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Highlights 

1. Solar driven efficient methane oxidation is firstly proved under high velocity 

continuous flow. 

2. Epitaxial hetero-interface design concept is proposed for the fabrication of platinum 

group metal free oxidation catalysts. 
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3. Surface lattice oxygen replenishment mechanism through expitaxial interface 

electron transfer is identified and elucidated.  

4. The synergy of photothermal effect and photo-promoted electron transfer results in 

about 2 times higher CH4 oxidation activity than thermal catalysis system.   

Abstract 

Gas flaring in oil/gas drilling and gas leakage in natural gas power plant lead to 

significant energy loss and environmental burden. Here, solar-driven efficient methane 

oxidation was demonstrated under high velocity continuous flow over the 

ZnO/La0.8Sr0.2CoO3 (ZnO/LSCO) heterojunctions. The ZnO/LSCO heterojunctions 

enabled a unique epitaxial hetero-interface, which effectively regulated the electron 

transfer between Zn 3d-O 2p hybrid orbital in ZnO and Co eg orbital in LSCO and 

promoted the rapid generation and refill of oxygen vacancy with unpaired electron (Vo·), 

thus enhancing the activity and mobility of surface lattice oxygen in ZnO/LSCO. Under 

solar illumination, the synergy of photothermal and photocatalytic effect boosted the 

reversible electron transfer in the interface, which further activate surface lattice oxygen, 

resulting in a ~2 times higher methane oxidation activity. Such a solar-driven system 

not only enables a promising pathway for emitted methane utilization, but also provides 

an advanced catalyst design concept of epitaxial interface construction. 

Keywords: Solar-driven methane oxidation; Epitaxial hetero-interface; Reversible 

Electron transfer; Photothermal effect; Photo-excited electrons 

1. Introduction 

Methane, the principal component of natural gas, is the highest mass energy 

density fuel among carbon-based energy source being produced and in huge reserve. 

Accompanied with the shale gas revolution and fire ice discovery, the use of natural 

gas, as substantial cleaner fuel and chemical feedstock becomes more and more feasible 

[1]. However, it was estimated that as much as 140 billion cubic meters of unusable 

natural gas were vented or flared each year in oil and gas drilling from 2013 to 2017 

[2,3], which is equivalent to 25 % of the United States’ gas or 30% of Europ Union 
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annual consumption [4]. Natural gas (methane) venting is a big challenge to global 

warming, with 25 times higher green house effect than CO2, and gas flaring is 

accompanied by the production of toxic NOx. This thus leads to significant energy loss, 

undesirable pollutants and human health risk. Therefore, more efficient strategy and 

devices for methane emission control are in urgent demand in those industrial 

applications for better environmental benefit. 

Catalytic oxidation of methane with Pd catalysts is a clean and practical alternative 

[5] but suffers from the high cost associated with Pd and the extra fuel consumption 

needed to heat up the system [6]. Recently, taking the full advantage of abundant solar 

energy, both selective catalytic oxidation [7] and total oxidation of methane under 

sunlight illumination [8] have been reported. But comparing with the traditional thermal 

catalysis, the several orders of magnitude lower reaction rate, the low solar harvesting 

efficiency and fast recombination of the photogenerated electron−hole pairs of 

photocatalytic process limited its application in the high velocity condition such as gas 

flaring [9–15]. While photothermal catalytic process, in which photon energy dissipated 

into heat induced by surface plasmon resonance absorption to promote the catalytic 

reaction [16], has been proved to be able to adoped in various industrial processes such 

as Fischer–Tropsch synthesis [17], CO2 hydrogenation [18,19], volatile organic 

chemicals (VOCs) elimination [20,21]. However, solar assisted heterogeneous catalytic 

oxidation of methane at high space velocity condition has seldomly been demonstrated, 

and the synergy of photocatalytic and photothermal effect on catalytic oxidation of 

methane also has not been illustrated. 

To fully leverage the solar promoted performance and elucidate the synergy of 

photothermal catalysis and photocatalysis on methane oxidation, a composite catalyst 

including photothermal catalysts, which can effectively activate methane, and rational 

designed interface, which can enable efficient charge transfer [22–27], would be ideal. 

Perovskite oxide [28,29], promising noble metal free catalysts for catalytic methane 

oxidation, is also an excellent photo-thermal materials due to its characteristic of well-

defined IR-absorption capability derived from free Jahn-Teller hole polarons and Jahn-
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Teller hole polarons within localized charge transfer vibronic excitons [30–32]. It is 

inspired that a well-designed metal oxide/perovskite interface would lead to an efficient 

catalysts for solar-driven CH4 oxidation. 

Herein, via rational metal oxide/perovskite interface design, solar-driven efficient 

methane oxidation over ZnO/La0.8Sr0.2CoO3 (ZnO/LSCO) heterojunction catalysts was 

demonstrated under high space velocity continuous flow. The hetero-epitaxial interface 

of ZnO/LSCO, constructed by simultaneously bonding Co3+, Sr2+ and La3+ in LSCO (-

110) planes with O2- in ZnO (01-10) planes, enabled a synergy of photocatalytic and 

photothermal catalytic effect and resulted in a much higher solar-driven catalytic 

activity than control catalyts with no interface. The characteristic interface effectively 

regulated the electron transfer between Zn 3d-O 2p hybrid orbital in ZnO and Co eg 

orbital in LSCO and promoted the rapid generation and refill of oxygen vacancy with 

unpaired electron (Vo·), thus enhancing the activity and mobility of surface lattice 

oxygen in ZnO/LSCO. Under solar illumination, the produced heat via photothermal 

effect promoted transform of ZnO/LSCO from heterojunction to Schottky junction. The 

synergy of photothermal and photocatalytic effect boosted reversible electron transfer 

on the interface, which further promoted the amount of surface active lattice oxygen 

and corresponding fast replenishment, resulting in a higher methane oxidation activity. 

The catalysts design concept demonstrated here shows great potential for the solar 

energy utilization and the control of carbon footprint in industrial process. Furthermore, 

the fundamental heterojunction catalysts design concept and active oxygen repleshment 

mechanism uncovered here provides a new approach for the design and fabrication of 

efficient PGM free oxidation catalysts. 

