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The direct partial oxidation of methane (CH4) to methanol (CH3OH) by electrochemical method has 

gained considerable attention, but the percent conversion of methane, the product selectivity and the 

generation rate of methanol still need improvement. In this study, an electrochemical system for methane 

conversion is designed in which [BMIM]BF4 ionic liquid containing trace water (0.2-5 mol L-1) serve as 

supporting electrolyte and LaCo0.5Fe0.5O3 as anodic catalyst for generation of active oxygen species and 

activation of methane. The synthesized LaCo0.5Fe0.5O3 was confirmed by XPS to possess many oxygen 

vacancies in perovskite lattice, and the electrochemical study showed that certain kinds of active oxygen 

species could be generated through water oxidation process on LaCo0.5Fe0.5O3 loaded electrode. CH4 gas 

was bubbled near LaCo0.5Fe0.5O3 anode in aqueous [BMIM]BF4 for a batch electrolysis, and CH3OH 

was found in the electrolyte after electrolysis and the concentration was determined by GC-MS coupled 

with a headspace sampler. The results showed that the anode potential and water content in the electrolyte 

played vital roles during the electrochemical conversion. The formation rate of methanol of 39.3 μmol 

gcat-1 h-1 with the FE of 92.4% was obtained when electrolysis in the electrolyte content 0.5 mol L-1 

water at anodic potential of 0.8 V (vs. Ag/Ag+), and the formation rate of 93.2 μmol gcat-1 h-1 with the 

FE of 54.8% when the anodic potential was 1.0 V  and the water content was 2 mol L-1. 

 

 

Keywords: CH4 activation and conversion; Perovskite; Electrochemical method; Ionic liquid; Trace 

water 

 

 

1. INTRODUCTION 

 

Methane (CH4) is the simplest hydrocarbon compound, exists universally in forms of natural gas, 

combustible ice, shale gas and marsh gas. Most methane reserves are found in remote areas such as 

mountains, plateaus and even oceans, making it expensive to use due to costly transport [1]. Moreover, 
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the potential greenhouse effect of methane is 28 times greater than that of carbon dioxide, and its 

influence is 84 times more potent in the past two decades [2]. Therefore, it is proposed that conversion 

of methane into methanol (CH3OH) could be cost effective and aid in effective utilization of methane 

[3]. The state-of-the-art for methanol manufacture is a two-stage energy-extensive process, which is 

characterized by oxidation of methane to syngas through steam reforming, dry reforming or partial 

oxidative reforming technology, further followed by then catalytic reduction of syngas to produce 

methanol [4]. Therefore, researchers are trying to figure out a way for direct conversion of methane to 

methanol under mild conditions. 

Theoretically, CH4 might transform to CH3OH by using oxygen gas as the oxidant (as shown in 

Reaction 1) [5]. However, methane is much more chemically inert than methanol, so the reaction of 

methane with oxygen is more favorable to generate CO and CO2 instead methanol (as shown in 

Reactions 2 and 3) [6-7]. 

 CH4 + 1/2 O2 = CH3OH  ΔH298K = -126.4 kJ mol-1 (1) 

 CH4 + 3/2 O2 = CO + 2 H2O   ΔH298K = -519.6 kJ mol-1 (2) 

 CH4 + 2 O2 = CO2 + 2 H2O  ΔH298K = -802.5 kJ mol-1 (3) 

Direct conversion of methane to methanol means controlling partial oxidation of methane, that 

needs to activate C-H bond in CH4 and avoid the peroxidation of CH3OH simultaneously. As an accepted 

strategy, researchers are trying to introduce a reagent with appropriate oxidizing capacity into the system. 

Several forms of active oxygen species (such as superoxide radicals, peroxide anions and hydroxy 

radicals, et al.) have been deliberately designed by enzyme catalysis [8-12], heterogeneous catalysis [13-

16], homogeneous catalysis [17-22], photocatalysis [5,23-27], or electrocatalysis systems [28,29]. 

