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Methane is one of the most abundant molecules on Earth. Most of the state-of-the-art methane chemical conversion technologies require high temperatures, they are accompanied by insufficient selectivity, carbon deposition and major production of carbon dioxide. Development of the methane conversion technologies at mild conditions is important for the rational utilization of renewable and fossil feedstocks and for the environment. Photocatalysis, converting solar energy into chemical energy, is a promising alternative for direct methane conversion at ambient temperature in the future.

Direct oxidation of methane into value-added fuels and chemicals remains a major challenge in modern science, due to the inertness of methane and insufficient selectivity of methane chemical conversion. A comparative analysis of low temperature methane photocatalytic conversion routes has been performed, such as methane oxidation, methane reforming and methane coupling. Methane photocatalytic oxidation currently exhibits the highest conversion rate, while methane coupling shows the highest selectivity. The most promising routes could be methane oxidation to methanol and methane coupling to ethane with higher value, which simultaneously exhibits higher productivity and selectivity.

Silver salt of phosphotungstic aicd (AgPW) mechanically mixed with titania has been prepared for photochemical methane coupling. Introducing even small amount of AgPW to TiO2 significantly enhanced the coupling rate. The chemical looping process achieved ethane production of 64 μmol/g with coupling selectivity above 95%. The in-situ XAS revealed the gradual reduction of cationic Ag + species to metallic Ag at room temperature in the presence of methane, which resulted in methane coupling slowing down, while their subsequent re-oxidation to silver cations in the presence of air can regenerate methane coupling activity. The silver reduction-oxidation cycles in methane and air under irradiation can be repeated several times.

Gold nanoparticles with a size from 6 to 29 nm supported on titania have been Abstract 2 prepared for photocatalytic non-oxidative and oxidative methane coupling in both batch and continuous gas flow reactors. The photocatalytic performance is not affected by the nanoparticles size. The methane conversion requires band gap transition in TiO2 excited by UV irradiation. No methane conversion was observed after activation of plasmonic gold nanoparticles by visible light. The plasmonic effect of gold nanoparticles cannot alone drive the methane photocatalytic conversion. The methane activation and oxidation occur over titania oxygen vacancies, while oxygen is likely activated by gold nanoparticles. The methane conversion was facilitated by slower electron-hole recombination in the presence of gold nanoparticles. A hydrocarbon productivity of 1864 μmol g -1 h -1 with a coupling selectivity higher than 86% was achieved in the continuous oxidative methane coupling flow process.

A cascade one-pot photo-chemocatalytic process for methane oxidation to formic acid has been proposed. A specifically designed photocatalyst and a commercial heterogeneous catalyst were used together in the cascade process. The methane selective conversion into formic acid proceeds first over caesium salt of phosphotungstic acid (CsPW) supported on titania, which photocatalytically oxidizes methane under irradiation into a mixture of C1 liquid oxygenates. The C1 liquid oxygenates produced by photocatalysis are then selectively converted into formic acid over the heterogeneous alumina supported ruthenium catalyst. All reactions of selective oxidation of methane to formic acid occur in the cascade process at room temperature in the same reactor. The cascade process produced formic acid with a productivity of 5000 μmolformic acid g -1 photocatalyst and a selectivity of 85 %, as well as a concentration of up to 1.1 mmol L -1 . Methane photocatalytic oxidation results in a mixture of C1 oxygenates in water using O2 as an oxidant, which then are selectively oxidized to formic acid.

ethane; methane oxidation; formic acid.

Abstract

Résumé

Le méthane est l'une des molécules les plus abondantes sur Terre. La plupart des technologies de pointe de conversion chimique du méthane nécessitent des températures élevées, elles s'accompagnent d'une sélectivité insuffisante, d'un dépôt de carbone et d'une production importante de dioxyde de carbone. Le développement des technologies de conversion du méthane dans des conditions douces est important pour l'utilisation rationnelle des matières premières renouvelables et fossiles et pour l'environnement. La photocatalyse, qui convertit l'énergie solaire en énergie chimique, est une alternative prometteuse pour la conversion directe du méthane à température ambiante dans le futur.

L'oxydation directe du méthane en carburants et produits chimiques à valeur ajoutée reste un défi majeur de la science moderne, en raison de l'inertie du méthane et de la sélectivité insuffisante de la conversion chimique du méthane. Une analyse comparative des voies de conversion photocatalytique du méthane à basse température a été réalisée, telles que l'oxydation du méthane, le reformage du méthane et le couplage du méthane. L'oxydation photocatalytique du méthane présente actuellement le taux de conversion le plus élevé, tandis que le couplage du méthane présente la plus grande sélectivité. Les voies les plus prometteuses pourraient être l'oxydation du méthane en méthanol et le couplage du méthane en éthane de valeur supérieure, qui présente simultanément une productivité et une sélectivité plus élevées.

Le sel d'argent de l'aicd phosphotungstique (AgPW) mélangé mécaniquement avec l'oxyde de titane a été préparé pour le couplage photochimique du méthane. L'introduction d'une quantité même faible d'AgPW dans le TiO2 a permis d'augmenter significativement le taux de couplage. Le processus de bouclage chimique a atteint une production d'éthane de 64 μmol/g avec une sélectivité de couplage supérieure à 95 %.

La XAS in situ a révélé la réduction progressive des espèces Ag + cationiques en Ag métallique à température ambiante en présence de méthane, ce qui a entraîné un ralentissement du couplage du méthane, tandis que leur réoxydation ultérieure en cations d'argent en présence d'air peut régénérer l'activité de couplage du méthane. Les cycles de réduction-oxydation de l'argent dans le méthane et l'air sous irradiation peuvent être répétés plusieurs fois.

Des nanoparticules d'or d'une taille de 6 à 29 nm supportées sur de l'oxyde de titane ont été préparées pour le couplage photocatalytique non oxydant et oxydant du méthane dans des réacteurs à flux gazeux discontinus et continus. La performance photocatalytique n'est pas affectée par la taille des nanoparticules. La conversion du méthane nécessite une transition de bande interdite dans le TiO2 excité par une irradiation UV. Aucune conversion du méthane n'a été observée après l'activation des nanoparticules d'or plasmoniques par la lumière visible. L'effet plasmonique des nanoparticules d'or ne peut pas à lui seul conduire la conversion photocatalytique du méthane. L'activation et l'oxydation du méthane se produisent sur les lacunes en oxygène de l'oxyde de titane, tandis que l'oxygène est probablement activé par les nanoparticules d'or. La conversion du méthane a été facilitée par une recombinaison électron-trou plus lente en présence de nanoparticules d'or. Une productivité d'hydrocarbures de 1864 μmol g -1 h -1 avec une sélectivité de couplage supérieure à 86 % a été atteinte dans le procédé de couplage oxydatif continu du méthane en flux.

Un processus photo-chemo-catalytique en cascade à un pot pour l'oxydation du méthane en acide formique a été proposé. Un photocatalyseur spécialement conçu et un catalyseur hétérogène commercial ont été utilisés ensemble dans le processus en cascade. La conversion sélective du méthane en acide formique s'effectue d'abord sur le sel de césium de l'acide phosphotungstique (CsPW) supporté par l'oxyde de titane, qui oxyde le méthane par photocatalyse sous irradiation en un mélange de composés oxygénés liquides C1. Les composés oxygénés liquides C1 produits par photocatalyse sont ensuite convertis sélectivement en acide formique sur le catalyseur hétérogène au ruthénium supporté par de l'alumine. Toutes les réactions d'oxydation sélective du méthane en acide formique ont lieu dans le processus en cascade à température ambiante dans le même réacteur. Le processus en cascade a produit de l'acide formique avec une productivité de 5000 μmolacide formique g -1 photocatalyseur et une sélectivité de 85 %, ainsi qu'une concentration allant jusqu'à 1.1 mmol L -1 .

Mots clés: activation du méthane; photocatalyse; conditions douces; couplage du méthane; éthane; oxydation du méthane; acide formique. 

Vast and diverse methane feedstocks

Methane comes from renewable and fossil resources: biogas, natural gas, coal gas, shale gas and clathrates in the ocean floors. In recent years, abundant feedstocks of unconventional shale gas, coalbed gas and tight gas have doubly overwhelmed the proven conventional natural gas reserves [1]. Methane is an important source of energy. It is used as a fuel for electricity generation, industry, heating and transport. Methane combustion corresponds to 20-25% of the global emission of carbon dioxide. Significant amounts of methane are nowadays burned out at the oil production sites. Methane "flaring" consumes 3.5 % of the global natural gas production. Methane is itself a greenhouse gas (GHG) with an effect 30 times higher than carbon dioxide. In terms of warming potential, methane global emissions to the atmosphere since 2000, correspond to putting 350 million more cars on the world's roads. Methane is also involved in the ground-level formation of ozone, which is an air pollutant and bad for human health. Elaboration of new sustainable technologies of methane chemical conversion can, therefore, solve both the problems of rational utilization of fossil and renewable resources and address the global warming and environmental concerns.

State of the art methane conversion

The state-of-the-art chemical conversion (Figure 1) can be divided into direct and indirect routes [2][3][4]. In the indirect methane conversion, methane is first transformed to syngas (a mixture of carbon monoxide and hydrogen) and then syngas is used in numerous processes such as methanol synthesis, Fischer-Tropsch reaction, hydroformylation, hydrogen production etc. The indirect conversion of methane to fuels and chemicals via intermediate formation of syngas currently corresponds to large industrial units. The conventional methane indirect conversion technologies include steam reforming of methane (SRM), partial oxidation of methane (POM), autothermal reforming (ATR) and dry reforming of methane (DRM). 

The process yields syngas with the H2/CO ratio of about 3, which is too high for either Fischer-Tropsch or methanol synthesis. SRM in combination with the water gas shift reaction (WGS, H2O+CO→H2+CO2) is also employed for industrial hydrogen production.

Currently, 95% of the world's hydrogen is produced by SRM. The process is generally carried out in large multi-tubular fixed-bed reactors with supported nickel catalysts.

In POM, methane is oxidized to syngas with a sub-stoichiometric amount of 

Non-catalytic POM typically requires harsh conditions and high temperature (T>1200°C) and is often accompanied by undesired methane combustion, while catalytic POM operates efficiently in the range of 750-950 °C and pressure of 2.5-3.5 MPa. The exothermicity of POM may lead to the formation of hot spots inside the reactor. The use of oxygen for POM presents nonnegligible risks of explosion and catalyst oxidation. The ATR process, which represents a combination of SRM and POM, is performed at temperatures above 850 °C and pressure of 0.1-8 MPa.

In addition to the industrial syngas production processes, DRM (Eq. 3) is considered as a potential alternative to simultaneously convert two greenhouse gases (methane and carbon dioxide) into syngas with the H2/CO ratio of about 1. DRM is generally carried out at ambient pressure and temperature higher than 800 °C.

CH4+CO2 → 2 H2 + 2 CO, ΔH 0 298K = 247kJ/mol (3) Huge energy requirement, coke deposition and catalyst sintering are three main thorny problems of DRM.

The direct methane conversion [2] includes (Figure 1) non-oxidative (NOCM) and oxidative coupling of methane (OCM), partial oxidation of methane (POM) to oxygenates, methane aromatization, oxidative Andrussow and non-oxidative BMA (or Degussa)

processes. Among direct methane conversion routes, only the Andrussow (Eq. 4) and BMA (Eq. 5) processes, which produce hydrogen cyanide, have been commercialized [5]:

CH4 + NH3 + 3/2O2 → 3H2O + HCN, ΔH 0 298K = -483 kJ•mol -1 (4) 
CH4 + NH3 → 3H2 + HCN, ΔH 0 298K = 251 kJ•mol -1 (5) Thermodynamic limitations hinder direct nonoxidative methane coupling to the C2 hydrocarbons. The coupling reaction requires extremely high temperatures, generates aromatics as byproducts and is accompanied by rapid carbon deposition. The exothermic oxidative coupling of methane (OCM, Eq. 6) with oxidants (such as oxygen, water and N2O) can be performed at 750-950 °C:

2CH4 + O2 → C2H4 +2H2O, ΔH 0 298K = -280 kJ•mol -1 (6) 
Production of major amounts of undesirable carbon dioxide and carbon deposition over catalysts are major drawbacks of both the NOCM and OCM reactions. None of the developed catalysts and processes have fulfilled so far the industrial demands in terms of selectivity, conversion and stability [2].

Methane catalytic aromatization (Eq. 7) is also an extremely thermodynamically unfavorable reaction [6]:

6CH4 → C6H6 + 9H2, ΔH 0 298K = 531 kJ•mol -1 (7) 
The maximum thermodynamically possible benzene yield of about 12% can be obtained at 700 °C. Though the addition of hydrogen or oxidants (O2, CO, CO2, NO and steam) may limit carbon formation, the major barriers for its practical application are insufficient selectivity and inevitable overoxidation of reaction products in the presence of oxidizing agents.

The direct methane oxidation to the C1 oxygenates (methanol, formaldehyde or formic acid) has been widely studied in both gaseous and liquid phases on various catalytic systems. The oxygenates generated in direct methane oxidation can be more easily overoxidized to carbon dioxide than methane. A wide range of oxidants have been involved in this process, such as O2, N2O, H2O2 and even water. It was shown that H2O2 might elevate [7][8][9][10] the selectivity of methane oxidation toward methanol and can be used at relatively mild conditions. Recently, binuclear [11] and trinuclear [12] copper oxo-clusters in zeolites have shown noticeable activity in the methane oxidation to methanol. Because of thermodynamic limitations [13][14][15], the reaction has to be performed using chemical looping and temperature swings. Formaldehyde is another possible product of POM. The best reported results [2] correspond, however, to the maximum formaldehyde selectivity of 50% at the methane conversion below 3%.

Challenges in methane chemical conversion

The state of state-of-the-art methane direct or indirect chemical conversion suffers from the following shortcomings:

-high energy consumption, which is required to conduct the methane conversion at high temperatures or to use temperature and pressure swings in the chemical looping processes;

-insufficient selectivities to the target products and emission of large amounts of carbon dioxide;

-rapid catalyst deactivation at high reaction temperatures in both oxidizing and nonoxidizing atmospheres, due to extensive carbon deposition and catalyst sintering;

-thermodynamic limitations for the methane conversion in the absence of oxidizing agents.

In order to improve the efficiency of methane conversion, two main challenges should be considered: methane activation and instability of the reaction intermediates and products.

The high energy consumption associated with the methane conversion should be addressed by conducting the reaction at mild conditions and if possible, even at ambient temperature [16][17][18]. In the low temperature processes, the energy for methane activation can be provided either by the external energy (light, electricity) or by the reacting agents with high energy density, such as oxygen, hydrogen peroxide.

Methane is an extremely inert molecule. Methane activation has been for a long time a "holy grail" [3,17,19,20] of modern science. The C-H bond energy of methane is about 434 kJ•mol -1 (4.5 eV), which is the highest among all alkanes. The chemical stability of methane is also closely related to the symmetric tetrahedral molecular geometry, which leads to low polarizability, weak acidity and low affinity for electrons and protons. Most of the products of methane conversion (ethane, ethylene, methanol, formaldehyde, formic acid, carbon monoxide etc.) are more reactive than methane. This results in their overoxidation and reduces the selectivities to the target products. Consequently, the methane conversion is usually accompanied by the production of large amounts of more stable and kinetically inert carbon dioxide and carbon.

Photocatalysis

Solar energy, which is cheap, non-polluting and abundant, provides a potential way to solve both environmental and energy challenges of methane activation and conversion.

Photocatalysis, converting the light energy into chemical energy of various chemicals, could occur at mild conditions and under ambient temperature [17,[21][22][23].

Photocatalysts refer to a class of semiconductor materials that can induce photocatalytic redox reactions upon irradiation. In general, heterogeneous photocatalysts can be divided into two main categories. The first category is the bulk semiconductor photocatalysts, such as TiO2, ZnO, CdS, and WO3 [24]. The second category is supported or highly dispersed photocatalysts, such as Pd/TiO2 [25], MgO/TiO2 [26], TiO2/SiO2 [27],

and La/WO3 [28].

The semiconductor (Figure 2) is characterized by its electronic band structure constituted of the valence band (VB) and conduction band (CB). The VB electrons firstly absorb incident light with energy equivalent or/and exceeding the bandgap, resulting in charge transfer from VB to CB. The electrons (e -) and holes (h + ), also called photogenerated charge carriers, are formed in VB and CB, respectively, and then migrate to the surface of photocatalytic materials. Subsequently, the interaction of the photogenerated charge carriers with reacting molecules strongly depends on their redox potential and energies of the conduction band minimum (CBM) and valence band maximum (VBM) [29]. The lifetime of the photogenerated charge carriers is also a critical characteristic determining the photocatalytic efficiency. The electron-hole pairs usually have a lifetime of about 10 -9 s, while the chemical process requires between 10 -8 and 10 -3 s. Most of photogenerated charge carriers undergo recombination processes on the surface and/or in the volume or can be captured by the defect sites in semiconductors, releasing the recombination energy as heat or photons. This inevitably decreases the availability of photogenerated charge carriers for the photoactivation of reacting molecules. The recombination of the photoexcited electron-hole pairs should be, therefore, retarded.

Figure 2. Photocatalytic excitation processes over semiconductors

Addition of metal nanoparticles (Pt, Au, Ag and Ru [30,31]) results in significant improvement of photocatalytic performance. The Schottky barriers formed between the intimate interface of metal nanoparticles and semiconductors favor separation and transfer of photogenerated charge carriers to active sites. Besides, metal nanoparticles can also operate as co-catalysts for the photocatalytic reactions [32,33]. The most efficient are usually noble metals. Rarity and high prices restrict, however, the extensive application of noble metals for photocatalysis. Finally, adding electron scavengers such as Fe 3+ , Cu 2+ , Ag + or H2O2 is also helpful for the separation and transfer of photogenerated charge carriers, thus enhancement of the photocatalytic efficiency [34].

Figure 3. Schematic illustration of LSPR of metal NPs

Under UV and/or visible light irradiation, the interband and/or intraband electronic excitations can occur in some particular metal nanostructures, such as Au [35], Ag [36], Cu [37] and Ni [38] nanoparticles, the latter producing a localized surface plasmon resonance (LSPR) accompanied with significantly enhanced light absorption (Figure 3). LSPR is the collective free electron charge oscillation in the metallic nanoparticles that are excited by light [39], such as a collective oscillation of the conduction electrons and large absorption cross-section -that occur when the light frequency is resonant with the metal's sizedependent plasma oscillation frequency. LSPR results in a strong electromagnetic field around metal particles and can accelerates charge separation. Electromagnetic simulations using the finite-difference time-domain (FDTD) methods have shown that the electric field intensity can be > 10 3 times that of the incident light at the surface of a single NP and rise to > 10 6 times stronger in the "hot spots" between two NPs separated by a narrow gap ~ 1 nm. The intensity and resonance wavelength of LSPR over plasmonic metal nanostructures are tunable by modifying their morphology and particle size. around the plasmonic metal nanostructures [40]. Under illumination, temperature is especially significant for the photocatalysts with the LSPR metals and the real surface temperature over the LSPR metals can be significantly higher [41][42][43] compared to the average temperature in the photoreactor. Photogenerated hot carriers and increased surface temperatures provide energy to induce and accelerate a chemical reaction under milder thermal conditions than possible with catalysts in the dark. At the same time, intense and confined electromagnetic fields near plasmonic NP surfaces enhance the probability that adsorbed molecules may absorb a photon. Additionally, the increased rate of electron-hole pair generation near the NP surface provides free carriers that can ionize adsorbed molecules, weaken chemical bonds, accelerate bond scission, and promote selective chemical reactions.

By contrast, hot carrier-mediated and local enhanced processes do more than just increase reaction rate; they can selectively alter reaction pathways, even opening reaction pathways that are not accessible under purely thermal conditions. Hot carriers generated in the plasmonic nanostructure can do this in a number of ways, most commonly of free sites.

For example, hot electrons excited to the lowest unoccupied molecular orbital (LUMO) of surface adsorbed molecules might mediate the first mechanism. For each photocatalytic reaction, there exists a photon energy threshold, and only photoexcited electrons with energies at least as high as the LUMO energy can initiate reactions. Conversely, for the second mechanism, hot holes below the Fermi level can accept electrons from surfaceattached catalytic intermediates, thus desorbing them from the catalytic surface and recovering active sites. Accordingly, the unique control of plasmonic photocatalysis hinges on the design of materials that selectively deposit the energy of photons into photoexcited carriers injected into targeted adsorbate orbitals associated with the activation of selected bonds.