2. Experimental section 

2.1 Density functional theory (DFT) calculations 

For this work, first-principles calculations are performed using Vienna ab initio 

simulation package (VASP) [33] based on density functional theory (DFT). The 

electron-ion interactions are modelled by employing projector augmented wave (PAW) 
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[34] potentials. Exchange and correlation effects for structure relaxation are 

approximated by generalized gradient approximation (GGA) [35], using Perdew-

Burke-Ernzerhof (PBE) functional [36]. The cutoff energy is set at 400 eV for the plane-

wave basis restriction in all calculations. K-points are sampled under Monkhorst-Pack 

scheme [37] for the Brillouin-zone integration. In all calculations, the forces acting on 

all atoms are <0.02 eV/Å in fully relaxed structures and self-consistency accuracy of 

10-4 eV is reached for electronic loops. 

According to previous report [38], in our simulation, the relation 

5μ
La

+1μ
Sr

+6μ
Co

+18μ
O

=ELa5Sr1Co6O18  has to be satisfied so that La, Sr, Co and O 

reservoirs are at thermodynamic equilibrium with bulk La5Sr1Co6O18, where 

ELa5Sr1Co6O18  is the total DFT energy of bulk La5Sr1Co6O18. The actual oxygen 

chemical potential μO depends on experimental synthesis conditions ranging from O-

poor conditions to O-rich conditions. In O-poor condition, μ
O

 is obtained by 

μ
O

=
1

18
[ELa5Sr1Co6O18-5ELa

metal-1ESr
metal-6ECo

metal], where ELa
metal, ESr

metal and ECo
metal are the 

total DFT energies of a La, Sr and Co atom in metallic La, Sr and Co respectively. On 

the other extreme, μ
O

 in O-rich conditions is used as the reference and the upper bound 

of μ
O

=
1

2
EO2 is set at 0 eV, where EO2 is the total energy of an oxygen molecular in 

a large box. This condition sets the lower bond of μ
O

 to be -4.375 eV. Based on the 

above, the formation energy of an oxygen vacancy is calculated by EF
Vo=Etot

Vo-Etot
no Vo+μ

O
, 

where Etot
Vo and Etot

no Vo are the total DFT energies of a system with and without an 

oxygen vacancy. The charge density difference is obtained by ∆ρ=ρ
ZnO/LSCO

-ρ
LSCO

-

ρ
ZnO

, where ρ
ZnO/LSCO

, ρ
LSCO

 and ρ
ZnO

 are the total charge densities of the interface 

model, the corresponding individual LSCO slab and ZnO slab respectively. 

2.2 Materials 

Zinc acetate dihydrate (Zn(CH3COO)2·2H2O), Lanthanum nitrate hexahydrate 

(La(NO3)3·6H2O), Strontium nitrate (Sr(NO3)2), Cobaltous nitrate (Co(NO3)2), N, N-
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Dimethylformamide (DMF), Hexamethylenetetramine (HMT, 99%), 

Polyvinylpyrrolidone (Mw: 55000), Diethanolamine, Ammonium hydroxide 

(NH3·H2O), Tetraethyl orthosilicate (TEOS, 98%) and Ethanol were purchased from 

Sinopharm Chemical Reagent Co, Ltd.. All chemicals were used as received. The 

monolith cordierite (diameter: 1inch, height: 1cm, channel: 1 mm×1 mm) substrate was 

provided by Corning cooperation.  

2.3 Catalyst preparation 

2.3.1 Growth of ZnO nanorod array  

ZnO nanorod array on 3-D monolith substrate were fabricated as reported [39]. 

The monolith cordierite was first cleaned by deionized water and ethanol in ultrasonic 

bath to remove the contaminants on substrate. Then the substrate was coated (via dip-

coating) with zinc acetate (20 mmol) in ethanol solution for several times and annealed 

at 350 ℃ for 5 hours to form (002) face oriented ZnO seed layer. After coating of ZnO 

layer, ZnO nanorods growth was conducted by a hydrothermal process. Equal molar of 

Zn(NO3)2 and hexamethylenetetramine (HMT) (25 mmol) were dissolved in deionized 

water (200 mL) as precursor. The pre-annealed substrate was then put in the prepared 

precursor at 80 ℃ for 6 hours. After three cycles of ZnO nanorod growth, the nanorods 

integrated substrate was rinsed in deionized water and cleaned in ultrasound bath with 

ethanol for 10 minutes. Finally, the sample was dried at 80 ℃ in air for further 

characterization. 

2.3.2 Fabrication of ZnO/SiO2 core-shell nano-array 

A modified Stober process was used to produce a uniform coating of SiO2 onto 

ZnO nanorod arrays [40]. Briefly, ZnO nanorod array was impregnated into (50 mL) 

ethanol . NH3·H2O (1.5 mL) was then added dropwise. TEOS (1.5 mL) was added by 

syringe and the reaction incubated for 8 hours while stirring. 

2.3.3 Fabrication of ZnO/La0.8Sr0.2CoO3 (ZnO/LSCO) epitaxial heterojunction, 

ZnO/SiO2/LSCO nanorods and LSCO nanotube based monolithic catalysts 
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The loading of La0.8Sr0.2CoO3 (LSCO) were conducted by the colloidal deposition 

method we have developed [41]. Firstly, the perovskite LSCO colloidal solution was 

prepared by dissolving stoichiometric (0.12 mol/L) lanthanum nitrate hexahydrate 

(La(NO3)3 • 6H2O), strontium nitrate (Sr(NO3)2), and cobaltous nitrate (Co(NO3)2) in 

N, N-Dimethylformamide (DMF) (20 mL) in sonication. In the other bottle, 

polyvinylpyrrolidone (M.W 55,000) (2 g) and diethanolamine (0.5 mL) were dissolved 

in DMF (20 mL). Then the two solutions were mixed under vigorous stir at 60 ℃ and 

the solution turned dark brown. The solution was aged for 24 hours. Then, by using dip 

coating, a uniform LSCO coating layer could be made on the ZnO nanorod array 

monolith substrates and ZnO/SiO2 nanorod array monolith substrates. This deposition 

process was repeat for a few cycles until the desired loading amount was acquired. 