In the reported electrochemical systems, active oxygen species were produced in situ through 

ORR or OER process, and then reacted with the activated methane [30]. Many theoretical calculations 

result confirmed some sort of relationship exists between OER and the effect of methane conversion 

[38,39]. However, the Faradaic efficiency (FE) is extremely low in aqueous electrochemical systems, 

the possible suggested reasons are the poor solubility of methane in water, the low generation rate of 

active oxygen species and their short lifespan in aqueous media. On contrary, catalysts for methane 

activation are also important. Torabi A et al. [34] used La doped SrTiO3 as the anode in a fuel cell device 

operated at 300 ~ 600 ℃ and obtained CH3OH in 90% selectivity in products. For an ABO3 perovskite 

oxide, doping in B-site by low valence states or variable valency ion can introduce oxygen vacancy in 

lattice, which might improve its OER performance [35-37].  

In this study, LaCo0.5Fe0.5O3 is synthesized which possesses perovskite-type with many oxygen 

vacancies in lattice, and its analogues are reported to display excellent stability and performance in WOR 

process [41-43] and suitable features for methane activation [41,44]. The aqueous ionic liquid, that is 

[BMIM]BF4 containing trace water, is prepared as supporting electrolyte. [BMIM]BF4 is an aprotic room 

temperature ionic liquid, and its methane solubility is three times that of water [45]. The ionic liquid has 

low vapor pressure, enabling easy separation of methanol from the reaction liquid. The study idea is the 

trace water in ionic liquid might be catalyzed by perovskite-type oxide on anode to provide certain active 

oxygen species, and the Faraday efficiency is expected to be enhanced since OER process is effectively 

avoided and the lifespan of active oxygen species is prolonged in ionic liquid. 
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2. EXPERIMENTAL SECTION 

2.1 Synthesis of LaCo0.5Fe0.5O3 perovskites  

LaCo0.5Fe0.5O3 perovskites were synthesized by the hydrothermal route. The mixture of 0.002 

mol La(NO3)3·6H2O, 0.001 mol Fe(NO3)3·9H2O and 0.001 mol Co(NO3)2·6H2O were dissolved in 80 

mL deionized water, and then 0.004 mol citric acid and 600 mg of polyvinylpyrrolidone (PVP) are added 

into the above solution. After dissolution, the pH was adjusted to ∼8.9 by NH3H2O solution (25.0 - 28.0 

wt%). After stirring for 30 minutes, this solution was transferred into a 100 mL Teflon lining autoclave, 

then provided by 180 ℃ temperature for 24 h. After cooling down to room temperature, the mixture was 

filtered and washed by deionized water for three times, followed by drying at 80°C for 12 h. The solid 

was ground and put into a muffle furnace and heated to 700 °C at a rate of 5 °C/min and then kept under 

air for 3 hours, finally a brownish black powder was obtained, named LaCo0.5Fe0.5O3. As the contrast 

samples, LaCoO3 and LaFeO3 were synthesized as the same route described above except for no addition 

of Fe(NO3)3·9H2O or Co(NO3)2·6H2O. 

 

2.2 Structural Characterization 

The crystal structure was analyzed by XRD (Brucker D-8 avance) with Cu X-ray source. The 

measurement was performed in the scan range of 2θ = 5° - 90° with a scan rate of 10 ° min-1. The surface 

morphology and particle size were analyzed by TEM (HITACHI H-800). The sample was dropped on a 

carbon-coated copper grid (d = 2 mm) after ultrasonic dispersion with ethanol. The morphology was 

analyzed by SEM (Zeiss SUPRA 55) at an accelerating voltage of 20 kV. The sample powder was directly 

loaded on the carbon tape of the SEM sample disk. XPS (Thermo Scientific K-Alpha+) spectra were 

recorded with Al Ka radiation under vacuum conditions (about 5 * 10-9 mbar). XPS spectra were obtained 

in CAE scanning mode with 15 kV voltage and 15 mA beam current. 

 

2.3 Electrode preparation 

Carbon paper (N030) is used as the substrate electrode. 2.4 mg of LaCo0.5Fe0.5O3 and 200 μL 1 % 

Nafion solution was mixed by ultrasonic to obtain catalyst ink. The catalyst ink was loaded on the surface 

of carbon paper by drop-casting method. 10 μL of the same catalyst ink was dropped on the RRDE disk 

electrode to prepare the test electrode. 