While there is a consensus that all three plasmonic photocatalytic effects in Figure 4 can enhance reaction rates, there is no clear consensus about the extent to which each contributes. All three mechanisms may operate simultaneously. There is growing evidence that they can work together, synergistically. Therefore, a grand challenge facing the plasmonic photocatalysis research community is to identify and quantify the extent to which each of these intertwined effects contributes.

These effects can be enhanced by the Schottky barrier created at the interface between metal catalysts and semiconductor support materials (Figure 5), leading to enhanced hot hole or hot electron collection for p-type or n-type semiconductors, respectively, depending on the band alignment. In this way, reaction pathways that are limited by or closed to purely thermal methods can be accessed in plasmonic photocatalysis. -Presence of a co-catalyst.

In the last decades, photocatalysis has been shown to be very promising for water decomposition and environmental remediation. Since a few years, a large number of publications have addressed photocatalytic reduction of carbon dioxide. Recently, photocatalysis has also demonstrated a great potential for the selective methane conversion to fuels and chemicals occurring under mild conditions. The number of publications dedicated to photocatalytic methane conversion is exponentially growing in the last two decades (Figure 6). 
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Photocatalysis for selective methane conversion

One of the first stages of methane chemical conversion is its activation, requires a significant energy supply. Direct methane ionization or direct C-H bond cleavage in the gaseous methane both require very high energy, which is obviously impractical for real use.

The role of any catalyst is, therefore, to reduce the activation energy of methane activation and to shift the reaction selectivity to a specific target product. In classical thermal catalysis, activation of the C-H bond in the methane molecule requires high temperature (>500 °C).

In photocatalysis, the energy of photons provides an alternative energy source for methane activation, which may occur under irradiation even at room temperature. Photocatalysts, which decrease the energy of methane photocatalytic activation and enable efficient selective methane conversion at ambient temperatures under irradiation, are therefore considered as critical factors.

The C-H bond cleavage is usually strongly associated with the generation of the reaction intermediates upon light irradiation [44]. There have been generally two main mechanisms of methane photocatalytic activation [17]. The first mechanism involves the formation of electrophilic oxygen-centered radicals (such as O -, OH•, •O-R, etc.), which react and abstract a H atom from methane. The activation barriers for abstracting a H atom and for the methane activation are lowered in this way [45]. The second mechanism considers the metal-CH3 species as the reaction intermediates. These species form via methane dissociation over a photocatalyst.

The goal of our review is to perform a comparative and extensive analysis of methane photocatalytic conversion occurring at mild conditions and often at ambient temperature.

More specifically, we consider three methane photocatalytic conversion routes: partial oxidation, reforming and coupling. The methane photocatalytic reactions are discussed together and compared using quantitative criteria such as selectivity to the target products and productivity. The analysis of current trends in the chemistry and catalysis of methane photocatalytic activation and conversion is principally performed based on the literature published in the last 10 years.

Photocatalytic methane oxidation 1.2.1.1 Complete oxidation of methane (COM) and Partial oxidation of methane (POM) to carbon monoxide and methanol

The partial oxidation of methane (POM) provides an opportunity for direct selective production of various value-added chemicals. Very often, methanol is the target product of methane photocatalytic oxidation. In addition, complete oxidation of methane (COM) to carbon dioxide is also considered as a promising approach for reducing global warming.

Methane is a greenhouse gas with a potential 30 times higher than that of CO2 and can be present in small amounts in the atmosphere. It can be expected, therefore, that COM could reduce global warming. Titania [46] and zinc oxide [47] promoted with silver nanoparticles showed a good photocatalytic activity in methane complete oxidation. The photocatalysis can therefore clean [48] the atmosphere from non-CO2 GHGs such as methane, reduce the global warming effect and simultaneously generate renewable electricity.

Molecular oxygen is prevalent among all the oxidants for the photocatalytic methane oxidation, due to its easy availability and economic superiority. Various O radicals formed from molecular oxygen under irradiation play an important role in methane activation and conversion. In the pioneering work, Kazansky et al. [49] studied reactions of methane with the photogenerated hole centers over TiO2 and V/SiO2 in the presence and absence of molecular oxygen under UV irradiation at mild temperature. The methane conversion resulted in the production of formaldehyde, ethane and COx. It was revealed that the photogenerated O -hole centers were consumed in the absence of oxygen. They were responsible for the formation of methyl radicals and alkoxide intermediate species (CH3O - and C2H5O -), while the surface ions Ti 4+ and V 5+ were simultaneously reduced by electrons.

In the presence of oxygen, both COM and POM were enhanced, but POM was predominant. Additional oxygen was suggested to easily trap free electrons and formed more active oxygen species. Moreover, oxygen also played a key role in hindering metal reduction, which caused catalyst deactivation. Similarly, the O -radicals of transition metal oxides, such as WO3, V2O5, ZnO and MoO3, played an important role in methane oxidation.

Chen and co-workers [50] reported that the nano-scaled zinc oxide effectively oxidized methane in the presence of oxygen under UV-visible light at ambient conditions. The photogenerated surface O -species and molecular oxygen were responsible for the formation of formaldehyde intermediates and for the complete oxidation to carbon dioxide.

It was found that smaller zinc oxide nanoparticles favored the photocatalytic methane oxidation. Moreover, additional silver decoration further enhanced the catalytic performance due to the silver LSPR. Ward et al. [31] Recently, our group discovered that zinc-heteropolyacid-titania nanocomposites catalyzed selective oxidation of methane into carbon monoxide using a 300 W Xe lamp at ambient temperature in the presence of molecular oxygen [START_REF] Yu | Selective photocatalytic conversion of methane into carbon monoxide over zinc-heteropolyacid-titania nanocomposites[END_REF]. The optimized Zn-HPW/TiO2 nanocomposite exhibited a high carbon monoxide productivity of 429 µmol•gcat -1 •h -1 in the batch reactor containing 3 bar of methane and 1 bar of oxygen. It turned out that all the three TiO2, HPW and Zn components of the nanocomposites were essential for selective carbon monoxide production. TiO2 harvested photons and achieved charge separation, HPW then promoted the transfer of photogenerated charge carriers, and Zn thus provided efficient active sites in the form of the charge-transfer excited complex [Zn + -O -] for the formation of methyl carbonate intermediates (Figure 7). The decomposition of methyl carbonate intermediates generated from the zinc carbonates produced carbon monoxide, and zinc was simultaneously reduced by electrons.

Water was found to be a very promising agent for methane selective oxidation. The promoting effect of water on methane activation is usually attributed to the formation of OH• radicals. Chen and Li [START_REF] Chen | Photooxidation of methane to methanol by molecular oxygen on water-preadsorbed porous TiO2-based catalysts[END_REF] reported the methane oxidation over the water preabsorbed TiO2 and Mo/TiO2 at mild conditions under UV irradiation in the presence of oxygen with the methanol productivity of 12.5 µmol•gcat -1 •h -1 .The dehydrated counterparts only produced COx. It seems that water could be a critical factor for selective oxidation of methane into methanol over some catalysts. Gondal et al. [START_REF] Gondal | Photocatalytic transformation of methane into methanol under UV laser irradiation over WO3, TiO2 and NiO catalysts[END_REF] studied methane oxidation induced by UV laser beam over the WO3, TiO2 and NiO semiconductors at room temperature in aqueous solution. The strong laser beam resulted in more efficient electronhole excitation and water oxidation to hydroxyl radicals. This enhanced the methane conversion to above 20% over all samples. Among them, the maximum methanol productivity (529 µmol•gcat -1 •h -1 ) followed by a decrease with the irradiation time, was observed for WO3, the decrease resulted from the methanol degradation in which a high concentration of methanol competitively donated electron to holes due to the band structure of WO3. They further reported even higher methanol production rate over Ag impregnated WO3 at room temperature under laser irradiation, in the presence of water [START_REF] Hameed | Photocatalytic conversion of methane into methanol: Performance of silver impregnated WO3[END_REF]. The surface Ag + ions enhanced the formation of hydroxyl radicals by suppressing charge carrier recombination upon both the Ag2O and WO3 nanoparticles. However, besides the methanol degradation, the non-selective oxidation of excessive hydroxyl radicals also resulted in further methanol oxidation and produced a variety of by-products. Recently, Du et al. [START_REF] Du | Evoked methane photocatalytic conversion to C2 oxygenates over ceria with oxygen vacancy[END_REF] discovered that in the presence of water, the CeO2 nanoparticles calcined at high- It was proposed [START_REF] Zeng | Synergistic photocatalysis-Fenton reaction for selective conversion of methane to methanol at room temperature[END_REF] that the addition of Fe 3+ not only improved charge separation, which favored the production of HO•ads, but also enhanced production of free hydroxyl radicals via photolysis (Fe 3+ + H2O→Fe 2+ + HO• + H + ). The H2O2 aqueous solutions have enhanced capability to provide abundant hydroxyl radicals [START_REF] Shi | The special route toward conversion of methane to methanol on a fluffy metal-free carbon nitride photocatalyst in the presence of H2O2[END_REF]. For the WO3 counterpart, in the presence of methane and H2O2 aqueous solution, the ethane production predominated instead of methanol. The formation of methanol was favored by adsorbed surface hydroxyl species, Thus the methyl radicals generated by free hydroxyl radicals mainly went for the methane coupling. The proposed mechanism was further confirmed in another work [START_REF] Villa | On the role of WO3 surface hydroxyl groups for the photocatalytic partial oxidation of methane to methanol[END_REF].

temperatures
Xie and co-workers [START_REF] Xie | Highly selective oxidation of methane to methanol at ambient conditions by titanium dioxide-supported iron species[END_REF] discovered that an optimized FeOx/TiO2 nanocomposite consisted of highly dispersed iron species anchored on TiO2 achieved a methanol productivity of 1056 µmol•gcat -1 with a selectivity over 90% at ambient conditions under simulated sunlight irradiation in the presence of H2O2, and only produced a trace amount of COx. They suggested that Fe 3+ species not only improved the electron-hole separation, but also lowered the overpotential for H2O2 reduction, which avoided the formation of O2 - and over-oxidation coincided with the formation of CO2 (Figure 8). The photoexcitation occurred upon TiO2 and photogenerated holes were left in the VB of TiO2 to form methyl radicals, while the photogenerated electrons were transferred to the surface iron species to participate in the H2O2 reduction with a lowered energy barrier. 

Partial oxidation of methane (POM) to formaldehyde and formic acid

In addition to the major production of methanol, several photocatalytic systems and oxidants have been explored for methane oxidation to high-value formaldehyde and formic acid. Table 1 shows the representative methane oxidation to liquid products cases, most of them produce methanol as the major products in a C1 oxygenate mixture including methanol, methyl hydroperoxide and formaldehyde and sometimes a small amount of C2 oxygenate, such as ethanol and acetaldehyde are even produced, which results in low selectivity. Thus, the selective methane oxidation to formaldehyde and/or formic acid would be more attractive than producing methanol with unsatisfying selectivity and lower value. Hu et al. [START_REF] Sun | Highly selective photocatalytic conversion of methane to liquid oxygenates over silicomolybdic-Acid/TiO2under mild conditions[END_REF] reported a photocatalytic conversion of methane to liquid oxygenates with selectivity of 82.4% containing mainly formaldehyde and formic acid over HSiMo/TiO2. In addition, small amount of methanol and acetaldehyde were also produced simultaneously. They demonstrated that the synergetic effect of HSiMo and TiO2 plays an important role in the photocatalytic process, in which HSiMo can promote C-H breaking and methane oxidation would take place at the interface between HSiMo and TiO2.

Toxic and unstable chlorine dioxide radical was also used [START_REF] Ohkubo | Light-Driven C-H Oxygenation of Methane into Methanol and Formic Acid by Molecular Oxygen Using a Perfluorinated Solvent[END_REF] for the non-catalytic synthesis of formic acid from methane (Figure 10). 

Dry reforming of methane (DRM)

There have been so far several reports about the photocatalytic DRM process. Tanaka and co-workers [START_REF] Kohno | Photoreduction of Carbon Dioxide with Methane over ZrO 2[END_REF][START_REF] Teramura | Photocatalytic Reduction of CO 2 to CO in the Presence of H 2 or CH 4 as a Reductant over MgO[END_REF] discovered that methane reacted with carbon dioxide over ZrO and MgO and selectively produced carbon monoxide under irradiation at room temperature. A very small amount of hydrogen was observed relative to carbon monoxide.

The isotopic experiments uncovered that carbon monoxide originated from carbon dioxide instead of methane, while the methane conversion resulted in carbonaceous residues on the surface. The proposed mechanism [START_REF] Kohno | Reaction mechanism in the photoreduction of CO2 with CH4 over ZrO2[END_REF] suggests that carbon dioxide is firstly photoexcited to the •CO2 -anion radicals, which then activate methane and form the surface acetate species and formate intermediates. The electron transfer to carbon dioxide is an energy consuming process and requires -1.9 eV [START_REF] Habisreutinger | Photocatalytic reduction of CO2 on TiO2 and other semiconductors[END_REF], but it can be facilitated by the presence of water vapor [START_REF] Kohno | Reaction mechanism in the photoreduction of CO2 with CH4 over ZrO2[END_REF]. Cu/CdS-TiO2/SiO2 was reported to selectively convert methane and carbon dioxide into acetone with selectivity of 92.3% under UV irradiation at the temperature of 120 °C [START_REF] Shi | Photocatalytic conversion of CH4 and CO2 to oxygenated compounds over Cu/CdS-TiO2/SiO2 catalyst[END_REF]. The authors suggested that both methyl radicals and •CO2 -anion radicals were responsible for the formation of acetone, while ethane and carbon monoxide were originated from methane and carbon dioxide, respectively.

Yoshida and co-workers [START_REF] Yuliati | Photocatalytic conversion of methane and carbon dioxide over gallium oxide[END_REF] discovered that both hydrogen and carbon monoxide were simultaneously produced via photocatalytic DRM under UV irradiation over Ga2O3. The mild reaction temperature of 200 °C was essential to drive the photocatalytic DRM. In order to further improve the efficiency of the photocatalytic DRM process, several strategies including doping with Cu, Pt and Ag, La and montmorillonite have been exploited to accelerate charge transfer and promote the reactant conversion. Besides, narrow bandgap materials (such as black TiO2 and graphitic carbon nitride) have also been developed to extend the range of light absorption.

In addition to the wide bandgap photocatalyst, the narrow bandgap materials have been exploited to make photocatalytic DRM feasible under simulated light or visible solar light. Hu and co-workers [START_REF] Han | Efficient Visible Light Photocatalytic CO2 Reforming of CH4[END_REF] reported an efficient photocatalytic DRM over Pt/black TiO2 under visible light at catalyst surface temperature of 550 °C, and achieved a hydrogen and carbon monoxide productivities of 71 mmol•gcat -1 •h -1 and 158 mmol•gcat -1 •h -1 , respectively.

It was found that the enhanced yields under irradiation were due to the photocatalytic reaction. On the basis of FT-NIR and EPR characterization, they suggested that the oxygen vacancies of the black TiO2 formed a donor level (Ti 3+ ) below the CB of TiO2, thus an additional energy bandgap of 1.3 eV enabled the absorption of visible light. Moreover, Pt loading greatly accelerated the charge transfer and contributed to the C-H bond cleavage.

In addition to noble metals such as platinum, Ni and Cu are potential plasmonic promoters for photocatalytic methane activation. Nickel has been widely studied in thermocatalytic methane conversion due to its high activity and lower price. Ye and coworkers [38,[START_REF] Liu | Light assisted CO2 reduction with methane over group VIII metals: Universality of metal localized surface plasmon resonance in reactant activation[END_REF] Ye and co-workers [40] reported for the first time that plasmonic promoter Au was effective in the activity enhancement of thermocatalytic DRM over Rh-Au/SBA-15 under low intensive visible light irradiation at 500 °C, with the hydrogen and carbon monoxide productivities of 3700.0 and 4050.0 μmol•gcat -1 •s -1 , respectively. The productivities were higher than the sum of that of Au/SBA-15 and Rh/SBA-15 under the same conditions.

The UV/VIS spectra showed that the Au containing samples exhibited visible light absorption due to the Au LSPR, and the intensity of electromagnetic field around metal nanoparticles in Rh-Au/SBA-15 was much enhanced due to the near field coupling effect.

High temperature increased the energy of the photoinduced hot electrons, while plasmonic metal nanoparticles contributed to the reactant polarization and the energetic hot electrons enhanced molecular activation. Afterwards, similarly, bimetallic alloy nanocomposites Pd-Au/Al2O3 [START_REF] Liu | Design of PdAu alloy plasmonic nanoparticles for improved catalytic performance in CO2 reduction with visible light irradiation[END_REF] and Pt-Au/SiO2 [START_REF] Song | Light-Enhanced Carbon Dioxide Activation and Conversion by Effective Plasmonic Coupling Effect of Pt and Au Nanoparticles[END_REF] all exhibited considerably enhanced catalytic performance in DRM under visible light irradiation at milder temperature largely due to the strong LSPR of plasmonic metal nanostructures. and caused the catalyst deactivation (Figure 11b). Note that the Cu-Ru single-atom alloy showed much higher activity and longer durability in photocatalytic DRM than in thermocatalytic DRM.

Steam reforming of methane (SRM)

Yoshida et al. [START_REF] Yoshida | Hydrogen production from methane and water on platinum loaded titanium oxide photocatalysts[END_REF] discovered photocatalytic SRM over Pt/TiO2 under UV irradiation at room temperature. Hydrogen and carbon dioxide were observed as main products with trace amounts of ethane and carbon monoxide. The isotopic experiments suggested that the interaction of methane and water firstly generated the [CH2O] intermediates, which then further reacted with water and produced hydrogen and carbon dioxide. Similarly, they further investigated β-Ga2O3 and Pt/β-Ga2O3 in photocatalytic SRM using 300 W Xe lamp at mild temperature. Hydrogen and carbon dioxide were detected as products. An improved hydrogen productivities of 1 μmol•min -1 g -1 was obtained in the steady state over Pt/β-Ga2O3 [START_REF] Shimura | Photocatalytic activation of water and methane over modified gallium oxide for hydrogen production[END_REF]. Besides, NaTaO3 with high photoactivity in the water decomposition was used for photocatalytic SRM using 300 W Xe lamp at mild temperature. Compared to bare NaTaO3, enhanced photocatalytic SRM performances were observed over the samples modified either by Pt or La, while the Ni-loaded sample could not activate methane and just showed high photoactivity for the water decomposition [START_REF] Yoshida | Photocatalytic steam reforming of methane over platinum-loaded semiconductors for hydrogen production[END_REF][START_REF] Shimura | Photocatalytic steam reforming of methane over sodium tantalate[END_REF]. Li et al. [START_REF] Yu | Direct combination of hydrogen evolution from water and methane conversion in a photocatalytic system over Pt/TiO2[END_REF] reported an enhanced photocatalytic hydrogen evolution over Pt/TiO2 under UV irradiation (wavelength centered at 254 nm) at mild temperature by integrating water splitting with methane conversion. The hydrogen productivity of 200 μmol•gcat -1 •h -1 was achieved, ethane and carbon dioxide were simultaneously produced with the rates of 53.3 μmol•gcat -1 •h -1 and 28.9

μmol•gcat -1 •h -1 ,
respectively. Pt sites seem to play an important role in the methane activation, and ethane comes from the coupling of methyl radicals.

In another work, Yoshida et al. [START_REF] Shimura | Bifunctional rhodium cocatalysts for photocatalytic steam reforming of methane over alkaline titanate[END_REF] reported that compared to bare K2Ti6O13, Pt loaded K2Ti6O13 showed significantly enhanced photocatalytic SRM performance in the same conditions using a 300 W Xe lamp at mild temperature, and Rh loaded K2Ti6O13 exhibited two times higher activity than Pt loaded K2Ti6O13. It was found that not only the type of loaded metal but also the loading method influenced the photocatalytic SRM performance.

They suggested that metallic rhodium nanoparticles and rhodium oxide nanoparticles coexisted in Rh loaded K2Ti6O13 and promoted the transfer and separation of charge carriers. They proposed that photogenerated holes and electrons are transferred to rhodium oxide nanoparticles and metallic rhodium nanoparticles, respectively. This could efficiently prevent the charge recombination and cooperatively promoted the reduction and oxidation processes.