Finally, the substrate was annealed at 700 ℃ for 2 hours to ensure good crystallinity 

after annealing treatment, and ZnO/LSCO epitaxial heterojunction and 

ZnO/SiO2/LSCO nanorods catalysts were obtained. LSCO nanotube integrated 

monolithic catalysts were fabricated by H2 reduction of ZnO/LSCO epitaxial 

heterojunction at 600 ℃ for 3h [42]. It has been reported that reduced LSCO nanotube 

could be re-oxidized to the initial chemical state by annealing in O2 atmosphere, 

including the amount of adsorbed oxygen and surface lattice oxygen [43]. 

2.4 Characterization 

The morphology and structure of synthesized nano-array monolithic catalysts 

were examined by field emission scanning electron microscopy (FE-SEM, JEOL 

6335F) and Transmission electron microscopy (TEM, JEOL JEM-2010F). The 

crystalline structure of a typical sample was analyzed by X-ray diffractometer (XRD, 

BRUKER AXS D5005) using CuKα radiation of 1.540598Å. All measures were 

performed at room temperature. 

The Brunauer-Emmett-Teller (BET) specific surface areas and pore size 

distributions were obtained on a Quantachrome NOVA 1000 Gas Sorption Analyzer 

and Micromeritics ASAP 2020 physisorption analyzer. X-ray photoelectron 

spectroscopy (XPS) was performed with a Kratos Analytical (Axis Ultra DLD) 
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instrument equipped with monochromatic Al Kα source operating at 1486.7 eV. The 

signal was filtered with a hemispherical analyzer (pass energy 160 eV for survey spectra 

and 20 eV for narrow high resolution scans). The C 1s photoelectron line at 284.6 eV 

was used as an internal standard for correction of charging effects in all samples. Low-

temperature EPR spectra were acquired on a Bruker EMX EPR spectrometer (Billerica, 

MA) at 77K. Diffuse reflectance UV−vis-IR absorption was measured on a PE950 

spectrophotometer. 

CO-TPR, TPD, and oxygen isotopic exchange over ZnO/LSCO and LSCO 

nanotube samples (ca. 30 mg) were also conducted on the AMI microreactor system 

(Altamira AMI-300). Before each of the experiments, the samples were pretreated in 

flowing 5% 16O2/He (30 mL/min) at 673 K for 1 h and cooled down to room temperature 

(rt) and switched to helium purging for 30 min. For CO-TPR, the pretreated sample was 

exposed to 2% CO/2%Ar/He (30 mL/min) at rt for 30 min and then ramped (10 K/min) 

up to 1073 K and held for another 30 min. In CO-TPR, the gas stream product CO2 was 

analyzed by an online quadrupole mass spectrometer (QMS) (OmniStar GSD-301 O2, 

Pfeiffer Vacuum). For oxygen isotopic exchange, the pretreated sample was exposed to 

1% 18O2/He (30 mL/min) at rt and ramped (10 K/min) up to 1100 K. The oxygen 

isotopomers (32, 34, and 36) were monitored by the online QMS. X-ray absorption near 

edge structure (XANES) was collected at SINS beamline at the Singapore Synchrotron 

Light Source (SSLS). 

2.5 Activity evaluation 

2.5.1 Evaluation of thermally catalytic performance of methane oxidation 

Thermally catalytic performance of the samples was measured in a BenchCAT 

100RHP Hybrid reactor (Altamira Instruments) and 0.3 g catalyst samples were used. 

For CH4 combustion, the O2 concentration in the inlet was 20 % and CH4 concentration 

was 500 ppm / 1%. The balance of the gas was N2 and the total flow rate into the reactor 

was 10 and 50 sccm, giving a weight hour space velocity (WHSV) of around 40,000 

and 200,000 mL g-1h-1 (~1200, 6000 h-1 for gas hour space velocity (GHSV), 
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respectively). Methane oxidation study was carried out in the temperature range of 

250 ℃-750 ℃. An on-line gas chromatograph (GC, 9790, Taizhou) with a flame 

ionization detector (FID) was used for identification and quantification of the gas 

species in the product stream. For CO oxidation, the total flow rate of reactant feed (1% 

CO + 10 % O2 + N2 (balance)) was 50 sccm. The WHSV was controlled to be around  

200,000 mL g-1h-1 (~6000 h-1 for GHSV). The total flow rate into the reactor was 50 

sccm. CO oxidation study was carried out in a temperature range of 20 ℃-500 ℃. 

Products stream were analyzed on line by Agilent Micro GC. In terms of NO oxidation, 

the total flow rate of reactant feed (3% NO + 10% O2 + N2 (balance)) was 50 sccm, 

giving a WHSV of ca. 200,000 mL g-1h-1 (~6000 h-1 for GHSV). NO oxidation study 

was carried out in a temperature range of 20 ℃ - 500 ℃. A FTIR were used as the 

detector to analyze product gas mixture. 

2.5.2 Evaluation of photo-thermally catalytic performances of methane oxidation  

The photothermally catalytic activity evaluation of the samples for CH4 oxidation 

was carried out in a designed quartz device [44]. Powder-tunable Xenon lamp (300 W) 

was used as simulated solar irradiation to trigger methane oxidation. 0.3 g catalyst 

samples were filled in the quartz reactor with an area of 2 cm2, and the position of the 

solar simulator was adjusted so that the focal point illuminated the catalyst area. The 

catalysis temperature was monitored by a catalyst-contact thermocouple. The reactant 

of 500 ppm CH4 + 20% O2 + N2 (balance) was passed at a flow rate of 10 mL/min, 

giving a WHSV of around 40,000 mL g-1h-1 (~1200 h-1 for GHSV). The outlet gas 

compositions were analyzed with an on-line gas chromatograph (GC, 9790, Taizhou) 

with a flame ionization detector (FID). 

3. Results and discussion 

3.1 Density functional theory (DFT) calculations for structure design of catalysts 
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Fig. 1. (a) Atomic structure and schematic illustration of ZnO/LSCO epitaxial interface. 

Charge density difference caused by formation of ZnO/LSCO interface, where electron 

accumulation and depletion are represented by yellow (∆𝜌 = +1 × 10−3 𝑒 ∙ bohr−3) 

and cyan (∆𝜌 = −1 × 10−3 𝑒 ∙ bohr−3) respectively: (b) Pristine; (c) with Vo·. (d) 

Bader charge analysis (valence state) of Co adjacent to Vo· in pristine ZnO/LSCO and 

ZnO/LSCO with Vo·.  