 

2.4 Electrolyte preparation 

The supporting electrolyte was prepared by adding trace water into [BMIM]BF4 ionic liquid, and 

the water contents in ionic liquid were explored from 0.1 mol L-1 to 5 mol L-1 in this study. Unless 

otherwise specified, the electrolyte mentioned hereinafter is referred to [BMIM]BF4 solution containing 

0.5 mol L-1 H2O. 
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2.5 Electrochemical property studies 

A single-chamber electrolysis bath system was setup with three electrodes: the catalyst coated 

electrode (1.0 cm2) was used as the working electrode, the Pt electrode (1.0 cm2) was used as the counter 

electrode, and the self-made Ag/Ag+ electrode with 0.01 mol L-1 MeCN as the electrolyte was used as 

the reference electrode. CHI660E electrochemical workstation (Shanghai Chenhua Instrument Co., Ltd.) 

was used for testing. All measurements were performed after purging with Ar gas for at least 30 min. 

Cyclic voltammograms (CVs) were collected at a scan rate of 50 mV/s between -1.2 to 1.3 V. Linear 

sweep voltammograms (LSVs) were measured at a scan rate of 20 mV/s. Some CV and LSV tests were 

carried out in the RRDE system (PINE) where disk electrode serves as the working electrode with a 

rotating speed of 1600 rpm. For the continuous electrolysis experiment, the constant potential 

electrolysis mode was used, and the electrolysis was operated for 1 h. 

 

2.6 Determination of methanol 

The methanol concentration in the electrolyte was determined by a GC-MS (SHIMADZU 

GCMS-MP2010 SE) coupled with a headspace sampler (HS-10). The temperatures of the oven, loop, 

and transfer line in HS were set at 80, 100, and 120°C, respectively. The vial was heated at 80°C for 20 

min without shaking, and pressurized for 3 min at 120 kPa; the loop filling and equilibration times were 

set at 1.50 min and 0.30 min, respectively, and the injection time was set at 1.0 min. One milliliter sample 

solution of each pool was placed in the HS vial. The chromatographic column was an Agilent HP-

INNOWAX column (30 m × 0.25 mm × 0.25 µm). The injector temperature was 200°C with 10:1 split 

mode, and the injection volume of sample was 1 μL. The high-purity He (99.999%) was used as the gas 

carrier, and the flow rate and pressure were 1.0 mL min-1 and 22.7 kPa, respectively. The ionization and 

the interface temperature in MS were adjusted to 230°C and 200°C. The oven temperature was 

programmed for 35°C for 5 min, then increased to 80°C at 5°C min−1, and then to 200°C at 30°C min−1 

(held for 2 min). The solvent delay of 2.5 minutes. During MS detection, the selected SIM mode was 

chosen to reduce the interference of other organics, and the strongest fragment peak of 31 m/z was 

identified as the selected ion peak of methanol. 

The standard curves of methanol concentration in [BMIM]BF4 containing different water 

contents were established, and all the linear correlation coefficients were greater than 0.995. The Error 

test was executed by using two groups of standard 10 nmol mL-1 and 50 nmol mL-1 of CH3OH solutions. 

The results revealed that RSD was respectively 5.77% and 2.80% and the recoveries were respectively 

93.9 - 110.7% and 93.6 - 103.4%. 

Based on the determined concentration of methanol (c) in the electrolyte after electrolysis, the 

generation rate of methanol (r) and the Faraday efficiency of generated methanol () are calculated as 

follows: 

 r (μmol gcat
-1 h-1) =

c · Velectrolyte

mcat · t
 (4) 

  (%) = 
𝑐 · Velectrolyte · z F

Qpractical

 × 100% (5) 
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3. RESULTS AND DISCUSSION 

3.1. Structural characterization of LaCo0.5Fe0.5O3 

The TEM image of LaCo0.5Fe0.5O3 powder (Fig. 1a) reveals that the average particle size of 

primary particles was 26.5 nm ± 7.85 nm, with good uniformity and slight sintering among particles. 

The SEM image (Fig. 1b) reveals aggregate formation with a diameter of 0.5 - 4 μm by the primary 

particle with loose combination. In fact, the prepared powder could be resuspended in water or organic 

solvent by ultrasonic concussion. 

The XRD pattern of LaCo0.5Fe0.5O3 is shown in Fig. 2. The relative peak intensity and peak 

position of all diffraction peaks were consistent with the standard pattern (JCPDS No. 40-0224), except 

for the peak near 2 = 26 which belongs to the complex carbonization residue. It is interpreted that the 

prepared compound had perfect perovskite crystal form, that was the site A and B in perovskite oxide 

was partly occupied by Fe and Co atoms in good crystallinity and no other oxides co-existed. 