Amin et al. [START_REF] Tahir | Silver loaded protonated graphitic carbon nitride (Ag/pg-C3N4) nanosheets for stimulating CO2 reduction to fuels via photocatalytic bi-reforming of methane[END_REF] discovered a photocatalytic bi-reforming of methane (BRM) process combined by photocatalytic DRM and SRM over Ag loaded protonated graphitic carbon nitride (Ag/pg-C3N4) under UV irradiation (wavelength centered at 254 nm) at mild conditions. It was found that carbon monoxide, hydrogen and methanol were the main products, in addition to traces of ethane in all the photocatalytic SRM, DRM and BRM processes. Interestingly, pure g-C3N4 was favorable for CO evolution, while pg-C3N4

promoted both H2 and CH3OH production. Compared to the photocatalytic SRM and DRM processes, in photocatalytic BRM, the production of methanol almost remained unchanged with the rate of 365 μmol•gcat -1 •h -1 , while that of carbon monoxide and hydrogen increased to 1211 μmol•gcat -1 •h -1 and 344 μmol•gcat -1 •h -1 , respectively. Ag loading and protonation of g-C3N4 promoted charge separation and thus improved reactant adsorption.

Photocatalytic coupling of methane

Methane coupling could be an efficient way to selectively convert methane into higher hydrocarbons, such as ethane and propane. Methane coupling includes the non-oxidative coupling of methane (NOCM) and oxidative coupling of methane (OCM). In addition to hydrocarbons, OCM can also produce carbon monoxide and carbon dioxide as by-products.

NOCM: 2CH4 → C2H6 + H2 (8) 
OCM: 4CH4 + O2 → 2C2H6 + 2H2O (9) 2CH4 + O2 → C2H4 + 2H2O (10) 
The production of ethylene (Eq. 10) does not usually occur in the photochemical coupling. Ethane seems, to be one of the primary products of the photocatalytic coupling.

Ethane dehydrogenation to ethylene is thermodynamically unfavorable at ambient temperature and does not seem to be catalyzed by photocatalysts.

The photoinduced centers of some metal oxides, such as of Zn, Ti, Al and Ga oxides, are capable to dissociate methane under mild conditions with the role of photogenerated O - holes. Among them, TiO2 was studied in methane coupling and showed predominant COx production and low methane conversion in both OCM and NOCM [START_REF] Okabe | Photo-oxidative coupling of methane over TiO2-based catalysts[END_REF][START_REF] Kuzmin | Light and X-ray-induced chemistry of methane on TiO2[END_REF].

Ga2O3 has been investigated as a promising material in NOCM under UV irradiation at mild temperature and exhibited much higher methane conversion and higher ethane selectivity (up to 96%) than other oxide semiconductors, with high stability in the reductive atmosphere [START_REF] Yuliati | Photocatalytic conversion of methane and carbon dioxide over gallium oxide[END_REF][START_REF] Yuliati | Photocatalytic nonoxidative coupling of methane on gallium oxide and silica-supported gallium oxide[END_REF]. Silica materials were also exhibiting NOCM activity after high temperature pretreatment, which generated ≡ Si -O • as photoactive sites via the dehydroxylation of surface hydroxyl groups [START_REF] Yuliati | Photoactive sites on pure silica materials for nonoxidative direct methane coupling[END_REF]. More often, promotion with metals could further improve the photocatalytic NOCM performance by enhancing charge separation, accelerating charge transfer and acting as a co-catalyst.

Highly dispersed mixed metal oxide species, such as SiO2-Al2O3-TiO2, ZrO2/SiO2, MgO/SiO2 Ce/Al2O3 and Ce/Ti/SiO2 have been investigated in NOCM at mild conditions.

They exhibited higher photoactivity and ethane selectivity of above 90% [26,[START_REF] Yuliati | Photocatalytic nonoxidative coupling of methane on gallium oxide and silica-supported gallium oxide[END_REF][START_REF] Yoshida | Synergistic active sites on SiO2-Al2O3-TiO2 photocatalysts for direct methane coupling[END_REF][START_REF] Yuliati | Highly dispersed Ce(III) species on silica and alumina as new photocatalysts for non-oxidative direct methane coupling[END_REF].

These highly dispersed metal oxide species showed different electronic and local structures from the original bulk materials [START_REF] Yuliati | Photocatalytic nonoxidative coupling of methane on gallium oxide and silica-supported gallium oxide[END_REF][START_REF] Yoshida | Active sites on silica-supported zirconium oxide for photoinduced direct methane conversion and photoluminescence[END_REF]. Among them, the SiO2-Al2O3-TiO2 ternary oxide has been reported as one of the most effective photocatalysts for NOCM with the methane conversion rate of around 1.40 μmol•gcat -1 •h -1 , corresponding to the ethane productivity of

0.69 μmol•gcat -1 •h -1 .
However, the total C2+ yield of 3.74% was still very low even after 90 h of reaction [START_REF] Yoshida | Synergistic active sites on SiO2-Al2O3-TiO2 photocatalysts for direct methane coupling[END_REF]. Si, pink: Al, gray: C, white: H, and green: the 4s electron of Zn + ).

Chen et al [START_REF] Li | Efficient sunlight-driven dehydrogenative coupling of methane to ethane over a Zn+-modified zeolite[END_REF]. investigated a zinc modified medium pore ZSM-5 zeolite photocatalysts, which achieved prominent photocatalytic NOCM performance under UV irradiation at room temperature. The methane conversion of 23.8% was achieved in 8 h and ethane selectivity was above 99.0%, corresponding to the ethane production rate of 5.95

μmol•gcat -1 •h -1 .
Note that the photocatalyst operated without obvious deactivation and coke deposition for 16 h. They suggested that the existence of univalent zinc species (Zn + ) played a key role in the efficient methane activation through the photoinduced electron attack from Zn 4s orbital to the empty C-H σ * -antibonding orbital (Figure 12b). Besides, the pores with an approximate size of 0.55 nm restricted the formation of longer chain C3+ hydrocarbons.

Thus, a higher selectivity towards ethane was achieved. A two-stage photocatalytic process was proposed, in which UV and visible light accomplished the charge transfer from oxygen of the zeolite framework to Zn 2+ and the methane activation upon the Zn + species (Figure 12a). Consequently, the photocatalyst still exhibited outstanding performance under sunlight irradiation, with the methane conversion of 0.63 μmol•gcat -1 •h -1 and ethane selectively above 99.9%. The activity of the photocatalyst decreased in the presence of water, which limited its application in the water-based photocatalytic systems.

Li et al. [44] further investigated the Ga 3+ modified ETS-10 titanosilicate in photocatalytic NOCM under UV irradiation at mild temperature and achieved methane conversion rate of 29.8 μmol•gcat -1 •h -1 without the COx formation, corresponding to the methane conversion of 14.9% and ethane selectivity higher than 70%. Furthermore, the Ga 3+ modified sample could be regenerated after thermal treatment in moist air without noticeable deactivation for 5 cycles. It revealed that only after the ion-exchange of ETS-10 with the particular metal ions such as Ga 3+ , Al 3+ , Zn 2+ and Fe 3+ , the enhanced photocatalytic activity could be observed. Among them, the Ga 3+ modified sample showed the best performance, the Al 3+ , Zn 2+ and Fe 3+ modified samples were inferior, while the Cu 2+ modified sample was inactive. They suggested that the ion-exchange treatment formed the structure defects in the framework of ETS-10 and thus, resulted in the abundant Ti-OH groups. Besides, the modified metal cations played an important role in polarizing methane and thus reduced the activation energy for C-H cleavage. The photoexcitation firstly occurs upon the titanate composite in ETS-10. The Ti-OH groups then trap the photogenerated holes to generate active hydroxyl radicals for the H abstraction. The Ti-OH groups could be then regenerated in the presence of water and oxygen under high temperature.

In another work, Zhang and co-workers [32] fabricated a Pt loaded hierarchical macro-mesoporous structure (HGTS) consisting of Ga dopant and porous TiO2-SiO2 for photocatalytic NOCM using a 300 W Xe lamp under mild temperature. The methane conversion of 6.24% was achieved in 4 h, corresponding to the methane conversion rate of Recently, our group proposed [START_REF] Yu | Stoichiometric methane conversion to ethane using photochemical looping at ambient temperature[END_REF] photochemical looping for methane coupling at room temperature over the silver-heteropolyacid-titania nanocomposites (Ag-HPW/TiO2).

We suggested that the n-type semiconductor TiO2 and the p-type semiconductor HPW created a p-n heterojunction between their interfaces. Under the irradiation, photogenerated electrons were rapidly transferred from TiO2 to HPW and resulted in silver reduction, while the abundant photogenerated holes were accumulated in TiO2 and enhanced methane oxidation. The coupling reaction involves two methyl radicals produced via methane activation over silver sites. The reaction slowed down with the reduction of silver cations.

Promisingly, the nanocomposite can be reversibly regenerated by exposing it to air under irradiation at room temperature, after which the nanocomposite still exhibited the original performance for methane coupling in numerous cycles (Figure 14a). The amount of the produced ethane exactly corresponds to the silver content in the nanocomposite. The photochemical looping process achieves methane coupling selectivity over 90%, quantitative yield of ethane over 9%, high quantum efficiency (3.5% at 362 nm) and excellent stability. (Figure 14b).

Major routes of methane photocatalytic conversion: challenges and outlook

A sharp increase in the interest to the methane photocatalytic conversion has been observed in the last decade (Figure 6). Three major routes of methane photocatalytic conversion have attracted particular attention. They involve -methane selective oxidation with the methanol being the principal reaction product;

-methane photocatalytic dry or steam reforming to hydrogen and carbon monoxide;

-methane coupling leading to the formation of ethane and higher hydrocarbons.

The semiconductors, co-catalysts and products obtained in these three major methane photocatalytic conversion routes are displayed in Let us discuss the advantages and drawbacks of each methane conversion route.

Methane photocatalytic oxidation may lead to methanol, formaldehyde, formic acid, CO and CO2. Extremely low yields of formaldehyde and formic acid were reported in the methane photocatalytic conversion. Among different oxidation processes, methane partial oxidation to methanol and methane complete oxidation to CO2 have attracted particular attention. The complete oxidation of methane to CO2 seems to be an attractive option to reduce the concentrations of methane present in the atmosphere. Note that methane is a GHG, which is 30 times more potent than carbon dioxide. Methane photocatalytic oxidation is an exothermic process. The methane photocatalytic oxidation to CO2 can reduce, on the one hand, global warming and on other hand, because of the exothermic Hydrogen effect, it can produce renewable electricity under mild conditions.

Methanol is the target product in most of the publications dedicated to methane photocatalytic oxidation. The photocatalytic oxidation to methanol requires oxidizing agents, such as molecular oxygen, hydrogen peroxide, water or NO. The use of different oxidizing agents leads to different methanol productivities. Important, methane oxidation with water or hydrogen peroxide results in several times higher productivities compared to the methane oxidation in the presence of molecular oxygen. Since the methane photocatalytic oxidation commonly proceeds with the radical mechanisms, the reasons of a higher rate of methane conversion in the presence of water or hydrogen peroxide can be due to the much easier generation of oxygen or hydroxyl radicals for the methane activation.

The selectivity of methane conversion to a larger extent depends on the concentration and reactivity of the generated radical species. Among the methane oxidizing agents, water seems to be the most efficient. It enables at the same time, the highest methane conversion rate and high selectivity to methanol. A much higher cost of hydrogen peroxide compared to methane and methanol hinders its utilization for methane photocatalytic conversion. The reactive oxygen for methane photocatalytic oxidation can be also provided by the semiconductor or cocatalysts. In this case, the reaction proceeds according to the Mars-van

Krevelen mechanism [START_REF] Yu | Selective photocatalytic conversion of methane into carbon monoxide over zinc-heteropolyacid-titania nanocomposites[END_REF] with periodic reduction and re-oxidation of photocatalysts. This mechanism was clearly identified over silver [50] and zinc [START_REF] Yu | Selective photocatalytic conversion of methane into carbon monoxide over zinc-heteropolyacid-titania nanocomposites[END_REF] catalysts.

The literature shows a major progress in productivity of methane to methanol conversion. Thus, from 2005 to 2022 the productivity for the best catalysts known so far increased from 529 to 6453 µmol g -1 h -1 . The highest efficiency has been observed over oxides like WO3, TiO2, NiO, Ag/WO3, Au supported over ZnO and Au-Cu supported over ZnO.

Methane photocatalytic reforming usually leads to hydrogen and carbon monoxide.

Direct synthesis of oxygenates from methane and carbon dioxide currently seems to be highly challenging, though production of small amounts of acetone was reported by Shi [START_REF] Shi | Photocatalytic conversion of CH4 and CO2 to oxygenated compounds over Cu/CdS-TiO2/SiO2 catalyst[END_REF] et al. over the Cu/CdS-TiO2/SiO2 catalyst under ultraviolet irradiation. The characteristic productivities for methane photocatalytic reforming are much lower than for methane oxidation to methanol. The methane dry photocatalytic reforming has been investigated in greater detail compared to the steam reforming process. Very often, the photocatalytic reforming proceeds at elevated temperatures (>100°C and even >550°C), when a contribution of thermal activation to the methane conversion rate cannot be excluded. Important, the composition of syngas produced via methane dry photocatalytic reforming is different from that, which could be expected from the stoichiometric reaction: H2/CO=1; CH4+CO2→H2+CO. This suggests a possible contribution of water gas shift and other processes to the methane photocatalytic reforming. Methane photocatalytic reforming to syngas can also simultaneously involve CO2 and structural water of photocatalyst [START_REF] László | Hydrogen evolution in the photocatalytic reaction between methane and water in the presence of CO2 on titanate and titania supported Rh and Au catalysts[END_REF]. Methane photocatalytic reforming coincides with other methane reactions such as methane partial oxidation to methanol or methane coupling. That is also the reason, why the selectivity to carbon monoxide and hydrogen in methane photocatalytic reforming is rarely higher than 60-70%. The relatively rapid increase in the productivity of methane photocatalytic reforming has been observed recently. Thus, for the several last years, the productivity increased almost ten times from 142 to 1211 µmol g -1 h -1 . The highest efficiency has been observed over silver supported nanoporous graphitic carbon nitride sheets.

Photocatalytic coupling to ethane and higher hydrocarbons represents an interesting path to upgrade methane. Indeed, ethane has a higher value than methane. Moreover, ethane can be converted via cracking/dehydrogenation to ethylene, which is an important platform molecule for many chemical processes. Different to the widely studied process of high temperature methane oxidative or non-oxidative [START_REF] Guo | Direct, nonoxidative conversion of methane to ethylene, aromatics, and hydrogen[END_REF] couplings (OCM and NOCM), methane photochemical coupling proceeds at lower temperatures. Low temperature photocatalytic coupling of methane produces mainly ethane, while ethylene, the building block of many daily basis plastic products, is commonly produced in high temperature methane oxidative coupling [3]. Both thermally activated and photoactivated methane coupling reactions proceed via the generation of CH3 radicals. The primary product in both coupling processes is ethane. Note that in the higher temperature process, ethane is dehydrogenated to ethylene. At high temperatures, the ethylene formation from ethane is favored by thermodynamics. In contrast, ethane is primarily produced in the low temperature photocatalytic methane coupling. At low temperatures, dehydrogenation of ethane to ethylene is thermodynamically unfavorable and does not seem to be enhanced by photocatalysis.

Relatively high selectivity to ethane (often >70% and sometimes >90%) in the photochemical and photocatalytic methane coupling has been reported in many works. A trace amount of propane and even butane are often observed. The presence of propane and higher hydrocarbons arises from the coupling reaction of methane with ethane and other produced hydrocarbons. Despite better selectivity, the main challenge of methane photocatalytic coupling seems to be lower productivity compared to the methane partial oxidation or reforming. Recently, we suggested a new concept of photochemical looping for stoichiometric synthesis of ethane from methane on the silver-based nanocomposites containing titania and heteropolyacids. The ethane productivity attained 20 μmol g -1 h -1 in this process.

The photocatalytic coupling of methane to ethane demonstrates significantly lower productivities in comparison with the methane oxidation to methanol or methane reforming.

However, a gradual increase in the ethane productivity of ethane with time has been observed. Supported Au, Ag, Zn and Ga based materials demonstrate productivities of ethane in the range 5 to 5000 µmol g -1 h -1 . The characteristic state-of the art productivities and selectivities of the major routes of methane photocatalytic conversion are summarized in Table 2. In terms of productivity, the three routes of methane photochemical conversion can be ranked in the following order: methane partial oxidation > methane coupling > methane reforming. The productivity ranges from >1000-6000 μmol g -1 h -1 in methane reforming or methane oxidation to methanol to 5000 μmol g -1 h -1 in methane coupling. The opposite trend is observed for the selectivity of methane photocatalytic conversion processes. Higher selectivity is observed (Table 2) in the methane coupling to ethane followed by methane partial oxidation and then by methane reforming. Almost stoichiometric conversion of methane to ethane can be achieved in the photocatalytic process, while the selectivity of methane reforming is usually about 60-70%.

Higher selectivity and productivity seem to be major challenges for the photocatalytic methane conversion. The photo-conversion efficiencies of photochemical methane conversions are generally lower than 10%. Higher solar-to-fuel efficiency of 12.5% has been reported [START_REF] Huang | Solar-Light-Driven CO2 Reduction by CH4 on Silica-Cluster-Modified Ni Nanocrystals with a High Solar-to-Fuel Efficiency and Excellent Durability[END_REF] for DRM and that of 11.7% for photocatalytic oxidation of methane to methanol [START_REF] Song | Direct and Selective Photocatalytic Oxidation of CH4 to Oxygenates with O2 on Cocatalysts/ZnO at Room Temperature in Water[END_REF]. The photo-conversion efficiencies have been however generally lower than 5% or even 1% for photochemical methane coupling [START_REF] Meng | Gold plasmon-induced photocatalytic dehydrogenative coupling of methane to ethane on polar oxide surfaces[END_REF][START_REF] Yu | Stoichiometric methane conversion to ethane using photochemical looping at ambient temperature[END_REF].

Currently, the majorities of photocatalytic methane conversion reactions are carried out in home-made or commercial batch reactors with various volumes. Relatively high residence time in batch reactors leads to the overoxidation of the methane conversion intermediates. Design of new photoreactors such as fluidized, slurry, fixed bed, membrane, optical-fiber, monolith or internally illuminated monolith photoreactors [START_REF] Khan | Recent advancements in engineering approach towards design of photo-reactors for selective photocatalytic CO2 reduction to renewable fuels[END_REF][START_REF] Liou | Photocatalytic CO2 reduction using an internally illuminated monolith photoreactor[END_REF][START_REF] Ola | Review of material design and reactor engineering on TiO2 photocatalysis for CO2 reduction[END_REF][111] can also enhance the efficiency of light collection, exposure of the photocatalyst to the irradiation, heat and mass transfer. Particular attention should be paid to the absence of even very tiny leaks. Even a very small amount of excess oxygen can affect the reaction rate and selectivity.

The current scientific immaturity of the methane photochemical conversion processes does not allow to envision industrial or practical utilization in the future. Among the discussed methane photocatalytic conversion routes, the most promising could be photocatalytic methane oxidation to methanol. Methanol is a valuable platform molecule, it has a much higher cost compared to ethane produced by methane coupling or to syngas, which is manufactured by methane reforming. The methane partial oxidation to methanol exhibits relatively higher productivity and selectivity.

Direct mild conversion of methane is one of the main targets in the modern society.

The photochemical processes such as methane partial oxidation, methane reforming and methane coupling should provide opportunities to perform methane conversion to valueadded products, under mild conditions, instead of methane combustion. This should significantly decrease the GHG effects due to the uncontrollable emission of methane and carbon dioxide and will contribute to the optimized utilization of fossil and renewable methane feedstocks.

Objective of thesis

The photocatalytic methane partial oxidation to methanol exhibits relatively higher productivity and selectivity as reviewed above. Some expensive and non-environmentally friendly oxidants are used necessary for achieving higher productivity. Photocatalytic oxidation of methane in water to high value oxygenates (formaldehyde, formic acid) have been rarely reported. Even methanol has been the main product in very limited works. The photocatalytic coupling of methane to ethane often demonstrates significantly lower productivities in comparison with the other processes but exhibits highest selectivity. The photocatalytic oxidative coupling of methane to ethane has been rarely studied and indicates a potential route to achieve both higher coupling productivity and selectivity.