For the structure design of LSCO catalysts, DFT calculations were firstly carried 

out to investigate the interface effect on surface reactivity of perovskite (Fig. 1). Based 

on our previous researches [41,45], the subtle lattice mismatching between ZnO and 

hexagonal phase La0.8Sr0.2CoO3 (LSCO) (dZnO (002) = 0.26 nm; dLa0.8Sr0.2CoO3 (110) = 0.27 

nm ) indicates that an epitaxial growth of ZnO/ La0.8Sr0.2CoO3 (ZnO/LSCO) can be 

established by matching ZnO (01-10) planes and LSCO (-110) planes (Fig. 1a). As 

shown in Fig. 1a and Figure S1, DFT modeling results suggested Co3+, Sr2+ and La3+ in 

LSCO (-110) planes bonded simultaneously with O2- in ZnO (01-10) planes. It has been 

evidenced that charge transfer of epitaxial interface would contribute to overall activity 

of catalytic reactions [46,47]. CH4 oxidation over perovskites generally proceeds 

through Mars and van Krevelen (MvK) mechanism accompanied by the generation and 
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refilling of surface oxygen vacancies (Vo·) [48], in which Vo· as a promoter plays a 

decisive role to affect catalytic performance of CH4 oxidation. To identify the charge 

redistribution evolution on ZnO/LSCO epitaxial interface without and with Vo· on 

LSCO exposed surface, the charge density difference (the quantity difference of charge 

per unit cell volume) was calculated by DFT calculations. The theoretical calculation 

results suggest that the characteristic ZnO/LSCO interface acts as an “electron regulator” 

and promotes a reversible electron transfer. At first, ZnO tends to withdraw electron 

from surface Co in LSCO (Fig. 1b), so that O connected with Co can be activated and 

easily removed to generate Vo·. After Vo· are present in Fig. 1c, ZnO will in turn 

provide electrons to surface Co. Thus the reducibility of cobalt ions is enhanced and 

the adjacent Vo· can be readily filled by dissociated oxygen. Moreover, Bader charge 

analysis is performed on Co adjacent to Vo· in pristine ZnO/LSCO and ZnO/LSCO with 

Vo· (Fig. 1d), which also affirms that electrons (0.15 e-) transfer to Co after generating 

Vo·. 

3.2 Catalysts characterization 

On the basis of theoretical model, a series of perovskite monolithic catalysts with 

or without epitaxial interface were then fabricated. As shown in Figure S2a, ZnO/LSCO 

epitaxial heterojunction model catalysts were firstly in-situ grown onto commercial 

honeycomb substrates (1 cm×2 cm×2 cm) in the form of array structure via a facile 

solution method [42]. It can be observed from Figure S2b that ZnO/LSCO monolithic 

catalysts exhibits bright metallic black color throughout the substrate, which indicates 

the uniform coating of ZnO/LSCO nano-array on the monolith. As control samples 

without epitaxial interface, LSCO nanotube was fabricated by reducing the ZnO/LSCO 

in 10% H2/N2 around 600 °C for 3 hours [42] and ZnO/SiO2/LSCO nanorods 

(chemically inert SiO2 as electron blocker between ZnO and LSCO) were also in-situ 

grown onto commercial monolithic substrates by using a similar hydrothermal and 

calcination process. The detailed fabrication process of monolithic catalysts is 

presented in experimental section. 
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Fig. 2. SEM images of (a) ZnO/LSCO epitaxial heterojunction nanorod, (b) LSCO 

nanotube and (c) ZnO/SiO2/LSCO nanorod. TEM images of a typical (d) ZnO/LSCO 

epitaxial heterojunction nanorod, (e) LSCO nanotube and (f) ZnO/SiO2/LSCO nanorod. 

(g) STEM image of ZnO/LSCO epitaxial heterojunction nanorod. (h) EDX element 

mapping of La, Zn on the selected region of (g). (i) HRTEM image of ZnO/LSCO 

epitaxial interface and the corresponding FFT patterns.  

Fig. 2 shows the morphology and microstrcture characterization of the fabricated 

LSCO monolithic catalysts. Scanning electron microscope (SEM) images in Fig. 2a 

shows that ZnO/LSCO heterojunction nanorods are uniformly coated on honeycomb 

substrates, which is about 1μm in length and 100 to 300 nm in diameter. As shown in 

Fig. 2b, LSCO nanotube arrays retained the nano-array structure after reduction 

treatment and evenly distributed on the wall of honeycomb substrate with length of 1μm 

and diameter of 200 nm, which is consistent with the dimensionality of ZnO/LSCO 
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heterojunction nanorods. The LSCO nanotube structure also signifies ZnO nanorods 

(ZnO) could be effectively removed by H2 reduction at elevated temperature. The SEM 

image of ZnO/SiO2/LSCO in Fig. 2c also exhibited regular nanorods array structure 

with the length of ca. 1 μm and the diameter of 150-200 nm. Figures 2d-2f presents 

transmission electron microscopy (TEM) images of typical single ZnO/LSCO 

heterojunction nanorod, LSCO nanotube and ZnO/SiO2/LSCO nanorod. Obviously, the 

hollow structure of LSCO nanotube (Figure 2e) intuitively showed the efficient 

removal of ZnO core, as well as the good uniformity of LSCO coating. While 

ZnO/LSCO and ZnO/SiO2/LCO shows a solid rod-like structure. The XRD patterns in 

Figure S4 has further confirmed the purity of LSCO nanotube without the presence of 

ZnO, which proved H2 reduction was an effective method for the preparation of LSCO 

nanotube monolithic catalysts. In addtion, the inductively coupled plasma-atom 

emission spectrometer (ICP-AES) results (Table S1) proved that the amount of LSCO 

in both nano-array catalysts are identical. 

