is relatively stable to the formation of carbon 

deposits at these temperatures. 

To estimate the temperature at which carbon deposition 

began, two additional annealing experiments of LSGM un-

der 100 Pa of monoisotopic CH4 were performed at temper-

atures of 750 °C and 800 °C. Figure 5a shows a slight de-

crease of 𝑥𝑐 at these temperatures, demonstrating that car-

bon deposition starts at 750 °C. These results are in close 

agreement with those reported in [44], where the authors 

reported the formation of carbon deposits on the LSGM sur-

face at 810 °C. 

Figure 5b presents the time dependences of the partial 

pressures for the observed products of methane 

decomposition at different temperatures. The figure 

demonstrates that methane is not only discomposed with 

the formation of H2 but also oxidized to CO. The rates of 

these processes also increase with temperature. Since the 

experiments were conducted under dry and reductive con-

ditions, the only source of O atoms for methane oxidation 

is LSGM.  

To estimate the effect of carbon deposition and methane 

oxidation on LSGM, additional studies of LSGM with Raman 

spectroscopy and XRPD were performed. Figures 5c and 5d 

present the Raman spectra and XRPD profiles of LSGM before 

and after methane decomposition at 800 °C. Figure 5c shows 

the appearance of two broad peaks at 1353 and 1606 cm−1. 

The peaks typically associated with amorphous carbon [55] 

justify methane decomposition over the oxide surface. 

The comparative plot of the XRPD profiles before and 

after experiments at 750−800 °C (Figure 5d) shows a se-

lective increase in the intensity of the impurity peaks at 

20.8, 26.6, 30, and 30.9°C and the appearance of additional 

peaks at 42.6°C and 43.7 °C. This behavior indicates the for-

mation of additional phases, namely, La2O3 and MgO, dur-

ing the experiments. Thus, methane oxidation is related to 

the extraction of O atoms from LSGM, which results in 

LSGM decomposition. 
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Figure 5 Time dependencies of the mean carbon fraction in the gas phase (𝑥𝑐) calculated from the results of H/D exchange experiments 

under 100 Pa of methane in the temperature range of 500−700 °C, and from annealing experiments under 100 Pa of methane in the 

temperature range 750−800 °C (a); time dependencies of CH4, H2, and CO partial pressures obtained from annealing experiments under 

100 Pa of methane in the temperature range 750−800 °C (b); Raman spectra of the LSGM before and after experiments at 800 °C (c); 

XRPD profiles of LSGM before and after annealing experiments at 800 °C (d). 

4.4. Mechanism of methane activation over LSGM 

To summarize the presented study, it is necessary to discuss 

the complete methane activation mechanism. As presented 

in the Introduction, the mechanisms of methane oxidative 

coupling and partial oxidation considered in the literature 

are mainly based on the reaction schemes proposed for 

other systems. For the case of undoped LaGaO3 the most 

detailed schemes were discussed in [45, 46]. The schemes 

are summarized in Figures 6a and 6b. According to the fig-

ures, both reaction schemes demonstrate the splitting of 

methane conversion into two parallel pathways, namely, 

coupling and oxidation, with the main difference between 

the schemes being related to the role of oxygen in the re-

actions. According to [45], both conversion pathways are 

activated by LaGaO3 oxygen (OS) with different binding 

energies and adsorbed oxygen (Oads). Thus, the influence 

of molecular oxygen on the reaction is indirect, and the 

oxygen fills the vacancies (VO) in LaGaO3 structure refill-

ing active sites of the catalyst. Conversely, the authors of 

[46] described the oxidation pathway by direct interaction 

of hydrocarbons with molecular oxygen in the catalyst’s 

surface, while they related the oxidative coupling pathway 

with active oxygen atoms (O*). 

The results presented in Sections 4.1−4.3 make it possi-

ble to clarify these schemes in terms of methane. Figure 6c 

shows the kinetic scheme of methane activation over LSGM. 