 

 

 
 

Figure 1. (a) TEM and (b) SEM images of LaCo0.5Fe0.5O3 

 

 
 

Figure 2. XRD pattern of perovskite-like catalysts LaCo0.5Fe0.5O3 by hydrothermal method 

 

The XPS spectra of LaCo0.5Fe0.5O3 is shown in Fig. 3. The La 3d5/2 XPS spectrum (Fig. 2a) is 
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proof that all La ions in the sample had a single valence state of La3+. The Fe 2p XPS spectrum (Fig. 2b) 

shows that both Fe2+ and Fe3+ existed, and the amount of Fe2+ cations accounted for a large fraction. The 

Co 2p XPS spectrum (Fig. 2c) also shows the presence of Co2+ and Co3+, of which the amount of Co3+ 

accounted for a large fraction. The Gaussian fitting and deconvolution results of O 1s XPS spectra (Fig. 

2d) disclose that O atoms existed in three sorts of chemical environment, that was the adsorbed oxygen 

(B.E. = 534.0 eV), the surface oxygen (B.E. = 531.9 eV) and the lattice oxygen (B.E. = 529.5 eV). Based 

on the peak fitting analysis results as shown in Fig. 4, it implies that many oxygen vacancies (Ov) were 

introduced into the lattice due to the co-doping of Fe and Co [46]. 

 

 

 
 

Figure 3. (a) La 3d5/2 (b) Fe 2p (c) Co 2p (d) O 1s XPS spectra of LaCo0.5Fe0.5O3 

 

 
 

Figure 4. O 1s XPS spectra of LaCo0.5Fe0.5O3, LaCoO3, LaFeO3 

 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 221161 

  

7 

3.2 Electrochemical properties of the catalysts  

The CV curves of RRDE electrode loaded with LaCo0.5Fe0.5O3 in [BMIM]BF4 containing 0.5 

mol/L water under Ar or CH4 atmosphere are shown in Fig. 5a. A strong cathodic current appeared in 

the range of -0.75 V to -1.25 V (vs. Ag / Ag+, the same below), which was attributed to the hydrogen 

evolution process of water in the electrolyte. Moreover, the anodic current increased slowly as the 

potential positive-shifted from 0.2 V to 1.2 V, and it enhanced significantly when the potential was more 

positive than 1.2 V. The anodic current was attributed to the oxidation of water (WOR) process, while 

certain active oxygen species were generated and most of them adsorbed on the anode surface to become 

O2 molecules before further oxidizing [2]. 

The CV curves (Fig. 5a) and LSV curves (Fig. 5b) under different atmospheres show that instead 

of the Ar atmosphere the anode current intensity was vigorous under CH4 atmosphere. This phenomenon 

could be speculated that the adsorbed active oxygen species on the surface of anode might react with 

CH4 molecules, which caused more electricity required to generate more active oxygen species.  

 

 

 
 

Figure 5. Comparison of (a) CV curves (b) LSV curves (c) EIS spectrum of LaCo0.5Fe0.5O3 in Ar/CH4 

atmospheres in [BMIM]BF4 containing 0.5 mol L-1 water 

 

 

As shown in Fig. 5c, the EIS spectrum of LaCo0.5Fe0.5O3 electrode in [BMIM]BF4 containing 0.5 

mol/L water displayed a relatively perfect semicircle in the low-frequency region and a straight-line state 

with the abscissa of 45 in the high-frequency region, indicating that the electrode reaction process was 

mainly controlled by diffusion (e.g. the so-called Warburg diffusion). It is also demonstrated that CH4 

molecules might participate in the interfacial charge transfer process due to decrease in the electron 

transfer resistance of the redox reaction on the interface of electrode/electrolyte in the presence of CH4 

instead of the Ar atmosphere. 