As demonstrated by bright-field scanning transmission electron microscopy 

(STEM) in Fig. 2g, the ZnO/LSCO core-shell structure and the heterojunction interface 

can be easily observed from the higher magnification image of a typical ZnO/LSCO 

nanorod, where the LSCO nanoparticles of 0.5-20 nm in size dispersed on the ~150 nm 

wide ZnO nanorod surface. The elemental distribution boundary between La and Zn 

from Energy Dispersive X-Ray Spectroscopy (EDX) mapping in Fig. 2h further reveals 

the distinct interface. High resolution transmission electron microscopy (HRTEM) 

image (Fig. 2i) indicated that LSCO nanoparticles were epitaxially grown on ZnO {01-

10} facets along the [110] direction, as evidenced by the measured lattice fringes of 

0.26 nm and 0.27 nm matching to the {002} planes of ZnO and {110} planes in LSCO, 

respectively. The inset in Fig. 2i is the corresponding fast Fourier transformation (FFT), 

proving the coherent interface formed between ZnO and LSCO. In all, the experimental 

obervations for constructed ZnO/LSCO model catalysts are in accordance with our 

theoretical predictions.  
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Fig. 3. (a) Normalized O K-edge XANES spectra of ZnO and ZnO/LSCO. (b) Co 2p, 

XPS spectra of ZnO/LSCO core-shell nanorod arrays and LSCO nanotube arrays. (c) 

Normalized O K-edge XANES spectra of ZnO/LSCO and Vo·-rich ZnO/LSCO. (d) 

Normalized Co L-edge XANES spectra of ZnO/LSCO and Vo·-rich ZnO/LSCO. 

X-ray absorption near edge structure (XANES) is capable of studying electronic 

structure of surface/interface and thus was applied to gain experimental insight into the 

electron transfer between ZnO and LSCO (Fig. 3). To confirm the reversible electron 

transfer on ZnO/LSCO interface with Vo·, Vo· -rich ZnO/LSCO was in-situ generated 

by Argon ion sputtering right after data collecting on pristine ZnO/LSCO sample in the 

XANES tests. The electronic structure change as well as charge transfer at both samples 

can be revealed by the spectra of O K edge (O 1s → 2p transition) absorption. Fig. 3a 

shows the O K-edges XANES spectra of ZnO and ZnO/LSCO. Due to different 

hybridization energy between O 2p and metal 3d orbitals, we can divide the O near 

edge states into two main parts: (1) Co 3d-O 2p hybridization states (< 531.3 eV), (2) 

Zn 3d-O 2p hybridization state (531.3 – 535.0 eV). It is observed that the low energy 

Zn 3d-O 2p hybridization states are occupied and the whole spectrum (shaded area) has 
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shifted towards higher energy region, which indicates Zn 3d-O 2p hybridized orbital in 

the conduction band is occupied by electrons [49,50]. It signifies that ZnO would 

absorb/attract electron from LSCO upon the formation of ZnO/LSCO interface. Fig. 3b 

presents Co 2p XPS spectra of ZnO/LSCO epitaxial heterojunction and LSCO nanotube. 

The binding energy of Co 2p for ZnO/LSCO shifts positively compared to that of LSCO 

nanotube, indicating the increase of the Co valence state (lose electrons) in ZnO/LSCO 

and electron transfer between ZnO and LSCO, which is consistent with the results in 

Fig. 3a.  

The O K-edge XANES spectra of ZnO/LSCO and Vo· -rich ZnO/LSCO are shown 

in Fig. 3c, and the peaks labeled a and b are assigned to O 1s → Co 3d-O 2p hybridized 

t2g and eg transition [51], respectively. On the contrary, it is clearly observed that the 

XANES spectrum of the Zn 3d-O 2p hybridization states (shaded area) presents a 

negative shift after Vo· generation, indicating that the formation of rich Vo· in 

ZnO/LSCO prompts the escape of electrons from Zn 3d-O 2p hybridized orbital [51]. 

More compelling, peak b presents significantly reduced intensity in Vo· rich 

ZnO/LSCO, which suggests that Co 3d eg-O 2p hybridized orbital in the conduction 

band is occupied by more electrons. Thereby, the electrons would be transferred from 

Zn 3d-O 2p hybrid orbital in ZnO to Co eg orbital in LSCO after the generation of 

surface Vo·. Co L-edge XANES spectra (Fig. 3d), that is sensitive to oxidation state and 

spin state, provide more detailed information of electron transfer on ZnO/LSCO 

interface. The Co LⅢ-edge shifts towards the lower energy region in the case of rich 

Vo·, where surface Co ions exhibits a lower oxidation state due to electrons donation 

from ZnO to eg orbital of Co in LSCO [52]. The XANES analysis of O K-edge and Co 

L-edge matches well with our DFT calculation. 

3.3 Thermally catalytic performance of CH4 oxidation  
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Fig. 4. (a) CH4 conversion as a function of temperature over the ZnO/LSCO, LSCO 

nanotube and ZnO/SiO2/LSCO catalysts with the CH4 concentration of 1%. (b) the 

corresponding Arrhenius plots for the reaction kinetics of CH4 combustion of (a). (c) 

CH4 conversion as a function of temperature over the ZnO/LSCO, LSCO nanotube and 

ZnO/SiO2/LSCO catalysts with the CH4 concentration of 500 ppm. (d) The reaction 

rate of CH4 oxidation under the CH4 concentration of 1% and 500 ppm. (The weight 

hour space velocity (WHSV) is 200 L g-1h-1 (~6000 h-1 for gas hour space velocity 

(GHSV)) for all thermally catalytic methane oxidation tests) 

In order to figure out the effect of ZnO/LSCO epitaxial interface on catalytic 

performance, activity of methane oxidation was evaluated on these monolithic catalysts 

(Fig. 4). The complete activity data is summarized in Table S2. To keep the surface 

chemical state consistent, ZnO/LSCO, LSCO nanotube and ZnO/SiO2/LSCO were first 

pretreated under 10% O2 at 300 ℃ for 2h before performance tests [43].  

Fig. 4a presented the light-off curves of CH4 oxidation for these nano-array 

catalysts when the concentration of CH4 is 1%. It can be observed that ZnO/LSCO 
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displays the best catalytic performance for methane combustion than other counterparts. 

The T50 (temperature of half conversion) value of ZnO/LSCO is 568 ℃, 36 and 37 ℃ 

lower than that of LSCO nanotube (604 ℃) and ZnO/SiO2/LSCO (605 ℃), respectively. 