This thesis aims to develop and propose new efficient photocatalysts and photocatalytic processes to utilize methane. We focus on the photocatalytic oxidative/nonoxidative coupling of methane to hydrocarbons and photocatalytic methane oxidation in water to valuable oxygenates, to study effective way to activate methane and provide new ideas for its photocatalytic conversion. Our goal is to develop environmental, sustainable and efficient photocatalytic processes to selectively convert methane to ethane and formic acid under mild conditions.

The simple oxide, TiO2, which has been demonstrated as efficient photocatalysts among various semiconductors, has been used for photocatalytic methane conversion in this work. In addition, the cocatalysts have been introduced into TiO2 semiconductor substrate forming composite photocatalysts to promote the charge transfer/separation, improve light absorption and lower the activation energy for methane conversion.

The Au NPs, which is a stable and interesting metal of visible light utilization with plasmonic effect as introduced above and charge transfer/separation, has been studied as a cocatalyst. Additional, heteropolyacids (HPAs) has been used as a material for the preparation of the other cocatalysts. HPAs, possessing characteristics of strong Brønsted acidity and easily tunable acidity, have been demonstrated to display outstanding catalytic performance in a wide range of acid-catalyzed reactions as well as oxidation reactions.

However, the lack of thermal stability and high solubility in polar media of HPAs has limited their further applications in heterogeneous reactions. 

Synthesis of phosphotungstic acid salt/TiO2 composite catalysts

The Preparation of HPW-TiO2: 0.1 g HPW was mechanically mixed with a necessary amount of TiO2 to provide specific HPW mass ratio of 90%; Preparation of Ag2O/TiO2: The Ag2O/TiO2 was prepared by incipient wetness impregnation of 0.1 g TiO2 support with a necessary aqueous solutions of silver nitrate (AgNO3) to provide the same Ag amount as in 90% AgPW-TiO2. Unless otherwise specified in Chapter 3, the mass ratio of heteropolyacid salt (AgPW and CsPW) is 90% in all the heteropolyacid salt-semiconductor samples.

In Chapter 5. Preparation of CsPW-TiO2: 0.1 g CsPW was mechanically mixed with a necessary amount of TiO2 to provide specific CsPW mass ratio (10%, 30%, 60% and 80%);

Preparation of the other heteropolyacid salts (AgPW, NH4PW, CsPMo, CsSiW and CsSiMo)-TiO2:

0.1 g heteropolyacid salts was mechanically mixed with a necessary amount of TiO2 to provide 60% heteropolyacid salts mass ratio; Preparation of HPW-TiO2: 0.5 g TiO2 was mechanically mixed with a necessary amount of HPW hydrate to provide the corresponding HPW amount as in 60% CsPW-TiO2; Preparation of Cs/TiO2: The Cs/TiO2 was prepared by incipient wetness impregnation of TiO2 with aqueous solutions of caesium nitrate (CeNO3) to provide the same amount of caesium as in CsPW-TiO2. All the pre-synthesized samples were dried at 353 K overnight and calcined (except for NH4PW and NH4PW-TiO2) at 573 K in air for 3 h with the 2 °C min -1 temperature ramp before using. Unless otherwise specified in Chapter 5, the mass ratio of heteropolyacid salt is 60% in all the heteropolyacid salt-TiO2 samples.

Synthesis of Au/TiO2 catalysts with a series of Au particle size

In Chapter 4. Au colloid solution with a range of average Au NPs sizes (6 nm, 14 nm, 22 nm, and 30 nm) were firstly prepared as the previous work [1] via the seeded growth method. Briefly, a The theoretical loading of Au is 5 wt% for all samples and the actual Au loadings of samples obtained from X-Ray Fluorescence Spectrometer (XRF) are displayed in Table 1. The 14 nm Au/TiO2 sample was treated with TEOS using the following procedure: 0.2 g TEOS was firstly dissolved in 3.0 g n-hexane solution and stirred for 30 min. Next, 0.1 g 14 nm Au/TiO2 was dispersed in above solution and stirred overnight. The sample was then centrifuged and calcined at 500 ℃ for 6 h with a heating rate of 2 ℃ min -1 before use.

Catalyst characterization

The X-ray diffraction patterns were recorded on a PANalytical Empyrean X-ray diffractometer in Bragg-Brentano configuration with a 0.02° step size and 1 s step time. Cu Kα radiation (40 kV and 30 mA) was used as the X-ray source. The crystalline phases were identified by comparing the diffraction patterns with those of the standard powder X-ray diffraction files (JCPDS).

The XPS analysis was performed in a Thermo Fisher ESCALAB 250Xi photoelectron spectrometer using monochromatic Al Kα (1,486.7 eV) X-ray irradiation and a 180° doublefocusing hemispherical analyzer with a six-channel detector. The binding energy of the photoemission spectra was calibrated to C 1s peak with a binding energy of 284.8 eV.

The TEM analysis was carried out on a JEOL 2100 FEG S/TEM microscope operated at 200

kV and equipped with a spherical aberration probe corrector. Before analysis, the samples were dispersed in ethanol and deposited on a holey carbon-coated TEM grid. In STEM, the images were recorded using an HAADF detector with inner and outer diameters of about 73 and 194 mrad. EDS analyses allowing the elemental mapping were performed in the S/TEM using a JEOL Silicon Drift Detector (DrySD60GV, sensor size 60 mm) with a solid angle of approximately 0.6 srad.

The photoluminescence spectroscopy (PL) measurements were performed on a LabRam HR (Horiba Scientific). For excitation, 325 nm radiation from a diode-pumped solid-state 1 mW laser was used. The spectrophotometer has an entrance slit of 100 mm and is equipped with a 300 lines per mm grating that permits achieving a spectral resolution of 3.8 cm per pixel. The luminescence light was detected with a CCD camera operating at -135°C.

The electrochemical experiments were performed in a standard three-electrode configuration, where a glassy carbon (GC) electrode (0.28 cm 2 geometric area), a graphite rod and an Ag/AgCl electrode were used as working, counter, and reference electrodes, respectively.

The GC surface was polished with 0.05 μm alumina slurry and kept in ultrasonic bath for 5 minutes in water and acetone before any modifications. Then, 28 μL of aqueous catalyst solution (2 mg/mL) was dripped on the clean GC surface, which was kept at room temperature until complete drying. The catalyst loading of 200 μg/cm 2 was achieved. The measured potentials were calibrated in relation to a reversible hydrogen electrode following the equation ERHE = EAg/AgCl + 0.059pH + E 0 Ag/AgCl (E 0 Ag/AgCl = 0.197 V at 25°C). Linear sweep voltammetry (LSV) was recorded in 0.5 M H2SO4 solution saturated with N2, at a scan rate of 10 mV s -1 .

Chronoamperometry (CA) experiments were performed at -0.5 V using the same electrolyte.

For light-induced experiments, the GC electrode was irradiated with 370 nm and 525 nm Kessil PR 160 LEDs (average intensity of 137 mW/cm 2 ).

TGA was performed under air flow (10 ml min-1) and nitrogen flow (10 ml min-1) in the 

Photocatalytic test

Photocatalytic methane coupling

A commercial 230 mL batch reactor and a home-made flow reactor equipped with a quart window on the top were used for photocatalytic methane coupling tests (Figure. The gas pressure was then increased up to 0.3 MPa and the reactor was kept in the dark for 30 min to ensure an adsorption-desorption equilibrium between the photocatalysts and reactants before irradiation. During the reaction, the temperature was maintained at 20±3 °C by an attached cooling system (Minichiller 300). After reaction, the gas was directly injected into GC (PerkinElmer Clarus 580 GC) through Swagelok tube and analyzed by PoraBOND Q and ShinCarbon ST 100/120 columns with Ar as the carrier gas, accompanied by a flame ionization detector and a thermal conductivity detector.

In the continuous gas flow process, 20 mg photocatalyst was firstly dispersed on the bottle of flow reactor. Then, reaction gas CH4/synthetic air (20 vol.% O2/N2) with a total flowing rate of 41 ml min -1 (gas ratio CH4/air, 40/1) was introduced to the reactor. After catalytic performance became stable, the gas products were analyzed as in batch process.

The surface temperature of photocatalyst was measured by a thermocouple. In the batch process, the temperature of samples was ~ 40 ℃. In the continuous gas flow process, the temperature of samples was ~ 75 ℃. The conducted experiments showed that these temperatures in neither batch process nor continuous gas flow process are incapable to drive methane conversion in the absence of irradiation.

The apparent quantum yield (AQY) at 360 nm was calculated according to the following equation.

AQY =

𝑅𝑅(𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) * 𝑁𝑁 𝐴𝐴 𝐼𝐼𝐼𝐼𝑒𝑒/𝐸𝐸 𝜆𝜆 * 100%

where NA, I, S and t stand for the Avogadro's constant, light irradiance on the sample (W cm - 2 ), irradiation area (cm -2 ) and reaction time (s), respectively. Eλ (J) is given by hc/λ (λ = 362 nm). R(electron) represents the number of electrons used in the formation of the products. RC2(electron) and RC3(electron) are the number of moles of electrons used for the formations of C2H6 and C3H8, respectively. R(electron) = RC2(electron) + RC3(electron) = 2n(C2H6) + 3n(C3H8), where n(C2H6)

and n(C3H8) are the number of moles of C2H6 and C3H8, respectively.

Photocatalytic methane oxidation

A commercial 230 mL batch reactor equipped with a quart window on the top was used for photocatalytic methane oxidation reaction tests (Figure . 4a). The light source was provided by a 400 W Hg-Xe lamp from Newport (66485-500HX-R1) with full irradiation (from ~200 to 1100 nm)

The spectrum of light source of 400 W Hg-Xe lamp and characteristics of filter FSQ-GG435 and filter FSQ-U340 are shown below, respectively.

The spectrum of light source of 400 W Hg-Xe lamp

The characteristics of filter FSQ-U340

Typically, 10 mg sample was dispersed in 100 mL deionized water in a quartz cup, after which the quartz cup was placed into reactor, pressurized with 0.1 MPa air and 0.6 MPa methane and keep for 0.5 h to ensure a dissolution equilibrium with 1000 rpm min -1 magnetic stirring. Subsequently, the reactor was irradiated by 400W Hg-Xe lamp for 2 h. During the reaction, the temperature of the liquid was maintained at 20±3 °C by an attached cooling system (Minichiller 300). After reaction, the reactor was cooled to 5 °C for another 0.5 h without stirring. Then the gas and liquid products were collected and analysed.

Figure 5. Sketch of the reactor for cascade process

In the cascade photo-chemocatalytic process, the photoreactor was equipped with a sand filter to isolate CsPW-TiO2 photocatalyst and Ru/Al2O3 (Fig. 5), in which all the conditions were the same with the typical process described above, except 1 g commercial 5% Ru/Al2O3 was placed in a small glass container on the bottom of reactor. Consequently, photocatalysts CsPW-TiO2 and Ru/Al2O3 can be separated. After irradiation, the 5% Ru/Al2O3 was immediately released out from the small glass container by vigorous stirring (1800 rpm min -1 ) to oxidize the liquid oxygenates into formic acid at 20 °C. Then the gas and liquid products were collected and analysed.

The gas products were directly injected into GC (PerkinElmer Clarus 580 GC) through Swagelok tube and analysed by PoraBOND Q and ShinCarbon ST 100/120 columns with Ar as the carrier gas, accompanied by a flame ionization and a thermal conductivity detector.

The liquid products (formic acid, methanol, methyl hydroperoxide) were quantified by 1 H NMR (BRUKER, Avance HD 300 MHz). Typically, 0.5 mL liquid product was mixed with 0.1 mL D2O containing 0.05 μL dimethyl sulfoxide (DMSO, Sigma-Aldrich, >99.9%) as internal standard.

The formaldehyde was quantified by colorimetric method as reported [2]. The concentration of formaldehyde was determined by the standard curve (Fig 6). 

Introduction

Methane is an important source of energy as well as chemical raw material with huge reserves, which comes from renewable and fossil resources [1][2][3] [4]. The activation and utilization of methane still encounters great challenges in modern science due to its extremely inert nature [5][6] [7]. To overcome the thermodynamic barriers for methane activation, high temperature is required, however, coke deposition and methane overoxidation are more thermodynamic favorable, resulting in low selectivity towards target products and rapid catalyst deactivation [8]. Consequently, most of methane is currently burnt for energy supply, resulting in large amounts of carbon dioxide emission [9].

Commercially, methane is converted into fuels and chemicals using an energy-intensive indirect route involving the production of syngas (CO and H2) [10]. However, a direct route has been the subject of intense interest for many decades [11]. Additionally, photocatalysis has appeared recently as a promising strategy in converting solar energy into chemical energy under mild conditions [12][13][14] [15], as photocatalysis could break the thermodynamic barriers and thus avoid the drawbacks existing at harsh temperature. We previously demonstrated a great potential in photocatalytic methane conversion into chemicals and fuels under mild conditions by three major routes [10], in which photocatalytic methane coupling to ethane represents an attractive path for methane upgrading with highest selectivity, while it shows meanwhile significantly low productivity. To achieve both efficient and selective methane conversion is the major challenge in photocatalytic methane coupling.

Previously, the photocatalytic non-oxidative coupling of methane (NOCM) was investigated over some metal oxides with significantly lower yield, such as Zn, Ti, Al and Ga oxides [16][17], as well as the highly dispersed mixed metal oxide species [18]. Recently, NOCM has shown higher ethane yield when exploiting the metal co-catalysts supported on semiconductors, especially for Au owning to its special properties. In peer works, Long et al [19].

reported an ethane yield of 11.3 μmol g -1 h -1 over Au/ZnO benefitting from the plasma resonance of Au nanoparticles and the surface polarization of ZnO. Hu et al [20]. achieved an ethane yield of 81.7 μmol g -1 h -1 with 95% selectivity over Au/TiO2 with light-diffusereflection surface in a continuous flow system. In addition, an optimized ZnO-AuPd hybrid has also achieved a methane conversion of 536.0 μmol g -1 with a C2+ compound selectivity of 96% after long term irradiation [21]. However, either the consumption of lattice oxygen or excessive accumulation of holes in semiconductors would eventually result in the photoactivity decay, and a regeneration process is often necessarily required to regain photoactivity [22].

Selective photochemical looping has obtained the proof of concept in our very recent work [22] using the model reaction of methane coupling to ethane. We uncovered quasi stoichiometric coupling (selectivity >90%) of methane to ethane over silver-heteropolyacidtitania nanocomposites (Ag-HPW/TiO2) prepared by impregnation using 12-tungstophosphoric acid and silver nitrate at room temperature in the absence of oxygen in the gaseous phase. In the reaction stage, methane under irradiation is stoichiometrically coupled to ethane with silver being simultaneously reduced to the metallic state. The nanocomposites can be reversibly regenerated numerous times in air under illumination at ambient temperature.

Herein, we synthesized the silver salt of phosphotungstic acid (AgPW) in one step by ion exchange (AgNO3 + H3PW12O40 → 3HNO3 + Ag3PW12O40↓). Different to previous work, the catalysts were prepared from silver salt of heteropolyacid and titania using mechanical mixing.

The AgPW salt mechanically mixed with TiO2 (AgPW-TiO2) exhibits significantly enhanced photochemical methane coupling activity. The Ag cations in AgPW play important role in methane activation. The presence of phosphotungstic acid helps cationic Ag + species regeneration. We performed in-situ synchrotron based XAS investigation of the evolution of oxidation state of silver during photochemical methane coupling and regeneration. In methane coupling process, Ag cations were reduced to metallic Ag and results in photoactivity decrease, while exposing the spent AgPW-TiO2 to air under light treatment can re-oxidize metallic Ag into Ag + and regenerate methane coupling activity. Addition of even small amount of AgPW (10%) to TiO2 or small amount of TiO2 (5%) to AgPW results in a major increase in the rate of methane coupling. The highest rate of methane coupling was observed at the AgPW content of 90% AgPW, while the coupling rate decreases at higher AgPW content. The enhanced methane coupling can be attributed to the formation of a p-n semiconductor heterojunction between TiO2 and AgPW as reported in previous work [22][24] [25]. This heterojunction may facilitate the separation of e -/h + and slows down charge carrier recombination, making electrons and holes available for reaction. To further investigate the interaction between AgPW and TiO2 in methane coupling, AgPW wafer and TiO2 wafer were overlapped with each other and exposed to light irradiation respectively for methane conversion as shown in Figure 3. The methane coupling performance of the overlapped wafers are however similar with the exposed component on the top (Figure 1), indicating the importance of close contact between AgPW and TiO2 for photoactivity enhancement.

Results and Discussion

Photochemical coupling of methane on the AgPW-TiO2 mechanical mixtures

In addition, semiconductors, such as ZnO, PCN and SrTiO3 have been introduced into AgPW to evaluate methane coupling (Figure 4). The methane conversion is however significantly low on the composites containing ZnO, PCN and SrTiO3. Interestingly, only TiO2

shows efficient methane coupling activity when in contact with AgPW. These results suggest that the synergy between AgPW and TiO2 is essential for methane coupling. Consequently, a significantly decreased methane conversion is observed in the 2 nd cycle.

Alternatively, after the regeneration of spent composite after 1 st cycle under light irradiation in the presence of air, the methane coupling performance can be recovered as in the 1 st cycle.

A different behavior was however observed for Ag2O/TiO2 as shown in Figure 6. The methane coupling activity still decreased after regeneration processes in the 3 rd and 4 th cycle, indicating an irreversibility of Ag2O/TiO2. These results suggest that the presence of phosphotungstic aicd is not only important for enhancing photoactivity, but also critical for composite regeneration. The parent HPW exhibits the typical X-ray diffractograms of the body-centered cubic secondary structure of Keggin anions [27][28]. AgPW exhibits similar diffraction patterns as that of HPW. In addition, a slight shift toward higher angles was observed for AgPW and no diffraction peaks of pure HPW were detected, indicating that Ag + was incorporated into HPW cluster with the remaining of Keggin structure with good crystalline. The AgPW-TiO2 mixture shows distinguishing X-ray diffraction peaks of both the TiO2 and AgPW. 

In-situ XAS investigation of silver evolution in nanocomposites

To provide further insight into the variation of silver oxidation state during the photochemical process in methane and regeneration process in air, in-situ synchrotron X-ray absorption spectroscopy (XAS) has been used to characterize the evolution of silver species in AgPW-TiO2 mechanical mixture during the photochemical looping. The procedure of photochemical looping is shown in Figures 10.

Figure 10. Experimental procedure in the in-situ XAS experiments

The XANES spectra at Ag K-absorption edge of reference Ag2O, Ag foil together with that of the freshly prepared by mechanical mixing AgPW-TiO2 sample are given in Figure 11.

Fresh AgPW-TiO2 shows spectral features that are similar to that of AgNO3, indicating the presence of single Ag + cations, probably localized in the cationic sites of heteropolyacid. When AgPW-TiO2 was exposed to light in methane, the silver K-edge XANES spectra evolved from that characteristic of isolated Ag + cations to those typical of silver foil (Figure 12a). The color of the samples also changed from white to black. This suggests gradual reduction of silver during methane photochemical coupling:

2CH4+Ag + →C2H6+2H + +Ag 0
Further exposure of the sample to air under UV irradiation leads to oxidation of metallic silver to the cationic Ag + species (Figure 12b). The XANES spectra were quantitatively analyzed using a linear combination of XANES spectra of reference compounds (Figure 13). The analysis was indicative of the increase in the fraction of metallic silver gradually during the nanocomposite exposure in methane atmosphere to light to almost 70%. The subsequent exposure to air results in a sharp decrease in the fraction of sliver metallic species from 70 to 20%. Thus, a major faction of Ag changes the oxidation state from Ag + to Ag 0 during light treatment in methane and back during subsequent contact with air. The silver reduction-oxidation cycles in methane and air under irradiation can be repeated several times. 

Conclusion

High selectivity of methane coupling to hydrocarbons and high ethane yield were observed over AgPW-TiO2 composite. The efficient methane coupling requires AgPW and TiO2 components with intimate contact. This intimate contact can be reached either by coimpregnation or mechanical mixing. The presence of even small amount of TiO2 (5%) helps charge transfer and separation between AgPW and TiO2 via the p-n heterojunction and significantly enhances the methane coupling. The optimized nanocomposite achieved an ethane production of 64 μmol/g with coupling selectivity above 95%. The existence of cationic Ag species is critical for efficient methane activation. The in-situ XAS revealed the gradual reduction of cationic Ag + species to metallic Ag at room temperature in the presence of methane, which resulted in methane coupling slowing down, while their subsequent re-oxidation form metallic Ag to silver cations in the presence of air can regenerate photoactivity.