The scheme demonstrates that the methane activation pro-

cess is split into two parallel pathways, each of which is 

composed of reversible steps. The first step in both path-

ways is methane dissociative adsorption to the formation of 

methyl (CH3)a species and hydrogen adsorbed atoms Ha that 

can either incorporate into the LSGM structure by interact-

ing with protonic defects or recombinate to form H2 mole-

cules. In the second pathway, methyl species can reversibly 

and quickly dissociate to methyn species (CH)a and Ha, and 

methyn species can reversibly and slowly dissociate to Ha 

and adsorbed carbon atoms (C)a. The latter can irreversibly 

react with each other to form carbon deposits on the LSGM 

surface or be further irreversibly oxidized to form CO.  

The comparison of methane activation scheme c) with 

schemes a) and b) demonstrates close agreement between 

the revealed activation mechanism and scheme a). Not only 

do both schemes include parallel methane reaction path-

ways but they also underline the contribution of structural 

oxygen atoms in methane oxidation. Additionally, scheme 

a) suggests that CO oxidation to CO2 is governed by ad-

sorbed oxygen, which is in agreement with the obtained re-

sults: in dry reductive conditions, the LSGM surface lacks 

adsorbed oxygen, and oxidation proceeds only to CO spe-

cies.  
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Figure 6 Kinetic schemes of methane oxidative coupling and oxidation proposed for undoped LaGaO3 in papers [45] (a) and [46] (b); 

kinetic scheme of methane activation derived from H/D exchange and methane decomposition studies (see Sections 3.1−3.3) (c). 

The nature of active sites (Va in equations (16)−(19)) on 

LSGM for methane activation still requires additional stud-

ies. The authors of [45, 46] suggested that the sites are re-

lated to oxygen atoms. However, oxygen atoms are known 

to behave as active sites for H2 dissociative adsorption. If 

the same type of active sites is responsible for the reactions, 

competition should exist for the sites between methane and 

hydrogen. Such competition was observed in the case of Ni 

[56], where the increase in pH2 decreases the hydrogen sur-

face exchange rate for methane. In the case of LSGM, we 

see a completely different picture (Section 4.2): the addi-

tion of H2 promotes the hydrogen surface exchange rate for 

methane and creates an additional mass-transfer pathway 

related to the transfer of hydrogen between H2 and LSGM, 

suggesting that the active sites for methane and hydrogen 

adsorption are different. 

Isotope exchange methods provide direct information 

only on the mass-transfer steps and atomicity of intermedi-

ates [53], which prevents direct clarification of the sites re-

sponsible for methane activation. However, in a recent 

study [17] on the LSGM-related perovskite system, namely, 

La1−xSrxScO3−α the authors analyzed the possible active sites 

on the oxide surface and found that CH3 species are prefer-

ably localized on the surface between La and Sc atoms, 

whereas the other CH2, CH and C species tend to occupy 

surface oxygen vacancies. The results agree with the mech-

anism often considered in the literature, which is related to 

the interaction of oxides and zeolites with methane 

[57−60], where the authors considered the binding of CH3 

species to metal cations on the catalysts surface. The exist-

ence of two types of adsorption sites for methane species 

also explains the existence of the two-independent 

pathways of methane adsorption and dissociation, and, as a 

consequence, the mechanism of carbon deposit formation. 

Nevertheless, additional studies are required on this mat-

ter. 

To conclude this section, we can now discuss strategies 

to avoid carbon deposition on the LSGM surface, which can 

deactivate the catalyst's active sites within the revealed ac-

tivation mechanism. As shown in Figure 6c, the resulting 

pathway for carbon deposit formation involves reversible 

stepwise methane dissociation to adsorbed carbon atoms 

that irreversibly form the deposition. The mechanism sug-

gests two possible strategies to mitigate the process. The 

first involves the effect of sample composition. As discussed 

above, preceding studies on La1−xSrxScO3−α revealed oxygen 

vacancies in the outermost layers of the oxide as the active 

sites for carbon atom adsorption. Therefore, if the same 

sites are responsible for carbon adsorption over LSGM 

(which requires additional studies), a possible way to sup-

press carbon deposit formation on LSGM is to decrease the 

number of these sites, which can be achieved by varying the 

oxide composition. This approach, however, is likely to de-

crease the performance of LSGM in oxidative coupling re-

actions, which, as discussed in the Introduction, depends on 

oxygen bulk diffusivity. 