The corresponding Arrhenius plots in Fig. 4b also reveals that the calculated apparent 

activation energy (Ea) of ZnO/LSCO (33.6 kJ mol-1) is much lower than that of LSCO 

nanotube (70.8 kJ mol-1) and ZnO/SiO2/LSCO (65.1 kJ mol-1), indicating its higher 

surface reactivity. Meanwhile when the concentration of CH4 is 500 ppm (Fig. 4c), 

ZnO/LSCO still exhibited the highest catalytic activity (T50 = 562 ℃) among all 

samples, which is 37 and 61 ℃ lower than that LSCO nanotube (599 ℃) and 

ZnO/SiO2/LSCO (623 ℃), respectively. Correlated with Fig. 4a and 4c, it is noted that 

ZnO/LSCO interface-promoted activity enhancement is more prominent at a lower CH4 

concentration. This is because that 1% CH4 (a large amount of CH4 molecule) may 

exceed oxidation capacity of interface-activated lattice oxygen limited by LSCO 

loadings on monolith. Fig. 4d depicts the associated reaction rate of tested nano-array 

catalysts. The highest reaction rate further confirmed superior surface reactivity of 

ZnO/LSCO.  

The catalytic performance evaluation of NO and CO oxidation was then performed 

to further identify the interface-promoted effect. As shown in Figure S6 and S7, the test 

results also indicated the superior activity and robustness of ZnO/LSCO. It hints that 

ZnO/LSCO epitaxial interface plays an important role in the oxidation reactions. In 

addition, the N2 adsorption-desorption isotherm and pore-size distributions (Figure S8, 

Table S3) of ZnO/LSCO and LSCO nanotube monolithic catalysts were characterized 

to investigate their textual properties. On one hand, ZnO/LSCO (18.5 nm) and LSCO 

nanotube (18.6 nm) displays the identical average pore diameter. The mesopores should 

come from the gaps of LSCO nanoparticles coated on ZnO nanorod. While on the other 

hand, the estimated surface area of LSCO nanotube (45 m2/g) is about twice of 

ZnO/LSCO (24 m2/g), which is due to the increased surface area from exposure of 

nanotube inner surface after removing the ZnO core. Nevertheless, higher surface area 

LSCO nanotubes (~45 m2g-1) exhibited inferior catalytic activity for CH4 oxidation to 
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the ZnO/LSCO nanorods (24 m2g-1), further suggesting the well-designed epitaxial 

interface (Fig. 2g-2f) should account for the boosted activity in ZnO/LSCO sample 

compared to LSCO nanotube samples despite LSCO’s superior redox activity [53]. 

3.4 Photothermal properties and performance 

 

Fig. 5. (a) Scheme of photothermal catalytic reactor configuration. (b) UV–Vis-IR 

absorption spectra for the ZnO/LSCO, LSCO nanotube and ZnO/SiO2/LSCO catalysts. 

(c) Temperature profiles on these monolithic catalysts under the irradiation of the Xe 

lamp. (d) The CH4 photothermal conversion over these monolithic catalysts under Xe 

lamp irradiation. (e) Comparison of CH4 conversion for ZnO/LSCO under Xe lamp 
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irradiation and direct thermal heating (furnace) at the same temperature (The WHSV is 

ca. 40 L g-1h-1 (1200 h-1 for GHSV) for the part of photothermally catalytic methane 

oxidation and the corresponding thermal catalysis contrast). (f) Activity comparison of 

methane oxidation with previous studies by normalized reaction rate constant. 

Inspired by the unique epitaxial interface and the potential photo/photo-thermal 

property of LSCO, we also explored the solar-driven catalysis of ZnO/LSCO for 

continuous-flow methane oxidation (Fig. 5). The novel solar reactor configuration is 

shown in Fig. 5a. The quartz device equipped with a solar reflector was specifically 

designed to meet the requirement of concentrated solar irradiation and to make full use 

of solar energy. CH4 and O2 are supplied to the flow-tube device under ambient pressure. 

Generally, the catalysts efficiently absorb solar radiation and simultaneously release the 

absorbed photons in the form of heat, thus increasing surface temperature and triggering 

catalytic reactions. The UV–Vis-IR diffuse reflectance spectra measurement was 

carried out to evaluate the optical response of ZnO/LSCO, LSCO nanotube and 

ZnO/SiO2/LSCO. Fig. 5b presented the absorption spectra of these catalysts. 

ZnO/LSCO exhibits the strongest light absorption across the whole region of solar 

spectrum, while LSCO nanotube and ZnO/SiO2/LSCO exhibit a slight decrease of 

absorbance. It suggests that the constructed epitaxial interface in ZnO/LSCO enables 

enhanced UV-Vis-IR response, which could be attributed to electronic interactions 

between ZnO and LSCO [54]. Compared with the absorption spectra of ZnO and 

ZnO/SiO2 nanorods in Figure S9, the absorption band at 365 nm was assigned to an 

exciton transition of ZnO. And the wide band at the range of 540-651 nm should be 

assigned to the exciton absorption of La0.8Sr0.2CoO3 [55]. While the bands at IR regions 

of ca. 1100-1400 nm were attributed to vibrations of surface carbonate species [56]. 

Then the temperature of the catalyst bed was monitored using a thermocouple in 

intimate contact with the surface of catalyst under Xe lamp irradiation. When the 

equilibrium is established between the absorption of solar and energy dissipation from 

the catalyst to the surroundings, the temperature would reach a plateau. As illustrated 

in Fig. 5c, the temperature of ZnO/LSCO, LSCO nanotube and ZnO/SiO2/LSCO 
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stabilizes at 370, 350 and 345 ℃ respectively after a rapid increase from room 

temperature in less than 6 min. Obviously, a stronger light adsorption on ZnO/LSCO 

results in a higher surface temperature, which would be partly favorable for highly 

efficient methane oxidation. 

 The solar-driven methane oxidation activity of these nano-array catalysts was 

evaluated under Xe lamp irradiation without any external heating. As shown in Fig. 5d, 

ZnO/LSCO exhibits remarkably increased activity for catalytic performance of 

methane oxidation, giving an average CH4 conversion of 14.8 %, which is about 2 times 

of LSCO nanotube (7.10 %) and 4 times of ZnO/SiO2/LSCO (3.64%), indicating 

ZnO/LSCO epitaxial interface plays an important role in solar-driven catalysis. Besides, 

ZnO/LSCO, LSCO nanotube and ZnO/SiO2/LSCO exhibited excellent photothermal 

stability with stable conversion efficiency during five cycles of CH4-oxidation tests 

(Figure S10), indicating the promising potential for practical industrial application. The 

XRD and XPS results (Figure S11 and S12, Table S5) of fresh and spent LSCO 

monolithic catalysts also suggest their high surface structure and chemical stability. Fig. 