Introduction

Methane is an important source of energy as well as chemical raw material, which comes from vast renewable and fossil resources [1][2][3][4]. Methane is a greenhouse gas (GHG) with an effect on the climate 30 times more significant [5,6] than carbon dioxide. The activation and utilization of methane still encounters numerous challenges due to methane high thermodynamic stability and extreme inertness [7][8][9]. In conventional thermocatalytic processes, high temperature is required to overcome the kinetic barriers for methane activation.

However, at high temperatures, coke deposition and methane re-oxidation become more thermodynamically advantageous compared to the conversion of methane into valuable products such as longer chain hydrocarbons or oxygenates. Consequently, low selectivity and rapid catalyst deactivation have been often observed [10]. These are the reasons, why currently the main way of utilizing methane remains combustion for energy production, which emits large quantities of carbon dioxide [11].

Photocatalysis has emerged as a promising strategy for converting solar energy into chemical energy under mild conditions [12][13][14][15]. The great potential of photocatalytic conversion of methane to chemicals and fuels under mild conditions has been demonstrated in recent publications [16]. Among different methane conversion routes, the photocatalytic methane coupling to ethane is particularly attractive. Methane coupling usually exhibits higher selectivity compared to reforming/oxidation to CO or methanol [16]. The major challenge in photocatalytic methane coupling is to achieve simultaneously high productivity and high selectivity to ethane and other long-chain hydrocarbons.

At the same time, semiconductor photocatalysis currently faces two major challenges: limited absorption of photons by semiconductors in the visible range and fast recombination of the photoinduced charge carriers. In this context, the use of metal nanoparticles (NPs) has played several important roles in spectacularly improving the catalytic performance of semiconductor photocatalysts. The Au, Ag, Cu, Pt, Rh, Pd, Mg, Ni, and Al NPs have been extensively used [17], because of their attractive catalytic or electron trapping properties. The term "plasmonic" [18] usually refers to metal NPs, which absorb irradiation in the visible and near-infrared ranges due to the localized surface plasmon resonance (LSPR) excitation. LSPR is the collective oscillation of free electrons in metal NPs under resonant conditions in response to an incoming electromagnetic wave. Excitation of LSPR on plasmonic NPs can accelerate a variety of chemical reactions via the activation of surface molecules and bonds [19]. Moreover, the interaction of plasmonic metal NPs with semiconductors may result in the formation of different metal-semiconductor junctions. The Schottky barrier at the interface between metal NPs and a semiconductor allows hot electrons with the appropriate energy to pass [20] through the interface, resulting in the enhanced separation of electrons and holes. The intensity and resonance wavelength of LSPR over plasmonic metal nanostructures are tunable by modifying particle morphology and size. Besides, metal NPs can also operate as co-catalysts for photocatalytic reactions [21,22].

Previously, the non-oxidative photocatalytic coupling of methane (NOCM) was investigated over both bulk Zn, Ti, Al and Ga oxides [23,24] and highly dispersed mixed metal oxide species [25]. Recently, NOCM has shown a higher ethane yield over metal co-catalysts supported on semiconductors. Long et al. [26] reported an ethane yield of 11.

3 μmol g -1 h -1
over Au/ZnO. The reaction benefited from LSPR of Au NPs and surface polarization of ZnO.

Hu et al. [27] achieved an ethane yield of 81.7 μmol g -1 h -1 with 95% selectivity over Au/TiO2

with the light-diffuse-reflection surface in a continuous flow system. In addition, an optimized ZnO-AuPd hybrid catalyst has also achieved a methane conversion of 536.0 μmol g -1 with a C2+ hydrocarbon selectivity of 96% [28]. However, in NOMC, the rapid photoactivity decay was observed which was probably due to the consumption of lattice oxygen or excessive accumulation of holes in semiconductors. A regeneration process is often required to recover the photocatalytic activity. Similarly, we demonstrated [29] a photochemical looping process for quantitative methane conversion to ethane, which involved reaction and regeneration steps on Ag-HPW/TiO2.

Alternatively, the photocatalytic oxidative coupling of methane (OCM) with the commonly used oxidant such as O2, provides a facile technology of methane chemical utilization, which has been however rarely investigated. Additionally, Au NPs have also been efficient in oxygen activation into moderately reactive oxidative species, which could further enhance charge transfer and contribute to selective methane oxidation. Besides, recent studies have revealed that the continuous gas flow process is likely to be a better alternative to the batch process for highly active OCM catalysts. Tang et al. [30] reported an OCM process, in which optimized Cu0.1Pt0.5/PC-50 achieved in the flow system a C2 product yield of 68.0 μmol g -1 h -1 with 60% selectivity. Very recently, Song et al. [31] achieved an ethane production of over 5000.0 μmol g -1 h -1 with 90% selectivity over Au-ZnO/TiO2 in an OCM process using a flow reactor. No decay in photoactivity was observed during the long-term test in these processes.

Despite the major progress in photocatalytic methane coupling, very few information about the contribution of the plasmonic effect and influence of the plasmonic NP size on OCM and NOCM has been available in the literature. Herein, a series of Au NPs with various sizes supported on titania have been prepared for the photocatalytic NOCM and OCM reactions in both batch and continuous gas flow reactors. We found that the catalytic conversion of methane occurred over the oxygen vacancies in titania. The charge separation and recombination prohibition in titania are enhanced by the interaction with metallic NPs. A hydrocarbon productivity of 1864 μmol g -1 h -1 with a coupling selectivity over 86 % was observed in the continuous gas flow process.

Results and Discussion

Characterization of the Au-TiO2 catalysts

The TEM images of colloidal gold NPs (Figure 1 S1, Chapter 2). After calcination, a small increase in the Au NP size was observed (Figure 1) for all samples, while the particle morphology remains largely intact. The average gold particle size varies in the calcined catalysts from 9 to 29 nm. (Figure 2b). Meanwhile, the diffraction peaks located at 38.2, 44.3, 64.6, and 77.5° were assigned to the Au NPs [32]. The Au/TiO2 samples with metal NPs of 6 nm, 14 nm, 22 nm and 30 nm show broad diffraction peaks attributed to the gold metallic phase. In agreement with TEM results, the broad XRD patterns indicate the presence of relatively small gold NPs.

Interestingly, gold NPs of 14 nm supported on titania or silica exhibit similar XRD patterns suggesting the presence of gold NP size of similar size in both oxides.

The Au NPs supported on TiO2 were further investigated by XPS (Figure 3). The two Au 4f binding energies, corresponding to 4f5/2 and 4f7/2 at around 87 and 83 eV, indicate the metallic Au phase [33]. Figure 4a shows results from UV-Vis spectroscopy for all the titania-based samples. They exhibit the absorption peaks located at the UV region due to the photoexcitation of TiO2. In addition, all the Au/TiO2 samples display a broad surface plasmon resonance (SPR) absorption peak of Au NPs at 400-700 nm and centered at around 550 nm. A red-shift of the SPR absorption peaks is observed in Au/TiO2 samples with large gold NPs (22 nm Au/SiO2 and 30 nm Au/SiO2) relative to the samples with smaller Au NPs. The observation is consistent [34] with the shift of LSPR to longer wavelengths with an increase in NPs size. Interestingly, the 14 nm Au/SiO2 and 14 nm Au/TiO2 samples with gold NPs of 14 nm exhibit similar Au SPR absorption peak (Figure 4b).

The photocurrent tests were conducted using irradiation close the band gap of titania and SPR absorption in order to evaluate the charge separation behavior of photocatalyst (Figure 5).

For the pristine TiO2, a negligible photocurrent density was observed. 14 nm Au/TiO2 exhibited significantly high photocurrent density at both excitation wavelengths. This indicates a more effective charge separation in 14 nm Au/TiO2 compared to TiO2 caused by the band gap and plasmonic absorption.

The charge separation and charge transfer between TiO2 and Au NPs were investigated using photoluminescence (PL) spectra (Figure 6). Pristine TiO2 exhibited a strong PL emission peak at 440 nm, which correlated with the severe charge recombination occurring in TiO2 nanocrystal. After the decoration with the Au NPs, the PL emission peaks were greatly quenched, suggesting the pronounced charge separation within Au/TiO2 samples. The weakest PL peak observed for 14 nm Au/TiO2 demonstrates obvious suppression of charge recombination rate, which is well consistent with the photocurrent analysis (Figure 5). These results emphasize the role of Au NPs in charge transfer and separation between Au and TiO2 in the supported Au/TiO2 catalysts. without light or without catalyst (Table 1). This suggests that methane conversion is indeed driven by photocatalysis. The photocatalytic performance of 14 nm Au/TiO2 in anaerobic conditions (without air) is presented in Figure 7. Under pure methane, a small amount of ethane and traces of propane are produced in NOCM over the 14 nm Au/TiO2 sample. In addition to ethane, stoichiometric amounts of hydrogen were produced in NOCM:

Photocatalytic NOCM over Au/TiO2

2 CH4 → C2H6 + H2
For comparison, we also studied NOCM in pure methane on bare TiO2 (Figure 8). Only negligible methane conversion was detected over TiO2 under the same conditions in the absence of air. Furthermore, NOCM was investigated over the Au/TiO2 samples with a gold average NP size ranging from 6 nm to 30 nm (Figure 9). The 6 nm Au/TiO2 sample exhibits slightly higher methane coupling activity than the Au/TiO2 catalysts with larger NPs (22 nm Au/TiO2 and 30 nm Au/TiO2). Interestingly, the catalytic performance of Au/TiO2 catalysts with gold NPs of 22 nm and 30 nm was indistinguishable. It is well known that smaller NPs would expose more active surface sites and may engender stronger metal-support interaction. The slightly higher NOCM activities observed on the 6 nm Au/TiO2 and 14 nm Au/TiO2 samples would be due to better gold dispersion. 

Photocatalytic OCM over Au/TiO2

The presence of air spectacularly boosts methane coupling on both TiO2 and Au/TiO2

samples. In OCM in the batch reactor, Au/TiO2 produces ethane with a coupling selectivity higher than 90% (Figure 7). CO2 is also produced, while the amount of hydrogen generated from methane, strongly diminishes. Besides ethane, small amounts of propane were detected over Au/TiO2, possibly resulting from methane-ethane oxidative cross-coupling. Furthermore, more carbon oxides were detected at a higher O2 content over Au/TiO2. Thus, the optimized methane to O2 ratio seems crucial for selective and efficient OCM. This might be due to the fact that O2 is more reactive than methane [35]. In the present study, the methane to air ratio was fixed at 212/1 in all the OCM tests in the batch reactor. Then, we measured methane coupling as a function of gold NP size in titania (Figure 12).

All the Au/TiO2 samples with different Au particle sizes exhibited nearly identical catalytic performance in the OCM reaction. Besides ethane, small amounts of CO2 and propane were detected with almost the same selectivities. Note that TiO2 predominately yields CO2 from methane in the presence of oxygen. Only very small amounts of ethane were detected in OCM over TiO2 under the same conditions.

Evaluation of the long-term OCM performance of 14 nm Au/TiO2 shows a gradual increase in the amount of produced ethane with O2 consumption during the first 7 h of reaction (Figure 13). The coupling selectivities were stable during the first 7 h of reaction and exceeded 90%. The photocatalytic activity of Au/TiO2 in OCM can be initiated either by UV irradiation, which excites the band-band transition in TiO2, or by visible light, which is adsorbed by Au plasmonic NPs. In order to evaluate the effect of different wavelength on the photocatalytic activity, the 14 nm Au/TiO2 sample was illuminated using either full irradiation of Xe lamp, UV or visible light (Figure 14). It turns out that noticeable methane conversion was observed only in the presence of full irradiation or UV light. No methane conversion was detected under only visible light. The photocatalytic activity under UV irradiation was slightly lower compared to that under full irradiation, which could be due to lower UV irradiation intensity due to the use of a filter. Interestingly, the same methane coupling selectivity was observed in the methane conversion under full irradiation or UV. In order to further evaluate the contribution of plasmonic effect of gold NPs on the methane conversion, the silica-based catalyst (14 nm Au/SiO2) was tested in methane conversion under the identical conditions as titania-based counterpart with the same size of gold NP (14 nm Au/TiO2). Silica is an insulator and no contribution of silica to the photocatalytic methane conversion is expected under these conditions. No methane conversion was detected over 14 nm Au/SiO2 under neither visible light, UV light nor full irradiation. This suggests that the Au plasmonic effect alone induced by visible light cannot trigger the methane conversion. This is possibly due to the lower oxidation potential of holes in the Au plasmonic NPs, which is insufficient for methane activation [36]. At the same time, the plasmonic effect of gold NPs can be synergistic and can contribute to enhancing charge separation and accelerating charge transfer in the TiO2 supported catalysts.

The type of reactor can have a strong influence on the photocatalytic reaction [27,37]. The irradiation intensity, flow rate, methane and O2 concentrations in the photoreactor play important roles in the OCM performance. OCM over 14 nm Au/TiO2 was further studied in a continuous gas flow reactor (Figure 4b, Chapter 2).

The results in the flow reactor were then compared to those obtained in the batch reactor.

High flowing rates could cause insufficient contact time of reactants with the catalyst, leading to lower methane conversion. Under the optimized irradiation and composition of methane-air mixture with a total flowing rate of 41 ml min -1 , the ethane production in the flow reactor reaches 1638 μmol g -1 h -1 with a coupling selectivity up to 86% (Figure 15). Thus, the ethane productivity is 30 times higher in the flow reactor than that in the batch reactor (Figure 16). We measured apparent quantum yields (AQY) in both batch and flow reactors. Despite higher overall productivity in the flow reactor, AQY at 360 nm in OCM remain similar in both batch and flow reactors (Figure 17). In the batch process, the AQY was 2.40 % in the first 1 h, while it decreased to 1.83% in 3 h due to the consumption of oxygen. In the flow reactor, a stable AQY of 2.36 % was observed in 2 h. Note that the batch process showed similar AQY in comparison with the flow process in the first 1 h. The higher OCM productivity of the flow reactor is likely due to the higher intensity of irradiation. Interestingly, the decrease in the gold content in the 14 nm Au/TiO2 catalyst from 5 to 0.5 wt. % does not result in lower rate or selectivity of methane conversion (Figure 18). Some decrease in methane conversion is only observed when the gold content in the catalyst drops to less than 0.5 wt. %. Interestingly, the decrease in the gold content in the 14 nm Au/TiO2 catalyst from 5 to 0.5 wt. % does not result in lower rate or selectivity of methane conversion (Figure 18). Some decrease in methane conversion is only observed when the gold content in the catalyst drops to less than 0.5 wt. %. In addition, stable OCM photocatalytic activity without noticeable deactivation was observed in the flow reactor for 8 h (Figure 19). The stability of photocatalytic performance seems to be due to the stability of catalyst structure. Indeed, undistinguishing XRD patterns were observed for the spent and fresh 14 nm Au/TiO2 catalysts (Figure 20). The thermal gravimetric analysis shows negligible carbon deposition on the spent catalyst after 8 h of OCM reaction (Figure 21). Hence, the continuous gas flow OCM process with optimized catalyst irradiation could be a promising alternative to the commonly used batch photocatalytic process. 

Mechanism of OCM over Au/TiO2

The activation of molecular methane and O2 over TiO2 and Au/TiO2 can be regarded as key steps in the efficient and selective OCM. These molecules can be activated either on gold NPs or on TiO2 oxygen vacancies. It is well known that O2 adsorbed on the surface of catalysts is a strong electron scavenger forming the superoxide anion (O2 -) [38], which contributes to charge separation and methane oxidation. As shown in Figure 22, in the dark, two weak EPR signals with g=2.010 and g=1.983

are assigned [39][40] to oxygen vacancies and Ti 3+ . Upon UV irradiation in the presence of air, two types of paramagnetic species were detected: reactive oxygen species (ROS) and Ti 3+ , with a series of new signals (g=1.983-2.055), revealing the generation of surface species, because of the interaction between catalyst surface sites and O2. The signals at g < 2.00 (g=1.993 and 1.983)

were assigned to the surface electron trapping site Ti 3+ , and the signals with g > 2.00 (g=2.005, 2.010, 2.014, 2.020, 2.025 and 2.055) were assigned to the reactive oxygen species (ROS) [39][40]. For 14 nm Au/TiO2, almost no new EPR signal was observed neither under visible light in the presence of air nor under UV light in vacuum. These results confirm that the produced EPR signals with g > 2.00 can be assigned to the O2 -radical [31][39] [40]. Visible light can therefore, hardly activate O2. In addition, note that under UV light in the presence of air, the EPR signal intensities of O2 -radical over TiO2 are stronger than that over Au-TiO2, while the Au-TiO2 shows better oxidative methane coupling productivity as well as selectivity.

This suggests that deposition of gold NPs can neutralize some sites on the TiO2 surface, which may activate oxygen.

To better elucidate the role of the Au NPs and TiO2 in the photocatalytic OCM, 14 nm Au/TiO2 was pretreated by TEOS with a goal to cover selectively the surface of TiO2 by silica.

The surface of TiO2 contains acid sites, which are necessary for the hydrolysis of TEOS to silica. The preferential localization of silica generated by TEOS hydrolysis has been further confirmed by imaging techniques (Figure 23). The STEM-EDS images of 14 nm Au/TiO2 pretreated with TEOS show gold NPs localized on titania. STEM-EDS suggests a uniform distribution of silica species produced via TEOS hydrolysis over TiO2. It is important to note that no localization of silica over gold NPs was observed (Figure 23). pretreatment, the Au/TiO2 catalyst before and after the pretreatment with TEOS was characterized by CO-FTIR (Figure 24). The IR bands of carbon monoxide at around 2186 cm - 1 , which appear after the carbon monoxide adsorption over the catalysts, are attributed to CO adsorbed on Lewis acid sites (presumably oxygen vacancies linked to the Ti cations), while the bands at 2113 cm -1 and 2127 cm -1 are assigned to the CO chemisorption over metallic Au NPs [41][42]. Interestingly, the intensity of the band at around 2186 cm -1 attributed to the CO adsorption over titania oxygen vacancies strongly decreases after the TEOS treatment.

Important, the intensity of IR bands due to the CO adsorption on Au NPs remains almost the same. A slight red shift of the CO adsorption bands on Au NPs can be possibly due to some modification of gold NPs by the SiO2 species. It seems that the TiO2 surface is effectively coated with SiO2, while the surface of Au NPs is less affected by TEOS pretreatment. Besides, the spectrum of 14 nm Au/TiO2 exhibits an additional band at 2350 cm -1 , which is assigned to physically adsorbed CO2, while this peak is absent in the IR spectra of the same catalyst after TEOS treatment. The presence of CO2 could be due to the presence of reactive surface oxygen species, which oxidize CO to CO2.

Figure 24. CO-FTIR spectra of TiO2, 14 nm Au/TiO2, and 14 nm Au/TiO2 -TEOS samples.

Interestingly, 14 nm Au/TiO2 after TEOS treatment showed twice lower activity in the methane photocatalytic conversion compared to the untreated counterpart (Figure 25).

Considering selective coverage of the titania surface by silica, the decrease in the photocatalytic activity after TEOS pretreatment emphasizes the role of TiO2 surface sites in methane photocatalytic coupling. It can also be assumed that the presence of only surface sites associated with metallic gold is not sufficient to achieve photocatalytic conversion of methane. To gain more insights into the photocatalytic OCM process, the in-situ diffuse reflectance infrared Fourier transform spectroscopic investigation (in situ DRIFTS) was performed under irradiation in the presence of methane and oxygen. A series of peaks appear after the 14 nm Au/TiO2 catalyst exposure to methane and oxygen (Figure 26). The bands at 1190 cm -1 and 1280 cm -1 are assigned to the ρ(CH2) and ω(CH2) of adsorbed HCHO* species [43]. The vibration bands at 1369 cm -1 , 1446 cm -1 and 1532 cm -1 are attributed to the υs(OCO), δ(CH)

and υa(OCO) of adsorbed HCOO* and carbonate species [43,44]. The band at 1617 cm -1 corresponds to the δ(HOH) of chemisorbed water produced by the methane oxidation [44,45].