The comparison of CV curves of LaCo0.5Fe0.5O3 electrode in Ar and CH4 atmosphere in different 

electrolyte is shown in Fig. 6a. It shows that the current intensity originated from WOR and HER 

processes gradually rise as the increase in water content increased. The fact that the background current 

of electrolyte changed significantly as the water content changed was reasonable because adding some 

amount of water into [BMIM]BF4 might greatly affect the viscosity and conductivity. Just for this reason, 

the anode current intensity in different electrolytes could not be compared with each other, but the 
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difference in the same electrolyte under Ar and CH4 atmosphere could provide information about the 

electrochemical activity of methane. As shown in Fig. 6b-d, the difference of anode current in two 

atmospheres varied with different water content, and presented the maximum change when the water 

content was 2 mol L-1 (shown as Table 1). It could be explained that the viscosity of the aqueous 

electrolyte system decreased and the conductivity increased as water content in ionic liquid increased, 

which was conducive for CH4 molecules dissolved in electrolyte to diffuse to the anode surface for 

reaction. However, when the water content was too high (more than 2 mol L-1), WOR reaction became 

more intensive, which led to reduction in the proportion of current needed to produce active oxygen in 

the whole anode current. 

 

 
 

Figure 6. (a) CV curves of LaCo0.5Fe0.5O3 measured under Ar atmosphere in [BMIM]BF4 with different 

concentration of H2O (b-d) LSV curves measured under Ar/CH4 atmosphere in [BMIM]BF4 with 

(b) 0.2 mol L-1 (c) 2 mol L-1 (d) 5 mol L-1 of H2O  

3.3 Effect of electrochemical methane conversion to methanol 

Electrochemical conversion of methane was conducted in a non-diaphragm electrolysis bath 

under CH4 atmosphere by potentiostatic mode. The results under different electrolysis conditions are 

shown in Table 1. 
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Table 1. Continuous electrolysis results under different reaction conditions 

 

No. Catalysts Potential/V Content of H2O/ (mol L-1) r/ (μmol gcat
-1 h-1) /% 

1 LaCoO3 1.0 0.5 42.2 43.0 

2 LaFeO3 1.0 0.5 39.3 42.8 

3 LaCo0.5Fe0.5O3 0.8 0.5 39.3 92.4 

4 LaCo0.5Fe0.5O3 0.9 0.5 48.6 82.5 

5 LaCo0.5Fe0.5O3 1.0 0.5 62.6 65.7 

6 LaCo0.5Fe0.5O3 1.1 0.5 45.3 33.3 

7 LaCo0.5Fe0.5O3 1.2 0.5 19.5 8.0 

8 LaCo0.5Fe0.5O3 1.0 0.2 13.6 18.7 

9 LaCo0.5Fe0.5O3 1.0 1.0 86.0 65.8 

10 LaCo0.5Fe0.5O3 1.0 2.0 93.2 54.8 

11 LaCo0.5Fe0.5O3 1.0 3.0 69.8 15.7 

12 LaCo0.5Fe0.5O3 1.0 5.0 26.4 4.5 

 

 

Different generation rate (r) and Faradaic efficiency () of methanol were obtained by using 

LaCo0.5Fe0.5O3, LaCoO3 and LaFeO3 loaded anodes under the same electrolysis conditions. As shown in 

Entry 1, 2, and 5 in Table 1, the performance of LaCo0.5Fe0.5O3 anode is the best due to its the better 

methane activation properties than the other catalysts [47].   

Using LaCo0.5Fe0.5O3 anode in the same electrolyte, the effect of anode potential on the 

conversion of methane was studied (Entry 3-7 in Table 1). When the anode potential was changed from 

0.8 V to 1.2 V, the generation rate of methanol (r) firstly increased and then decreased (Fig. 7a), and the 

maximum rate of 59.4 μmol gcat
-1 h-1 was obtained at 1.0 V. However, the largest Faradaic efficiency () 

of 92.4% was obtained at 0.8 V, and it continuously decreased as the anode potential positive-shifted 

(Fig. 7b). It is reasonable that the generation rate of CH3OH increases with the amount of the generated 

O* on anode, since CH4 molecules could only be activated and converted to methanol by the generated 

active oxygen species [2]. And the amount of the generated O* increased in range of 0.8 V to 1.0 V, but 

decreased when the potential positive than 1.0 V owing to the competition of OER on anode. It was also 

because OER became more intensive as the anode potential positive-shifting, so that the fraction of 

electricity needed to generate O* to the total consuming electricity decreased gradually, resulting in the 

decreased FE (). 