5e presents the comparison of CH4 conversion for ZnO/LSCO under photothermal 

heating (Xe lamp irradiation) and direct thermal heating (furnace). ZnO/LSCO presents 

2.35, 5.43 and 14.7% CH4 conversion in solar-driven system at 310, 340 and 370 ℃, 

respectively, which is correspondingly about 1.8, 1.9 and 2.6 times higher than the 

thermal catalysis system (1.31, 2.82 and 5.60%), directly highlighting the further 

promotion effect of solar-driven catalysis. The synergy of photothermal and 

photocatalytic effect under solar illumination would result in ~2 times higher methane 

oxidation activity than thermal catalysis. Besides, the photothermally catalytic 

performance of ZnO/LSCO is compared with other reported platinum group metal free 

perovskite catalysts by normalized reaction rate constant, as show in Fig. 5f [57–62]. 

ZnO/LSCO exhibits >3.5 times higher reaction rate constant than other perovskite, 

indicating a much higher methane oxidation activity and thus highlighting high 

efficiency of solar-driven CH4 oxidation. 

3.5 Catalytic mechanism elucidation 
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Fig. 6. (a) O 1s XPS spectra of ZnO/LSCO and LSCO nanotube. (b) Low-temperature 

EPR spectra of ZnO/LSCO and LSCO. Olatt mobility study by 18O-TPD: QMS profiles 

of (c) 16O16O and (d) 18O16O, during oxygen isotopic exchange over ZnO/LSCO, LSCO 

nanotube and ZnO nanorod based on same sample weight.  

To disclose the relationship between the electron transfer on ZnO/LSCO interface 

and methane catalytic activity, the carbon monoxide temperature programmed 

reduction (CO-TPR) profiles (Figure S13) of ZnO/LSCO and LSCO nanotube 

nanoarray catalysts were firstly investigated. Generally speaking, the reduction process 

of cobalt oxide could be divided into two sections: (1) Co3+ → Co2+ and (2) Co2+ → 

Co0 .[63–65] In the case of ZnO/LSCO, there are four main reduction peaks at 330 ℃, 

550 ℃, 680 ℃ and 780 ℃. The first two reduction peaks at 330 ℃, 550 ℃ could be 

attributed to reduction of Co3+, Co2+, respectively. For LSCO nanotube, the 

corresponding reduction peaks shift positively to 425 and 555 ℃. In addition, the other 

reduction peaks centered at 680 ℃ and 770 ℃ for ZnO/LSCO should be ascribed to 
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the reduction of ZnO observed from ZnO reduction spectrum [42]. On the other hand, 

for both samples, surface Olatt bonds with cobalt ions, through Co3+–O2– and Co2+–O2- 

[66], and the reduction reactions require breaking of the Olatt bonds. Therefore, the fact 

that ZnO/LSCO displays a reduction peak at a much lower temperature (330 ℃) than 

that of LSCO nanotube (425 ℃) suggests the better low-temperature reducibility and 

more active surface Olatt [67]. The active surface Olatt would be directly responsible for 

its high CH4 catalytic activity [65].  

Besides, the higher reactivity of Olatt is also conducive to the rapid transformation 

(formation and refill) of oxygen vacancy (Vo·) [68]. Surface oxygen vacancy and its 

role in surface reactivity was then systematically investigated (Fig. 6). X-ray 

Photoelectron Spectroscopy (XPS) [69] was applied to identify surface valence states 

and defects on nano-array catalysts. The broad XPS O 1s peak of ZnO/LSCO and LSCO 

nanotube (Fig. 6a) could be deconvoluted into four major components, including 

adsorbed moisture, oxygen defect (Vo·), surface adsorbed oxygen (Oads: O2
-, O2

2-, O-) 

and Olatt [70]. According to quantitative analysis, the Oads /Olatt molar ratio of 

ZnO/LSCO (1.545) is about 5 times higher than that of LSCO nanotube (0.268), 

indicating a greater amount of surface adsorbed oxygen on ZnO/LSCO surface. While 

it is worth noting that Vo· /Olatt ratio of ZnO/LSCO (0.556) is lower than that of LSCO 

nanotube (0.600). Furthermore, low-temperature electron paramagnetic resonance 

(EPR) analysis (Fig. 6b) shows that the Vo· (g = 2.001) [71] concentration in LSCO 

nanotube is higher than that in ZnO/LSCO. Considering the oxygen rich atmosphere in 

both our activity evaluation condition (1%/500 ppm CH4, 20% O2, N2 balance) and the 

practical industrial application (ventilation air: ~21% O2) [72], the lower concentration 

of Vo· detected in ZnO/LSCO may be related to the surface Olatt mobility in ZnO/LSCO, 

which bilaterally facilitates the rapid refilling of Vo· by Oads.  

To test the assumption, isotope labeling 18O Temperature Programed Desorption 

(18O-TPD) experiment was carried out to examine the mobility of Olatt in these nano-

array catalysts. Since 18O2 is the only oxygen species in the atmosphere during the TPD 

process, all released 16O16O originates from the chemically adsorbed Oads and Olatt of 
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testing catalysts, and the 18O16O detected will be from the surface Olatt of 18O/16O 

(lattice) in the testing catalysts which formed due to the migrating of 18O from 

atmosphere to catalysts surface. From Fig. 6c, the broad 16O16O desorption peak from 

around 200 to 400 ℃ in ZnO/LSCO can be deconvoluted and ascribed to Oads and 

surface Olatt desorption peaks centered at 270 and 350 ℃, respectively [66]. A broad 

low temperature 18O16O desorption peaks peak for ZnO/LSCO in Fig. 6d could also be 

deconvoluted into three major desorption peaks at 330, 445 and 640 ℃, attributable to 

desorption of surface Olatt, sub-surface Olatt and bulk Olatt, respectively [68]. While for 

LSCO nanotube, surface Olatt and bulk Olatt release at higher temperature, and there is 

almost no Oads. It is widely accepted that the lower the isotopomer evolution 

temperature is, the higher is the Olatt mobility and reactivity [67,70]. Thereby, 

ZnO/LSCO has higher Olatt mobility and enhanced Olatt reactivity than LSCO nanotube. 