In addition, two characteristic vibration bands appear at 2857 cm -1 and 2919 cm -1 , which can be assigned to υs(CH3) and υa(CH3) of adsorbed *OCH3 species [46,47]. Eventually, a new vibration band located at 2350 cm -1 is observed under prolonged irradiation (>13 min), which is assigned to υa(CO) of gaseous CO2 [48]. Based on the above results, we propose the following mechanism of photocatalytic OCM over Au/TiO2 (Figure 27). Upon UV irradiation, the electrons are photoexcited from VB of TiO2 to its CB and then migrate to Au NPs. Oxygen activation takes place over Au NPs with the electron transfer to oxygen and formation of anionic O2 -species. Activation of oxygen over gold NPs does not seem to be a kinetically relevant step in methane coupling. Indeed, a 10 time decrease in the amount of gold in the catalysts from 5 to 0.5 wt. % does not noticeably affect the photocatalytic behavior (Figure 18). Meanwhile, the holes in TiO2 are involved in the hydrogen atom abstraction from methane molecules, producing the CH3 * species. Then, the hydrogen atoms are either oxidized by holes yielding protons and react with O2 -with the formation of water.

The *CH3 species produced on CH4 activation on titania further combine to form ethane.

Some *CH3 species are captured by reactive oxygen species forming *OCH3, HCHO*, and HCOO* species, which eventually decompose into CO2. In addition, ethane can be additionally activated by holes to form *C2H5 radicals, which undergo cross-coupling with other *CH3 radicals to form propane.

Conclusion

The rate and selectivity in OCM and NOCM on titania-based photocatalysts are strongly enhanced by the presence of gold NPs. Methane conversion to ethane takes place in both anaerobic and aerobic conditions. The presence of oxygen results in a multifold increase in the reaction rate in the batch reactor. A hydrocarbon productivity of 1864 μmol g -1 h -1 with a coupling selectivity higher than 86% was achieved in the continuous gas flow OCM process.

The methane conversion requires activation of band gap transition in TiO2 by UV irradiation.

No methane conversion was observed after activation of plasmonic Au NPs by visible light.

The plasmonic effect of gold NPs can contribute to enhancing charge separation and accelerating charge transfer in the catalyst. The photocatalytic performance of titania supported gold catalysts is not affected by the size of gold NPs in the range from 6 to 29 nm. The methane activation and oxidation occur under UV light over titania oxygen vacancies while the oxygen activation probably takes place over gold NPs.

Introduction

Methane, the main component of natural and shale gas, gas hydrate and biogas, is a promising feedstock for the chemical industry but at the same time, an extremely inert molecule [1][2][3][4][5][6]. The chemical stability of methane is closely related to the high C-H bond energy (439 kJ mol -1 ) and its symmetric tetrahedral molecular geometry, which leads to low polarizability, weak acidity and low affinity for electrons and protons [7][8][9]. As a result, most methane is currently burned for energy production and accounts for 20-25% of global carbon dioxide emissions into the atmosphere. [10] Moreover, methane "flaring" (methane burning at the oil production sites) consumes around 3.5 % of the global amount of produced natural gas. Methane is itself a greenhouse gas (GHG) with an impact on the climate 30 times [11,12] higher than carbon dioxide.

Currently available industrial technologies of methane utilization involve indirect and direct highly energy-intensive thermochemical processes. The indirect two-step processes occur through the intermediate production of syngas (mixture of hydrogen and carbon monoxide) [5,13,14] by steam reforming (Eq. 1) or partial oxidation (Eq. 2) at a temperature higher than 800°C:

CH4 + H2O (g) → CO + 3H2, ΔH 0 298K = 205.9 kJ•mol -1 (1)

CH4 + 1/2 O2 → CO + 2H2, ΔH 0 298K = -36 kJ mol -1 (2) 
The only available industrial technologies for direct thermochemical methane utilization are the Andrussow process and the non-oxidative BMA (or Degussa) process, in which methane reacts with ammonia at extremely high temperatures (>1600°C) and produces hydrogen cyanide [15].

Photocatalysis is a promising strategy for converting solar light into chemical energy and it may enable the activation of C-H bonds in methane under mild conditions [16][17][18][19]. Recently, photocatalysis has demonstrated great potential for selective methane conversion to fuels and chemicals at room temperature [13,[20][21][22]. The major routes of methane photocatalytic conversion involve methane selective oxidation to methanol, methane photocatalytic dry or steam reforming to hydrogen and carbon monoxide, and methane coupling leading to the formation of ethane and higher hydrocarbons.

Several photocatalytic systems and oxidants have been explored for methane oxidation to oxygenates. Photocatalytic aerobic oxidation of methane to methanol over Au/ZnO [23,24] and Au-CoOx/TiO2 [25] has been recently reported. The boosted performance of these catalysts was attributed to mild oxidative hydroperoxyl radicals (•OOH) produced over co-catalysts. Highly selective oxidation of methane to methanol has been observed over FeOx/TiO2 [26] in the presence of H2O2 at ambient conditions, resulting from lower overpotential of H2O2 reduction to hydroxyl radicals (•OH) over iron species. Toxic and unstable chlorine dioxide radical was also used [27] for the non-catalytic synthesis of formic acid from methane. Besides, photocatalytic aerobic oxidation of methane to formaldehyde and formic acid was reported over Aux/c-WO3 [28] and HSiMo/TiO2 [29]. The process, however, required either high pressure or elevated temperature.

Multiple liquid oxygenates (methyl hydroperoxide, methanol, formaldehyde, formic acid, etc.) are usually simultaneously produced and can be hardly separated. Most of the current photocatalytic methane oxidation routes suffer, therefore, from low productivity and insufficient selectivity or require highly reactive, unstable and toxic oxidants (H2O2, ClO2 etc).

Formic acid is one of the most promising feedstocks [30,31] for hydrogen storage, fuel cells, grass silage, leather tanning, textile dyeing, finishing, food additives, natural rubber, drilling fluids and various chemical processes. Currently, industrial production of formic acid proceeds via a multistep process such as the carbonylation of methanol with subsequent hydrolysis of methyl formate [28,30]. Direct selective transformation of methane to formic acid occurring at room temperature using renewable energy sources such as solar light and without any toxic oxidants could be, therefore, extremely attractive and valuable. Hereby, we propose a strategy for synthesizing formic acid from methane with a selectivity that exceeds the usual limitations of photocatalysis. The process takes place in water at ambient temperature and employs air as an oxidant (Figure 1). The process involves two catalytic systems.

Methane photocatalytic oxidation over cesium salt of phosphotungstic acid (HPW) supported on titania is used for the synthesis of a mixture of C1 oxygenates (methyl hydroperoxide, methanol, formaldehyde and formic acid). Insoluble caesium salt was used for heterogenization of soluble heteropolyacid. A heterogeneous ruthenium catalyst supported by aluminium enables chemocatalytic oxidation of C1 oxygenates to formic acid. Highly selective methane oxidation to formic acid is achieved under ambient temperature. The formic acid productivity has reached 5 mmolformic acid g -1 photocatalyst with a selectivity of 85%. A concentrated formic acid solution of 1.1 mmol/L is produced in this process.

Result and discussion

Photocatalytic methane oxidation with O2 in water to a mixture of C1 oxygenates

First, the photocatalytic methane oxidation was investigated at ambient temperature in the presence of the following catalysts: HPW, caesium salt of HPW (CsPW) and TiO2 (Fig. 2). No methane conversion is observed in the reactor with any of these catalysts in the absence of light, indicating that methane oxidation is driven by photocatalysis. Under irradiation, without a catalyst, only a small amount of formaldehyde has been detected. Some minor formaldehyde formation from CH4 under UV irradiation has been previously reported in the literature [32,33]. Also, very low methane conversion was observed over the catalysts in the presence of light but without oxygen.

The methane oxidation without a catalyst or in the absence of oxygen can be due to the hydroxyl radicals generated [32,33] by UV light in water. Exposure of the reactor with HPW and CsPW to methane and oxygen under irradiation also results in some formaldehyde generation (Fig. 2). The amount of formaldehyde produced over HPW and CsPW was, however, also very small, similar to that detected in the reactor under irradiation, without any catalyst. This suggests that HPW or CsPW are not active in methane photocatalytic oxidation. Much higher amounts of formaldehyde and CO2 were produced from methane under irradiation in the reactor filled with TiO2. Note that methane oxidation over TiO2 is accompanied by a major production of CO2. The observed photocatalytic activity of TiO2 in methane oxidation to formaldehyde and CO2 is consistent with previous works [23].

Very different selectivity patterns were observed in the methane photocatalytic conversion over the CsPW-TiO2 catalyst. A mixture of C1 oxygenates with much high productivity was detected on CsPW-TiO2; formic acid being one of the main oxidation products (Fig. 2). Important, the selectivity to undesirable CO2 was significantly reduced over CsPW-TiO2 compared to titania.

Note that no formic acid was detected in the methane photocatalytic oxidation over HPW-TiO2

and Cs/TiO2 (Fig. 2). The selectivity patterns over HPW-TiO2 are rather similar to that over TiO2.

It is well known that HPW is readily soluble in polar solvents [34]. The observed inferior catalytic performance of HPW-TiO2 with the selectivities similar to that of TiO2, is possibly due to leaching HPW from the surface of TiO2 in HPW-TiO2 catalysts. Consequently, methane oxidation mainly occurs over TiO2 surface (Fig. 3). Methane oxidation to CO2 and formaldehyde also occurs on TiO2

surface sites in Cs/TiO2. Much higher oxygenate yields compared to HPW-TiO2, accompanied by major production of formic acid are observed on all the insoluble HPW salts (CsPW, AgPW, NH4PW) mixed with TiO2 (Fig. 3). Note that over the AgPW-TiO2 and NH4PW-TiO2 samples, the formic acid productivity was somewhat lower compared to CsPW-TiO2. The Ag + cations in AgPW may undergo reduction to metallic silver in the presence of methane, while NH4 + cations can decompose under irradiation.

Both processes may lead to the formation of soluble HPW, its leaching from TiO2 [35,36] and loss of catalytic activity. The formation of the silver metallic phase was uncovered by XRD in the spent AgPW-TiO2 catalyst (Fig. 4). Several types of heteropolyacids such as phosphotungstic acid (HPW), phosphomolybdic acid (HPMo), silicomolybdic acid (HSiMo) and silicotungstic acid (HSiW), were used in the preparation of caesium-heteropolyacid titania nanocomposites (Fig. 6). The overall methane conversion is much lower over the catalysts prepared by mixing caesium salts of phosphomolybdic and silicomolybdic acids with TiO2 compared to CsPW-TiO2. The formic acid productivity as a function of CsPW content in the CsPW-TiO2 catalysts displays a volcano-type curve (Fig. 7). Lower formic acid productivity at low content of CsPW can be due to the contribution of TiO2 to methane oxidation to formaldehyde and CO2, while insufficient light harvesting can explain low formic acid production at higher amount of CsPW in CsPW-TiO2. The enhanced CsPW-TiO2 photocatalytic performance in the methane oxidation to C1 oxygenates and formic acid can be attributed to the formation of a p-n semiconductor heterojunction between TiO2 and CsPW reported in previous works [16,35,37,38]. This heterojunction may facilitate the separation of e -/h + and slows down charge carrier recombination, making electrons and holes available for photocatalytic processes. On the photo-excited CsPW-TiO2, the electrons are transferred to the conduction band of the p-type semiconductor (CsPW) and the holes to the valence band of the n-type semiconductor (TiO2) via the heterojunction, which increases the electron concentration in CsPW and hole concentration in TiO2 (Fig. 13). Methane oxidation is then improved by the higher concentration of holes on the surface of TiO2, while O2 reduction into different reactive oxygen species is enhanced by the higher electron density over CsPW. The HPW acid stabilized by Cs + ions also play a role of cocatalyst for methane conversion to C1 oxygenates with low CO2 selectivity and the reaction can involve the formation of tungsten lower oxidation states.

Interestingly, after the exposure to methane without air in the presence of light, the CsPW-TiO2 sample becomes blue, indicating a partial reduction of W species. The catalyst gets white again after exposure to air (Fig. 14). The colour remains unchanged during the methane photocatalytic oxidation in the presence of air. sacrificial agents, respectively. The addition of both salicylic acid and sodium sulphite significantly suppressed methane conversion (Figure 16), suggesting that both the •OH radicals and holes (h + ) are the main reactive species for methane conversion. •CH3. In addition, CsPW-TiO2 shows higher DMPO-OH signal intensity than bare TiO2 (Figure 17a), which can be due to better charge separation via the p-n heterojunction. Interestingly, when air is removed from the system, CsPW-TiO2 shows a decreased DMPO-OH signal intensity (Figure 17a). This indicates that O2 also plays an important role in •OH production. This phenomenon is consistent with the photoluminescence (PL) spectra (Figure 27) and methane photooxidation performance. It is well-known that the adsorbed O2 on the surface of catalysts is a strong electron scavenger forming the superoxide anion (O2 -) [39], which can produce •OH radicals [40] and contribute to charge separation and methane oxidation. To investigate the activation of O2 over catalysts and understand the underlying mechanism in photocatalytic methane oxidation, in situ EPR experiments were carried out in air or a vacuum. The EPR spectra were recorded under dark and light irradiation conditions at 120 K (Figure 18). They show the presence of Ti 3+ and O2 -species over both TiO2 and CsPW-TiO2 under irradiation. Note that under irradiation in air, the signal intensities of O2 -radical over TiO2 are stronger than that over CsPW-TiO2, while the DMPO-OH intensity of TiO2 is lower than CsPW-TiO2 (Figure 17a). This suggests that abundant O2 -radical might be the main cause for the overoxidation to CO2 over TiO2 instead of •OH radicals. In the dark with air, the signal with g=1.983 assigned to Ti 3+ was observed [41]. In addition, Our results show that photocatalytic oxidation of methane, which occurs at room temperature, suffers from insufficient selectivity. Indeed, methane photocatalytic oxidation over CsPW-TiO2 results in a mixture of C1 oxygenates (Figure 2). The separation of individual liquid oxygenates from the reaction solution can be a difficult task and prohibitively expensive. It is much more attractive and promising to achieve a selective one-pot synthesis of concentrated formic acid production in the liquid phase directly from methane. That was the reason, why we attempted to further convert the mixture of C1 oxygenates produced by photocatalysis into formic acid.

Chemo-catalytic oxidation of methanol and formaldehyde over commercial Ru/Al2O3 heterogeneous catalyst at room temperature

A series of heterogeneous supported transition metal catalysts have been investigated in a batch reactor in the formaldehyde and methanol chemo-oxidation (without irradiation) to formic acid at ambient temperature in the presence of air. No conversion of methanol and formaldehyde was observed in the absence of the catalyst. To study the oxidation efficiency of C1 oxygenates mixture to formic acid, different amounts of Ru/Al2O3 catalyst were dispersed into 5 g (500 μmol L -1 ) of HCHO solution as a reference.

Figure 19 shows that the rate of HCHO oxidation into HCOOH increase with increase of the amount of Ru/Al2O3 catalyst. The complete oxidation of HCHO with 0.01 g Ru/Al2O3 took rather long time (about 48 h). We chose 0.1 g Ru/Al2O3 for efficient oxygenate oxidation in the cascade process. Important, Ru/Al2O3 showed selective chemocatalytic oxidation of formaldehyde to formic acid with a selectivity of 71 %. Interestingly, even with increasing the reaction time from 2 h to 12 h (Table 1, Entry 6 and 7), no further oxidation of formic acid to CO2 has been detected. No liquid product, but only traces of CO2 were observed over the mixed composites containing 0.1 g Ru/Al2O3 and 0.01 g CsPW-TiO2 (Table 3, Entry 2). Small amounts of methanol and formaldehyde were eventually detected by reducing the Ru/Al2O3 amount in the mixed composite and extending the irradiation time (Table 3, Entry 3). However, an extremely lower methane conversion over the mechanically mixed catalysts, compared to the photocatalytic performance of CsPW-TiO2 (Table 3, 3, Entry 1 and 4 and Fig. 21. Different to the photocatalytic reaction, which produced a multitude of C1 oxygenates (Fig. 21a), methane conversion in the cascade process selectively yields formic acid (Fig. 21c). After the optimization of the reaction conditions, in the cascade process, the productivity of HCOOH reached 5000 μmol g -1 after 2 h irradiation with a total selectivity ~85%. CO2 was the only gaseous compound, which was released during methane oxidation.

The isotopic labelling experiments using 13 CH4 were conducted to confirm the carbon source of C1 oxygenates. The three 13 C NMR signals at 168, 82, 65 and 48 ppm (Figure 22a) were attributed to H 13 COOH, H 13 CHO, 13 CH3OOH and 13 CH3OH, respectively. In addition, the existence of H 13 COOH alone after oxygenates oxidation over Ru/Al2O3 suggests that oxygenates derived from methane were selectively oxidized into formic acid (Figure 22b). These results confirm that all the oxygenates indeed originate from methane. 

Catalyst Characterization

Characterisation of CsPW-TiO2

All the TiO2 containing samples exhibit X-ray diffraction peaks of rutile and anatase phases (Figure 24). The obtained X-ray diffraction reflections in CsPW and CsPW-TiO2 are similar to those of the HPW, indicating the formation of crystalline Keggin structure [45,46]. The peak broadening in CsPW-TiO2 suggests possible disordering and formation of smaller crystalline domains of HPW. The charge separation in CsPW-TiO2, CsPW and TiO2 was followed by photoluminescence (PL) spectroscopy, which provides information about the surface processes involved in the recombination of photogenerated charge carriers (Figure 27). An obvious visible luminescence band at around 475 nm is observed for TiO2, due to the recombination of photogenerated e -/h + pairs [5,47]. The intensity of the luminescence band at ∼475 nm decreases in the order of TiO2 > CsPW-TiO2 > CsPW (Figure 27). This suggests that the CsPW-TiO2 composite is the most efficient for the separation of photogenerated electron-hole pairs. This can be explained by the migration of excited electrons from TiO2 to CsPW, preventing the electron-hole recombination. This effect has been observed earlier for other photocatalytic reactions in the presence of HPW and TiO2 [48]. 

Characterization of Ru/Al2O3

The commercial 5 wt.% Ru/Al2O3 catalyst was characterized using a combination of The TPR profiles of Ru/Al2O3 catalyst (Figure 31) exhibit two hydrogen absorption peaks.

The low temperature peaks at 114°C can be attributed to the reduction of small highly dispersed ruthenium oxide species, while the high temperature shoulder at 217°C is assigned to the reduction of well-crystallized larger ruthenium oxide nanoparticles. The catalyst characterization results are is in general accordance with the previous findings [49][50][51]. 

Conclusion

In this work, we propose a one-pot photo-chemocatalytic process for selective synthesis of formic acid from methane with air as an oxidant at ambient temperature. A yield of formic acid over 5000 μmol g -1 and a selectivity of 85% were achieved. CO2 is the only gaseous compound in methane oxidation. Optimization of reaction conditions allows the synthesis of HCOOH solution with a concentration of 1.1 mmol/L

The process involves a photocatalyst prepared from caesium salt of phosphotungstic acid mixed with titania and a heterogeneous alumina supported ruthenium catalyst. Methane photocatalytic oxidation results in a mixture of C1 oxygenates, which then are selectively oxidized to formic acid. Our findings offer valuable guidance for the direct and highly selective methane oxidation to HCOOH in water using O2 as an oxidant.

This strategy can be particularly suitable for selective conversion of extremely inert molecules such as methane, light alkanes or CO2 under mild conditions.

Chapter 6. General Conclusion and Perspectives

Methane, one of the most abundant molecules on Earth and a major greenhouse gas, comes from renewable and fossil resources: biogas, natural gas, coal gas, shale gas and clathrates in the ocean floors. The activation and utilization of methane as a starting material to other chemicals is attractive, but encounters numerous challenges due to high thermodynamic stability and extreme inertness of methane. Most of methane chemical reactions occur at high temperature and coincide with major emissions of CO2. Photocatalysis has been considered as a promising way for methane conversion by renewable energy-solar energy at ambient conditions. There are three major routes of photocatalytic methane conversion: photocatalytic methane dry reforming to syngas, photocatalytic methane oxidation to methanol and photocatalytic methane coupling to ethane. This thesis mainly focuses on the photocatalytic methane oxidation and photocatalytic methane coupling, in which ethane and high value formic acid were produced with high yield and selectivity by chemical looping strategies, oxidative/non-oxidative coupling and cascade process on AgPW-TiO2, Au/TiO2 and CsPW-TiO2, respectively.