The effect of water content in electrolyte on the methane conversion were further investigated 

and the results are shown in Table 1 (Entry 3 and Entry 8-12 in Table 1). The generation rate r increased 

when the water concentration changed from 0.2 mol L-1 to 2.0 mol L-1, and the highest r up to 93.2 μmol 

gcat
-1 h-1 and then it decreased when the water content was greater than 2.0 mol L-1 (Fig. 8a). The change 
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of Faradaic efficiency  as the water concentration increasing was also in an inverted-V shape (Fig. 8b), 

and the maximum  of 65.7% was obtained in ionic liquid containing 1.0 mol L-1 of water. It can be 

explained that the appropriate water content could lessen the viscosity and improve ionic liquid 

conductivity, so the mass transfer process of methane in electrolyte was improved, as well as the 

generation of O* through WOR on anode. However, the competition of OER would be much greater if 

too much water exists, committing the decrease of the FE . 

 

 

 
 

Figure 7. Continuous electrolysis results using LaCo0.5Fe0.5O3 anode in [BMIM]BF4 containing 0.5 

mol/L water at different anodic potential, (a) generation rate r; (b) Faraday efficiency  

 

 

 
 

Figure 8. Continuous electrolysis results using LaCo0.5Fe0.5O3 anode in [BMIM]BF4 with different water 

content at 1.0V, (a) generation rate r; (b) Faraday efficiency  

 

The relatively high Faradic efficiency but moderate generation rate of methanol was obtained in 

this work comparing with the reported studies (see the data listed in Table 2). The limited content of 

water in electrolyte helps to inhibit the side reaction of OER on anode, which resulted in obtaining the 

high Faradic efficiency. The moderate generation rate might be originated from the lagging mass 

transferring in ionic liquid. 
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Table 2. Representative studies on electrocatalytic conversion of methane to methanol 

 

Catalyst on anode Electrolyte 
T/ (℃) 

Oxygen 

source 

CH3OH generation /% Ref. 

LaCo0.5Fe0.5O3 
[BMIM]BF4 

containing 0.5mol/L 

H2O 

R.T.* H2O 39.29 μmol gcat
-1 h-1 92.4 

This 

work 

TiO2/RuO2/V2O5 0.1 M Na2SO4 R.T. H2O 297 mg L-1 h-1 57 32 

NiO/Ni 0.1 M NaOH R.T. H2O - 54 33 

Cu2O3-TiO2 0.1 M K3PO4 R.T. H2O - 6 39 

(TiO2/RuO2)/PTFE 0.1 M Na2SO4 R.T. H2O 74 mg L-1 h-1 30 48 

V2O5/SnO2 Sn0.9In0.1P2O7 100 H2O - 61.4 49 

*R.T., room temperature 

 

3.4 Electrode recycling performance 

The performance of the catalyst was tested by conducting continuous electrolysis experiments 

for 7 hrs using the same working electrode and sampling every hour. As shown in Fig. 9, the methanol 

generation rate and Faraday efficiency during the test were kept relatively stable, only slight attenuation 

occurred. 

 
 

Figure 9. The continuous electrolysis by using the same LaCo0.5Fe0.5O3 loaded electrode in the 

electrolyte of [BMIM]BF4 containing 0.5mol L-1 of water at anodic potential of 1.0 V 

 

 

4. CONCLUSIONS 

In this study, the direct conversion of methane to methanol at room temperature and pressure was 

observed in a non-diaphragm electrolytic bath where aqueous [BMIM]BF4 served as supporting 

electrolyte and LaCo0.5Fe0.5O3 as catalyst loaded on anode. LaCo0.5Fe0.5O3 is confirmed to possess many 
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oxygen vacancies in perovskite lattice which attests good WOR catalytic property, so the trace water in 

[BMIM]BF4 could be oxidized for generation active oxygen species (O*) which adsorbed on the 

electrode surface. And when the dissolved CH4 molecules in the electrolyte diffused to the anode surface 

and reacted with O* to get converted into methanol. In this process, the generation rate of methanol r 

mainly depended on the generation rate of O*, and the Faraday efficiency  was mainly affected by the 

competing OER. Therefore, it is necessary to optimize the electrolysis conditions by adjusting the anode 

potential and the water content in the ionic liquid. In this study, a small amount of water was added to 

ionic liquid to balance the contradiction between the production of reactive oxygen species and oxygen 

evolution process, and a better current efficiency was acquired. 
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