According to quantitative analysis, the ratio of 18O16O/16O16O from surface Olatt 

desorption in ZnO/LSCO is 34.8, which indicates there existed high-reactivity sites on 

the ZnO/LSCO surface for the benefit of the rapid transformation of 18Oads from 18O18O 

atmosphere to surface Olatt. The large amount of desorbed 16O16O (centered at 270 ℃) 

should be due to the rapid transformation of a portion of surface Olatt to Oads, which has 

further confirmed the high exchange rate between Oads and surface Olatt. For LSCO 

nanotube, either the poor adsorbed oxygen capacity or inferior transformation ability of 

Olatt has led to very small amount of desorbed Oads. Correlated with DFT calculation 

and XANES results, it is interpreted that on the ZnO/LSCO interface, the shift of 

electron cloud density deviating from Co to ZnO will activate the Olatt in LSCO by 

weakening the strength of covalent bond between O and Co. The Olatt in LSCO is 

activated and reacts with adsorbed CH4 molecular via Mars and van Krevelen (MvK) 

mechanism [48], which would generate Vo· as return; Once Vo· are generated, ZnO, as 

electrons donor, would in turn transfer electron to the eg orbital of Co atoms and 

promote the regeneration of Olatt from Oads. in LSCO for the following CH4 oxidation 

round. This should account for the superior Olatt reactivity and mobility, and thus easier 

mutual transformation between Olatt and Oads in ZnO/LSCO.  
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Fig. 7. (a) Schematic summary of Olatt migration and transformation in the process of 

18O-TPD (“ad” denoted as Oads, “latt” denoted as Olatt). (b) Schematic energy band 

structure alignment of ZnO/LSCO hetero-interface during reaction (Schottky junction) 

[55,73,74]. (ΦLSCO, ΦZnO is the work function of LSCO and ZnO, respectively. Φb is the 

Schottky barrier height. Eg and EF and Evac referred to band gap, Fermi energy level and 

vacuum level, respectively. CBM and VBM refers to conduction band minimum and 

valence band maximum, respectively). 

As shown in Fig. 7a, a schematic diagram was illustrated to better understand Olatt 

migration and transformation in the process of 18O-TPD. The efficient migration of 

surface Olatt with electron gain or loss in ZnO/LSCO promotes the fast formation and 

transformation (refilling of Olatt) of Vo·, which accounts for the lower concentration 

nature of Vo· observed in ZnO/LSCO. To further verify this explanation, the formation 

energies of Vo· for ZnO/LSCO (interface) and LSCO nanotube (surface) models were 

calculated as presented in Figure S14. It shows that the Vo· formation energy on 

ZnO/LSCO surface was ~0.25 eV lower than that on the pure LSCO, which suggests 

that Vo· favorably forms on ZnO/LSCO surface and confirms there is highly active Olatt 

in ZnO/LSCO. Therefore, the engineered ZnO/LSCO epitaxial interface can function 

as an “electron regulator” to significantly adjust the reversible electron transfer, leading 

to exceptional boost of high-activity and high-mobility Olatt.  

We also accounted for the origin of enhanced activity driven by solar energy. 

Owing to characteristic properties of LSCO from a p-type semiconductor state with an 
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narrow energy gap at room temperature to metallic-like state with no energy gap at 

>200 ℃ [55], there is a transition from ZnO/LSCO heterojunction to ZnO/LSCO 

Schottky junction once the temperature is higher than 200 ℃ (Fig. 7b) [75]. With 

efficient electron transfer regulated by thermal effect, solar light simultaneously excites 

electrons of metallic state LSCO and then promote rapid electrons transfer from LSCO 

to ZnO through epitaxial interface, which further accelerates reversible electron transfer 

between ZnO and LSCO. Thus in our solar-driven catalytic system, the synergy of 

photothermal effect and photocatalytic effect may jointly facilitate the reversible charge 

transfer, which is superior to a single thermal-drive system. Solar irradiation induced 

formation of high-activity hole-trapped lattice oxygen (O2-) on oxide catalyst surface 

was also reported [76,77]. Above these further boosts the generation of high-activity 

and high-mobility Olatt. Therefore, both photothermal-activated Olatt and photo-

activated Olatt reacts with adsorbed CH4 molecular via Mars and van Krevelen (MvK) 

mechanism [48], together facilitating CH4 oxidation process by a combination of 

photothermal and photoelectric effect. 

4. Conclusions 

In conclusion, the feasibility of a solar driven catalytic strategy for methane 

oxidation has been demonstrated under high velocity continuous flow, and the epitaxial 

interface in ZnO/La0.8Sr0.2CoO3 (ZnO/LSCO) as a unique “electron regulator” has been 

identified to significantly boost the charge transfer and surface lattice oxygen activity 

during the catalytic methane oxidation. Through coherent ZnO/LSCO interfaces, 

efficient and reversible electron transfer between Zn 3d-O 2p hybrid orbital in ZnO and 

Co eg orbital in LSCO promotes the lattice oxygen species activity as well as the fast 

formation and transformation of oxygen vacancies, and enhances surface reactivity 

greatly. The synergetic drive of photothermal and photoelectric effects further 

facilitates reversible charge transfer, which leads to higher lattice oxygen activity and 

thus better solar-driven CH4 oxidation activity. The solar-driven methane catalytic 

oxidation strategy provides a promising pathway for emitted methane utilization in 

variou mobile and stationary energy generation and petrochemical plants, and epitaxial 
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interface design concept provides a new approach for the design and fabrication of 

efficient PGM free oxidation catalysts. 
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Graphical Abstract 

 

Solar-driven efficient methane oxidation over rational designed ZnO/La0.8Sr0.2CoO3 

epitaxial heterojunctions under high space velocity continuous flow is demonstrated. 

The synergy of photothermal and photocatalytic effects further facilitates reversible 

charge transfer, which promotes the lattice oxygen species activity as well as the fast 

formation and transformation of oxygen vacancies, resulting in a higher methane 

oxidation activity.  

 

 

 

 

 

 

 