General Conclusion

Photocatalytic methane coupling

Photocatalytic methane coupling to ethane has showed high selectivity but often encounters low yield. We demonstrate a photochemical looping strategy for highly selective methane coupling to ethane at ambient temperature over silver salt of phosphotungstic acid (AgPW)-titania nanocomposites. The efficient methane coupling requires composites which combine with intimate contact between both the cationic Ag species in phosphotunstic acid and TiO2 components. The presence of even small amount of TiO2 (5%) facilitates charge transfer and separation between AgPW and TiO2 via the p-n heterojunction and significantly enhances the methane coupling. The optimized nanocomposite achieved an ethane productivity of 64 μmol g -1 with a coupling selectivity above 95%. The existence of cationic Ag species is critical for efficient methane activation. During methane coupling, the Ag cationic species are reduced to metallic silver and methane coupling slows down, while the metallic Ag can be re-oxidized back into Ag + in air under illumination at ambient temperature and regenerate methane coupling activity.

In addition, a series of Au NPs with various average sizes from 6 nm to 30 nm supported on titania have been prepared for the photocatalytic non-oxidative coupling of methane (NOCM)

and oxidative coupling of methane (OCM) reactions in both batch and continuous gas flow reactors. The plasmonic effect of gold nanoparticles cannot alone drive the methane photocatalytic conversion. The methane conversion requires band gap transition in TiO2 excited by UV irradiation. Moreover, almost no gold particle size effect was observed on methane oxidative and non-oxidative coupling. The charge separation and recombination prohibition in titania are enhanced by the interaction with metallic Au NPs. We found that the catalytic conversion of methane occurred over the oxygen vacancies in titania, while oxygen was activated by gold nanoparticles. A high hydrocarbon productivity of 1864 μmol g -1 h -1 with a coupling selectivity over 86 % was observed in the continuous gas flow process.

Photocatalytic methane oxidation

Methanol has been the major target product of photocatalytic methane oxidation in water.

However, a mixture of methanol, methyl hydroperoxide and formaldehyde has been often produced in most photocatalytic methane oxidation process. We developed a cascade strategy achieving highly selective formic acid production from methane at ambient conditions in an environmental and sustainable way. In this strategy, the methane selective conversion into formic acid proceeds first over caesium salt of phosphotungstic acid supported on titania, which photocatalytically oxidizes methane under irradiation into a mixture of C1 liquid oxygenates containing formic acid, formaldehyde, methyl hydroperoxide and methanol. The C1 liquid oxygenates produced by photocatalysis are then selectively converted into formic acid over the heterogeneous alumina supported ruthenium catalyst.

Cs plays important role in stabilizing phosphotungstic acid from leaching out in the presence of water. The p-n heterojunction between CsPW and TiO2 accelerated charge separation/transfer and enhanced methane oxidation, as more electrons and holes were available for driving reduction and oxidation reaction, respectively. Ru/Al2O3 selectively oxidized C1 oxygenate mixture produced by photocatalysis into formic acid. All reactions of selective oxidation of methane to formic acid occur at room temperature in the same reactor using O2 as oxidant. A yield of formic acid over 5000 μmol gphotocatalyst -1 and a selectivity of 85% were achieved. CO2 is the only gaseous compound in the methane oxidation. Optimisation of reaction conditions allows synthesis of HCOOH solution with a concentration of 1.1 mmol/L.

Perspectives

Despite the major development in photocatalysis, most semiconductor materials encounter low efficiency in light harvesting, especially for visible light utilization. More stable, efficient, and clean semiconductor materials are urgently required to be developed. The photocatalysis is a rather complex process, better understanding of the semiconductor materials as well as the reaction mechanism in photocatalytic process are needed for further studies. In addition, the optimization of photo-reactor and new photocatalytic reactions also requires more development.

Photocatalytic methane conversion

There are three major routes for photocatalytic methane conversion: photocatalytic methane dry reforming to syngas, photocatalytic methane oxidation to methanol and photocatalytic methane coupling. The methane oxidation has been extensively studied as it has higher productivity and efficiency. Among different oxidation processes, methane partial oxidation to methanol and methane complete oxidation to CO2 have attracted particular attention. The complete oxidation of methane to CO2 seems to be an attractive option to reduce the concentration of methane present in the atmosphere. Note that methane is a GHG, which is 30 times more potent than carbon dioxide. Methane photocatalytic oxidation is an exothermic process. The methane photocatalytic oxidation to CO2 can reduce, on the one hand, global warming and on other hand, because of the exothermic effect, it can produce renewable electricity under mild conditions.

The current scientific immaturity of the methane photochemical conversion processes does not allow to envision industrial or practical utilization in the near future. Among the discussed methane photocatalytic conversion routes to value-added chemicals, the most promising could be photocatalytic methane oxidation to methanol, formaldehyde, and formic acid. As they are valuable platform molecule and they have much higher cost compared to ethane produced by methane coupling or to syngas, which is manufactured by methane reforming. The separation of methane and products of methane photocatalytic conversion can be only feasible for practical purposes if the yield of target products can reach a few per cent. Another challenge is the stability of photocatalysts, though it has been rarely addressed in most of publications.

Direct mild conversion of methane is one of the main targets in the modern society. The photochemical processes such as methane partial oxidation, methane reforming and methane coupling should provide opportunities to perform methane conversion to value-added products, under mild conditions, instead of methane combustion. This should significantly decrease the GHG effects due to the uncontrollable emission of methane and carbon dioxide and will contribute to the optimized utilization of fossil and renewable methane feedstocks.

Development of new efficient photocatalysts

The highest apparent quantum yield (AQY) reported in photocatalytic methane conversion has been 60% over Pt/black TiO2 [1], but the majority of photocatalysts have exhibited a much lower AQY, some even less than 10%. By contrast, a high AQY is commonly reported in other photocatalytic processes, in particular, for water splitting (up to 96%, 350 < λ < 360 nm) [2],

indicating that significant improvement is needed for photocatalytic methane conversion. There are a few strategies to address this problem, beginning with the optimization of the most promising photocatalysts reported for analogous processes (water splitting, CO2 conversion, nitrogen reduction) for methane conversion. Types of photocatalysts other than inorganic materials can also be explored. Emerging polymeric photocatalysts, including graphitic carbon nitride, covalent triazine frameworks and covalent organic frameworks, have already shown enormous potential, owing to their light absorption properties, band structure and surface characteristics, which can all be easily tuned by molecular engineering [3]. Based on the needs of the specific experiment, the catalyst structure can also be modified through the construction of hierarchical structures, facet control, size adjustments and interface chemistry [4].

Co-catalysts play a pivotal role in manipulating products' yield and selectivity. Although the reported co-catalysts cover a wide field, including nanoparticles, clusters and single atoms, the function of the real active sites and the reaction steps on each type of active site are still ambiguous. Understanding the function of single-atom materials in both photocatalytic and
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 1 Figure 1. The state of the art direct and indirect methane chemical conversion. All the

  /CH 3 Br oxygen either with or without catalyst: CH4 + 1/2O2 → CO + 2H2, ΔH 0 298K = -36 kJ mol -1
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 4 Figure 4. Different photo-induced effects
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 5 Figure 5. Different strategies and concepts employed in the design and development
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 6 Figure 6. Evolution of the number of publications dedicated to methane photocatalytic

  reported that MoO3 catalyzed selective oxidation of methane into methanol in the presence of oxygen at 100 °C under UV irradiation. The authors suggested that the surface absorbed H2O was possibly involved in methanol production through the methyl radical pathway. Furthermore, additional doping with the Cu 2+ cations made the photocatalyst sensitive to the visible light, due to the narrowed O 2p→Cu 3d excitations in CuMoO4. The electron trapping capability of Cu 2+ lengthened the lifetime of O -radicals. Sastre and co-workers[51] discovered methane oxidation with molecular oxygen to the liquid C1 oxygenates with the selectivity above 95% over zeolites at room temperature under deep UV irradiation. The methanol productivity was about 194 µmol•gcat -1 •h -1 with a selectivity of 40.5%. They suggested that upon irradiation the surface silyloxyl radicals (Si-O•) derived from surface silanol groups generated methyl radicals, and then further formed the silyl methyl ethers (Si-OCH3). Their decomposition yielded methanol. Moreover, the pore structure played an important role in providing silanol groups and confined space for methane activation. The presence of oxygen was critical for determining the reaction pathway of methyl radicals, thus directly influenced the selectivity. Highly selective CH3OH production was achieved[START_REF] Zhou | Highly selective aerobic oxidation of methane to methanol over gold decorated zinc oxide: Via photocatalysis[END_REF] in aerobic photocatalytic CH4 oxidation by Au0.75/ZnO at atmospheric temperature. The Au nanoparticles were involved in the plasmonic affect, maximizing the electron and hole utilization. Isotopic tests showed that CH3OH was produced from the combination of the CH3 radicals with either O2 or OH•.
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 7 Figure 7. Reaction steps in methane oxidation with O2 over Zn-HPW/TiO2.
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 8 Figure 8. Reaction steps in methane oxidation with H2O2 over FeOx/TiO2
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 9 Figure 9. Proposed reaction mechanism for HCHO generation over c-WO3
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 10 Figure 10. Two-phase photooxidation of CH4 by NaClO2. NaClO2 is dissolved in an

Figure 11 .

 11 Figure 11. (a) Incident light with different wavelength region over filters. (b) UV/Vis

Figure 12 .

 12 Figure 12. (a) Proposed photocatalytic mechanism over Zn-ZSM-5 catalysts and (b) geometry of the adsorbed methane molecule attracted by the Zn + active site (red: O, blue:

3 .

 3 48 μmol•gcat -1 •h -1 and 90% selectivity toward ethane. It was found that the optimized Ga doping was beneficial for promoting charge separation, while doping with Pt further significantly accelerated charge transfer from TiO2 to the Pt sites due to the Mott-Schottky junction between Pt and TiO2. Interestingly, Ga substitution in the framework reduced the electron transfer from surface oxygen vacancy to the Pt site. Methane was more easily activated by the electron-enriched metallic Pt, while the cationic Pt helped to abstract H atoms. However, the photocatalytic activity decreased by almost a half after four cycles.
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 13 Figure 13. (a) Schematic description of the idealized Au/ZnO (001) nanocomposite for

Figure 14 .

 14 Figure 14. (a) Reaction-regeneration cycles in methane photochemical coupling on Ag-

Figure 15 .

 15 photocatalytic conversion routes are displayed in Figure15. Much less information is

Figure 15 .

 15 Figure 15. Semiconductors and co-catalysts for three major routes of methane
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 3 different phosphotungstic salts (AgPW, CsPW and NH4PW) were prepared by mixing HPW hydrate aqueous solution with the stoichiometric amount of AgNO3, CsNO3 and NH4HCO3 aqueous solution, respectively. The Cs salts of different heteropolyacids (CsPW, CsPMo, CsSiW and CsSiMo) were prepared by mixing CsNO3 aqueous solution with the stoichiometric amount of heteropolyacids aqueous solution (HPW, HPMo, HSiW and HSiMo), respectively. All the precipitated salts were then washed by deionized water for three times and filtered out. They have a broad grain size distribution from tens of nanometers to hundreds of nanometers. Preparation of AgPW-TiO2: 0.1 g AgPW was mechanically mixed with a necessary amount of TiO2 to provide specific AgPW mass ratio (10%, 30%, 60%, 90%, 95% and 99%); Preparation of composites containing AgPW mixed with other semiconductors (ZnO, PCN and SrTiO3): 0.1 g AgPW was mechanically mixed with a necessary amount of ZnO, PCN and SrTiO3 to provide AgPW mass ratio of 90%; Preparation of CsPW-TiO2: 0.1 g CsPW was mechanically mixed with a necessary amount of TiO2 to provide specific CsPW mass ratio of 90%;

Figure 1 .

 1 Figure 1. TEM images histograms of particle size distributions of Au nanoparticles (a) 6 nm (b) 14 nm, (c) 22 nm and (d) 30 nm in size.

  c

Figure 2 .

 2 Figure 2. TEM and SEM images of fresh (a) 6 nm Au/TiO2, (b) 14 nm Au/TiO2, (c) 22 nm Au/TiO2 and (d) 30 nm Au/TiO2.

temperature range 40 - 3 .

 403 800 °C with a heating rate of 5 °C min-1 on a Mettler Toledo SMP/PF7458/MET/600W instrument.The analysis of paramagnetic species has been performed by Continuous-Wave Electron Paramagnetic Resonance (CW-EPR). These experiments were performed on a Bruker ELEXSYS E500 spectrometer operating in X-band (9.5 GHz). The following conditions were used for the in-situ measurements: a microwave power of 2 mW, modulation amplitude of 1 G with a conversion time of 40 ms and 50 scans. The EPR spectra were recorded at 120 K to avoid electron-hole recombination. The spin trapping experiments are performed with [DMPO] = 80 mM, microwave power of 10mW, modulation amplitude of 0.2 G, a conversion time of 5 ms and 100 scans. An EPR quick pressure tube is used to work under a controlled atmosphere. Data were simulated using WinSim software.Fourier transform infra-red (FTIR) spectra were recorded using a Thermo Fisher Scientific Nicolet 6700 FTIR (32 scans at a resolution of 4 cm -1 resolution) equipped with a mercury cadmium telluride detector. A self-supported wafer of catalysts (diameter, 13 mm, 40 mg catalyst) was heated at 200 °C to remove adsorbed water under vacuum (<10-5 torr) and subsequently cooled to room temperature for adsorption of CO and in-situ experiment with methane and air.The in-situ time-resolved X-ray absorption spectra (XAS) in the transmission mode were measured at the SuperXAS beamline (Swiss Light Source) using a gas manifold system and a capillary reactor. The experimental setup was described in detail in previous reports. The Ag-HPW-TiO2 nanocomposite (3-5 mg) was loaded in the quartz capillary (OD=1 mm, wall thickness=0.02 mm) and pressed from both sides with quartz wool. The setup has zero dead volume and allows maintaining constant very low gas velocities (~1-2 ncm 3 /min). The sample was exposed to UV irradiation using a Hamamatsu Mercury-Xenon spot light source, equipped with a quartz lightguide to deliver a stable and uniform illumination. The schema and picture of the setup are shown in Figure The in-situ time-resolved XAS data were recorded at room temperature. The measuring times of an XAS spectrum was 5 min.
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 3 Figure 3. Experimental setup used for in-situ XAS measurements.

  4a and b). The light source was provided by a 400 W Hg-Xe lamp from Newport (66485-500HX-R1) with full irradiation (from ~200 to 1100 nm).
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 4 Figure 4. Picture of (a) commercial batch reactor and (b) home-made flow reactor

Figure 6 .

 6 Figure 6. Calibration curve for the quantification of HCHO by colorimetric method.
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 1 Fig 1. Photochemical methane coupling on different materials
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 2 Fig 2. Photochemical methane coupling on AgPW-TiO2 prepared by mechanical mixing with different AgPW mass ratio
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 3 Fig 3. Photochemical methane coupling performance on AgPW and TiO2 with different configuration.
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 45 Fig 4. Methane conversion on AgPW mechanically mixed with different semiconductors
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 65 Fig 6. Cycle experiments in methane coupling on Ag2O-TiO2 without (2 nd ) and with regeneration (3 rd and 4 th ). Dashed lines represent nanocomposite regeneration.
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 7 Fig 7. X-ray diffraction patterns of materials

Fig 9 . 9 .

 99 Fig 9. STEM-HAADF (a) and corresponding EDX mapping images with intensity scale corresponding to the concentration of the elements and edges: P and K edge (b), W and M edge (c), Ti and K edge (d), O and K edge (e) and Ag and L edge (f).
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 11 Figure 11. XANES spectra at Ag K-absorption edge of reference Ag2O, Ag foil AgNO3 and mechanically mixed AgPW-TiO2 sample

Figure 12 .Figure 13 .Figure 14 .Figure 15 .Figure 14 .

 1213141514 Figure 12. Evolution of silver K-edge XANES spectra during photochemical looping. (a) methane coupling process in the presence of light and methane and (b) regeneration process in the presence of light and air
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 21 Figures 1. The Au/TiO2 samples contained about 5 wt. % Au (Table S1, Chapter 2). After

Figure 1 .

 1 Figure 1. TEM images and histograms of size distribution for Au particle size in calcined (a) 6 nm Au/TiO2, (b) 14 nm Au/TiO2, (c) 22 nm Au/TiO2 and (d) 30 nm Au/TiO2.

Figure 2 .

 2 Figure 2. X-ray diffraction patterns of (a) TiO2 and Au/TiO2 samples with average Au NPs size ranging from 6 nm to 30 nm and (b) 14 nm Au/SiO2.

Figure 3 .

 3 Figure 3. XPS analysis of the Au 4f of 14 nm Au/TiO2 samples.

Figure 4 .

 4 Figure 4. UV-Vis absorption spectra of (a) TiO2 and Au/TiO2 samples with average Au NPs size ranging from 6 nm to 30 nm and (b) 14 nm Au/SiO2.

Figure 5 .

 5 Figure 5. Photocurrent measured for 14nm Au/TiO2 and TiO2 samples

Figure 6 .

 6 Figure 6. Photoluminescence (PL) spectra of TiO2 and 14 nm Au/TiO2

Figure 7 .

 7 Figure 7. Photocatalytic NOCM and OCM performance of 14 nm Au/TiO2. Reaction conditions: 50 mg catalyst, 0.3 MPa, 3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation

Figure 8 .

 8 Figure 8. Photocatalytic methane coupling performance over 14 nm Au/TiO2 and TiO2; Reaction conditions: 50 mg catalyst, 0.3 Mpa pure CH4 or CH4/Air= 212/1, 3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation.

Figure 9 .Figure 10

 910 Figure 9. Average photocatalytic NOCM performance over Au/TiO2 with different Au nanoparticle size; Reaction conditions: 50 mg catalyst, 0.3 Mpa CH4, 3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation

Figure 10 .Figure 11 .

 1011 Figure 10. Time course of photocatalytic NOCM performance over 14 nm Au/TiO2. Reaction conditions: 50 mg catalyst, 0.3 Mpa CH4, 0-3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation

Figure 12 .

 12 Figure 12. Photocatalytic OCM performance over Au/TiO2 with different Au nanoparticle size; Reaction conditions: 50 mg catalyst, 0.3 MPa, CH4/Air= 212/1, 0-3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation.

Figure 13 .

 13 Figure 13. Time course of photocatalytic OCM over 14 nm Au/TiO2-Reaction conditions: 50 mg catalyst, 0.3 MPa, CH4/Air= 212/1, 0-7 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation.

Figure 14 .

 14 Figure 14. Photocatalytic OCM over 14 nm Au/TiO2 under different irradiation; Reaction conditions: 50 mg catalyst, 0.3 MPa, CH4/Air= 212/1, 3 h, 20 ± 2 ℃, 400 W Xe lamp with visible light, UV light and full irradiation.

Figure 15 .

 15 Figure 15. Photocatalytic OCM performance over 14 nm Au/TiO2 with different methane to air ratio in continuous gas flow process; Reaction conditions: 20 mg catalyst, atmospheric pressure, 400 W Xe lamp with full irradiation.

Figure 16 .

 16 Figure 16. Photocatalytic and thermal OCM performance over 14 nm Au/TiO2 in batch and flow reactor; Reaction conditions in batch reactor: 50 mg catalyst, 0.3 Mpa, CH4/Air= 212/1, 3 h. Reaction conditions in flow reactor: 20 mg catalyst, atmospheric pressure, CH4/Air= 40 ml min -1 /1 ml min -1 .

Figure 17 .

 17 Figure 17. The apparent quantum yield (AQY) at 360 nm during photocatalytic OCM over 14 nm Au/TiO2 in the (a) batch reactor and (b) flow reactor.

Figure 18 .

 18 Figure 18. Time course of photocatalytic OCM over Au/TiO2 with different Au contents. Reaction conditions: 50 mg catalyst, 0.3 MPa, CH4/Air= 212/1, 0-3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation.

Figure 19 .

 19 Figure 19. Stability test of photocatalytic OCM reaction over 14 nm Au/TiO2 in the continuous gas flow process; Reaction conditions: 20 mg catalyst, atmospheric pressure, 0-8 h, 400 W Xe lamp with full irradiation.
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 20 Figure 20. XRD patterns of the fresh and spent 14 nm Au/TiO2

Figure 21 .

 21 Figure 21. TG spectra of the fresh and spent 14 nm Au/TiO2.

Figure 22 .

 22 Figure 22. In situ EPR spectra of TiO2 and 14 nm Au/TiO2 in air or in vacuum under dark conditions (black line), visible light (blue line) and UV light irradiation (red line)

Figure 23 .