The second strategy involves affecting the reaction steps 

responsible for carbon deposit formation through adjust-

ments to operational conditions, namely temperature and 

gas-phase composition. The former is the simplest, as 

shown in Section 4.3, where the formation of amorphous 

carbon begins at temperatures >750 °C, while the catalytic 

activity of LSGM toward methane starts at 550 °C. This in-

dicates that carbon formation is a process with a high 
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activation barrier and can be managed by optimizing the 

working temperatures of the catalyst. The latter factor is 

associated with the reversibility of methane dissociation to 

adsorbed carbon (Cₐ). The dissociation is accompanied by 

the formation of adsorbed hydrogen (Hₐ), which means that 

if the number of Hₐ on the catalyst surface increases, the 

recombination of adsorbed methane species with Ha be-

comes more likely, effectively suppressing carbon deposi-

tion. This can be achieved by mixing methane with H₂ or by 

using LSGM (or another proton-conducting material) as a 

membrane through which protons are supplied from an-

other part of the membrane. The practical applicability of 

this strategy was demonstrated earlier in [52], where the 

authors studied a Ni-La0.9Sr0.1ScO3 catalyst in pure methane 

and a methane-hydrogen mixture, showing that carbon for-

mation starts at 300 °C in pure methane, while it begins at 

450 °C in the mixture. The disadvantage of this strategy is 

that the formation of CH₃ species participating in oxidative 

coupling also produces Hₐ, which means that the strategy 

will inevitably decrease the performance of LSGM in oxida-

tive coupling. Thus, accurate optimization of operational 

conditions is required to achieve both maximal perfor-

mance and resistance of LSGM to carbon deposit formation.  

5. Limitations 

The major challenges in the investigation of methane acti-

vation mechanisms over solid catalysts using isotope ex-

change methods are the correct identification of the nature 

of active sites over the catalyst and the charge state of acti-

vation intermediates over the catalyst surface. Such chal-

lenges arise from the restrictions of the method. Isotope ex-

change is a kinetic method that is directly sensitive only to 

mass transfer reaction of labelled atoms. 

To overcome these challenges, it is necessary to use 

combination of isotope exchange methods with other tech-

niques, namely to determine the charge state of adsorbed 

species polarized isotope exchange can be used (combina-

tion of IE GPE method with electrochemical impedance 

spectroscopy), and to determine active sites of the catalysts 

combined IE GPE and in situ Raman / Infrared Spectroscopy 

or 1H NMR methods can be used. 

6. Conclusions 

For the first time, the mechanism of methane activation has 

been determined over the LSGM surface using H/D ex-

change with gas phase equilibration technique, Raman 

spectroscopy, and mass spectrometry gas phase analysis.  

LSGM was found to exhibit catalytic activity to C−H 

bond splitting in methane in the temperature range 

550−700 °C under CH4 pressures of 100, 200, and 500 Pa 

and H2 pressure of 200 Pa. At temperatures ≥600 °C, LSGM 

is capable of hydrogen surface exchange with methane, and 

hydrogen incorporation from methane to the oxide struc-

ture. 

The mechanism of methane activation over LSGM was 

found to be composed of two parallel pathways, with the 

first pathway being methane dissociative adsorption to CH3 

and H-adsorbed species formation, with H species being ca-

pable of incorporation into the LSGM structure to form pro-

tonic defects. The second pathway comprises methane dis-

sociative adsorption to CH3 and H adsorbed species, fast 

stepwise dissociation of CH3 to CH2 and CH2 to CH, and slow 

dissociation of CH to C species, with the formation of H at-

oms at each dissociation step, which can then be incorpo-

rated into the oxide structure. The first pathway was found 

to be dominant across all studied temperature ranges, and 

the limiting step of activation was found to be H incorpora-

tion into the LSGM structure. 

LSGM was stable in a methane atmosphere in the tem-

perature range 550−700 °C. The increase in temperature to 

750 °C and 800 °C leads to partial LSGM decomposition 

with the formation of La2O3 and MgO phases, accompanied 

by the formation of carbon deposits and the methane oxi-

dation to CO. 
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