 23 Figure 23. STEM (a, b) and STEM-EDS mapping images (c-f) of 14 nm Au/TiO2 treated by TEOS

Figure 25 .

 25 Figure 25. Photocatalytic OCM performance in batch process over 14 nm Au/TiO2 before and after TEOS treatment. Reaction conditions: 50 mg catalyst, 0.3 Mpa, CH4/Air= 212/1, 3 h, 20 ± 2 ℃, 400 W Xe lamp with full irradiation.
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 2627 Figure 26. In situ DRIFTS spectra for photocatalytic OCM reaction over 14 nm Au/TiO2
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 1 Fig. 1. Cascade photo-chemocatalytic process for selective synthesis of formic acid from methane
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 2 Fig. 2. Methane photocatalytic oxidation with O2 in water over various composites.
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 3 Figure 3. Methane photocatalytic oxidation with O2 in water over catalysts containing different HPW salts.
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 4 Figure 4. X-ray diffraction patterns of catalysts
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 5 Figure 5. Cycling tests of methane photocatalytic oxidation with O2 in water over CsPW-TiO2.

Figure 6 .

 6 Figure 6. Methane photocatalytic oxidation with O2 in water over catalysts containing Cs salts of different heteropolyacid.

Fig. 7 .

 7 Fig. 7. Methane photocatalytic oxidation with O2 in water over CsPW-TiO2 with different CsPW mass ratio.

Figure 9 .

 9 Figure 9. Methane photocatalytic oxidation in water over CsPW-TiO2 with different CH4 pressure.

Figure 10 .

 10 Figure 10. Time course of productivity and liquid product selectivity of methane photocatalytic oxidation with O2 in water over CsPW-TiO2.

Figure 11 .

 11 Figure 11. Photocatalytic oxidation in HCHO solution over CsPW-TiO2.

Figure 12 .

 12 Figure 12. Methane photocatalytic oxidation with O2 in water over CsPW-TiO2 with different water amount.

Figure 13 .

 13 Figure 13. Sketch of the proposed reaction mechanism for photocatalytic methane oxidation to CH3OOH, CH3OH, HCHO and HCOOH over CsPW-TiO2. CB, conduction band, VB, valence band.

Figure 14 .

 14 Figure 14. Reaction solution after irradiation in pure methane (a) and then exposed to air (b)

Figure 15 .

 15 Figure 15. Photocatalytic methane oxidation over CsPW-TiO2 under different light irradiation

Figure 16 .

 16 Figure 16. photocatalytic methane oxidation over CsPW-TiO2 with the addition of salicylic acid and Na2SO3

Figure 17 .

 17 Figure 17. EPR spectra of CsPW-TiO2 and TiO2 under irradiation in air and H2O (a) and in methane, air and H2O (b). DMPO was added to the reaction mixture as the radical trapping agent.

Figure 18 .

 18 Figure 18. In situ EPR spectra of TiO2 and CsPW-TiO2 in air or in vacuum under dark conditions (black line) and light irradiation (red line).

Figure 19 .Table 2 .a

 192 Figure 19. formaldehyde (HCHO) solution oxidation over a series amount of Ru/Al2O3 catalyst with time

Entry 1 )

 1 photocatalytic process. The low activity of the mechanical mixture of CsPW-TiO2 and Ru/Al2O3 may be due to the covering of the photocatalyst by its alumina-supported counterpart, making it inaccessible to irradiation. The UV-visible spectra (Fig. 20) show almost complete disappearance of adsorption due to the band gap transition in the TiO2 and CsPW semiconductors after mixing with Ru/Al2O3.

Figure 20 .

 20 Figure 20. UV-visible DRS spectra of TiO2, CsPW, CsPW-TiO2 and mechanical mixture of CsPW-TiO2 and Ru/Al2O3.

Fig. 21 .

 21 Fig. 21. Photocatalytic (a), mechanical mixing (b) and cascade photo-chemo-catalytic process (c) for methane oxidation Photocatalytic process: 10 mg CsPW-TiO2, 100 mL water, 0.6 MPa CH4, 0.1 MPa air, 2 h irradiation time, 20 ± 2 °C reaction temperature, light source: 400 W Xe lamp, full irradiation. Mechanical mixing: 10 mg CsPW-TiO2, 100 mg 5% Ru/Al2O3, 100 mL water, 0.6 MPa CH4, 0.1 MPa air, 2 h irradiation time, 20 ± 2 °C reaction temperature, light source: 400 W Xe lamp, full irradiation Cascade process: 10 mg CsPW-TiO2, 1 g 5% Ru/Al2O3, 100 mL water, 0.6 MPa CH4, 0.1 MPa air, 2 h irradiation time, 20 ± 2 °C reaction temperature, light source: 400 W Xe lamp, full irradiation

Figure 22 .

 22 Figure 22. 13 C NMR spectrum of the product obtained from photocatalytic methane oxidation over CsPW-TiO2 using 13 CH4 (a) and subsequent oxygenates oxidation over Ru/Al2O3 (b)

Figure 23 .

 23 Figure 23. Concentrated HCOOH production over cascade process.

Figure 24 .

 24 Figure 24. X-ray diffraction patterns of catalysts

Fig. 25 .

 25 Fig. 25. STEM and STEM-EDX mapping images of fresh CsPW-TiO2 sample. a, STEM-HAADF and corresponding EDX mapping images of the elements: Cs (b), P (c), W (d), Ti (e) and O (f).

Figure 26 .

 26 Figure 26. Tauc's plots of TiO2, CsPW and CsPW-TiO2

Figure 27 .

 27 Figure 27. Photoluminescence spectra of TiO2, CsPW and CsPW-TiO2.

  techniques: XRD, imaging techniques, XPS and TPR. The XRD patterns of oxidized 5 wt. % Ru/Al2O3 catalyst are shown in Figure 28. They exhibit the peaks characteristic of γ-alumina and RuO2.

Figure 28 .

 28 Figure 28. XRD patterns of oxidized 5 wt. % Ru/Al2O3 catalyst

Figure 29 .

 29 Figure 29. STEM, HAADF-STEM image and corresponding STEM-EDX mapping of Ru/Al2O3 catalyst. a, STEM image of Ru/Al2O3 catalyst. b-e, STEM-HAADF (b), and corresponding EDX mapping images of the elements: Al (c), Ru (d), O (e).

Figure 30 .

 30 Figure 30. XPS spectra of Ru/Al2O3

Figure 31 .

 31 Figure 31. TPR profile of Ru/Al2O3

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 Representative photocatalytic methane oxidation to liquid products

				Liquid Products		Overall
		Reaction	Main liquid product	Liquid By-	selectivity
	Photocatalyst				products	of main
		conditions	Productivity	Selectivity	and	liquid
				(in liquid)	productivity	product
		300 W Xe lamp,			
		20 mg catalyst,			
		3 MPa CH4, 20			CH3CHO
	TiO2	ml H2O, 2 ml	CH3OH 471		53 μmol g -1
				84.4%	
	[59]	FeCl2 (0.01M),	μmol g -1		HCOOH 34
		20 μl H2O2, 303			μmol g -1
		K, reaction time			
		1 h			

.2.2 Photocatalytic methane reforming

  

	Steam reforming and dry reforming of methane (SRM and DRM) are promising ways
	to directly convert methane into valuable syngas, a mixture of carbon monoxide and
	hydrogen. Conventional methane reforming involves heterogeneous catalysts and requires
	higher temperatures. Thermocatalytic methane reforming is often accompanied by rapid
	catalyst deactivation due to sintering and carbon deposition. Photocatalytic methane
	reforming occurring under mild conditions appears as a promising strategy, which can
	reduce energy consumption, improve the selectivity to CO and hydrogen and largely avoid
	coke formation and sintering.

  activity for DRM and carbon elimination ability by the abundant lattice oxygen. Nevertheless, their reaction conditions were still harsh, especially for necessary huge thermal energy input. Yoshida et al.[START_REF] Takami | Low temperature dry reforming of methane over plasmonic Ni photocatalysts under visible light irradiation[END_REF] reported plasma-assisted DRM over Ni/Al2O3 under visible light irradiation at 200 °C, with carbon monoxide and hydrogen

	391.8 μmol•gcat -1 •h -1 and 376.2 μmol•gcat -1 •h -1 , respectively, with the light to fuel efficiency
	of 11.1%. They suggested that LSPR on the Ni nanoparticles and significant IR heating
	effect causing the equilibrium temperature increase up to 807 °C on the nanocomposite,
	CeO2 also played an important role for reactant activation and durability enhancement due
	to its intrinsic
	discovered that Ni effectively promoted DRM over Ni/Al2O3 and Ni/SiO2
	nanocomposites under light irradiation at 550 °C, in which Ni nanoparticles acted as both
	the catalytically active sites and a plasmonic promoter. Li and co-workers [81] reported a
	Ni/CeO2 nanocomposite for light-driven DRM under focalized UV-vis-Infrared irradiation
	without any other heater, which achieved hydrogen and carbon monoxide productivities of

productivities of 1.87 and 1.20 mmol•h -1 , respectively. Moreover, Ni/Al2O3 was inactive in the same thermal condition without light irradiation, thus metallic Ni nanoparticles were responsible for the photocatalytic DRM performance under visible light irradiation.

Table 2 .

 2 Selectivity and productivity of different methane photocatalytic conversion routes

		Selectivity to	Productivity, μmol•gcat -1 •h -1
		the	target
		products, %
	Photocatalytic		
	methane oxidation -		
	to methanol	>40		5-20 (in air) and 6453 (in
				H2O/O2 or H2O2)
	-to carbon monoxide	>80		430 (in air)
	Photocatalytic		
	methane reforming			for H2/CO
	DRM	>60-70		>600-1200
	Photocatalytic	>70-90		10-5000
	coupling of methane		

  In contrast to coating HPAs onto semiconductor substrate, it is more effective to exchange protons of HPAs with different cations (e.g., Cs + , Ag + ) to form insoluble salts, which can tune and amplify HPAs reactivity, prevent HPAs leaching out from catalysts or even result in the appearance of ://doi.org/10.1016/j.jphotochemrev.2015.06.001.[111] V.H. Nguyen, J.C.S. Wu, Recent developments in the design of photoreactors for solar energy conversion from water splitting and CO2 reduction, Appl. Catal.

	Photochem.	Rev. Chapter 2. Experimental 24	(2015)	16-42.
	2.1 Materials and experiments			
	2.1.1 Materials			
	Titanium (IV) oxide (P25, 99.5%, primary 21 nm), phosphotungstic acid hydrate
	A Gen. 550 (2018) 122-141. https://doi.org/10.1016/j.apcata.2017.11.002. (H3O40PW12•xH2O, HPW), phosphomolybic acid hydrate (H3(P(Mo3O10)4)•xH2O, HPMo),
	tungstosilicic acid hydrate (H4(Si(W3O10)4)•xH2O, HSiW), silicomolybdic acid solution
	(H4(Si(Mo3O10)4)•xH2O, HSiMo), HCHO solution (1000 μg/mL), silver nitrate (AgNO3, ≥99.0%),
	caesium nitrate (CsNO3, ≥99.0%), ammonium bicarbonate (NH4HCO3, ≥99.0%) and 5% Ru/Al2O3,
	Thereby, in this work, we have focused on designing silver and cesium modified HPW
	cocatalysts (CsPW and AgPW) prepared by an ion-exchanged method and Au NPs
	cocatalyst with average particle size ranging from 6 nm to 30 nm prepared by seeded
	growth method. After which CsPW and AgPW have been mechanically mixed with TiO2
	to form heteropolyacid salt-TiO2 composite, while Au NPs have been supported on TiO2
	by impregnation to form Au/TiO2.		

bifunctional or multifunctional catalysis. Such a conceptual strategy would lead to offer a new class of tunable and recoverable HPA salts catalysts with high efficiency and heterogeneity, providing versatile applications in sustainable chemistry. Compared to H4SiW12O40 and other HPAs such as H3PMo12O40, H3PW12O40 (HPW) presents stronger Brønsted acidity and thermal stability, because of the weak interaction between acidic protons and large Keggin anion. Furthermore, we have recently demonstrated that HPW is capable in promoting metal dispersion and enhancing charge separation as introduced above, which results in better methane conversion compared with other HPAs. httpsSilicon dioxide (SiO2, nanopowder, 10-20 nm particle size (BET), 99.5% trace metals basis), gold (Ⅲ) chloride hydrate (HAuCl4•xH2O) and Tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich. Air and methane were supplied by Air Liquid and were used in the catalytic reactions. All chemicals were used without treatment.

Table 1 .

 1 Au loading in samples obtained from XRF

		Au loadings (wt%)	
	Samples		
		Theoretical	XRF
	6 nm Au/TiO2		4.35
	14 nm Au/TiO2		4.26
	14 nm Au/SiO2	5	4.57
	22 nm Au/TiO2		4.74
	30 nm Au/TiO2		4.34

Table 1 .

 1 Control experiments results of the methane coupling over the 14 nm Au/TiO2

	Reactant	Catalyst	Light	Products
	-	√	√	None
	CH4	×	√	None
	or	√	×	None
	CH4 + Air	√	√	Yes

  some signals on CsPW-TiO2 with g=1.916, 1.937 and 2.077 can be due to the absorption of O2 on the catalyst surface as they did not show in a vacuum. Upon irradiation, two types of paramagnetic species were detected: reactive oxygen species (ROS) and Ti 3+ , with a series of new signals (g=1.993-2.024). The signals at g < 2.00 (g=1.993 and 1.983) were assigned to the surface electron trapping site Ti 3+ , and the signals with g= 2.024, g= 2.013 and g= 2.006 were assigned to the reactive oxygen species[42]. The EPR results reveal the generation of surface species, because of the interaction between catalyst surface sites and O2, while almost no EPR signal assigned to ROS was observed over CsPW-TiO2 in the vacuum under both dark and light irradiation. These results confirm that produced EPR signals with g= 2.024, g= 2.013 and g= 2.006 can be assigned to the O2 -radical[43][44].On the basis of the above results, we propose a potential mechanism for photocatalytic methane oxidation over CsPW-TiO2, as illustrated in Figure13. Under irradiation, the charge separation is enhanced thanks to the p-n heterojunction, the photogenerated electrons can efficiently transfer to CsPW while holes migrate to TiO2. As a result, more electrons and holes are available for methane oxidation, which simultaneously oxidize H2O via photoholes and reduce O2 via

photoelectrons for the formation of •OH radicals (Figure

17

), a key factor for CH4 activation. The reduction of O2 may involve a partial reduction of W species, which can also play a role as a cocatalyst. The formed •OH radicals and holes next activate methane to •CH3 which reacts with O2 to form CH3OOH. The CH3OH can derive from either the CH3OOH precursor through a photoreduction process or the coupling of •CH3 and •OH. Finally, HCHO and HCOOH can be produced from the photooxidation of CH3OH by photogenerated holes or •OH.

Table 1 .

 1 Formaldehyde oxidation to formic acid over transition metal composites in aqueous solution a Entry 8: no catalyst. The initial concentration of formaldehyde in all tests was 500 μmol L -1 .

			Final concentration of
	Entry	Catalyst	oxygenates (μmol L -1 )
			HCHO	HCOOH
	1	CuO	474	0
	2	Fe2O3	486	0
	3	Cu-ZnO-Al2O3	484	0
	4	5% Pt/C	0	0
	5	5% Pd/Al2O3	0	0
	6	5% Ru/Al2O3	0	355
	7 b	5% Ru/Al2O3	0	355
	8 c	-	500	0
	a Reaction conditions: 0.1g catalyst, 0.1 MPa air, 5.0 g solution, 20 ± 2 ℃ reaction temperature, 2 h
	reaction time, no light irradiation. No noticeable formaldehyde oxidation was either observed over CuO, Fe2O3, and CuZnAl
	(Table 1, Entry 1-3). Interestingly, only supported noble metals (Pt, Pd and Ru) were found

b Entry 7: 12 h reaction time. c effective in the formaldehyde oxidation (Table

1

, Entry 4-7). The Pt/C and Pd/Al2O3 catalysts produced from formaldehyde only CO2, as no liquid products were even observed.

stable and selective catalyst for methanol conversion to light olefins, Microporous Mesoporous Mater. 295 (2020) 109970. https://doi.org/10.1016/j.micromeso.2019.109970. Chapter 3. Photochemical methane coupling on AgPW-TiO2

The XPS spectra of Ru/Al2O3 catalyst (Figure 30) shows the existence of small amount of RuO2 species, while most ruthenium nanoparticles are metallic state.

The characteristics of filter FSQ-GG435 The UV-visible spectra of TiO2, AgPW and AgPW-TiO2 are displayed in Figure 8. The samples show intense absorption in the ultraviolet region (<400 nm). Interestingly, the bandgap estimated using Tauc's plot are almost the same for both TiO2, AgPW and AgPW-TiO2 (3.32 eV for TiO2, 3.26 eV for AgPW and 3.22 eV for AgPW-TiO2). They show no photoactivity under visible light irradiation as these materials can not be photoexcited for methane conversion. Gold nanoparticles with a size from 6 to 29 nm supported on titania have been prepared for photocatalytic non-oxidative and oxidative methane couplings in both batch and continuous gas flow reactors. A hydrocarbon productivity of 1864 μmol g -1 h -1 with a coupling selectivity higher than 86% was achieved in the continuous oxidative methane coupling flow process. The photocatalytic performance in both non-oxidative and oxidative methane couplings is only slightly affected by the gold nanoparticle size. The plasmonic effect of gold nanoparticles cannot alone drive the methane conversion. Methane conversion requires synergy between the band gap transition in titania excited by UV irradiation and the inhibition of charge carrier recombination by gold nanoparticles. A combination of techniques showed that the methane activation occurred over titania oxygen vacancies, while oxygen was likely activated by gold nanoparticles. Photocatalysis proposes an attractive route for methane partial oxidation to value added chemicals under mild conditions. The radical mechanism of methane photocatalytic oxidation often limits the selectivity to the target products. In this paper, we propose a strategy to break the conventional limitations of methane photocatalytic oxidation by adding a chemocatalyst and conducting the whole process in a one-pot reactor. A selectivity of methane oxidation to formic acid of 85 % and a productivity of 5 mmolformic acid g -1 photocatalyst were achieved. The formic acid with a concentration of up to 1.1 mM is produced.

In this strategy, the methane selective conversion into formic acid proceeds first over caesium salt of phosphotungstic acid supported on titania, which photocatalytically via radical mechanism oxidizes methane under irradiation into a mixture of C1 liquid oxygenates (formaldehyde, methyl hydroperoxide, methanol). These oxygenates are then selectively converted into formic acid over the heterogeneous alumina supported ruthenium catalyst. All reactions of selective oxidation of methane to formic acid occur at room temperature in the same reactor.

Very low methane conversion was observed under anaerobic conditions with the formaldehyde being the major product. The oxygenate yield over CsPW-TiO2 is boosted in the air (Fig. 8). 

Cascade photo-chemo-catalytic conversion of methane to formic acid

After elaboration of photo-catalytic methane oxidation to C1 oxygenates and chemo-catalytic oxidation of C1 oxygenates to formic acid, we tried to combine the two processes by mechanically mixing the CsPW-TiO2 photocatalyst with the Ru/Al2O3 heterogeneous catalyst (Table 3). [5]. On the other hand, a single-component co-catalyst may not meet the requirement of organic synthesis from methane, owing to the diversity of the products. Therefore, the field is trending towards combining multiple components with complementary functions. Mixing single Pt atoms with Ptn clusters provides balanced activity and durability for the water-gas shift reaction [6], for example, suggesting that such a combination may be an attractive strategy for co-catalyst design in methane conversion.

Reaction system design

Currently, the majorities of photocatalytic methane conversion reactions are carried out in home-made or commercial batch reactors with various volumes. Relatively high residence time in batch reactors leads to the over-oxidation of the methane conversion intermediates. Design of new photoreactors with continuous operation such as fluidized, slurry, fixed bed, membrane, optical-fiber, monolith or internally illuminated monolith photoreactors can also enhance the efficiency of light collection, exposure of the photocatalyst to the irradiation, heat and mass transfer. Most of available results were obtained with a tiny amount of catalyst (a few mg). The scale up seems to be a major challenge for most of photocatalytic processes. Particular attention should be paid to the efficient light collection, precise temperature control and absence of even very tiny leaks. Uncontrollable temperature increase can strongly contribute to the rate of photocatalytic reactions. Even a very small amount of excess oxygen can affect the reaction rate and selectivity.
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